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Preface to ”Water Soluble Polymers”

This book on water soluble polymers (WSP) contains contributions that deal with this extremely

popular area of scientific investigation in polymer science and engineering, both in academic and

industrial environments. Research and technology on WSP are of current interest not only due to

the largely unstudied polymerization kinetics of WSP, but also due to the plethora of technologically

innovative applications. Synthetic WSP (copolymers and terpolymers) can modify and improve

aqueous solution properties in relation to gelation, thickening, emulsification, stabilization and

rheology. Therefore, these polymers find many uses as flocculants and coagulants (for waste water

treatment), film-formers, binders, lubricants and coatings, and in enhanced oil recovery (EOR),

dewatering, oil-field product and mineral processing, pulp and paper industry (improving papers

printing quality), water retention and treatment, and also as biomedical, pharmaceutical and high

value cosmetic products.

Hence, the invited contributions cover a wide variety of topics, starting from polymerization

kinetics (emphasis on multicomponent systems), clarification of factor effects (for example, ionic

strength, pH, monomer concentration, and how they influence important chain characteristics

and properties), mathematical modelling, parameter estimation, and process design, and ending

with applications (i.e., using the well characterized polymer molecules to deliver specific desirable

properties for specific applications (hydrogels, cosmetics, drug release, flocculation, nanotechnology,

enhanced oil recovery, polymer flooding, absorbents, crosslinking, and many others)). The

contributions integrate experimental and theoretical/ computational studies from both academics

and researchers and practitioners from related industry.

This book contains 17 very high quality contributions from author groups that span the globe and

represent currently active researchers in the WSP area. The topics are not only current (cutting-edge

research) but also of great academic (fundamental phase) and industrial (applied phase) interest. The

careful reader will observe the evolution of several common threads (traversing the wide spectrum of

polymerization kinetics and modelling, all the way to properties of nano-composites and hydrogels)

in the themes of these 17 contributions and the (water soluble) materials they describe.

Alexander Penlidis

Special Issue Editor
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This Special Issue (SI) of Processes on water soluble polymers (WSP), and the associated Special
Issue reprint, contain papers that deal with this extremely popular area of scientific investigation
in polymer science and engineering, both in academic and industrial environments. Research and
technology on WSP are of current interest not only due to the largely unstudied polymerization kinetics
of WSP, but also due to the plethora of technologically innovative applications. Synthetic water soluble
copolymers (and terpolymers) can modify and improve aqueous solution properties in relation to
gelation, thickening, emulsification, stabilization and rheology. Therefore, these polymers find many
uses as flocculants and coagulants (for waste water treatment), film-formers, binders, lubricants and
coatings, and in enhanced oil recovery (EOR), dewatering, oil-field product and mineral processing,
pulp and paper industry (improving paper’s printing quality), water retention and treatment, and also
as biomedical, pharmaceutical and high value cosmetic products.

Hence, we have invited papers on a wide variety of topics, starting from polymerization kinetics
(emphasis on multicomponent systems), clarification of factor effects (for example, ionic strength,
pH, monomer concentration, and how they influence important chain characteristics and properties),
mathematical modelling and parameter estimation, and process design, and ending with applications
(i.e., using the well characterized polymer molecules to deliver specific desirable properties for
specific applications (hydrogels, cosmetics, drug release, flocculation, nanotechnology, enhanced
oil recovery, polymer flooding, absorbents, crosslinking, and many others)). We have been particularly
interested in receiving manuscripts that integrate experimental and theoretical/computational studies,
as well as contributions from industry. We have thus invited not only academics but also researchers
and practitioners from related industry to submit manuscripts for this important Special Issue (SI)
of Processes.

This SI has already published 12 very high quality papers. The author groups clearly span the
globe and represent currently active researchers in the WSP area. The topics are not only current
(cutting-edge research) but also of great academic (fundamental phase) and industrial (applied phase)
interest. The papers are cited below, with brief comments for each paper concerning the main topic and
contributions of the paper. The careful reader will observe the evolution of several common threads
(traversing the wide spectrum of polymerization kinetics and modelling all the way to properties of
nano-composites and hydrogels) in the themes of these 12 papers and the (water soluble) materials
they describe.

(1) Maric, M.; et al. Poly(methacrylic acid-ran-2-vinylpyridine) Statistical Copolymer and Derived  
Dual pH-Temperature Responsive Block Copolymers by Nitroxide-Mediated Polymerization. [1]

The very first submitted and accepted paper of the Special Issue on water soluble polymers
deals with nitroxide-mediated polymerization using NHS-BlocBuilder. The main contributions (in
fundamental polymer science and chemistry) are twofold: (a) To produce copolymers with tunable
water solubility; and (b) To synthesize block copolymers with pH-temperature responsive properties.

Processes 2017, 5, 31 1 www.mdpi.com/journal/processes
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(2) Scott, A.; et al. AMPS/AAm/AAc Terpolymerization: Experimental Verification of the EVM
Framework for Ternary Reactivity Ratio Estimation. [2]

The paper describes terpolymerization kinetics of an acrylamide/acrylic acid terpolymer that
finds uses in enhanced oil recovery. The main contribution is an experimental demonstration of
deriving optimal feed compositions for the design of experiments that lead to optimal reactivity ratio
parameter estimation under the EVM framework, which in turn lead to reliable model predictions for
terpolymer composition over the full conversion range.

(3) Tsai, B.; et al. Poly(Poly(Ethylene Glycol) Methyl Ether Methacrylate) Grafted Chitosan for Dye
Removal from Water. [3]

This paper’s subject is chitosan grafting to produce adsorbing materials for textile dye removal
from water (water pollution and textile material production). The adsorbing materials are produced
via nitroxide-mediated polymerization ‘grafting to’ approach. The main contribution, after detailed
grafting polymerization chemistry and adsorption studies, is that grafted chitosan is much more
effective (by about 30%) than its parent chitosan.

(4) Rintoul, I. Kinetic control of aqueous polymerization using radicals generated in different spin
states. [4]

This paper provides an analysis of experimental conditions required to develop (and potentially
exploit) magnetic field (MF) effects in the free radical polymerization of water-soluble polymers.
Electron spin states (configuration), MF intensity, and solution viscosity are varied and evaluated for
the solution polymerization of acrylamide. It is found that MF effects are significant in photoinitiated
polymerizations, specifically at low MF intensities and in viscous reaction media. MF effects are absent
in thermally initiated polymerizations (regardless of MF intensity).

(5) Wu, A.; et al. Simultaneous Monitoring of the Effects of Multiple Ionic Strengths on Properties of
Copolymeric Polyelectrolytes during Their Synthesis. [5]

The paper describes an automated online monitoring system with multiple light scattering
and viscosity detectors (ACOMP). Results demonstrate the capabilities of ACOMP with the
acrylamide/styrene sulfonate copolymerization system for a series of ionic strength levels.

(6) Hughes, A.; et al. Biodegradable and Biocompatible PDLLA-PEG1k-PDLLA Diacrylate
Macromers: Synthesis, Characterisation and Preparation of Soluble Hyperbranched Polymers
and Crosslinked Hydrogels. [6]

This paper describes many aspects behind the chemistry and the art of preparing soluble
hyperbranched polymers and cross-linked hydrogels. Starting from the ring opening polymerization
of D,L-lactide, the target is biodegradable hydrogels with tailored swelling properties for potential
applications in regenerative medicine.

(7) Emaldi, I.; et al. Kinetics of the Aqueous-Phase Copolymerization of MAA and PEGMA
Macromonomer: Influence of Monomer Concentration and Side Chain Length of PEGMA. [7]

In-situ NMR is employed to monitor the copolymerization of fully ionized methacrylic acid and
PEGMA macromonomer, investigating the effects of monomer concentration and side chain length of
PEGMA. Different trends in estimated reactivity ratio values are demonstrated and explained.

(8) Achilias, D.; et al. Polymerization Kinetics of Poly(2-Hydroxyethyl Methacrylate) Hydrogels and
Nanocomposite Materials. [8]

This paper takes us into the world of bio(nano)materials and potential applications in tissue
engineering and contact lenses, by studying poly(HEMA)-based hydrogels. There are two main

2
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contributions in the paper: (a) The development of a detailed and improved model for HEMA
polymerization kinetics over the full conversion range; and (b) The effects of nano-additives on the
rate of (in situ) polymerization (nano-silica vs. nano-montmorillonite) with possible explanations of
the observed behaviour.

(9) Fischer, E.; et al. Aqueous Free-Radical Polymerization of Non-Ionized and Fully Ionized
Methacrylic Acid. [9]

The topic of this paper is the free radical polymerization of non-ionized and fully ionized
methacrylic acid, in an effort to shed additional light on the peculiar polymerization kinetic behavior
of carboxylic acids in aqueous media. The strength of the paper is the clarity of the model development
stages and the suggestion of a novel propagation rate expression that takes into account the effect of
electrostatic interactions (fully ionized case).

(10) Han, W.; et al. Applications of Water-Soluble Polymers in Turbulent Drag Reduction. [10]

Turbulent drag reduction is a complex topic which has been reviewed from several different angles
(ranging from rheology/fluid mechanics to polymer concentrations used all the way to mathematical
models involved). Hence, what would yet another review paper on the topic possibly accomplish?
The authors of the current paper critically review 117 recent references and look at turbulent drag
reduction from the angle of the types of water soluble polymers and copolymers employed, both
synthetic (see Table 1) and natural (see Table 2), along with potential applications.

(11) Steinmacher, F.; et al. Design of Cross-Linked Starch Nanocapsules for Enzyme-Triggered Release
of Hydrophilic Compounds. [11]

The paper describes the synthesis of cross-linked (X-linked) starch (aqueous-core) nanocapsules
(NCs) in inverse mini-emulsion and shows experimental data on the influence of X-linker level on
several product variables, including morphology. The main contribution of the paper is the design of
both a permeable and impermeable NC shell depending on X-linker level. Impermeable shells are
further investigated with respect to release studies.

(12) Pérez-Salinas, P.; et al. Comparison of Polymer Networks Synthesized by Conventional Free
Radical and RAFT Copolymerization Processes in Supercritical Carbon Dioxide. [12]

Although this paper’s main topic is RAFT vs. regular free radical copolymerization hydrogels in
supercritical CO2, the approach for comparing and evaluating polymer networks is general and hence
applicable to other types of (co)polymerization. Based on a rich set of experimental results, the main
contributions of the paper are twofold: (a) A quantitative criterion is suggested for assessing the degree
of heterogeneity (homogeneity) of a polymer network; and (b) The paper concludes with additional
information on antibiotic loading, adsorption and release studies for the investigated hydrogels.

One can locate and read these papers via the following link:

http://www.mdpi.com/journal/processes/special_issues/soluble_polymers

In order to complement the above 12 excellent contributions, the deadline for this SI has been
extended to 30 September 2017. In addition, Processes is planning to produce a Special Issue Reprint
(SIR) for this successful SI. The SIR will become available online at Amazon after all the papers have
been reviewed and published.

We are looking forward to your contribution before 30 September 2017.
Special Issue Editor
Alexander Penlidis
Department of Chemical Engineering
Institute for Polymer Research (IPR)
University of Waterloo
Canada
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Poly(methacrylic acid-ran-2-vinylpyridine)
Statistical Copolymer and Derived Dual
pH-Temperature Responsive Block Copolymers
by Nitroxide-Mediated Polymerization

Milan Maric 1,*, Chi Zhang 1,2 and Daniel Gromadzki 1
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Academic Editor: Alexander Penlidis
Received: 19 January 2017; Accepted: 13 February 2017; Published: 21 February 2017

Abstract: Nitroxide-mediated polymerization using the succinimidyl ester functional unimolecular
alkoxyamine initiator (NHS-BlocBuilder) was used to first copolymerize tert-butyl methacrylate/
2-vinylpyridine (tBMA/2VP) with low dispersity (Đ = 1.30–1.41) and controlled growth (linear
number average molecular Mn versus conversion, Mn = 3.8–10.4 kg·mol−1) across a wide composition
of ranges (initial mol fraction 2VP, f2VP,0 = 0.10–0.90). The resulting statistical copolymers were first
de-protected to give statistical polyampholytic copolymers comprised of methacrylic acid/2VP
(MAA/2VP) units. These copolymers exhibited tunable water-solubility due to the different pKas of
the acidic MAA and basic 2VP units; being soluble at very low pH < 3 and high pH > 8. One of the
tBMA/2VP copolymers was used as a macroinitiator for a 4-acryloylmorpholine/4-acryloylpiperidine
(4AM/4AP) mixture, to provide a second block with thermo-responsive behavior with tunable cloud
point temperature (CPT), depending on the ratio of 4AM:4AP. Dynamic light scattering of the block
copolymer at various pHs (3, 7 and 10) as a function of temperature indicated a rapid increase in
particle size >2000 nm at 22–27 ◦C, corresponding to the 4AM/4AP segment’s thermos-responsiveness
followed by a leveling in particle size to about 500 nm at higher temperatures.

Keywords: nitroxide-mediated polymerization; poly(ampholytes); stimuli-responsive polymers

1. Introduction

The manipulation of properties by copolymerization (e.g., graft, gradient, block, star architectures)
has long been applied to impart desirable properties into polymers. One such class that
combines properties are poly(ampholytes) or poly(zwitterions), which contain both negative
and positive charges on the chain, either on different monomers or within a single monomer
unit [1]. Originally, such copolymers were made via statistical free radical copolymerization of the
unalike monomers [2–4]. Such pairs included methacrylic acid (MAA)/2-vinyl pyridine (2VP) [2],
MAA/2-dimethylamino ethyl methacrylate (DMAEMA) [3,4] and acrylic acid (AA)/DMAEMA [5].
Later, the uncoupling of the charges was desired to make block copolymers, which led to dramatically
different properties in solution. Traditionally, living polymerizations such as ionic [6–11] and
later group transfer polymerization [12–16] were used to make polymers with active chain ends
that would permit the formation of poly(ampholytes) or schizophrenic block copolymers with
a controlled sequence length and narrow molecular weight distributions. In the case of charged species,
however, this required protecting group chemistry during the synthesis [6,10]. However, there are
drawbacks to using living polymerizations such as ionic polymerizations: meticulous air-free transfers;

Processes 2017, 5, 7 5 www.mdpi.com/journal/processes
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extensive purification of solvents and monomers; polymerizations cannot be done in aqueous media;
and, in some cases, certain monomer types cannot be polymerized in a desired sequence [17–19].
Consequently, the development of controlled radical polymerization (CRP), more succinctly defined
by the International Union of Pure and Applied Chemistry (IUPAC) as reversible de-activation
radical polymerization (RDRP) [20], approaches many of the features that make conventional radical
polymerization so industrially relevant: ability to be done in dispersed aqueous media; and tolerance
of a wide variety of monomers and functional groups, all while approaching the degree of control
exhibited by truly living polymerizations. Many of these RDRP methods have been popularized,
some of which are nitroxide-mediated polymerization (NMP) [21], atom transfer radical polymerization
(ATRP) [22,23] and reversible addition fragmentation transfer polymerization (RAFT) [24].

Generally, ATRP and RAFT have surpassed NMP in terms of versatility, since they can
polymerize a wide variety of functional monomers, even though NMP was developed first (NMP was
originally restricted to styrenic monomers). Consequently, poly(ampholytic) block copolymers
have largely been made using ATRP [25–29] and RAFT [30–32]. However, NMP has narrowed
the gap considerably with the development of second-generation nitroxide initiators based on
2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxyl nitroxide TIPNO and the so-called SG1 or BlocBuilder
family (based on N-tert-butyl-N-[1-diethylphosphono-(2,2 dimethylpropyl)] nitroxide) [33,34].
This history of NMP is chronicled in detail elsewhere [35]. Tertiary acrylamides [36–40],
acrylates [33,34,41–45] and methacrylates (with a small concentration of co-monomer
~1 mol%–10 mol% to help control the activity of the chain ends) [46–56] were polymerized in
a controlled manner using NMP with the commercial unimolecular initiator BlocBuilder. In the
latter case with methacrylates, the controlling co-monomer was initially a styrenic and later studies
showed that similar monomers can act as controllers. Indeed, many groups applied controlling
co-monomers that imparted desirable functional characteristics. For example, acrylonitrile (AN)
was used as a controller first for methyl methacrylate (MMA) [47] and then for oligo ethylene glycol
methacrylate (OEGMA) [57]. For these cases, the AN imparted better water solubility and cells
exhibited non-cytotoxic behavior. In another case, 9-vinylphenyl-9H-carbazole (VBK), acting as
a controlling co-monomer for OEGMA/diethylene glycol methacrylate (OEGMA/DEGMA) [54]
and dimethylaminoethyl methacrylate (DMAEMA) [55], was shown to add temperature modulated
fluorescence, while using only 1 mol% in the initial composition to impart sufficient control of
the polymerization. When 4-styrene sulfonic acid, sodium salt (SSNa) was used as a controller for
sodium methacrylate (MAA-Na) in homogenous aqueous media, it was subsequently used as a dual
initiator/surfactant for ab initio dispersed MMA polymerizations in water [58]. We also reported
2-vinylpyridine (2VP) as a controlling co-monomer for DMAEMA [59] and a protected organo-soluble
styrene sulfonic acid controller for glycidyl methacrylate [60]. Many cases describe the use of NMP for
making thermo-responsive copolymers; however, poly(ampholytes) and associated multi-responsive
systems have not been described in many cases. Here, we statistically copolymerized 2VP with
tert-butyl methacrylate (tBMA), which after deprotection of tBMA, results in 2VP/methacrylic acid
(MAA) ampholytic statistical copolymers. It should be noted that tolerance to functional groups is
relative as we used the protected form of methacrylic acid (MAA), tert-butyl methacrylate (tBMA).
The protected form was used in NMP as the organic acid can attack the alkoxyamine, rendering
the chain ends inactive. To circumvent this issue, MAA or acrylic acid (AA) NMP was done with
the addition of a small amount of free nitroxide, which was essentially sacrificed to keep the
chain ends active throughout the polymerization [48,61,62]. The poly(2VP-stat-tBMA) copolymers
were then used as macroinitiators for a tunable, thermo-responsive segment of poly(acryloyl
piperidine-ran-acryloyl-morpholine) (4AP-stat-4AM), which we reported recently [63]. We thus
present the synthesis of a dual responsive (pH and temperature) block copolymer where the respective
blocks’ response could be tuned by its composition (tBMA versus 2VP for pH tuning; 4AP versus
4AM for cloud point tuning). The pH sensitivity of the poly(2VP-stat-MAA) copolymers and
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thermo-responsiveness of a poly(2VP-stat-tBMA)-b-poly(4AP-stat-4AP) block copolymer at various
pHs are thus the focus of this report.

2. Materials and Methods

2.1. Materials

The 2-Vinylpyridine (2VP, 97%), tert-butyl methacrylate (tBMA, 98%), basic alumina (Brockmann,
Type I, 150 mesh), and calcium hydride (90%–95% reagent grade) were purchased from
Sigma-Aldrich (Oakville, ON, Canada). Tetrahydrofuran (THF, 99.9%), methylene chloride, methanol,
dimethylformamide (DMF) diethyl ether, hexane (all certified grade) and pH buffers were obtained
from Fisher (Nepean, ON, Canada); deuterated chloroform (CDCl3) was obtained from Cambridge
Isotope Laboratories Inc. (Tewksbury, MA, USA). Trifluroacetic acid (TFA, 99.9%) was purchased from
Caledon (Georgetown, ON, Canada).

The 2-({tert-butyl[1-(diethoxyphosphoryl)-2,2-(dimethylpropyl]amino}oxy)-2-methylpropionic
acid, also known as BlocBuilderTM (Scheme 1b, 99%), was obtained from Arkema (King of
Prussia, PA, USA). NHS-BlocBuilder (Scheme 1c) was synthesized via coupling of BlocBuilder and
N-hydroxysuccinimide following procedures described previously [64]. The 2VP and tBMA monomers
were purified by passing through a column of basic alumina mixed with 5 wt% calcium hydride;
they were stored in a sealed flask under a head of nitrogen in a refrigerator until needed. All other
compounds were used as received.

Scheme 1. Structures of (a) SG1 nitroxide (b) BlocBuilderTM (c) N-hydroxy succinimidyl ester-coupled
BlocBuilder (NHS-BlocBuilder).

2.1.1. Statistical Copolymerization of tert-Butyl Methacrylate (tBMA) and 2-Vinylpyridine (2VP)

The copolymerizations of tBMA and 2VP were performed in a 50 mL three-neck round-bottom
glass flask fitted with a reflux condenser, a magnetic stir bar, and a thermal well. BlocBuilder and SG1
(10 mol% relative to BlocBuilder) were dissolved in tBMA and 2VP monomers with feed composition
ranging from 90 mol% tBMA to 10 mol% tBMA. Detailed feed solution compositions can be found in
Table 1. The solution was then deoxygenated by nitrogen bubbling for 30 min at room temperature
prior to heating to 100 ◦C at a rate of about 8 ◦C·min−1 while maintaining a nitrogen purge. The time
when the solution reached 100 ◦C was taken as the start of the reaction (t = 0). Samples were taken
periodically to monitor conversion and molecular weight. The final polymer was precipitated in
methanol/water (v/v 30/70) for tBMA/2VP-90/10 or hexane for the other copolymers, decanted and
dried in vacuum at 40 ◦C overnight. The purified polymer (50% conversion) has number-average
molecular weight (Mn) = 15.8 kg·mol−1 and dispersity (Đ) = 1.29. Conversion was determined by
gravimetry. Overall conversion was then calculated using the feed composition with respect to tBMA
(ftBMA,0, mol%, Conv.ave = ftBMA,0 × Conv.tBtMA + (1 − ftBMA,0) × Conv.2VP). Molecular weight and Đ
of the samples were measured by GPC (Waters Breeze) relative to linear PMMA standards (see Gel
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Permeation Chromatography section for full details). Final copolymer composition was determined
by 1H NMR (400 MHz Varian Gemini 2000 spectrometer, CDCl3) using the tert-butyl group protons
(δ = 1.0–1.6 ppm) as a marker for the tBMA, and the aromatic proton adjacent to the nitrogen atom
(δ = 7.2–7.6 ppm) as a marker for 2VP.

Table 1. Experimental conditions for the tert-butyl methacrylate/2-vinylpyridine tBMA/2VP statistical
copolymerizations via nitroxide mediated polymerization (NMP) at 100 ◦C in bulk.

Experiment
ID a

[BlocBuilder] [SG1] [tBMA] [2VP] ftBMA,0
b Mn,target

c

mol·L−1 mol·L−1 mol·L−1 mol·L−1 mol% kg·mol−1

tBMA/2VP-90 0.036 0.004 5.733 0.631 90% 24.8
tBMA/2VP-70 0.036 0.004 4.789 2.046 70% 25.1
tBMA/2VP-50 0.037 0.004 3.692 3.622 50% 24.9
tBMA/2VP-30 0.038 0.004 2.399 5.629 30% 25.2
tBMA/2VP-10 0.038 0.004 0.858 7.939 10% 25.5

a Experimental identification (ID) for copolymers was given by tBMA/2VP-X, where X refers to the feed composition
with respect to tBMA; b Feed composition with respect to tBMA; c Theoretical molecular weight at 100% conversion.

2.1.2. Chain Extension of Poly(tert-butyl methacrylate-ran-2-vinylpyridine)(tBMA-ran-2VP)
Macroinitiator with 4-acryloylmorpholine/4acryloylpiperidine (4AM/4AP) Mixtures

To test the chain end fidelity and to incorporate additional functionality, in this case,
thermo-responsiveness, chain extension from a poly(tBMA-ran-2VP) with a 4-acryloylmorpholine/
4-acryloylpiperidine (4AM/4AP) mixture was done. Poly(4AM-stat-4AP) copolymers exhibit lower
critical solution temperature (LCST) behaviour in aqueous solution that can be tuned by the relative
concentrations of 4AM to 4AP in the copolymer [60]. A specific example is given as follows.
tBMA/2VP-50 was used as a macroinitiator (Mn = 4.8 kg·mol−1, Đ = 1.36, FtBMA = 0.48, see Table 2
for complete characterization). Using the same reactor conditions as described in the section above,
0.1205 g of tBMA/2VP-50 was added to 2.9575 g of DMF solvent, 1.0868 g of 4AM and 0.5400 g
of 4AP. After purging with nitrogen for 30 min at room temperature, the temperature was increased to
a set-point of 120 ◦C. The time = 0 taken for the chain extension was taken to be when the temperature
reached 110 ◦C. After 75 min, the solution became increasingly viscous, and the sample taken cleanly
precipitated the polymer from diethyl ether. The reactor contents were then cooled and the contents
were poured into an excess of diethyl ether. The supernatant was decanted and the crude product
was re-dissolved in THF and then precipitated again into diethyl ether. The yield of the resulting
product was 0.8108 g. Gel permeation chromatography (GPC) revealed some unreacted macroinitiator
and the polymer was fractionated again by dissolution in a minimal amount of THF, followed by
precipitation slowly with diethyl ether. The polymer was recovered and GPC indicated virtually
complete removal of the lower molecular weight impurity. GPC indicated Mn = 22.1 kg·mol−1,
Đ = 1.67 with a composition of FtBMA = 0.11, F2VP = 0.11, F4AM = 0.46, F4AP = 0.32 using 1H NMR
(CDCl3 δ (ppm)): (tBMA, (1.0–1.6 ppm, 9H C(CH3)3), 0.9 ppm, -CH2-C(CH3)H on backbone; 2VP,
(7.2–7.6 ppm, 4H aromatic); 4AM, δ: (3.5 ppm, 8H, -N-(CH2)2-CH2-CH2-O-); 4AP, δ: (1.5 ppm, 10H,
-N-(CH2)2-CH2-CH2-CH2)). Note that the 4AP protons were obscured by the backbone protons
and the backbone protons were used to determine the composition. The composition ratio of the
tBMA/2VP:4AM/4AP blocks corresponds to about 1:4, which is in relatively good agreement with
that estimated by the GPC chromatograms. The final yield after fractionation was 0.55 g (70% from the
crude polymeric product).
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Table 2. Molecular weight and composition characterization of tert-butyl methacrylate/2-vinylpyridine
(tBMA/2VP) statistical copolymers synthesized via nitroxide mediated polymerization (NMP).

Experiment ID a Reaction Time
(min)

Conversion b FtBMA
c

(mol%)
Mn

d

(kg·mol−1)
Đ d

tBMA/2VP-90 45 31% 84% 10.4 1.38
tBMA/2VP-70 202 19% 65% 7.2 1.41
tBMA/2VP-50 240 19% 48% 4.8 1.36
tBMA/2VP-30 300 18% 25% 4.9 1.35
tBMA/2VP-10 301 19% 13% 3.8 1.30

a Experimental identification (ID) for copolymers was given by tBMA/2VP-X, where X refers to the feed composition
with respect to tBMA; b Monomer conversion was determined gravimetrically; c Copolymer composition with
respect to tBMA was determined by 1H NMR; d Number-average molecular weight (Mn) and dispersity (Đ)
were determined by gel permeation chromatography (GPC) relative to poly(methyl methacrylate) standards in
tetrahydrofuran at 40 ◦C.

2.1.3. Hydrolysis of tert-Butyl Groups in the tBMA/2VP Statistical Copolymers

The tBMA/2VP copolymers were hydrolyzed by trifluoroacetic acid (TFA) to obtain the
water-soluble methacrylic acid (MAA)/2VP copolymers. The procedures for the hydrolysis were as
follows: The copolymers (~1 g) were dissolved in about 5 mL of methylene chloride. TFA (five times
equivalent to the tert-butyl group) was then slowly added to the solution. The solution was then stirred
at room temperature for up to 24 h or until the MAA/2VP copolymer completely precipitated from
the solution. The MAA/2VP copolymer was then rinsed with methylene chloride, re-dissolved in
methanol and re-precipitated in diethyl ether, decanted and dried. 1H NMR (400 MHz Varian Gemini
2000 spectrometer, CDCl3, Varian, Palo Alto, CA, USA) was used to check the disappearance of the
tert-butyl protons (δ = 1.0–1.6 ppm) after hydrolysis.

2.1.4. Gel Permeation Chromatography

Molecular weight and Đ of all polymers were characterized by gel permeation chromatography (GPC)
(Waters Breeze, Waters Ltd., Mississauga ON, Canada) using THF as the mobile phase at 40 ◦C in this study.
The GPC was equipped with three Waters Styragel HR columns (molecular weight measurement ranges:
HR1: 102–5 × 103 g·mol−1, HR2: 5 × 102–2 × 104 g·mol−1, HR3: 5 × 103–6 × 105 g·mol−1) and
a guard column. The columns were operated at 40 ◦C and with a mobile phase flow rate of 0.3 mL·min−1

during analysis. The GPC was also equipped with both ultraviolet (UV 2487) and differential refractive
index (RI 2410) detectors. The results reported in this paper were obtained from the RI detector.
The molecular weight measurements were calibrated relative to linear poly(methyl methacrylate)
narrow molecular weight distribution standards.

2.1.5. Titration of MAA/2VP Statistical Copolymers

For MAA/2VP-90, MAA/2VP-70 and MAA/2VP-50 copolymers, dissolution was done in 0.1 N
sodium hydroxide and then titrated with 1 N hydrochloric acid while the pH of the solutions
was monitored with a pH probe calibrated with pH 4, 7, and 10 buffers. For MAA/2VP-30 and
MAA/2VP-10 copolymers, dissolution was done in 0.1 N hydrochloric acid and then titrated with
1 N sodium hydroxide while the pH of the solution was monitored. A clear to cloudy transition was
observed for all samples as pH changed, and a second cloudy to clear transition was observed for
MAA/2VP-90, MAA/2VP-70 and MAA/2VP-50 solutions. Samples were taken at multiple pH values
to be further analyzed by dynamic light scattering.

2.1.6. Particle Size Measurements of the Aqueous Solutions of MAA/2VP Statistical Copolymers

Dynamic light scattering (DLS) with a Malvern ZetaSizer (Nano-ZS, Malvern, UK) was used to
determine the hydrodynamic radius of the MAA/2VP statistical copolymer in aqueous solutions at
different pHs taken during titration. The instrument was equipped with a He-Ne laser operating at
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633 nm, an avalanche photodiode detector, and a temperature-controlled cell. All clear solutions were
filtered using a 0.2 μm pore size filter prior to DLS measurements. All measurements were obtained
at 25 ◦C. For the block copolymer with thermo-responsive segments, 1 wt% solutions were prepared
in deionized water and the pH was adjusted with the desired buffer solution (pH = 3, 7, and 10).
The samples were filtered through a 0.2 μm pore size filter prior to measurement and then heated in
increments of 1.0 ◦C, allowed to equilibrate for 1 min followed by 10–14 measurements, which were
then averaged together to give one value at the corresponding temperature. All DLS measurements
were performed at a scattering angle (θ) of 173◦. For more accurate measurement of the hydrodynamic
radius, Rh, the refractive index (RI) is required and it was assumed to be that of PMMA.

3. Results

3.1. Statistical Copolymerization of tert-Butyl Methacrylate (tBMA) and 2-Vinylpyridine (2VP)
Using NHS-BlocBuilder

Table 2 summarizes the polymerization results including reaction time and conversion as well as
main characteristics of the statistical copolymers of tBMA/2VP. The polymerization rate decreased
exponentially when feed composition of tBMA was decreased from 90% to 70%. This is well known
for methacrylate-rich copolymerizations [46–49]. The polymerization kinetics with the various feed
compositions is illustrated in Figure 1. The parameters often used to characterize NMP kinetics, <kp>
<K> where <kp> is the average propagation rate constant and <K> is the average equilibrium constant,
were derived from the apparent rate constant from the slopes of the semi-logarithmic kinetic plots
shown in Figure 1. The trend is typical for methacrylate/styrenic NMP copolymerizations where
a massive increase in <kp> <K> is witnessed only for low 2VP initial compositions <10 mol% [46–49].
The relatively low Đ of the copolymers (Đ = 1.30 to 1.41) and the linear increases in Mn versus
conversion in the range studied suggested that the copolymerizations were relatively well controlled
in the conversion range studied (Figure 2).

Figure 1. (a) Kinetic results (ln[(1 − x)−1] versus time) of the statistical copolymerization of tBMA with
2VP initiated by NHS-BlocBuilder (x = monomer conversion); (b) Product of average propagation rate
constant <kp>, and propagating radical concentration [P•], <kp> [P•] (slope of the kinetic plots in (a)),
versus feed composition with respect to tBMA (ftBMA,0); error bars represent the standard deviation of
the slopes from (a).
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Figure 2. Number-average molecular weight (Mn) and dispersity (Đ) of the statistical copolymers of
tBMA and 2VP measured by GPC relative to poly(methyl methacrylate) standards versus conversion;
solid line represents the theoretical Mn trend.

3.2. pH Sensitivity of the Methacrylic Acid/2-Vinyl Pyridine (MAA/2VP) Copolymers

The tBMA/2VP copolymers were hydrolyzed to remove the tert-butyl group protecting groups
on the tBMA units to obtain water-soluble MAA/2VP copolymers. These copolymers were dissolved
in aqueous solutions and their particle size was monitored by DLS at various pHs between 1 and 13.
Figure 3 below illustrates the results.

Figure 3. Particle size (hydrodynamic radius) of methacrylic acid/2-vinylpyridine (MAA/2VP)
copolymers in aqueous solutions at pH ranged from 1 to 14. The sample composition is denoted
by MAA/2VP-xx where xx refers to the mol% of MAA units in the copolymer.

3.3. Chain Extension of Poly(tert-butyl methacrylate (tBMA)/2-vinylpyridine (2VP)) Macroinitiator with a
Mixture of 4-acryloylmorpholine (4AM)/4-acryloylpiperidine (4AP)

To show that a block copolymer consisting of one block of pH-tunable poly(MAA/2VP) could
be made with a second block of cloud-point temperature (CPT) tunable poly(4AM/4AP), a chain
extension experiment was done with a typical poly(tBMA-stat-2VP) macroinitiator (tBMA/2VP-50)
and a batch of 4AM/4AP at a composition that would give a CPT of about 35 ◦C in a 1 wt% aqueous
solution [63]. We understand that the CPT could be altered by the nature of the other segment as
it can be moved to lower or higher temperatures (or even extinguished entirely) depending on the
composition of the other block. Figure 4 shows the GPC chromatograms before and after chain
extension and subsequent fractionation to remove some unreacted macroinitiator. The distribution
broadened after chain extension but remained monomodal and 1H NMR indicated the presence of
the 4AM and 4AP in the block copolymer structure. The poly(tBMA/2VP)-b-poly(4AM/4AP) block
copolymer was sufficiently high in 4AM/4AP content that it was water-soluble without having to
de-protect the tBMA units.
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Figure 4. GPC chromatograms of the poly(tBMA-stat-2VP) macroinitiator (tBMA/2VP-50) (black line)
and the chain-extended product after fractionation of poly(tBMA-stat-2VP)-b-poly(4AM-stat-4AP)
(grey line).

3.4. Cloud Point Temperature Measurement of Poly(methacrylic acid-stat-2-vinyl
pyridine)-b-poly(4-acryloylmorpholine-stat-4-acryloylpiperidine)
(Poly(MAA-stat-2VP)-b-poly(4AM-stat-4AP)) Block Copolymer at Various pH

The block copolymer described in the previous section was deprotected and confirmation of the
removal of the tert-butyl group was done with 1H NMR. The polymer was readily soluble in water
at neutral pH. When dissolved in different buffer solutions, the dissolution of 1 wt% solutions was
very difficult in pH = 3, easily soluble in pH = 7 and soluble although a bit cloudy in pH = 10 solution.
Solutions were shaken vigorously and allowed to sit overnight prior to DLS measurement to ensure
that the polymers were solubilized. After passing through a 0.2 μm filter, the solutions were placed in
the DLS apparatus and heated to 50 ◦C.

The DLS results of the three solutions are shown in Figure 5 below. In all cases, a dramatic
increase in Rh was observed in all three cases at temperatures 22–27 ◦C, likely indicating the CPTs due
to the 4AM/4AP segment. These CPTs were shifted to lower than what was expected for a 4AM/4AP
statistical copolymer with similar composition and solution concentration (35 ◦C) [60]. At pH = 3,
it was expected that the copolymer would be soluble and the Rh matched nearly what it was for
the MAA/2VP statistical polymer in solution (<50 nm) that was derived from the macroinitiator of
the block copolymer. The CPT was about 24 ◦C for the solution at pH = 3. At higher temperatures,
Rh steadily decreased although remained high after the experiment ~600 nm. Similar profiles were
observed for the other solutions. There was a sharp increase in particle size >2000 nm at relatively low
temperature (27 ◦C for the solution at pH = 7 and 22 ◦C for the solution in pH = 10) and then steady
decay in size with terminal values of about 500–600 nm at 50 ◦C. It was suspected that the decrease in
size at higher temperature was due to polymer precipitating out of solution and thus the very large
aggregates were not detected as they settled. However, inspection of the samples immediately after
removal from the apparatus did not indicate significant settling of polymers. At the pHs studied, it was
expected that the MAA/2VP-50 copolymer would be soluble or nearly soluble in all cases (as indicated
in Figure 3) and that seems to be reflected in the general trends. However, as noted above, aggregates
~500 nm remained at higher temperatures. It should be noted that such large aggregates may not
be useful for drug delivery vehicles, where block copolymer micelles are suggested to be 10–80 nm
in size [65]. The larger aggregates observed in the present study may be more amenable to water
treatment or enhanced oil recovery (EOR) applications where larger aggregates are more effective in
altering the solution viscosity, which is important in EOR [66]. Further, the aggregates seemed to be
quite loose, as the solution at pH = 10 was readily filtered through the 0.2 μm filter. Finally, Figure 5
should be cautiously treated as the aggregates are dynamic and it is likely that the profiles will not be
very reproducible as there are many fluctuations in size as the temperature increases.
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Figure 5. Hydrodynamic radius (Rh) versus temperature as measured by dynamic light scattering
(DLS) for the various 1 wt% aqueous solutions of the poly(MAA-stat-2VP)-b-poly(4AM-stat-4AP) block
copolymer in different buffers.

4. Discussion

4.1. Nitroxide Mediated Polymerization

Various tBMA/2VP statistical copolymers with a wide range of initial compositions were
synthesized using the succinnimidyl ester functionalized BlocBuilder initiator (NHS-BlocBuilder).
Conversions were kept relatively low (19%–31%) to ensure high nitroxide end-group fidelity
for subsequent chain extension experiments. The statistical copolymerizations indicated that all
copolymerizations had nearly linear Mn versus conversion plots with relatively low Đ = 1.30–1.41.
Plots of <kp> <K> were typical of methacrylic ester/styrenic copolymerizations where a massive
increase in this parameter is only witnessed for very rich methacrylate compositions (>90 mol%
in the initial mixture). This same trend has been widely reported by Charleux and co-workers
and others [45–50]. It should be noted here that additional free nitroxide was not required
to control the methacrylate-rich compositions. The same behavior has been seen with other
methacrylate-rich compositions [51,58,67] and with a butyl acrylate homopolymerization [64]
mediated by NHS-BlocBuilder, which simplifies the formulation, in addition to potentially adding
another functional group for coupling other chains [58], although this was not applied here.
Furthermore, the tBMA/2VP copolymers had final copolymer compositions very close to the initial
compositions, suggesting that the copolymerization was polymerizing in essentially a random fashion.
Reactivity ratios for this system were not available in the literature. However, there are related systems:
2VP with OEGMA (300 and 1100) had r2VP = 0.99–1.13, rOEGMA300 = 0.16–0.25 [68]. Regardless, tuning
for this system is relatively predictable.

4.2. pH Sensitivity of the Methacrylic Acid/2-Vinyl Pyridine (MAA/2VP) Copolymers

It is known that poly(MAA) is water-soluble at all pH but has increased water solubility at
high pH because of the ionization [69]. The reported pKa of PMAA from the literature is 5.4 [70,71].
In contrast, P2VP is only water soluble at low pH and it has a pKa of 4.1 [72,73]. Therefore, it was
expected that the copolymers of MAA/2VP will be water soluble at low and high pH but will have
decreased water solubility in slightly acidic/basic environments. A similar trend was reported for
amphiphilic poly(MAA/diethylamino ethyl methacrylates (DEAEMA))-b-poly(methyl methacrylate)
diblock terpolymers [9] and with other ampholytic systems [11,74,75]. From Figure 3, at very low pH
(pH < 1), all copolymers possessed particle sizes ~10 nm, indicating well-dissolved unimers. As the pH
increased, particle size rose sharply to above 1000 nm, indicating aggregation of the water insoluble
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copolymers. Re-dissolution at higher pH was observed for copolymers that have up to 50% 2VP,
whereas copolymers with 70%–90% 2VP remained insoluble.

For the copolymers that re-dissolved at higher pH, the re-dissolution did not happen at the
same pH. It appears that as the 2VP content increased in the copolymer, the pH at which re-dissolution
occurred shifted to higher values. Additionally, the range of pH where the copolymer was insoluble
became wider. This can be explained by the hydrophobicity of P2VP. When the copolymer had
a higher 2VP content, more MAA units had to be ionized (and hence the higher pH) for the MAA/2VP
copolymer to be sufficiently solubilized.

For the copolymers that had high 2VP compositions >70%, the hydrophobicity of the neutral 2VP
units became dominant and the copolymers could not be dissolved even with all MAA units ionized
at high pH. However, dissolution of these copolymers due to ionization of 2VP occurred at higher
pH, around pH 4, compared to the copolymers with lower 2VP content. As noted above, P2VP has
pKa = 4.1 and becomes readily water soluble around pH = 3. The copolymers of MAA/2VP with high
2VP content were water soluble at around pH = 4 (MAA/2VP-10, MAA/2VP-30, MAA-2VP-50) as the
result of the hydrophilicity of PMAA, which increased the overall hydrophilicity of the copolymers
and allowed the copolymer to be water soluble with a lower degree of 2VP ionization.

4.3. Block Copolymers with Both pH and Temperature Sensitivities

To study the dual stimuli-responsive block copolymers where one block has tunable pH sensitivity
(via MAA/2VP pH sensitivity) and the other block with tunable CPT (via 4AM/4AP), a candidate
MAA/2VP macroinitiator (MAA/2VP-50, 48% MAA content) was chosen to initiate a second batch
of 4AM/4AP. The composition of 4AM/4AP was chosen so that a clearly defined CPT ~35 ◦C could
be observed, as we found in our previous study [63]. There was some unreacted macroinitiator but
it was readily removed by subsequent fractionation (see Figure 4). After hydrolysis of the tert-butyl
protecting groups, the resulting poly(MAA/2VP)-b-poly(4AM/4AP) was dissolved as a 1 wt% solution
in buffers of three different pHs: 3, 7, and 10. In each case, the pHs were chosen in the range where
the macroinitiator was expected to be soluble. However, dissolution was different in each case,
as noted in the Results section. Thus, dissolution was carefully done to ensure that the polymers
were sufficiently soluble (24 h, and then filtration to remove aggregates). Each solution exhibited
the same general trend when they were heated (Figure 5). The CPTs were noticed by the dramatic
increase in Rh at 22–27 ◦C, which is lower than what was expected given the composition of the
4AM/4AP block. A similar drop in CPT was observed for poly(2VP)-b-poly(NIPAM) block copolymers
in solution, which is accredited to relatively increasing the 2VP content in the block copolymers
compared to the poly(NIPAM) segment [76]. This was attributed to the hydrophobicity of the poly(2VP)
segment effectively lowering the CPT. In a contrasting case, Schilli et al. examined doubly responsive
poly(acrylic acid)-b-poly(NIPAM) (PAA-b-PNIPAM) block copolymers. With increasing pH from 4.5 to
approximately 5–7, the LCST of the PNIPAM increased from 29 to 35 ◦C [77]. In a system applying
similar NMP techniques that was used here, PAA-b-poly(diethyl acrylamide) (PAA-b-PDEAAm)
was made in dispersion and the hydrodynamic radius was measured as a function of pH at different
temperatures (15, 25 and 50 ◦C) [78]. In that study, the aggregate size was greater when the temperature
exceeded the cloud point temperature of the PDEAAm block (about 35 ◦C). Again, the change in pH
interacted with the transition temperature and it was higher than that of pure PDEAAm. In the current
study, despite the presence of the MAA units, it apparently was not sufficient to counter-balance
the effect of the 2VP units. After the initial rise in Rh with temperature, the Rhs slowly decreased to
about 500–600 nm at 50 ◦C. This was initially thought to be due to copolymer precipitating that could
not be detected by the instrument. However, the solutions did not have any obviously precipitated
polymer after removal from the apparatus. Thus, relatively large aggregates ~500 nm were present
after the experiment. This suggests that there was a balance between the CPT of the 4AM/4AP
segment and the solubility of the MAA/2VP segment. It is likely that the MAA units were sufficiently
hydrolyzed to improve the solubility at higher temperature. This system underscores the delicate
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balances and tunability of properties possible by using dual stimuli-responsive block copolymers
consisting of two respective statistical copolymer segments as has been noted in other combinations
such as schizophrenic micelles [79] or dual upper critical solution temperature (UCST) and LCST
block segments [80]. Future work can add more complex layering by examining the entire span of
macroinitiators with different compositions along with second blocks with variable composition to
tune the cloud point temperature.

5. Conclusions

The versatility of NMP to produce dual stimuli-responsive block copolymers was highlighted
where one block consisted of a statistical poly(ampholyte) comprised of methacrylic acid and
2-vinylpyridine units and the other consisted of a statistical thermo-responsive copolymer segment
of 4-acryloylmorpholine and 4-acryloylpiperidine. Each block could have its pH-sensitivity and
thermo-responsiveness tuned by the relative proportion of co-monomers in each block. The NMP of
tBMA/2VP mixtures resulted in linear Mn versus conversion plots and relatively narrow molecular
weight distributions (Đ = 1.30–1.41) and essentially random microstructure. After hydrolysis of the
tBMA units, MAA/2VP copolymers exhibited solubility at low pH < 3 and high pH > 8, but formed
large aggregates at intermediate pHs. One such tBMA/2VP precursor copolymer was used as a mixture
to add a thermo-responsive segment consisting of 4AM/4AP units. The macroinitiator was sufficiently
active, resulting in the dual responsive block copolymer (after fractionation of a small concentration
of inactive macroinitiator). DLS of the block copolymer at various pHs (3, 7 and 10) as a function of
temperature indicated a rapid increase in particle size >2000 nm at 22–27 ◦C, corresponding to the
4AM/4AP segment’s thermo-responsiveness followed by a leveling in particle size to about 500 nm at
higher temperatures.
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Abstract: The complete error-in-variables-model (EVM) framework, consisting of both design
of experiments and parameter estimation stages, is applied to the terpolymerization of
2-acrylamido-2-methylpropane sulfonic acid (AMPS, M1), acrylamide (AAm, M2) and acrylic
acid (AAc, M3). This water-soluble terpolymer has potential for applications in enhanced
oil recovery, but the associated terpolymerization kinetic characteristics are largely unstudied.
In the current paper, EVM is used to design optimal experiments (for the first time in the literature),
and reactivity ratios are subsequently estimated based on both low and medium-high conversion
data. The results from the medium-high conversion data are more precise than those from the
low conversion data, and are therefore used next to predict the terpolymer composition trajectory
over the full course of conversion. Good agreement is seen between experimental data and model
predictions, which confirms the accuracy of the newly determined ternary reactivity ratios: r12 = 0.66,
r21 = 0.82, r13 = 0.82, r31 = 0.61, r23 = 1.61, r32 = 0.25.

Keywords: 2-acrylamido-2-methylpropane sulfonic acid; acrylamide; acrylic acid; error-in-
variables-model; polymerization kinetics; reactivity ratio estimation; terpolymerization

1. Introduction

Water-soluble terpolymers have applications in a wide variety of areas such as enhanced oil
recovery (EOR), dewatering, mineral processing and flocculation. Most of these applications rely on
the fact that the addition of the polymeric material can alter the rheology of an aqueous medium [1].

Among synthetic water-soluble polymers, polyacrylamide is used as a base in many applications.
It is often difficult for one single polymer to meet all of the requirements of an application,
so copolymers and terpolymers can be employed to deliver specific properties. One of the most
widely used copolymers of acrylamide is the acrylamide/acrylic acid (AAm/AAc) copolymer.
The AAm/AAc copolymer can be used in many of the above-mentioned applications, including
enhanced oil recovery [2]. However, it has been observed that the AAm/AAc copolymer degrades
in hostile environments (typical EOR conditions). Therefore, the addition of a third comonomer
resulting in a terpolymer backbone with higher thermal and shear stability has been suggested to
overcome this problem. One such comonomer that can enhance the stability of the AAm/AAc
copolymer in harsh environments is 2-acrylamido-2-methylpropane sulfonic acid (AMPS). AMPS is a
larger monomer molecule compared to AAm and AAc, which, when incorporated in the terpolymer,
provides better thermal and shear stability and, as a result, makes the final polymer more suitable for
EOR applications [3].
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The AMPS/AAm/AAc terpolymer is a largely unstudied system that has only appeared in the
literature within the past ten years. Some applications for this new terpolymer have been reported
in EOR [3], oil-field drilling [4], superabsorbent hydrogels [5], sludge dewatering [6], and controlled
drug-delivery systems [7]. In these few studies, only the final properties of the terpolymer substrate
(such as swelling behavior, resistance to temperature and shear stress) have been discussed, but kinetic
characteristics of the terpolymerization have not been reported. Since the final application properties
of this terpolymer are directly related to its microstructure, it is essential to have a clear understanding
of the terpolymerization kinetics.

Given that there are three different possibilities for the terminal monomer (on the growing radical),
and three options for the added monomer, nine different propagation steps are possible according to
the terminal model:

∼∼ M•
1 + M1

k11→ ∼∼ M1 − M•
1 ,

∼∼ M•
1 + M2

k12→ ∼∼ M1 − M•
2 ,

∼∼ M•
1 + M3

k13→ ∼∼ M1 − M•
3 ,

∼∼ M•
2 + M1

k21→ ∼∼ M2 − M•
1 ,

∼∼ M•
2 + M2

k22→ ∼∼ M2 − M•
2 ,

∼∼ M•
2 + M3

k23→ ∼∼ M2 − M•
3 ,

∼∼ M•
3 + M1

k31→ ∼∼ M3 − M•
1 ,

∼∼ M•
3 + M2

k32→ ∼∼ M3 − M•
2 ,

∼∼ M•
3 + M3

k33→ ∼∼ M3 − M•
3 .

In this series of reactions, Mi
• represents a radical species with monomer i at the chain end

(i = 1, 2, 3). Similarly, Mj represents monomer j that is being added to the chain end (j = 1, 2, 3). Each of
the nine reactions has a rate constant, kij (radical i adding monomer j).

Six parameters, called monomer reactivity ratios (rij), can be used to describe the potential for
homopropagation relative to the potential for cross-propagation.

r12 = k11
k12

, r13 = k11
k13

, r23 = k22
k23

,

r21 = k22
k21

, r31 = k33
k31

, r32 = k33
k32

.

Reactivity ratios are crucial to the study of the kinetics of multicomponent polymerization systems.
Terpolymerization systems are frequently utilized in industry and possess valuable information for
academic research, yet there is a considerable lack of reactivity ratio estimation studies for such systems.
This is partially due to the complexity of the terpolymer composition model, the Alfrey–Goldfinger
model (Equation (1)). Fi is the instantaneous mole fraction of monomer i incorporated (bound) in
the terpolymer, rij are the monomer reactivity ratios relating i and j, and fi is the corresponding mole
fraction of unreacted (free) monomer i (often referred to as the feed mole fraction). Equation (1) relates
instantaneous (not cumulative) copolymer composition properties:

F1

F2
=

(
f1

f2

)(
f1/r31r21 + f2/r21r32 + f3/r31r23

f1/r12r31 + f2/r12r32 + f3/r32r13

)(
f1 + f2/r12 + f3/r13

f2 + f1/r21 + f3/r23

)
, (1a)

F1

F3
=

(
f1

f3

)(
f1/r31r21 + f2/r21r32 + f3/r31r23

f1/r13r21 + f2/r23r12 + f3/r13r23

)(
f1 + f2/r12 + f3/r13

f3 + f1/r31 + f2/r32

)
, (1b)

F2

F3
=

(
f2

f3

)(
f1/r12r31 + f2/r12r32 + f3/r32r13

f1/r13r21 + f2/r23r12 + f3/r13r23

)(
f2 + f1/r21 + f3/r23

f3 + f1/r31 + f2/r32

)
. (1c)
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However, more importantly, the knowledge gap in terpolymerization kinetics is related
to a de facto accepted analogy between copolymerization and terpolymerization mechanisms;
researchers often use reactivity ratios obtained for binary pairs (from copolymerization experiments)
in terpolymerization models. However, because the error in the binary data tends to propagate into
the ternary system, binary reactivity ratios cannot be used to describe ternary systems; at best, this
provides an approximation [8]. More importantly, ternary reactivity ratios are never determined
using ternary experimental data, and differences in the system make it imprudent to use binary and
ternary reactivity ratios interchangeably. Using inappropriate reactivity ratios may affect the model
performance for predicting terpolymer composition (and sequence length characteristics, since these
also depend on reactivity ratio values) and the determination of other terpolymerization characteristics
(such as the azeotropic point). Despite these risks, all studies performed previously have employed
binary reactivity ratios directly in terpolymer models. This should be avoided [8].

Problems associated with reactivity ratio estimation and design of experiments for terpolymer
systems have largely been resolved using the error-in-variables-model (EVM), which was discussed
recently by Kazemi et al. [9] (and will be reviewed briefly in the current paper). Thus, in what follows,
the AMPS/AAm/AAc terpolymer is investigated by implementing the EVM framework for accurate
determination of ternary reactivity ratios. Parameter estimation and the implementation of the design
of experiments strategy are demonstrated, and the reactivity ratio estimates are analyzed in terms of
both precision and accuracy. Finally, reactivity ratio values based on optimally selected experiments
are suggested. Comparisons between low and medium-high conversion level data are also included to
examine the effect of the data set (and its inherent errors) on reactivity ratio estimation results.

2. Experimental

2.1. Design of Experiments

Optimal design of experiments leads to increased information content while minimizing
the number of experiments and obtaining more precise parameter estimates. Under the
error-in-variables-model (EVM) framework, one can design experiments that consider error in all
variables involved (both independent and dependent) in the process model [9,10]. A brief guide for
estimating reliable ternary reactivity ratios from terpolymerization data is provided in Figure 1,
and a comprehensive evaluation with detailed explanations has been previously published by
Kazemi et al. [8,9]. Additional comments related to the steps of Figure 1 are provided below:

1. Review literature for any information on polymerization kinetics of the system in question.
2. Use literature values (if any) and prior knowledge to find (or guess) reasonable preliminary

reactivity ratios for the system; determine whether there are any constraints on the
feed compositions.

2.a. In the absence of any prior information, run three preliminary experiments. Each should
have a composition rich in one of the three monomers (e.g., 80% or higher), and any
experimental limitations (constraints) in the feasible experimental region should be
carefully recorded. Estimate preliminary ternary reactivity ratios.

3. Choose three optimal feed compositions according to the EVM framework. Each recipe should
contain 80% of one monomer and an equal amount of the other two (that is, fi /fj /fk : (0.8/0.1/0.1),
(0.1/0.8/0.1) and (0.1/0.1/0.8)). If a polymerization recipe containing 80% of one monomer is not
achievable (due to possible feed composition constraints), choose lower percentages as necessary.

4. Perform experiments at low conversion (≤ 5%–10%) and/or up to medium-high conversion
levels (50%–70%). Collect data for terpolymer composition and corresponding conversion values.

5. Use the EVM parameter estimation methodology for estimating reactivity ratios and construct
joint confidence regions (JCRs). Refer to the work by Kazemi et al. [8,10] for a detailed
implementation of this method.
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6. If satisfied with the precision of the results, move to the next step. If not satisfied, perform
independent replicates of the optimal experiments and re-estimate reactivity ratios.

7. Present reactivity ratio estimates and their joint confidence regions.

This methodology is used in the terpolymerization of AMPS/AAm/AAc; details for each step are
presented in what follows. For the first time in the literature, the EVM framework for ternary reactivity
ratio estimation is verified experimentally.

 

Figure 1. Flowchart of the EVM (error-in-variables-model) framework for ternary reactivity
ratio estimation.
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2.2. Reagent Purification

Monomers 2-acrylamido-2-methylpropane sulfonic acid (AMPS; 99%), acrylamide
(AAm; electrophoresis grade, 99%), and acrylic acid (AAc; 99%) were purchased from Sigma-Aldrich
(Oakville, Ontario, Canada). AAc was purified via vacuum distillation at 30 ◦C, while AAm and AMPS
were used as received. Initiator (4,4'-azo-bis-(4-cyanovaleric acid), ACVA), inhibitor (hydroquinone)
and sodium hydroxide were also purchased from Sigma-Aldrich. Sodium chloride from EMD
Millipore (Etobicoke, Ontario, Canada) was used as received. Water was Millipore quality (18 MΩ·cm),
and acetone and methanol were used as received from suppliers. Nitrogen gas (4.8 grade) purchased
from Praxair (Mississauga, Ontario, Canada) was used for degassing solutions.

2.3. Polymer Synthesis

Aqueous monomer solutions with a monomer concentration of 1 M and an initiator (ACVA)
concentration of 0.004 M (relative to the total solution volume) were prepared. Specific feed
compositions (that is, “pre-polymerization” solution compositions) will be discussed in Step 3 of
the Results and Discussion section (see Section 3.3).

As demonstrated in a recent study [11], constant pH and ionic strength are extremely important
in water-soluble copolymer and terpolymer synthesis. Therefore, solutions were titrated with
sodium hydroxide to adjust the pH to approximately 7 (±0.5). Similarly, to ensure constant ionic
strength (IS) between experiments, sodium chloride was added to each pre-polymerization solution.
The highest IS occurs when the solution is rich in AMPS, so sodium chloride was added to all other
pre-polymerization solutions to reach that same IS value.

The solutions were then purged with 200 mL/min nitrogen for 2 h. After degassing, aliquots
of ~20 mL of solution were transferred to sealed vials using the cannula transfer method [12].
Terpolymerizations were run in a temperature controlled shaker-bath (OLS200; Grant Instruments,
Cambridge, UK) at 40 ◦C and 100 rpm. Vials were removed at selected time intervals, placed in ice and
further injected with approximately 1 mL of 0.2 M hydroquinone solution to stop the polymerization.
Polymer samples were isolated by precipitating the products in acetone or methanol, filtered
(paper filter grade number 41, Whatman; Sigma-Aldrich, Oakville, Ontario, Canada) and vacuum
dried for 1 week at 50 ◦C. All polymerizations were independently replicated.

2.4. Polymer Characterization

Conversion of the polymer samples was determined using gravimetry. The mass of the
sodium ions was also considered in conversion calculations, as per the recommendation of
Riahinezhad et al. [11,13]. Copolymer composition was measured using elemental analysis (CHNS,
Vario MICRO Cube, Elementar, Isospark Canada Inc., Montreal, Canada). Calculation of composition
did not include H content, as residual water has been known to affect the determined H content [12].
Select samples were independently replicated.

3. Results and Discussion

The error-in-variables-model framework, which was outlined in Figure 1, is applied to the
terpolymerization of AMPS/AAm/AAc. This is the first time in the literature that the entire
framework, from preliminary investigation and design of experiments to parameter estimation,
is verified experimentally.

3.1. Step 1: Review Literature for Polymerization Kinetics

In recent years, several studies have investigated the AMPS/AAm/AAc terpolymer. These have
focused on synthesis, characterization, and potential applications for this terpolymer; none of the
studies have included terpolymerization kinetics.
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For example, Bao et al. [5] grafted the AMPS/AAm/AAc terpolymer onto sodium carboxymethyl
cellulose and montmorillonite (MMT) to create a superabsorbent hydrogel. In this case, physical
properties of the synthesized terpolymer (such as degree of swelling, water retention, and morphology)
were the focus of the analysis. Similarly, Ma et al. [6] synthesized the AMPS/AAm/AAc terpolymer
via UV irradiation for use as a flocculent. While this group did provide more information about
their synthesis steps, the overall focus of the paper was applications. Polymer characteristics
including intrinsic viscosity, dissolution time and flocculation performance were presented. This
particular terpolymer has also been used in drug-delivery applications [7]. The drug-delivery
system uses superabsorbent polymer composites, so characteristics such as swelling capacity and
drug encapsulation efficiency were studied. While the investigation included release profiles for
drug-delivery, it did not discuss details surrounding the polymerization kinetics.

In perhaps the most relevant papers to the current work, Peng et al. [4] and Zaitoun et al. [3]
have studied the AMPS/AAm/AAc terpolymer for petrochemical applications. The work by
Peng et al. [4] describes the free-radical terpolymerization of AMPS/AAm/AAc and its application as
a high-temperature resistant filtration control agent. Zaitoun et al. [3] have investigated the potential
to use AMPS/AAm/AAc in enhanced oil recovery (EOR) applications, as the AMPS comonomer is
expected to improve shear stability and limit thermal degradation (compared to standard AAm/AAc
copolymers). However, in both of these cases, the authors make no mention of polymerization kinetics.

The kinetic characteristics of the terpolymer being synthesized are directly related to its
microstructure. Therefore, it is important to have a clear understanding of the terpolymerization
kinetics. Since this information is not available in the literature, reliable reactivity ratios for this
AMPS/AAm/AAc system will be determined experimentally in what follows.

3.2. Step 2: Determine Preliminary Reactivity Ratios and Establish Feed Composition Constraints

Since, to date, there have been no kinetic studies for this particular terpolymerization in the
literature, binary values for the associated copolymer pairs were used as preliminary reactivity ratios.
These binary values were obtained experimentally, which allowed for the same experimental set-up to
be used for both the co- and terpolymerizations.

For the AMPS/AAm and AMPS/AAc copolymerizations, an in-depth study was recently
completed by Scott et al. [14]. Different reactivity ratio estimates for these copolymers were published
previously, but most of these estimates were subject to numerous sources of error (namely, linear
parameter estimation techniques for non-linear parameter estimation with no independent replication).
In an attempt to provide the most accurate reactivity ratio estimates possible, Scott et al. [14] used the
error-in-variables-model (EVM) technique to design experiments and estimate reactivity ratios for both
AMPS/AAm and AMPS/AAc copolymerizations. As an additional advantage, the polymerization
conditions (pH, ionic strength, etc.) that were used in these copolymerizations are also used for the
terpolymerizations described in the current paper.

Similarly, for the AAm/AAc copolymerization, Riahinezhad et al. [12] conducted a thorough
investigation of the reactivity ratios for this copolymerization system. Again, the same polymerization
conditions were used for the AAm/AAc binary system and for the terpolymerizations described in the
current paper. Therefore, the reactivity ratios arrived at for the above binary systems can confidently
be considered as the “best” binary reactivity ratios for the different pairs. These values are summarized
in Table 1.

Table 1. Binary reactivity ratios for copolymerizations associated with 2-acrylamido-2-methylpropane
sulfonic acid (AMPS)1/acrylamide (AAm)2/acrylic acid (AAc)3.

Source T(◦C) pH r12 r21 r13 r31 r23 r32

Scott et al. [14] 40 7 0.18 0.85 0.19 0.86 - -
Riahinezhad et al. [12] 40 7 - - - - 1.33 0.23
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One of the advantages associated with EVM is the ability to introduce feed composition
constraints on the experimental design. However, since very little kinetic information is available for
the AMPS/AAm/AAc terpolymerization, it is difficult to establish whether such constraints exist.
In studying the AMPS/AAc copolymer, Scott et al. [14] reported that the polymerization was extremely
slow and minimal precipitate formed when the AAc fraction was high in the feed (fAAc,0 = 0.85).
Similarly, Ryles and Neff [1] observed that a preliminary feed composition of fAAc,0 = 0.80 for the
AMPS/AAc copolymer made polymer isolation (and subsequent filtering/precipitation) difficult as a
result of phase separation. Therefore, for the AMPS/AAm/AAc terpolymer, the feed composition of
AAc was constrained such that fAAc,0 ≤ 0.70.

3.3. Step 3: Apply Design of Experiments to Select Optimal Feed Compositions

The basic idea behind design of experiments is to select optimal feed compositions (experimental
trials) which minimize variability in the parameter estimates. As mentioned previously,
terpolymerization studies often (incorrectly!) use reactivity ratios extracted from binary systems;
based on this analogy, a ternary system is treated as three separate binary copolymerizations.
This approach is approximate at best, as it propagates the inherent error present in the binary reactivity
ratio estimates, overlooks the effect of the interactions between all three monomers on their reactivity
towards each other and is not at all reliable for predicting ternary compositions.

An additional problem with terpolymerization studies is the form of the Alfrey–Goldfinger
(A–G) model that is typically used to evaluate instantaneous terpolymerization composition
(see Equation (1)). Kazemi et al. [15] recently showed that selecting different combinations of ratios of
mole fractions in the A-G model (e.g., F1/F2 and F1/F3 versus F1/F2 and F2/F3) can affect the precision
of the reactivity ratio estimates. This work exposed the fact that the model suffers from symmetry
issues; final results depend on the arbitrary choice of different combinations of copolymer mole
fractions into the parameter estimation scheme. Therefore, in current and future terpolymerization
investigations, a recast version of the model (courtesy of Kazemi et al. [8]) should be used. The recast
A–G model presents each instantaneous terpolymer mole fraction as a single response (see Equation (2)).
While these expressions may seem more complex than the conventional A–G model, this formulation
is symmetrical and error structures are not distorted [8]:
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+
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With this new information in mind, the goal in this step of the procedure is to apply the EVM
design criterion to the recast Alfrey–Goldfinger model so that optimal feed compositions (that can lead
to the most reliable reactivity ratios) are selected.

EVM considers error in all terms, so using a design of experiments technique within the EVM
context helps to account for the error in both the independent variables (feed compositions) and the
dependent variables (terpolymer compositions). Details have been presented previously [8,9], but the
key points are briefly revisited below. The EVM design criterion aims to maximize the determinant of
the information matrix (G), which is the inverse of the variance–covariance matrix of the parameters:

G =
n

∑
i=1

riZ′
i
(

BiVB′
i
)−1Zi, (3)

26



Processes 2017, 5, 9

where ri = number of replicates at the ith trial (out of n trials), Zi = vector of partial derivatives of
the model function with respect to the parameters (in this case, the partial derivatives of the recast
A–G model (Equation (2)) with respect to the reactivity ratios), Bi = vector of partial derivatives
of the model function with respect to the variables (again, in this case, the partial derivatives of
the recast A-G model (Equation (2)) with respect to the feed (f ) and terpolymer (F) compositions),
and V = variance–covariance matrix of the variables (which provides information about measurement
error and possible correlation of the variables involved).

As explained in previous work by Kazemi et al. [9], three optimal experiments are sufficient to
estimate terpolymerization reactivity ratios in this nonlinear model scenario. In the terpolymerization
problem, the EVM model consists of three equations (see again Equation (2)) and five variables
(f1, f2, F1, F2, F3); only two of the three feed compositions are independent (f3 = 1 – f1 – f2) and the
terpolymer compositions are measured independently. Therefore, for the terpolymerization, there are
two independent variables (5 variables – 3 equations = 2) and six (6) parameters (reactivity ratios).
The number of optimal experiments needed can be calculated by dividing the number of parameters
by the number of independent variables (see Bard [16] and Duever et al. [17]); hence, 6 ÷ 2 = 3.

For ternary reactivity ratio estimation, optimal feed compositions are typically located at the
corners of the triangular (terpolymerization) composition plot [9]. To help visualize the location of
the optimal feed compositions for this system, Figure 2 combines the “suboptimal” regions (shaded
areas) as well as the three optimal points located close to or inside these regions. Polymerizations run
using these three optimal feed compositions (recipes) will provide sufficient information for reliable
reactivity ratio estimation.

 

Figure 2. Optimal feed regions and compositions for 2-acrylamido-2-methylpropane sulfonic acid
(AMPS)/acrylamide (AAm)/acrylic acid (AAc) terpolymerization.

3.4. Step 4: Perform Experiments; Collect Conversion and Composition Data

3.4.1. Low Conversion Experiments

The first attempt at estimating the reactivity ratios for the AMPS/AAm/AAc terpolymerization
was conducted by analyzing low conversion data, similar to the conventional approaches for estimating
reactivity ratios of copolymerizations and terpolymerizations [9,18]. As shown in Table 2, the three
feed compositions correspond to the optimal feed compositions of Figure 2 (reflecting also process
constraints), and the experimental data were limited to low conversion (Xw < 0.100). Conversion values
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with a “*” indicate results from an independently replicated polymerization; the same classification will
be used in Table 3. That is, these replicates were synthesized entirely independently, using freshly made
solutions, etc. Conversion was determined again using gravimetry, and samples were independently
characterized using elemental analysis, as described in Section 2.4. Note also that experimental data in
Tables 2 and 3 are presented in terms of mass conversion (Xw), which should not be confused with
molar conversion (Xn; see, for example, Equations (4) through (6)).

Table 2. Experimental data for AMPS/AAm/AAc terpolymerization; low conversion.

Optimal Feed
Composition

Xw fAMPS,0 fAAm,0 fAAc,0 FAMPS FAAm FAAc

#1

*0.066 0.8 0.1 0.1 0.761 0.135 0.104
*0.071 0.8 0.1 0.1 0.778 0.137 0.085
0.083 0.8 0.1 0.1 0.783 0.136 0.081
0.091 0.8 0.1 0.1 0.750 0.146 0.104

#2

0.036 0.1 0.8 0.1 0.123 0.826 0.052
*0.043 0.1 0.8 0.1 0.122 0.824 0.054
0.071 0.1 0.8 0.1 0.107 0.836 0.057
*0.079 0.1 0.8 0.1 0.115 0.817 0.069
*0.088 0.1 0.8 0.1 0.110 0.823 0.067

#3

*0.021 0.1 0.2 0.7 0.123 0.374 0.503
0.025 0.1 0.2 0.7 0.121 0.382 0.496
0.030 0.1 0.2 0.7 0.122 0.384 0.494
*0.034 0.1 0.2 0.7 0.118 0.368 0.514
*0.040 0.1 0.2 0.7 0.117 0.372 0.511
0.056 0.1 0.2 0.7 0.125 0.377 0.498
0.059 0.1 0.2 0.7 0.124 0.374 0.502
0.064 0.1 0.2 0.7 0.121 0.368 0.511
*0.087 0.1 0.2 0.7 0.114 0.344 0.542

In this and in Table 3, Xw = conversion, fi,0 = initial feed composition (monomer i) and Fi = cumulative
terpolymer composition.

Since the conversion level was kept low for these runs, it can be assumed that the
composition drift is negligible. Therefore, the instantaneous terpolymer composition model (that is,
the recast Alfrey–Goldfinger model, Equation (2)) and the EVM parameter estimation technique
were employed [9]. Details regarding the parameter estimation technique, the resulting reactivity
ratio estimates, and the corresponding joint confidence regions (JCRs) will be presented in Step 5
(Section 3.5).

3.4.2. Medium-High Conversion Experiments

The recast A–G model (Equation (2)) is a significant improvement over Equation (1), but it is
only valid for low conversion data sets. In order for copolymer composition drift to be negligible
(that is, for the initial feed composition to remain unchanged and for the (measurable) cumulative
copolymer composition to be equal to its instantaneous value), experimental data must be collected
at very low conversion levels. This restrictive assumption introduces additional sources of error,
including significant experimental difficulties.

As an alternative, a cumulative ternary composition model has been considered in order to
estimate ternary reactivity ratios using the full conversion trajectory. The cumulative model (essentially
the Skeist equation applied to terpolymerization), shown in Equation (4), relates the cumulative
terpolymer composition for each monomer (Fi) to the initial mole fraction of monomer in the feed (fi,0),
and the corresponding mole fraction of unreacted monomer (fi) and molar conversion (Xn):

F1 =
f1,0 − f1(1 − Xn)

Xn
, (4a)
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F2 =
f2,0 − f2(1 − Xn)

Xn
, (4b)

F3 =
f3,0 − f3(1 − Xn)

Xn
. (4c)

In this step of the procedure, reactivity ratios for the AMPS/AAm/AAc terpolymerization
were estimated using the same optimal feed compositions of Figure 2, but this time running the
terpolymerizations to medium-high conversion levels (see Table 3). Since it is no longer valid
to assume constant composition (that is, composition drift is no longer negligible), fi must be
evaluated over conversion Xn, according to the model in ordinary differential equation form, shown
in Equation (5) (where Fi values are calculated using Equation (2)). Given the initial conditions
fi = fi,0 at Xn = 0, a numerical solution can be used to evaluate terpolymer compositions along the full
conversion trajectory:

d f1

dXn
=

f1 − F1

1 − Xn
, (5a)

d f2

dXn
=

f2 − F2

1 − Xn
, (5b)

d f3

dXn
=

f3 − F3

1 − Xn
. (5c)

It is important to note that molar conversion (Xn) is used in both Equations (4) and (5), but that
mass conversion (Xw) is reported in the experimental data tables (see Tables 2 and 3). Molar conversion
and mass conversion are related using monomer molecular weights (MWi), as shown in Equation (6):

Xn = Xw
MW1 f1,0 + MW2 f2,0 + MW3 f3,0

MW1F1 + MW2F2 + MW3F3
. (6)

This methodology (using direct numerical integration (DNI) to evaluate the cumulative
composition model) has been described previously by Kazemi et al. [8]. The current approach
(i.e., integrating the instantaneous terpolymer composition model (Equation (2)) over conversion
via Equations (4) and (5) and conducting parameter estimation via EVM simultaneously) is generally
preferable for parameter estimation, as it includes all available information from the system (not only
at low conversion as per typical approaches), and does not suffer from the limiting assumptions or
experimental difficulties associated with low conversion data analysis. As was the case for the low
conversion experiments, estimation details along with reactivity ratio estimates and corresponding
JCRs will be shown in Step 5 (Section 3.5).

Table 3. Experimental data for AMPS/AAm/AAc terpolymerization; medium-high conversion.

Optimal Feed
Composition

Xw fAMPS,0 fAAm,0 fAAc,0 FAMPS FAAm FAAc

#1

*0.066 0.8 0.1 0.1 0.761 0.135 0.104
*0.071 0.8 0.1 0.1 0.778 0.137 0.085
0.083 0.8 0.1 0.1 0.783 0.136 0.081
0.091 0.8 0.1 0.1 0.750 0.146 0.104
*0.143 0.8 0.1 0.1 0.771 0.122 0.106
0.190 0.8 0.1 0.1 0.753 0.146 0.101
*0.208 0.8 0.1 0.1 0.765 0.134 0.101
0.382 0.8 0.1 0.1 0.757 0.138 0.105
*0.469 0.8 0.1 0.1 0.780 0.114 0.105
0.512 0.8 0.1 0.1 0.760 0.132 0.107
0.733 0.8 0.1 0.1 0.769 0.120 0.112
0.836 0.8 0.1 0.1 0.775 0.108 0.116
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Table 3. Cont.

Optimal Feed
Composition

Xw fAMPS,0 fAAm,0 fAAc,0 FAMPS FAAm FAAc

#2

0.036 0.1 0.8 0.1 0.123 0.826 0.052
*0.043 0.1 0.8 0.1 0.122 0.824 0.054
0.071 0.1 0.8 0.1 0.107 0.836 0.057
*0.079 0.1 0.8 0.1 0.115 0.817 0.069
*0.088 0.1 0.8 0.1 0.110 0.823 0.067
0.114 0.1 0.8 0.1 0.110 0.834 0.056
0.138 0.1 0.8 0.1 0.111 0.828 0.061
*0.183 0.1 0.8 0.1 0.106 0.825 0.069
*0.186 0.1 0.8 0.1 0.109 0.824 0.068
0.227 0.1 0.8 0.1 0.110 0.827 0.063
0.360 0.1 0.8 0.1 0.109 0.814 0.077
*0.370 0.1 0.8 0.1 0.105 0.824 0.072
*0.447 0.1 0.8 0.1 0.110 0.806 0.084
0.496 0.1 0.8 0.1 0.117 0.797 0.086
0.525 0.1 0.8 0.1 0.109 0.812 0.078
0.544 0.1 0.8 0.1 0.112 0.808 0.080

#3

*0.021 0.1 0.2 0.7 0.123 0.374 0.503
0.025 0.1 0.2 0.7 0.121 0.382 0.496
0.030 0.1 0.2 0.7 0.122 0.384 0.494
*0.034 0.1 0.2 0.7 0.118 0.368 0.514
*0.040 0.1 0.2 0.7 0.117 0.372 0.511
0.056 0.1 0.2 0.7 0.125 0.377 0.498
0.059 0.1 0.2 0.7 0.124 0.374 0.502
0.064 0.1 0.2 0.7 0.121 0.368 0.511
*0.087 0.1 0.2 0.7 0.114 0.344 0.542
0.103 0.1 0.2 0.7 0.121 0.359 0.520
*0.125 0.1 0.2 0.7 0.112 0.329 0.559
0.139 0.1 0.2 0.7 0.126 0.353 0.521
*0.151 0.1 0.2 0.7 0.115 0.349 0.536
0.191 0.1 0.2 0.7 0.123 0.337 0.540
*0.199 0.1 0.2 0.7 0.116 0.348 0.536
0.259 0.1 0.2 0.7 0.119 0.341 0.540
*0.260 0.1 0.2 0.7 0.117 0.342 0.541
*0.282 0.1 0.2 0.7 0.116 0.342 0.542

3.5. Step 5: Use EVM to Estimate Reactivity Ratios; Construct Joint Confidence Regions

The error-in-variables-model (EVM), described previously for the design of experiments
(see Section 3.3), can also be used in the current parameter estimation step. EVM is one of the
most powerful non-linear regression approaches available, as it considers all sources of experimental
error (both in the independent and dependent variables) [19]. EVM not only forces the experimenter to
consider all sources of error, but also provides estimates of the true values of other variables involved
in the model along with the parameter estimates. Therefore, it is by far the most statistically correct
and comprehensive approach for reactivity ratio estimation [20].

In this step, the EVM approach is used to estimate reactivity ratios for both the low and
medium-high conversion data. However, as discussed in Section 3.4, the terpolymerization
model differs for each data set: low conversion data are analyzed using the recast instantaneous
terpolymerization model (Equation (2)) along with the related low conversion assumptions, whereas
the medium-high conversion data are analyzed with the direct numerical integration (DNI) of the
instantaneous model, i.e., using the cumulative composition model (see Equations (2), (4) and (5)).
The nested-iterative EVM implementation has been described in detail in several previous references
(for instance, see references [8–10,17,18,21,22] cited herein), so no further details will be presented.

The terpolymerization reactivity ratio estimates and corresponding JCRs for both data sets
(Tables 2 and 3), along with the corresponding binary (copolymerization) reactivity ratios (Table 1)
are presented in Figure 3. In all cases, the results show that JCRs from medium-high conversion data
are smaller (and therefore more precise) than JCRs from low conversion data. These results are as
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expected; utilizing all of the experimental information available and eliminating potentially inaccurate
assumptions can improve the precision of the point estimates. These results confirm (for the first time)
that EVM can successfully be used to analyze directly experimental data from terpolymerizations over
the whole conversion range. In addition, the results prove that three optimally designed ternary feed
compositions can provide sufficient information to estimate reactivity ratios with very little correlation
for this terpolymerization system, as one can realize from the orientation of the JCRs. In addition, in
all cases, the literature binary reactivity ratio estimates are located outside the terpolymerization JCRs.
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Figure 3. Cont.
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Figure 3. Reactivity ratio estimation results for AMPS/AAm/AAc terpolymerization (with preliminary
copolymerization estimates from literature [12,14]).

3.6. Step 6: Decide Whether Results Are Precise Enough

In Step 5 (Section 3.5), the reactivity ratio estimates and associated JCRs confirm that the
EVM-based experimental design and parameter estimation method for ternary systems work very
well with experimental data directly from the AMPS/AAm/AAc terpolymerization. The reliability of
the results is first established by examining the size of the JCRs and by noting the lack of correlation
between the parameters (see Figure 3).

In the second diagnostic stage, it is important to investigate the accuracy of the reactivity
ratios by running additional checks. One of the most common diagnostic checks is to evaluate
the behavior/profiles of the cumulative terpolymer composition. Model predictions (using reactivity
ratio estimates) for the terpolymer composition over the polymerization trajectory are compared to
experimentally measured terpolymer compositions. An acceptable agreement between predicted
and experimental results reflects the reliability and accuracy of the reactivity ratios for the
terpolymerization system.

Thus, direct numerical integration (DNI) was applied to the recast version of the instantaneous
terpolymer composition equation (see Equation (2)) using newly determined reactivity ratio estimates.
Since the medium-high conversion data provided more information (and smaller JCRs), the reactivity
ratios estimated from the data of Table 3 were used. The predicted cumulative terpolymer composition
trajectories versus conversion, as well as the experimental points obtained via elemental analysis,
are shown in Figure 4 for all three of the optimally designed feed compositions.

Figure 4 shows that, in all three cases, the predicted terpolymer composition trajectories (from
ternary reactivity ratio estimates) capture the experimentally observed behavior satisfactorily. At low
conversion, however, there are some minor discrepancies between the model and the experimental
results. The noise seen in the experimental data is typical at such low conversions, which confirms
the need for higher conversion experiments. Thus, in spite of the natural variation in experimental
results, it is possible to conclude that the cumulative terpolymer composition (DNI) model and the
EVM-based estimated ternary reactivity ratios can successfully predict the behavior of the system.
This is an important diagnostic check for this system (and for terpolymerization studies, in general),
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as it indicates that employing the terpolymerization composition model and the EVM framework leads
to precise and reliable reactivity ratios for the system.
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Figure 4. Cumulative terpolymer composition, Fi, for AMPS/AAm/AAc (experimental data and
model predictions) for fAMPS,0/fAAm,0/fAAc,0 = (a) 0.8/0.1/0.1, (b) 0.1/0.8/0.1 and (c) 0.1/0.2/0.7.
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3.7. Step 7: Present Reactivity Ratios and JCRs

It was shown in Step 5 (Section 3.5) that using medium-high conversion data provides smaller joint
confidence regions (JCRs) for reactivity ratio estimation (compared to conventional low conversion
data analysis). In addition, in Step 6 (Section 3.6), the reactivity ratio estimates from medium-high
conversion data were successfully used to predict the cumulative terpolymer composition. Therefore,
of the reactivity ratio estimates presented in Table 4, the information in the last row (for ternary
reactivity ratio estimation of medium-high conversion data) is the most precise. The JCRs associated
with these estimates have been presented previously in Figure 3.

Table 4. Summary of reactivity ratio estimates for AMPS1/AAm2/AAc3 terpolymerization.

Experimental Data Conversion Type r12 r21 r13 r31 r23 r32

Literature
[12,14] Medium-High Binary 0.18 0.85 0.19 0.86 1.33 0.23

Optimally Designed Data Low Ternary 0.69 0.81 0.91 0.68 1.76 0.27
Optimally Designed Data Medium-High Ternary 0.66 0.82 0.82 0.61 1.61 0.25

4. Conclusions

We have discussed the effectiveness of the error-in-variables-model (EVM) framework for
experimental applications. More specifically, accurate ternary reactivity ratios have been established
for the AMPS/AAm/AAc terpolymerization. In a comparison of reactivity ratio estimation results for
low conversion and medium-high conversion level data, the point estimates were fairly consistent.
However, in terms of precision, the medium-high conversion level data provided much smaller JCRs,
which indicates a much higher degree of confidence in the results (compared to the low conversion
data results). This represents an improvement, since the collected data at medium-high conversion
levels contain more information; in addition, potentially inaccurate assumptions (required for analyses
with low conversion level data and instantaneous models) are avoided. For the first time, EVM
was successfully applied to experimental terpolymerization data at medium-high conversion levels.
The analysis has also shown that sufficient information is available from three optimally designed feed
compositions; ternary reactivity ratios were estimated with high precision and very little correlation
for the AMPS/AAm/AAc system.
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Abstract: As the demand for textile products and synthetic dyes increases with the growing
global population, textile dye wastewater is becoming one of the most significant water pollution
contributors. Azo dyes represent 70% of dyes used worldwide, and are hence a significant contributor
to textile waste. In this work, the removal of a reactive azo dye (Reactive Orange 16) from
water by adsorption with chitosan grafted poly(poly(ethylene glycol) methyl ether methacrylate)
(CTS-GMA-g-PPEGMA) was investigated. The chitosan (CTS) was first functionalized with glycidyl
methacrylate and then grafted with poly(poly(ethylene glycol) methyl ether methacrylate) using
a nitroxide-mediated polymerization grafting to approach. Equilibrium adsorption experiments
were carried out at different initial dye concentrations and were successfully fitted to the Langmuir
and Freundlich adsorption isotherm models. Adsorption isotherms showed maximum adsorption
capacities of CTS-g-GMA-PPEGMA and chitosan of 200 mg/g and 150 mg/g, respectively, while the
Langmuir equations estimated 232 mg/g and 194 mg/g, respectively. The fundamental assumptions
underlying the Langmuir model may not be applicable for azo dye adsorption, which could explain
the difference. The Freundlich isotherm parameters, n and K, were determined to be 2.18 and 17.7 for
CTS-g-GMA-PPEGMA and 0.14 and 2.11 for chitosan, respectively. An “n” value between one and
ten generally indicates favorable adsorption. The adsorption capacities of a chitosan-PPEGMA 50/50
physical mixture and pure PPEGMA were also investigated, and both exhibited significantly lower
adsorption capacities than pure chitosan. In this work, CTS-g-GMA-PPEGMA proved to be more
effective than its parent chitosan, with a 33% increase in adsorption capacity.

Keywords: PEGMA; grafting; nitroxide-mediated polymerization; chitosan; wastewater; dye

1. Introduction

As the discharge of environmental pollutants in receiving waters continues to be a serious concern
across the globe, it is important to develop effective approaches for their removal. Synthetic dyes found
in wastewater effluents are of particular concern due to their high toxicity and low biodegradability in
water [1]. They are used widely in the textile, pharmaceutical, cosmetics, and food industries because
of their coloring capabilities. In the textile industry, an estimated 10,000 different dyes and pigments
are used, and over 7 × 105 tons of synthetic dyes are annually produced worldwide; up to 200,000 tons
of these dyes are discharged to receiving environments every year [2]. With the large quantities of dyes
released and their known toxicity to aquatic environments, as well as to human health, the removal
of textile dyes has received increasing research attention in recent years. Dyes have been reported to
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exhibit carcinogenicity, mutagenicity, and resistance to natural degradation [3]. Some of these dyes
also have the potential to cause kidney failure and dysfunction of the brain and reproductive and
central nervous systems.

Another important aspect of textile wastewater treatment is the de-colouration of dyes. Even in
small amounts, dyes can be toxic to aquatic life and lead to changes in salinity and the visible coloration
of receiving waters. Additionally, they can also reduce sunlight penetration, which hinders natural
photosynthesis and disinfection processes [4]. Unfortunately, these dyes exhibit high stabilities to
light, temperature, water, and detergents, allowing them to escape conventional physio-chemical
and biological wastewater treatment processes [2,5]. Furthermore, textile industries consume a
substantial amount of water in the dyeing process and have been classified as among the most
polluting of all industrial sectors. Hence, as the demand for textile products and synthetic dyes
increases with the growing global population, textile dye wastewater is becoming a more significant
water pollution contributor.

Adsorption is one of the most commonly used approach for the treatment of wastewaters from
the textile industry. The applications of most traditional wastewater treatment approaches are often
limited by process cost, efficiency, and sludge handling requirements after treatment. Since adsorption
processes are highly versatile in terms their applicability for a range of contaminants, their use has
been growing in popularity. Additionally, their potential simplicity, economic feasibility, and high level
of efficiency make them suitable solutions for the treatment of a number of wastewater contaminants.
Adequate, cost-effective adsorbents that could provide sufficient adsorption capacity, adsorption rate,
and mechanical strength are in increasing demand. Activated carbon has been reported to be very
successful and efficient in adsorbing dyes, but its popularity has decreased due to its high market value
and the operational costs associated with its use. Other adsorbents such as silicon polymers and kaolin
have also been explored. Natural materials and polymers are often suggested alternatives to activated
carbons because of their renewability and availability [3]. These natural materials can be used with
or without pretreatment and can often be modified to selectively target particular pollutants under
specific conditions. Polymeric adsorbents are demonstrating increasing advantages over activated
carbon because of their simple processing and possibility for modifications. Moreover, polymeric
adsorbents can be tailored to have reversible adsorption capabilities, meaning the adsorbent could be
recovered through separation processes to separate the adsorbent from the dye from for future reuse.

One example of a natural polymer is chitosan (CTS) (Figure 1). Chitosan is a naturally abundant
polysaccharide derived from chitin, which is found and harvested from crustacean shells. Chitin is one
of the most abundant natural polymers in the world, second to cellulose, therefore making chitosan
inexpensive and readily accessible. Among a wide range of applications, chitosan is a natural adsorbent
and has been shown to adsorb substantial amounts of heavy metals and organic pollutants due to its
high hydrophilicity and presence of amino and hydroxyl functional groups that serve as active sites
for adsorption.

Figure 1. Chemical structure of chitosan.

The ability for chitosan to adsorb textile dyes has been well documented over the past decade,
showing promising results and expanding its potential applications. Azo dyes are one of many classes
of dyes and are characterized by having one or more azo groups (–N=N–). Azo dyes represent 70% of
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dyes produced annually and consist of a wide range of classifications that describes their reactivity
with the dyeing materials. Reactive azo dyes, specifically, are the most used due to their bright colors,
excellent color fastness, and ease of application [5]. Reactive Orange 16 (RO16) (Figure 2) was selected
as a representative reactive azo dye for this work as it is a commonly used textile dye.

Figure 2. Chemical structure of Reactive Orange 16.

Polymer graft modification can introduce desired properties and broaden the field of potential
applications for chitosan through the selection of different types of polymer side chains with different
functionalities. By grafting and functionalizing additional side chains onto chitosan, the adsorption
capacity of the grafted copolymer could potentially be increased. For reactive azo dyes, Singh et al.
reported a poly(methyl methacrylate) (PMMA) grafted chitosan with an adsorption capacity for
azo dyes of three times that of pure chitosan. In addition, a separate study demonstrated that
triphenylphosphine (TPP) crosslinked chitosan improved the adsorption capacity of chitosan by
40% in the removal of reactive azo dyes [5]. These studies would suggest that with tailored
polymeric side chains, the adsorption efficiency of chitosan can be improved extensively through
functionalization. In this work, the adsorption capacity of glycidyl methacrylate (GMA) functionalized
chitosan with grafted poly-(poly(ethylene glycol) methyl ether methacrylate) (PPEGMA) side chains
(CTS-g-GMA-PPEGMA) was investigated and compared with pure chitosan for the removal of RO16
dye. PPEGMA has a similar structure to PMMA (Figure 3), and would therefore be expected to exhibit
similar adsorption properties. PPEGMA also has repeating ester groups, while PMMA only has one,
which would suggest that PPEGMA could yield higher adsorption capacities. More importantly,
PPEGMA is water soluble, whereas PMMA is water insoluble. Since chitosan is soluble in water
under acidic conditions, the synthesis of PPEGMA grafted chitosan could be performed in an aqueous
system, in comparison to the synthesis of PMMA grafted chitosan which would require organic
solvents, leading to a much greener and cost efficient process resulting from the reduction in organic
waste solvents and fewer synthesis steps.

Figure 3. Chemical structure of poly-(poly(ethylene glycol) methyl ether methacrylate) (PPEGMA) and
poly(methyl methacrylate) (PMMA).
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The modification of chitosan to yield application-specific properties can generally take place
at the amino (NH2) or primary hydroxyl (OH) functionalities, although the amino functionality is
mostly used. However, the natural adsorption capacity of chitosan is largely attributed to the NH2

group. As such, the hydroxyl group was targeted for the modification of chitosan in this work, hence
preserving the NH2 functionality and its natural adsorption capacity. The modification of chitosan
through polymer grafting was achieved via nitroxide-mediated polymerization and a grafting to
approach [6]. The objective was to examine the adsorption capacity of CTS-g-GMA-PPEGMA for
RO16 relative to pure chitosan in water for textile wastewater treatment applications. The present
work describes the synthesis and application of PPEGMA-grafted chitosan for the removal of Reactive
Orange 16. Figure 4 illustrates the steps we used in the synthesis of the CTS-g-GMA-PPEGMA.
Batch adsorption experiments were carried out to develop adsorption isotherms for both chitosan
and PPEGMA-grafted chitosan and experimental data were fitted to the Langmuir and Freundlich
isotherms for the computation of respective equation parameter constants.

Figure 4. Synthesis of CTS-g-GMA-PPEGMA. CTS,1 g; 0.4 M acetic acid solution, 100 mL; 0.05 M
KOH solution, 5 mL; hydroquinone solution (9.09 × 10−5 mol in 10 mL of H2O); glycidyl methacrylate
(GMA) (0.024 mol, 3.53 g, 3.30 mL) was added to the system dropwise. The system was degassed for
30 min under nitrogen atmosphere prior to increasing the temperature to 65 ◦C for 2 h. pH of the
mixture was 3.8.

2. Experimental

2.1. Materials

Chitosan (CTS, Aldrich, Oakville, ON, Canada, low molecular weight, 85% degree of
deacetylation), glycidyl methacrylate (GMA, Aldrich, 97%), acetic acid (Fisher, Waltham, MA,
USA, 99.7%), and acetone (ACP, 99.5%) were used as received. Poly(ethylene glycol) methyl ether
methacrylate (PEGMA, Aldrich, Mn of 300 g/mol) and styrene (St, Aldrich, 99+%) were passed
through aluminum oxide columns (Aldrich, ~150 mesh, 58 A) prior to polymerization. BlocBuilder
(2-methyl-2-(N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-dimethylpropyl)aminoxy)-propionic acid
alkoxyamine) (BB, 99%) and SG1 (4-(diethoxyphosphinyl)-2,2,5,5-tetramethyl-3-azahexane-N-oxyl)
(85%) were supplied by Arkema. Reactive Orange 16 was kindly supplied by the Ramsay research
group in the Department of Chemical Engineering at Queen’s University (Kingston, ON, Canada).

2.2. Instrumentation

1H NMR spectroscopy was performed at room temperature on a FT-NMR Bruker Advance
400 MHz spectrometer (Billerica, MA, USA) with a total of 256 scans, using D2O as the solvent at
5 mg/mL. Thermogravimetric analysis (TGA) curves were recorded on TA Instruments Q500 TGA
Analyzer (New Castle, DE, USA) by heating the sample from 75 ◦C to 600 ◦C at a rate of 10 ◦C per
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minute. Gel Permeation Chromatography (GPC, Waters, Milford, MA, USA) analyses were performed
with a Waters 2690 Separation Module and Waters 410 Differential Refractometer with THF as the
eluent. Adsorption experiments were conducted using a WSR Shaker Model 3500 (VWR, Radnor, PA,
USA) and Lambda XLS Spectrometer (Perkin Elmer, Waltham, MA, USA).

2.3. Synthesis of CTS-g-GMA

The functionalization of chitosan with GMA followed a previously published synthesis approach
by García-Valdez et al. [6]. Chitosan (1 g) was first dissolved in 100 mL of acetic acid (0.4 M) in a
three neck round bottom flask with 5 mL of 0.05 M potassium hydroxide (KOH) and 10 mL of 9.08 M
hydroquinone. The flask was then purged with nitrogen for 30 min and heated to 60 ◦C in an oil bath.
GMA was added drop wise at 60 ◦C and magnetically stirred for 2 h. CTS-g-GMA was precipitated in
acetonitrile, washed with THF and dried for 1H NMR and TGA analysis.

2.4. Synthesis of Poly(PEGMA) via Nitroxide-Mediated Polymerization

PEGMA monomer (50 g, 53 mL), styrene (1.92 g, 2.14 mL), BlocBuilder (0.70 g), and 0.06 mL of SG1
were mixed in a three neck round bottom flask with magnetic stirring and oxygen purging for 30 min.
(A small amount of styrene comonomer provides better control over the PEGMA polymerization).
The flask was then heated to 90 ◦C for one hour. Unreacted monomer was removed through
precipitation in diethyl ether. The polymer was dried under vacuum and analyzed by 1H NMR
and TGA.

2.5. Synthesis of CTS-GMA-g-PPEGMA via Grafting to Approach

The modification of CTS-g-GMA was carried out following a previously reported approach
developed in our research group [5]. Briefly, CTS-g-GMA (1 g) was dissolved in 100 mL of 0.1 M acetic
acid in a three neck round bottom flask. KOH was added to the CTS-g-GMA solution to increase the
pH to 5 and mechanically stirred under nitrogen for 30 min before increasing the temperature to 90 ◦C.
PPEGMA (0.5 g) was dissolved in 60 mL of de-ionized (DI) water and was purged of oxygen in an
inert nitrogen atmosphere. 20 mL PPEGMA was added every 30 min once the CTS-g-GMA solution
reached 90 ◦C and the reaction was left to react for an additional 1.5 h. CTS-g-GMA-PPEGMA was
washed in THF and extracted using a rotary evaporator.

2.6. Dye Adsorption Experiments

A 100 ppm dye stock solution (100 mg in 1 L of DI water) was diluted to lower concentrations
for the construction of a calibration curve. Concentrations ranged from 0.5 ppm to 80 ppm with
a R2 of 0.99. The λmax of RO16 dye was measured to be 494 nm. Adsorption experiments were
carried out using CTS-g-GMA-PPEGMA, chitosan, chitosan-PPEGMA (50/50) physical mixture, and
PPEGMA as adsorbents on an orbital shaker table set at 240 rpm. The experiments were conducted
at room temperature for a predetermined equilibrium time of 36 h and neutral pH. Each adsorbent
was thoroughly mixed with 20 mL dye solution, and once the samples were shaken for the desired
experimental time, the suspensions were filtered through Whatman 0.90 mm filter paper. The aqueous
dye samples were diluted, if necessary, and analyzed for dye concentration. Initial dye concentrations
ranged from 20 to 1200 ppm with 50 mg of adsorbent and each adsorption batch experiment was
conducted in duplicate. The adsorption capacity of each adsorbent from the equilibrium solution was
calculated using Equation (1).

Qe = (Co − Ce) × V
W

(1)

where Qe is the adsorption capacity, describing the mass of dye adsorbed (mg) for each gram of
adsorbent (mg/g), Co is the initial concentration of dye in mg/L, Ce is the equilibrium concentration
of dye in solution (mg/L), V (L) is the volume of dye solution and W (g) is the weight of the
adsorbent used.
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3. Results and Discussion

3.1. CTS-g-GMA

The 1H NMR of CTS-g-GMA (Figure 5) shows several peaks that would distinguish it from
pure CTS. The 1H NMR for chitosan showed a singlet and a doublet between 3–4 ppm, as expected.
The proton neighboring the amino group had an expected chemical shift at 2–3 ppm, while the protons
around the primary and secondary alcohol exhibited chemical shifts at 3.5–4 ppm. When compared
to the results of CTS-g-GMA, additional signals were observed at 4.3 ppm and between 5.5–6 ppm.
The doublet observed at 4.3 ppm was identified represent the protons neighboring the ether (HC-OR)
and the alcohol (HC-OH) groups on GMA, which had an expected chemical shift at 3.3–4.3 ppm.
Further confirmations of the presence of GMA were two signals observed between 5.5–6 ppm.
The vinylic double bond (C=C–H) on GMA was believed to be responsible for these two signals,
with expected chemical shifts in the range of 5.5–7.5 ppm.
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Figure 5. 1H NMR of CTS-g-GMA (Top) and CTS (Bottom).

3.2. PPEGMA

The TGA curve of PPEGMA (Figure 6) showed a thermal decomposition of the material starting
at around 340 ◦C and ending at 400 ◦C. GPC results (Figure 7) of PPEGMA showed a relatively narrow
peak, which indicates that the PPEGMA polymerization was well controlled. The average molecular
weight (Mn) was 11,500 g/mol with a dispersity (Đ) of 1.18.
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Figure 7. Gel Permeation Chromatography (GPC) analysis of the polymerization of PPEGMA via NMP.

3.3. CTS-g-GMA-PPEGMA

TGA results shown in Figure 6 characterized the decomposition of the grafted polymer starting at
approximately 200 ◦C and ending at 500 ◦C. The first weight loss of the material from 200 ◦C to 340 ◦C
was attributed to the decomposition of the chitosan backbone, while PPEGMA decomposed between
340 and 500 ◦C. The synthesized CTS-g-GMA-PPEGMA was estimated to be approximately 55% CTS
and 45% PPEGMA. 1H NMR (Figure 8) showed multiple defining peaks for CTS-g-GMA-PPEGMA.
The medium intensity peak at 3.25 ppm represented the methyl groups at the end of PEGMA
chains, while the high intensity peaks around 3.5 ppm were the repeating (O–CH2CH2) chains.
When compared with the 1H NMR result for CTS-g-GMA, traces of CTS-g-GMA could still be
seen. More importantly, signals for the double bonds on the GMA chains could still be observed,
with significantly reduced intensity, thus indicating that most GMA double bonds were reacted.
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Figure 8. 1H NMR of CTS-g-GMA-PPEGMA (Top) and CTS-g-GMA (Bottom).

3.4. Adsorption Isotherms

Although a number of different isotherm models exist that can be used to characterize an
adsorption system, the Langmuir and Freundlich models are the most commonly used for the
characterization of adsorbents in water and wastewater treatment applications [7]. Hence, these models
were employed to estimate the adsorption capacities of chitosan, PPEGMA, CST-g-GMA-PPEGMA,
and mixture of 50% chitosan and 50% PPEGMA. It is important to establish reliable correlations for the
equilibrium curves of the adsorption system. The adsorption isotherms shown in Figure 9 illustrate
the adsorption capacity of each material. The equilibrium curves were linearized using the Langmuir
and Freundlich models to calculate the model adsorption parameters (Table 1).

R² = 0.9137

R² = 0.908

R² = 0.8565

R² = 0.2344
0

50

100

150

200

250

300

0 200 400 600 800 1000

Eq
ui
lib

riu
m
Ad

so
rp
tio

n
Ca

pa
ci
ty
,Q

e
(m

g/
g)

Equilibrium Concentration (ppm)

Mixture (50/50)

CTS g GMA PPEGMA

CTS

PPEGMA

Figure 9. Adsorption isotherm.
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Table 1. Langmuir and Freundlich Isotherm constants.

Sample
Langmuir Freundlich

Qmax (mg/g) K (L/mg) R2 n K (mg/g) R2

CTS 196 0.005 0.926 0.143 2.12 0.9011
Mixture (50/50) 64 0.021 0.9791 1.93 3.53 0.9297

CTS-g-GMA-PPEGMA 232 0.039 0.9977 2.18 17.8 0.9404
PPEGMA 7 0.003 0.1371 2.82 0.763 0.1231

3.5. Langmuir Model

The Langmuir model describes the formation of a monolayer of adsorbate (dye) on the outer
surface of the adsorbent at adsorption equilibrium. The Langmuir model assumes that the surface of
the adsorbent is uniform and that the adsorbed molecules do not interact. The model is described by

Qe

Qm
=

CeK
1 + KCe

(2)

Equation (2) can be rearranged into its linear form for the determination of the Langmuir
adsorption parameters.

Ce

Qe
= Ce

1
Qm

+
1

KQm
(3)

Ce = equilibrium concentration (mg/L)
Qe = equilibrium adsorption (mg/g)
Qm = maximum monolayer adsorption capacity (mg/g)
K = Langmuir isotherm constant

According to the Langmuir plot (Figure 10), the maximum adsorption capacities of RO16 were
232, 196, and 64 mg/g for CTS-g-GMA-PPEGMA, chitosan, and the 50/50 chitosan-PPEGMA physical
mixture, respectively. Pure PPEGMA exhibited negligible adsorption capacities the mixture yielded
relatively low adsorption capacities due to its lower chitosan content. Since negligible adsorption
was noted with PPEGMA, lower adsorption capacities were expected for the physical mixture.
More interestingly, the model showed higher sorption capacity with the grafted chitosan than with
chitosan alone. This confirmed that the chitosan modification improved the adsorption efficiency.
The high R2 values indicated that the data were a good fit for the Langmuir model.
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Figure 10. Linearized Langmuir isotherm.
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From the adsorption isotherm, the maximum adsorption capacities were noted to be 200 mg/g
for CTS-g-GMA-PPEGMA and 150 mg/g for chitosan, where were different from the Langmuir model
predictions. This could suggest that the adsorption of RO16 does not form a monolayer at maximum
adsorption, as assumed by Langmuir model, but that adsorption layers are likely heterogeneous.
CTS-g-GMA-PPEGMA increased the adsorption capacity by 33% according to the adsorption isotherm
data, indicating that CTS-g-GMA-PPEGMA could be an effective adsorbent.

3.6. Freundlich Model

The Freundlich model is based on sorption onto a heterogeneous surface, as described by Equation
(3), where K and n are Freundlich adsorption constants, indicators of adsorption capacity and intensity.
Qe (mg/g) and Ce (mg/L) are the equilibrium sorption capacity and equilibrium concentration values.
The Freundlich equation can be linearized in the form of Equation (4). Calculated parameters are
summarized in Table 1. The linearized Freundlich plot is shown in Figure 11.

Qe = K C
1
n
e (4)

ln Qe =
1
n

ln Ce + ln K (5)

The computed n and K values were 2.18 and 17 for CTS-g-GMA-PPEGMA and 0.14 and
2.12 chitosan, respectively. Experimental data for pure PPEGMA did not fit either of the isotherm
models, which would be consistent with observation that pure PPEGMA exhibited negligible
adsorption capacity for RO16. The parameter n is related to the heterogeneity parameter of the
sorbent-sorbate system [8], where larger n values typically represent greater expected heterogeneities.
For well-fitted data in the Freundlich model, an n value between one and ten would indicate a
favorable adsorption process, thus suggesting that, in our study, the grafted copolymer performed
more favorably than chitosan in its adsorption of the RO16.
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Figure 11. Linearized Freundlich isotherm.

3.7. Effect of Initial Dye Concentration

Figure 12 displays the equilibrium sorption efficiencies of RO16 for initial dye concentrations
ranging from 20 to 1200 ppm (room temperature and neutral pH). The general trend indicated that the
highest sorption efficiencies were noted at lower initial concentrations. For CTS-g-GMA-PPEGMA,
the amount adsorbed started to decrease at 300 ppm, eventually reaching 50% sorption at 1200 ppm.
Increasing the initial concentration decreases the total quantity of dye adsorbed because dye ions at
lower concentrations would have more access and interactions with the sorption sites on the adsorbent
than at higher concentrations. At high concentrations, the adsorption sites would become saturated
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more readily, thereby limiting access to the sorption sites. In addition, increasing initial concentrations
also increased the adsorption capacity of the adsorbent, increasing the driving force facilitated through
the concentration gradient.
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Figure 12. Adsorption % at different initial dye concentrations.

4. Conclusions

Chitosan was functionalized with the vinyl monomer glycidyl methacrylate and then PPEGMA
was grafted to the chitosan backbone. The PPEGMA was prepared by nitroxide-mediated
polymerization conducted in an aqueous system, giving a narrowly distributed polymer with
controlled molecular weight. The CTS-g-GMA-PPEGMA exhibited good adsorption capacity for
the removal of the organic dye RO16 from water. CTS-g-GMA-PPEGMA proved to be a better
adsorbent than chitosan, improving the adsorption efficiency of chitosan by 33%. The estimated
Freundlich isotherm parameters derived from the experiments suggested a more favorable adsorption
process for the grafted material than for chitosan alone, which was consistent with the experimental
observations. The 50/50 chitosan-PPEGMA physical mixture showed a ~50% decrease in adsorption
capacity compared to chitosan alone, while negligible adsorption was observed with PPEGMA alone.
This work only offers a preliminary outlook on the adsorption capacity of CTS-g-GMA-PPEGMA for
textile dyes. The results of this study have potential to be useful in real textile wastewater treatment
processes. Further research and studies would be required to simulate real textile wastewater properties
such as pH, temperature, suspended solids, and recyclability of the adsorbent material. From an
adsorbent formulation perspective, exploration of the effects of PPEGMA loading on the CTS and the
PPEGMA molecular weight on adsorption behaviour would be beneficial.
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Abstract: Background: Magnetic fields can interact with liquid matter in a homogeneous and
instantaneous way, without physical contact, independently of its temperature, pressure, and agitation
degree, and without modifying recipes nor heat and mass transfer conditions. In addition, magnetic
fields may affect the mechanisms of generation and termination of free radicals. This paper is
devoted to the elucidation of the appropriate conditions needed to develop magnetic field effects
for controlling the kinetics of polymerization of water soluble monomers. Methods: Thermal- and
photochemically-initiated polymerizations were investigated at different initiator and monomer
concentrations, temperatures, viscosities, and magnetic field intensities. Results: Significant
magnetic field impact on the polymerization kinetics was only observed in photochemically-initiated
polymerizations carried out in viscous media and performed at relatively low magnetic field intensity.
Magnetic field effects were absent in polymerizations in low viscosity media and thermally-initiated
polymerizations performed at low and high magnetic field intensities. The effects were explained
in terms of the radical pair mechanism for intersystem crossing of spin states. Conclusion:
Polymerization kinetics of water soluble monomers can be potentially controlled using magnetic
fields only under very specific reaction conditions.

Keywords: magnetic field; radical polymerization; quantum chemistry; acrylamide; solution
polymerization; photopolymerization; process control

1. Introduction

Magnetic field (MF) effects in chemical kinetics have a long tradition. Early in 1929 Bhatagnar
observed that the rate of decomposition of hydrogen peroxide is influenced by MF [1]. Afterwards,
in 1946, Selwood observed that the efficiency of some catalyst can be increased in the presence of
MF [2]. These early works gave birth to the fascinating idea of controlling chemical reactions using
MF. The discovery and understanding of nuclear and electronic spin polarization phenomena during
chemical reactions in the late 1960s contributed significantly to the development of this idea. Up to
now, MF effects in chemical reactions have been observed in a number of situations and have received
proper theoretical analysis. However, MF effects in free radical polymerizations has not yet found
a practical application [3].

Table 1 summarizes several MF effects observed in polymerization studies. MF effects reveal the
possibility to control the kinetics of radical polymerizations and the chain architecture of resulting
polymers in a homogeneous, instantaneous, and highly selective way. In addition, MF effects in
polymerization reactions can be carried out without physical contact, independently of the temperature,
pressure, and agitation degree of the reacting medium, and without modifying recipe formulations,
heat and mass transfer conditions, nor any other reaction parameter normally used to control the
course of polymerization.
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The aim of this work is to establish some criteria for recipe preparation and reaction conditions
needed to study the MF effects on the kinetics of radical polymerization of acrylamide (AM) [22] and
to conclude the consequences for the overall rate expression expressed as Equation (1) and the kinetic
chain length expressed as Equation (2) [23]:

Rp = kp · [M]α ·
(

f · kd · [I]
kt

)β

(1)

ν =
kp · [M]

2 · ( f · kd · kt · [I])0.5 (2)

Here Rp is the polymerization rate defined as the negative derivative of the monomer
concentration with time. [M]α and [I]β are the monomer and initiator concentrations in mol/L
powered to their respective reaction orders, kp and kt are the propagation and termination rate
coefficients in L/mol·s, and f and kd are the efficiency and decomposition rate of the initiator.
In photopolymerization reactions, f is called the quantum yield of the photoinitator, Φ and kd is
expressed according to Equation (3):

kd = ε · I0 (3)

Here ε is the molar absorptivity of the photoinitiator, in L/mol·cm, and I0 is the light intensity in
the polymerization medium in mol/L·s.

Full theoretical description of the interaction between MF and reactants is not the task of this
work since it can be consulted in the excellent review paper of Steiner and Ulrich [24]. In any case, a
short overview of the fundamentals of three interesting MF phenomena commonly hypothesized as
explanations for MF effects in polymerization reactions is presented.

Thermal equilibrium of spin states act at the electron level. This suggests that chemical reactions
should be accelerated by magnetically-induced diamagnetic/paramagnetic transitions in the reactive
species. If N spins are present in a polymerization medium under a steady MF of intensity B0, Nα,
and Nβ spins will be magnetic moment spin up, ms = 0.5, and down, ms = –0.5, respectively. The
conservation law of the total spin value establishes that: N = Nα + Nβ and the ratio between Nα and
Nβ is given by Equation (4) [25]:

Nα

Nβ
= e

g·β·B0
k·T (4)

Here g is the electron “g” factor, β is the electronic Bohr magneton, β = 0.92731 × 10−20 erg/gauss,
k is the Boltzmann constant, k = 1.38044 × 10−16 erg/K, and T is the temperature of the system [25].
Under normal conditions where free radical reactions are carried out immersed in the geomagnetic
field (~0.5 Gauss), the ratio Nα/Nβ is very close to unity and consequently equal populations of spins
up and down can be assumed. Thermodynamically, the magnetic contribution to the free enthalpy of
the reaction, ΔGm, in an externally-applied MF of intensity B0 can be expressed as Equation (5) [24]:

DGm = −1
2
· DcM · B2

0 (5)

Here ΔχM is the change of the magnetic susceptibility during the reaction of one molar unit.
Therefore, according to Equations (4) and (5), the higher the MF intensities and the lower the
temperatures are, the more important the MF effects on f and kt will be.

MF-induced molecular orientation acts at the molecule level. MF tends to align molecules that
present magnetic susceptibility, ΔχM �= 0. Conversely, temperature tends to randomize the orientation
of molecules. Therefore, an average orientation results from the balance between these two opposed
effects. Classically, the energy of a molecular dipole oriented with a θ angle to a MF is given by
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Equation (6) [26]. Equation (7) is the Boltzmann form of the average orientation of molecular dipoles,
P(θ), as a function of the MF intensity, the temperature of the system and ΔχM of the molecules:

E = ΔχM · B · cos(θ) (6)

P(q) =
e(

Dcm ·B·cos(q)
R·T )

2p∫
0

e
Dcm ·B·cos(q)

R·T dq

(7)

Here P(θ) is the normalized probability to find the molecule oriented with an angle θ to the
direction of an effective MF of magnitude B. B is defined according to Equation (8):

B = B0 + Bc (8)

Here Bc is the resulting magnetic contribution due to the B0 induced alignment of all molecules.
Evidently, it is expected a certain influence of molecular orientation of monomers and growing radicals
on kp and kt.

The radical pair mechanism for spin states acts at the supramolecular level. Initiator molecules
are hypothesized to exist in cages formed by solvent and monomer molecules. Eventually, a molecular
initiator can decompose, generating a caged radical pair. Caged radical pairs are generated in singlet (S)
or triplet (T+, T0, T−) spin states from precursors having their respective multiplicity, or when formed
by free radical encounters. These spin states describe different electron configurations. Depending
on these configurations the caged radical pair may recombine regenerating the initial molecule,
undergoing the formation of cage products which generates a new molecule, or the radicals can escape
from the cage releasing two free radicals to the reaction medium. Radical pairs in the S state have
extremely high probability to undergo recombination reactions and/or formation of cage products.
Conversely, radical pairs in any of the three T states cannot recombine. Nevertheless, radicals may pass
from one state to another through intersystem crossing mechanisms. The energy associated with the T+

and T− states increases and decreases proportionally with the MF intensity, while the energy of the S
and T0 states are unaffected by the MF. The application of MF splits out the energy levels of the T states
diminishing substantially the probability for intersystem crossing to the S state. Therefore, primary
caged radical pairs can be quenched in the T state, decreasing the probability of radical recombination.
Consequently, more radicals are released to the polymerization medium resulting in an increase of the
initiator efficiency leading to an increase of Rp. The MF-induced modification of the outcome of caged
radical pairs is eventually interpreted as an MF-induced change of Φ or f. Furthermore, when two
growing radicals encounter each other in the T state, they cannot recombine. This effect is interpreted
as a decrease of kt. Thus, the radicals continue growing increasing ν.

Finally, [M], [I], α, and β are not affected by any MF mechanism.

2. Materials and Methods

2.1. Materials

Ultra-pure AM, four times recrystallized, (AppliChem, Darmstadt, Switzerland) was selected as
the monomer. An aqueous dispersion of C26H27O3P, (Ciba Specialty Chemicals, Basel, Switzerland)
and potassium persulfate, K2S2O8, (Fluka Chemie, Buchs, Switzerland) served as photo- and
thermal-initiators. Photochemical decomposition of C26H27O3P and thermal decomposition of K2S2O8

generate radical pairs in triplet and singlet spin states, respectively [27]. The water was of Millipore
quality (18.2 MΩ·cm). Ethylene glycol 99% for synthesis (EG) (AppliChem, Darmstadt, Switzerland)
was used to vary the viscosity of the polymerization medium. Acetonitrile for high performance liquid
chromatography (HPLC) (AppliChem, Darmstadt, Switzerland) served to precipitate the polymer in
the withdrawn samples.
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2.2. Polymer Synthesis

Syntheses were performed in a 100 mL glass reactor (3 cm diameter, 15 cm height) equipped
with a UV lamp, stirrer, condenser, gas inlet, and a heating/cooling jacket. The UV lamp had a
primary output at 254 nm wavelength with constant and uniform irradiation everywhere in the
reaction medium, I0 = 5.16 × 10−8 mol/L·s. The same reactor, without the UV lamp, was used
for thermally-initiated polymerizations. The reactor was entirely placed between the poles of an
electromagnet (Bruker-EPRM, Rheinstetten, Germany) for polymerizations carried out in the range
0 < MF < 0.5 Tesla and in the core of a superconductor magnet (Bruker-UltraShield, Rheinstetten,
Germany) for polymerizations carried out in the range 0.5 < MF < 7 Tesla. A thermostat adjusted the
reaction temperature within ± 1 K. Oxygen was removed from the initial monomer solution by purging
with N2 (O2 < 2 ppm; Airliquide, Gümligen, Switzerland) during 30 min at 273 K and 0 Tesla of MF
intensity. After degassing, the temperature was raised to activate the decomposition of K2S2O8 in case
of thermally initiated polymerization and the UV lamp was lighted to activate the photodecomposition
of C26H27O3P in case of photopolymerization. Simultaneously, the MF was adjusted to the specified
intensity. Complementary experiments were carried out for comparison, without MF, though keeping
constant all the other conditions. All reactions were performed isothermally during 60 min continuous
purging with N2 and drawing samples of 0.1–0.2 g from the reactor every 5 min for kinetic analysis.
Table 2 summarizes the conditions of all polymerizations.

Table 2. Summary of polymerization conditions.

Series MF Tesla [AM] mol/L [Initiator] mol/L Solvent Temp. K

1 0.0 0.20 - H2O 313
2 0.0 0.20 [C26H27O3P] = 2 × 10−6 H2O 323
3 0.0 0.20 [K2S2O8] = 2.3 × 10−3 H2O 273
4 0.0 7.0 0.15 [K2S2O8] = 2.3 × 10−3 H2O 308
5 0.0 7.0 0.15 [K2S2O8] = 2.3 × 10−3 50% EG 308
6 7.0 < MF < 0.5 0.10 [K2S2O8] = 2.3 × 10−3 H2O 308
7 0.00 0.11 0.35 0.50 0.20 [K2S2O8] = 1.2 × 10−2 H2O 313

8A 8B 0.0 < MF < 0.5
0.0 < MF < 0.1 0.20 0.10 [K2S2O8] = 1.2 × 10−2

[K2S2O8] = 1.2 × 10−3 H2O 313

9 0.0 0.1 0.20 [C26H27O3P] = 1 × 10−6 H2O 313
10 0.0 0.1 0.20 [C26H27O3P] = 1 × 10−6 50% EG 313

The first three series were performed to demonstrate the absence of side radical generation
which could disturb the polymerization path. An initiator-free aqueous AM solution was illuminated
with UV light during one hour at 313 K to verify the absence of monomer photolysis (series 1).
Another AM solution containing C26H27O3P was maintained in darkness during one hour at 323 K to
demonstrate the absence of thermal decomposition of the photoinitiator (series 2). Finally, AM-K2S2O8

was maintained for 1 h at 273 K to prove the absence of K2S2O8 decomposition during degassing
(series 3). K2S2O8 was used within the limiting reaction conditions suitable for radical generation
through the monomer-enhanced mechanism [28].

Series 4–9 represent the main experiments. Recipe formulations and reaction conditions without
magnetic fields were adjusted to obtain linear conversion curves. Linear conversion paths facilitate
the data analysis. Series 4 and 5 were designed to evaluate the effects of 7 Tesla MF intensity in
polymerizations initiated with radicals in singlet spin state (i.e., thermally-initiated polymerizations)
performed in aqueous monomer solution of relatively low viscosity, η = 1.03 × 10−3 Pa·s and in 50
wt % of EG aqueous monomer solution with relatively high viscosity, η = 5.16 × 10−3 Pa·s. Series
6–8 were designed to evaluate the effect of MF varying continuously from 7 Tesla to 0.5 Tesla, four
MF intensities between 0 and 0.5 Tesla and MF varying continuously from 0 to 0.5 Tesla (series 8A)
and from 0 to 0.1 Tesla (series 8B) in polymerizations initiated with radicals in singlet spin state (i.e.,
thermally-initiated polymerizations) using water as a solvent, respectively. Series 9 and 10 were
designed to evaluate the effect of 0.1 Tesla MF intensity in polymerizations initiated with radicals in
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triplet spin state (i.e., photochemically-initiated polymerizations) using water, η = 1.09 × 10−3 Pa·s
and 50 wt % EG aqueous solution, η = 5.20 × 10−3 Pa·s as solvents, respectively.

2.3. Analytics and Instruments Calibration

The dynamic viscosity, η, of monomer aqueous solutions and monomer solutions with 50 wt % EG
was measured at their specified reaction temperatures using a disc viscometer (Brookfield, Middleboro,
USA) equipped with a 250 mL thermostatted (±1 K) vessel and a disc spindle of 20 mm diameter
rotating at 50 rpm. The viscosity of each monomer solution was measured five times. Deviations were
within 4%.

The conversion was determined analyzing the residual monomer concentration. It served to
calculate Rp and ν according to a detailed procedure [29]. Briefly, the residual monomer concentration
in the samples was monitored using a HPLC system composed of an L-7110 Merck-Hitachi pump
(Hitachi, Tokio, Japan) and a SP6 Gynkotek UV detector (Gynkotek, Germering, Germany) operating
at λ = 197 nm. The stationary and mobile phases were LiChrosphere 100 RP-18 (Merck, Darmstadt,
Germany) and aqueous solutions containing 5 wt % acetonitrile. The flow rate was 1 mL/min.
The HPLC system was calibrated using AM solutions of known concentrations. The concentration as a
function of the peak area served as calibration parameter (r2 > 0.999). Figure 1 presents the calibration
curve of the HPLC system. The samples were mixed with 4 mL of acetonitrile to precipitate and
isolate the polymer from the solution. The non-reacted monomers remained in solution. 20 μL of the
supernatant were injected for HPLC analysis.
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Figure 1. HPLC calibration curve. The concentration of standard AM solutions were plotted as
a function of the corresponding peak areas. r2 > 0.999.

Due to the limited space between the poles of the electromagnet and in the superconductor bore,
it was not possible to simultaneously install both probes to measure the MF and the polymerization
reactor there. Consequently, the MF was known indirectly. Probes were installed between the poles
of the electromagnet in order to measure the MF for different electrical currents running through the
bobbins of the magnet. With such information the calibration curve, MF strength vs. electrical current
was determined. The magnetic probes were moved from the gap between the poles and the reactor
was installed. The MF was adjusted by setting the electrical current according to the calibration curve
presented in Figure 2.
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Figure 2. Electromagnet calibration. Magnetic field (MF) strength vs. electrical current (Amperes),
r2 > 0.999.
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In case of polymerizations carried out in the superconductor magnet, the MF intensity was varied
moving the reactor along the magnet bore. A magnetic probe was placed at different distances from
the top of the magnet in order to determine the calibration curve shown in Figure 3. The MF was
adjusted by setting the distance between the reactor and the core of the magnet according to the
calibration curve.
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Figure 3. Superconductor magnet calibration. Magnetic field (MF) strength vs. distance from the core,
r2 > 0.999. The origin was defined at the highest MF intensity (7 Tesla) in the middle of the magnet.

3. Results

The absence of polymerization was confirmed for series 1–3 demonstrating that the polymerization
path was not disturbed by side radical generation.

Figure 4 shows that thermally-initiated polymerizations carried out at 7 Tesla progressed
identically to those performed without MF. However, polymerizations carried out using 50 wt %
EG aqueous solution as solvent progressed faster than those performed using pure water as solvent.

Figure 4. Conversion of AM vs. reaction time for polymerizations carried out using water, series 4
( ) and 50 wt % EG aqueous solution, series 5 (�), as solvents. MF intensity: 7 Tesla (full symbols),
without MF (empty symbols). [AM] = 0.15 mol/L, [K2S2O8] = 2.3 × 10−3 mol/L, T = 308 K.

Figure 5 shows that thermally-initiated polymerizations using water as solvent still progressed
linearly in spite of the fact that the MF intensity varied from 7 to 0.5 Tesla during the 60 min of
reaction time.
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Figure 5. Conversion of AM (�) vs. reaction time. The MF intensity (−) varied from 7 Tesla at
the beginning of polymerization to 0.5 Tesla after 60 min of reaction. Series 6. [AM] = 0.10 mol/L,
[K2S2O8] = 2.3 × 10−3 mol/L, T = 308 K, solvent: water.
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Figure 6 shows no substantial differences between thermally-initiated polymerizations using
water as solvent when carried out at 0.00, 0.11, 0.35, and 0.50 Tesla.
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Figure 6. Conversion of AM vs. reaction time for polymerizations carried out at different MF intensities.
MF = 0 (�), 0.11 (�), 0.35 (♦), 0.50 (Δ) Tesla. Series 7. [AM] = 0.20 mol/L, [K2S2O8] = 1.2 × 10−2 mol/L,
T = 313 K, solvent: water.

Figures 7 and 8 show that thermally-initiated polymerizations using water as solvent were not
accelerated, nor slowed by any MF intensity in the ranges 0 to 0.5 and 0 to 0.1 Tesla, respectively.

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100

co
nv

er
si

on
M

F intensity (T
)

reaction time (min)

Figure 7. Conversion of AM (�) vs. reaction time. The MF intensity (−) varied from 0 Tesla at the
beginning of polymerization to 0.5 Tesla after 100 min of reaction. Series 8A. [AM] = 0.20 mol/L,
[K2S2O8] = 1.2 × 10−2 mol/L, T = 313 K, solvent: water.
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Figure 8. Conversion of AM (�) vs. reaction time. The MF intensity (−) varied from 0 Tesla at the
beginning of polymerization to 0.1 Tesla after 100 min of reaction. Series 8B. [AM] = 0.10 mol/L,
[K2S2O8] = 1.2 × 10−3 mol/L, T = 313 K, solvent: water.

Figure 9 shows that aqueous photopolymerizations carried out at 0.1 Tesla of MF intensity
progressed slightly faster than aqueous photopolymerizations carried out without MF.
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Figure 9. Conversion of AM vs. reaction time for polymerizations carried out at 0.1 Tesla of MF
intensity ( ) and without MF (�). Series 9. [AM] = 0.20 mol/L, [C26H27O3P] = 1 × 10−6 mol/L,
T = 313 K, solvent: water.

Figure 10 shows that the effect of 0.1 Tesla on photopolymerizations was significantly enhanced
when the reaction is carried out in a medium with higher viscosity.

Figure 10. Conversion of AM vs. reaction time for polymerizations carried out at 0.1 Tesla of MF
intensity ( ) and without MF (�). Series 10. [AM] = 0.20 mol/L, [C26H27O3P] = 1 × 10−6 mol/L,
T = 313 K, solvent: 50 wt % EG in water.

4. Discussion

Variations of at least 20% in the value of Rp in reference to the Rp value without MF were
considered to evaluate the presence or absence of MF effects.

4.1. Thermal Equilibrium of Spin States

Assuming free electrons in the empty space, the ratio Nα/Nβ can be calculated as 1.03 and 1.0004
at 7 Tesla and 0.1 Tesla, respectively. Such small differences in the population of Nα and Nβ can hardly
be detected since they are within the range of experimental error. However, it is important to note that
uncoupled electrons in radical species occurring in polymerization systems are far from being free
electrons in the empty space. In any case, the identical polymerization paths of reactions carried out
with and without MF observed in Figure 4 (series 4 and 5) and the linear progression of polymerization
in Figure 5 (series 6) prove that changes in the thermal equilibrium of spin states due to high MF
intensity interactions over uncoupled electrons is insignificant. Any MF effect would be manifested as
a change in the slope of the conversion-time plot. As conversion evolved linearly (constant slope) in
spite of the fact MF varied, no MF effect could be evidenced when applied in this reaction condition
and thus, no MF induced changes can be assigned to f and kt.

4.2. Magnetically-Induced Molecular Orientation

ΔχM for AM, H2O and EG, the main components of the polymerization medium, are reported as
−2.3 × 10−3, −1.6 × 10−3, and −2.6 × 10−3 mL/mol, respectively [30]. Introducing the values of ΔχM
into Equation (5), the relative orientation of AM, H2O, and EG molecules under the conditions specified
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for series 4 were determined and presented in Figure 11. Evidently, the contribution of 7 Tesla of MF
intensity to the orientation of either AM, H2O, and EG is minimal. Specifically, the probability to find
an AM molecule oriented in the direction of MF is only 1.3% higher than perpendicular, π/2-radians,
to the field. For water and EG it resulted 0.9 and 2%, respectively. Evidently, these small orientations
resulted in insignificantly modifying the polymerization rate of AM as it was observed in Figures 4–9
(series 4–9). Therefore, no MF-induced changes can be assigned to kp and kt.

Figure 11. Magnetically-induced orientation of AM (−), H2O (—), and EG (···) at 7 Tesla of MF strength
and 308 K.

4.3. Radical Pair Mechanism

The polymerization rate increased about 60% in the initial phase when the primary radicals were
generated in a triplet spin state through the photochemical dissociation of C26H27O3P in a relatively
high viscosity medium (see Figure 10 (series 10)). However, the effect is very small in the relatively
low viscosity medium. The references cited in the introduction explain this effect in terms of the
reinforcement of the cage effect due to the reduced mobility of monomers, growing radicals, and
solvent molecules in viscous media. Without MF, for the radical pairs initially generated in the T
state, spin evolution proceeds in time, passing from the T0 to the S state and, subsequently, undergoes
recombination reactions. In addition, T+ and T− pass to the T0 state to maintain the condition of equal
population of spin states. When MF is applied, the energies for T+, T0 and T− splits out. Consequently,
primary radicals are generated preferentially in the T+ state diminishing the possibility for intersystem
crossing to T0 and S states. Therefore, the life-time of the primary radicals is significantly increased
with higher probability to escape from the cage. This effect can be interpreted as an increase of Φ.
Thus, more radicals are released to the medium increasing Rp and decreasing ν. In low viscosity media
the effect is less pronounced. Here, the cage effect is very weak and the time needed for the radicals to
escape from the cage may be comparable to the time needed for T0–S intersystem crossing. Therefore,
approximately the same quantity of radicals is released to the medium independently of their spin
states. As a result, very similar Rp and ν are expected with and without MF.

Interestingly, the augmentation of viscosity due to the formation of polymer molecules in the
polymerization medium has no influence on the MF effect. Figure 9 shows no MF increment of Rp
with conversion. Thus, it is speculated that the dimension of molecular cages formed by water, EG
and polymer are too small, in the order and too large to trap a C26H27O3P initiator molecule. However,
the influences of viscosity induced by molecules of different sizes and its relation with cage dimension
and MF effect needs further investigation.

5. Conclusions

Polymerization kinetics can be potentially controlled using MF only under very specific reaction
conditions. MF effects are significant in systems where primary radical pairs are generated and
quenched in a T+ state. Such radicals are produced by photochemical dissociation of the initiator
at relatively low MF intensities and in a viscous reaction medium. The viscosity of the reaction
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medium must be developed by molecules capable to develop a strong molecular cage over the initiator
molecules. The combination of these conditions is critical for the observation of MF effects. MF effects
can eventually be interpreted as an increase of Φ and a decrease of kt. Thus, an increase of Rp can be
expected since both Φ and kt contribute in the same way. However, the effect on ν would depend
on the resulting competition between the increase of Φ and the decrease of kt. The modification of
the thermal equilibrium of spin states and the molecular orientation induced by MF of 7 Tesla at the
temperatures between 308 K and 313 K have negligible effects over the polymerization path.
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Abstract: A new Automatic Continuous Online Monitoring of Polymerization reactions (ACOMP)
system has been developed with multiple light scattering and viscosity detection stages in serial flow,
where solution conditions are different at each stage. Solution conditions can include ionic strength
(IS), pH, surfactants, concentration, and other factors. This allows behavior of a polymer under
simultaneous, varying solution conditions to be monitored at each instant of its synthesis. The system
can potentially be used for realtime formulation, where a solution formulation is built up additively
in successive stages. It can also monitor the effect of solution conditions on stimuli responsive
polymers, as their responsiveness changes during synthesis. In this first work, the new ACOMP
system monitored light scattering and reduced viscosity properties of copolymeric polyelectrolytes
under various IS during synthesis. Aqueous copolymerization of acrylamide (Am) and styrene
sulfonate (SS) was used. Polyelectrolytes in solution expand as IS decreases, leading to increased
intrinsic viscosity (η) and suppression of light scattering intensity due to electrostatically enhanced
second and third virial coefficients, A2 and A3. At a fixed IS, the same effects occur if polyelectrolyte
linear charge density (ξ) increases. This work presents polyelectrolyte response to a series of IS and
changing ξ during chemical synthesis.

Keywords: ACOMP; online monitoring; copolymeric polyelectrolytes; light scattering; viscosity

1. Background and Motivation

This work introduces a new version of the Automatic Continuous Online Monitoring of
Polymerization reactions (ACOMP) system (“second generation ACOMP”) whose aim is to monitor the
onset and evolution of stimuli responsive behavior, under multiple simultaneous solution conditions,
during the synthesis of stimuli responsive polymers (SRP). SRP is a vast area of modern polymer
science and engineering, aimed at producing polymers that can respond to such stimuli as temperature,
radiation, and solution conditions such as pH, ionic strength, polymer concentration, presence of such
agents as surfactants, nanoparticles, hydrophobic species, etc. The types of responses that can occur in
response to these stimuli include coil/globule phase transitions, polymer coil expansion or shrinkage,
micellization, aggregation, and other forms of spontaneous self-assembly.

These next-generation materials are expected to have applications in medicine, sensors,
self-healing materials, and environmental remediation [1–5]. Hydrogels ofpoly(N-isopropylacrylamide),
for example, have a lower critical solution temperature (LCST), near body temperature, which makes
it a candidate for drug delivery applications in which the NIPAM-based polymer releases its medical
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payload when in contact with targeted tissues [6,7]. While SRP hold much promise, their synthesis
is complex and must be tightly controlled. For example, self-assembly of SRP block copolymers into
well-defined nanostructures occurs only over a narrow range of compositions, and this ability can be
lost with errors in composition as low as two to five percent [8].

A major reason for the development of Second Generation ACOMP (SGA) is to not only
monitor synthesis and the onset and evolution of stimuli responsiveness, but also to control the
synthetic reactions. Much work in SRP research makes use of controlled radical and other living type
reactions [9–14] nucleobase polymers [15,16], and information containing polymers [17,18].

1.1. Background on Solution Properties of Polyelectrolytes in Solution

In this first work with the new version of ACOMP a stimuli responsive copolymer produced
by simple free radical copolymerization was chosen, rather than the more sophisticated living-type,
“click”, postpolymer modifications and other routes under current research for producing stimuli
responsive polymers.

While the physical properties of polyelectrolytes in solution still present some surprises and
puzzles, certain general principles are well established, both experimentally and theoretically.
For example, it is well known that the free energy of linear polyelectrolytes in solution is composed
of an enthalpic term that expands the polymer coil due to mutual electrostatic repulsion among
charge groups, and an entropic term that contracts the coil towards higher probability conformations.
The net effect of the free energy balance is a polymer coil that is expanded with respect to a neutral
polymer of otherwise identical properties. As the ionic strength of the supporting solution increases,
the electrostatic repulsion among charges in the chain decreases and the coil shrinks, which can be
measured in many ways, such as by a decrease in polymer reduced viscosity or by an increase in light
scattering intensity due to decreased interchain repulsion and excluded volume, and correspondingly
reduced second and third virial coefficients A2 and A3, respectively. Similarly, if the linear charge
density (ξ) is increased at a fixed IS the coil will also expand. ξ can be changed by altering pH for
a polybase or polyacid.

Persistence length is a central notion in the theory of polymer conformations and has been
examined in detail [19]. The complex problem of excluded volume for polymers has likewise
undergone extensive examination [20–23]. The details of the free energy and corresponding calculations
of electrostatically enhanced excluded volume and persistence lengths have been treated theoretically
and experimentally [24–27]. Similarly, the theory of counterion condensation has been developed and
demonstrated experimentally [28–31]. In its simplest statement, counterion condensation predicts that
when the repulsive electrostatic energy between charge groups on a polymer chain exceeds thermal
energy kBT (where kB is Boltzmann’s constant), counterions will condense along the chain to lower
linear charge density ξ until the repulsive energy is less than or equal to kBT. A recent ACOMP
application succeeded in monitoring the cross-over from counterion condensation to non-condensation
regimes during copolymer synthesis of anionic and neutral comonomers [32]. In this latter work the
authors introduced the term “copolyelectrolyte” as an abbreviation for “copolymer polyelectrolyte”.

The current work deals with synthesis of copolyelectrolytes composed of neutral acrylamide
(Am) and anionic styrene sulfonate (SS). The reactivity ratios introduced by Mayo and Lewis provide
a convenient means of assessing mutual reactivity of comonomers [33]. Given two comonomers,
A and B, the reactivity ratio rA is the ratio of the probability that A will react with another A upon
encounter to the probability that A will react with B upon encounter. The reactivity ratio rB is defined
similarly for comonomer B. If rA and rB are each zero, then a strictly alternating copolymer will be
formed. If rA and rB are each infinite, then only homopolymers of A and of B will be produced when
the two polymerize in the same reactor. If rA = rB = 1 then a statistical copolymer is formed whose
instantaneous composition only depends on the molar concentrations of A and B, and their respective
free radicals, at that instant.
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The following approximate values were found using ACOMP for acrylamide and styrene sulfonate
copolymerization; rAm = 0.18, rSS = 2.14 [34]. Since rSS >> rAm it is expected that chains formed early
in the copolymerization will be rich in SS, and hence be highly charged. Furthermore, the SS should
be consumed rapidly, leaving Am to homopolymerize later in the reaction, after the SS is used up.
These trends are clearly seen in ACOMP data.

1.2. Background on ACOMP

ACOMP was first introduced in 1998 [35] and was recently reviewed in detail [36]. It has been used
in many scenarios including free radical copolymerization [37,38], copolyelectolytes [39], branching
reactions [40], emulsion [41] and inverse emulsion [42] reactions, in batch, semi-batch [43] and
continuous reactors [44], for aqueous and organic solvents, for post-polymerization and derivitization
reactions [45], and for the controlled radical polymerization routes nitroxide-mediated polymerization
(NMP) [46], atom transfer radical polymerization (ATRP) [47], reversible addition fragmentation
transfer polymerization (RAFT) [48], and ring opening metathesis polymerization (ROMP) [49].
Simultaneous monitoring of both polymer reaction characteristics and colloid size distributions
(latex and monomer droplets) was also achieved in emulsion polymerization [41]. Recently, fully
automatic feedback control of free radical polymerization was achieved [50]. The first system controlled
was aqueous polymerization of Am. Current work includes simultaneous automatic feedback control
of composition and molecular weight during free radical copolymerization, automatic production of
multi-modal polymers, and extension of control to living type polymerization. The work presented
here is cognate to the latter effort.

ACOMP relies on the continuous extraction, dilution, and conditioning of a small sample
stream from the reactor on which measurements by various combinations of detectors are made.
By combining simultaneous data from multiple detectors continuous monitoring of salient reaction
characteristics can be made, such as kinetics, conversion of comonomers, composition drift, evolution
of molecular mass and intrinsic viscosity, and detection of unusual phenomena, such as microgelation
and runaway reactions. Typical detectors include light scattering, UV/visible spectrophotometry,
viscometry, refractivity, and polarimetry. While ACOMP is not inherently a chromatographic method,
its continuous stream can be used in automatic conjunction with gel permeation and other separation
techniques, as has been demonstrated [51].

2. Second Generation ACOMP (SGA) for Monitoring the Synthesis of Stimuli Responsive
Polymers under Varying Solution Conditions

The aims of this work are (1) to introduce the multi-stage serial flow SGA; (2) apply it to the
monitoring of copolyelectrolyte synthesis in batch; (3) to qualitatively interpret the results within
well understood concepts of polyelectrolyte behavior. It is beyond the scope of this work to develop
a complete theoretical formulation for interpreting all the data, such as by electrostatic persistence
length, excluded volume theory, and counterion condensation theories.

An earlier version of SGA allowed control of temperature in three detection stages, each stage
with a light scattering and viscometer. This was used to study the effects on the lower critical solution
temperature (LCST) of copolymerizing n-isopropyl acrylamide (NIPAM) with more hydrophilic
comonomers [52,53].

In this work the custom built SGA comprises (i) a system of pumps and a high pressure and a low
pressure mixing chamber for continuously withdrawing and diluting reactor content at a low flow rate,
typically 0.1 mL/min; (ii) up to seven detector stages in series, each with a custom built single capillary
viscometer and a 90◦ custom built light scattering flow cell; (iii) a high pressure multi-head syringe
pump that feeds concentrated NaCl solutions into each stage, thus increasing ionic strength (IS) from
stage to stage; (iv) A separate, highly dilute stream at 150 mM NaCl from the low pressure mixing
chamber is fed to a diode array UV spectrophotometer, covering the range 190–400 nm (Shimadzu
SPD-M20A). From the UV detector, the stream flows through a seven angle light scattering unit
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(BI-MwA from Brookhaven Instruments Corp., New York, NY, USA); (v) Data from all the detectors are
collected under various protocols and unified in realtime into a master file to allow cross-correlations
and calculations using the different signals.

Hence, the SGA combines (i) the features of the original ACOMP to monitor copolymer weight
average molecular weight and reduced viscosity, and cumulative and instantaneous copolymer
composition with (ii) the ability to interrogate the polymer continuously during synthesis as to
its light scattering and viscometric responses to a series of IS.

The SGA system is equipped with two Nexus 6000 high pressure syringe pumps (By Chemyx Inc.,
Stafford, TX, USA) which infuse NaCl solutions with different concentrations in each syringe into the
serial flow, in order to change the ionic strength at each stage. To meet the operation/characterization
under high pressure operation condition, stainless steel syringes (Harvard Apparatus, MA, USA)
are used to hold the NaCl solutions for injection into the serial flow. The sample extraction and
dilution system consists of four Shimadzu AD-VP HPLC pumps. A system diagram is shown in
Scheme 1. Pump 1 extracts sample directly from the reactor, Pump 2 and Pump 3 are used for diluting
sample with deionized water as a first dilution. A separate HPLC pump delivers this first stage
dilution stream through the multi-stage serial dilution stage with the LS/viscometer detection pairs,
where the IS is increased at each stage via the syringe pumps. A second dilution of the first stream
occurs in a second high pressure mixing chamber producing a highly dilute sample at 150 mM IS,
which is sent to a detection stage comprising a UV-vis (Shimadzu SPD-M20A, Kyoto, Japan) and
BI-MwA (Brookhaven Instruments Corporation, New York, NY, USA). This highly dilute stream at
150 mM IS allows determination of Mw without interference from the large virial coefficient effects
deliberately produced in the more highly concentrated, multi-stage IS detector train. All detectors
were at room temperature.

Scheme 1. The Second Generation Automatic Continuous Online Monitoring of Polymerization
reactions (SGA) instrumentation.
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Table 1 provides information on each reaction, including the amount of dilution in the first and
second dilution stages. Table 2 shows the syringe pump reservoir strength of each stage, the IS of the
serial flow at each stage, and the additional, small dilution that occurs in each stage.

Table 1. The information for each of the three reactions.

Reaction Type Am0 (g/cm3) SSo (g/cm3)
Initiator
(g/cm3)

Second
Dilution

First
Dilution

T
(◦C)

Figures

A 50/50
batch 12.9 × 10−3 37.5 × 10−3 2.73 × 10−3 50× 10× 65

Figure 1a,b,
Figure 2,
Figure 3,
Figure 7a

B 50/50
batch 10.3 × 10−3 32.5 × 10−3 5.00 × 10−4 105× 15× 60

Figure 4a,b,
Figure 5,
Figure 6

C Semi-batch 18.1 × 10−3

181 × 10−3

stock fed into
reactor at

0.1 mL/min

2.73 × 10−3 50× 10× 65 Figure 7b

Table 2. The flow rates, dilution factors, and ionic strengths in the seven stage SGA detector train.

Reaction A Reaction B Reaction C (Semi-Batch)

Stage [NaCl] *
(mM)

IS
(mM) Dilution factor [NaCl] *

(mM)
IS

(mM) Dilution factor [NaCl] *
(mM)

IS
(mM) Dilution factor

1 0 0 1 0 0 1 0 0 1
2 2 0.095 1.05 4 0.12 1.03125 2 0.095 1.05
3 20 1 1.10 40 1.3 1.0625 20 1 1.10
4 200 9.7 1.15 400 13 1.09375 200 9.7 1.15
5 1000 51 1.20 5000 151 1.125 1000 51 1.20
6 2000 129 1.25 - - - 2000 129 1.25
7 5000 316 1.30 - - - 5000 316 1.30

* Ionic strength (IS) of reservoir.

Viscosity computations are based on Poisseuille flow of a liquid of viscosity η in a capillary of
length L and radius R at a flow rate Q (cm3/s), for which the pressure drop ΔP across the capillary is

ΔP =
8LQη

πR4 (1)

The dilute solution polynomial expansion for viscosity is used to interpret the viscometer data:

η = ηs

[
1 + [η]c + kp[η]

2c2
]

(2)

where ηs is the pure solvent viscosity, [η] is the intrinsic viscosity of the polymer, Cp is the polymer
concentration (in g/cm3) and kH is a constant related to the hydrodynamic interactions between
polymer chains, usually around 0.4 for neutral, coil polymers [54]. The intrinsic viscosity is the
extrapolation to zero concentration and zero shear rate of the reduced viscosity ηr, which is defined
according to Equation (2) by

ηr(t) =
η(t)− ηs
ηsCp

=
V(t)− Vs

(Vs − V0)Cp
(3)

In the second equality V(t) is the time dependent viscometer signal, Vs is the voltage of the pure
solvent baseline, and V0 accounts for any voltage offset in the viscometer when the flow rate through
it is Q = 0. This latter can be written as shown because the viscometer voltage output is directly
proportional to ΔP. It is important to realize that because the denominator divides out by solvent
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baseline voltage, no calibration factor for the capillary viscometer is needed in order to determine ηr.
The specific viscosity ηsp is another useful quantity computed by

ηsp(t) =
η(t)− ηs

ηs
=

V(t)− Vs

Vs − Vo
(4)

The absolute excess Rayleigh ratio is determined from the raw light scattering voltages by

IR(t) =
V(t)− Vs

Vs − Vd
IR,toluene (5)

where V(t) is the scattering from the polymer solutions, Vs is the scattering from the pure solvent and
Vd is the dark voltage of the detector when there is no incident light on the scattering sample. IR,toluene
is the Rayleigh ratio for pure toluene at T = 25 ◦C, which is given for any wavelength by

IR(cm−1) = 1.069 × 10−5
(

677
λ(nm)

)4
(6)

IR measures the fraction of incident light scattered per cm of path through the scattering medium.
IR is used for light scattering analysis using the usual Zimm approach [55]:

Kc
IR
(
q, Cp

) = 1
MP(q)

+ 2A2Cp +
[
3A3Q(q)− 4A2

2MP(q)(1 − P(q))
]
Cp + ...2 (7)

where K is an optical constant, given for vertically polarized incident light by

K =
4π2n2(dn/dc)2

NAλ
4 (8)

where n is the solvent index of refraction, λ is the vacuum wavelength of the incident light, dn/dc is
the differential refractive index for the polymer in the chosen solvent, and q is the usual scattering
wave-vector amplitude, q = (4πn/λ)sin(θ/2), where θ is the scattering angle.

In the limit as q → 0 , and for polydisperse polymers this reduces to

KCp

IR
(
q = 0, Cp

) = 1
Mw

+ 2A2Cp + 3A3Cp
2 + ... (9)

where Mw is the weigh average molecular weight and A2 and A3 are complex averages of the virial
coefficients.

The individually resolved concentrations of Am and SS can be used to compute the instantaneous
mole fractions of Am and SS in a copolymer at any instant according to

[Finst,Am] =
d[Am]

d([Am] + [SS])
(10a)

[Finst,SS] =
d[SS]

d([Am] + [SS])
(10b)

3. Copolymerization

Sodium 4-vinylbenzenesulfonate and acrylamide were used as received from Sigma-Aldrich.
The initiator, 2,2′-azobis(2-amidinopropane dihydrochloride (V-50), was from Wako Chemicals USA,
Inc. For batch reactions A and B comonomers with molar ratio of 1:1 were fully dissolved in DI
water, and the reactions were carried out in a thermostated three neck reactor under continuous N2

purge. The starting comonomers’ concentrations and reaction temperatures are listed in Table 1 for
Reactions A, B, and C. Linear charge density ξ varies during synthesis due to the high composition
drift of the copolymeric system; anionic styrene sulfonate (SS) and electrically neutral acrylamide
(Am), which have widely separated reactivity ratios (rAm = 0.18, rSS = 2.14 in 0.1 M NaCl [39], and with
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similar high drift at other ionic strengths). The salt, the sodium form of styrene sulfonate remains
ionized at the near-neutral pH of the reactor solution. There was no added NaCl in the reactor.

Although a salt is used here (SS) the use of the acid form, sulfonic acid, could lead to different
behavior in the polymer, beyond the counterion condensation effect expected even for salts, since pKa

for acids and bases in polymers is different than in their small molecule form. ACOMP has previously
used both pH and conductivity probes in the reactor to follow changes in these quantities and would
normally be used in such cases.

4. Results and Discussion

4.1. Typical Raw Data

Figure 1a shows typical raw data for a 50/50 VB/Am copolymerization, where ηsp and IR are
computed by Equations (4) and (5), respectively. The conditions are given in Table 1. The reaction
began at 8000 s. The time scale of the reaction corresponds to earlier findings [39]. Only three IS of the
seven measured are shown, in order to keep the figure legible. The trend for viscosity is as expected,
namely as IS increases there is a dramatic drop in ηsp at any given instant, reflecting coil contraction as
charges are electrostatically shielded. The light scattering (LS) at low IS, 0.1 mM, is highly suppressed.
Also a maximum is reached as the reaction proceeds follow by a steady drop and subsequent small
rise late in the reaction, starting at about 16,000 s. The maximum is due to the effect of A3, seen in
Equation (9), as the concentration builds. A similar shape and effect is seen at 10 mM, except the
overall magnitude of the LS is well above that for 0.1 mM, due to significantly reduced A2 and A3.
At 130 mM the A3 effect is completely suppressed and LS increases monotonically as the reaction
proceeds. At 130 mM the solution is about 10% more dilute than at 10 mM. The slight rise in LS
for 0.1 mM starting at 16,000 s, is also seen for 10 mM and 130 mM LS. This is due to the fact that
the high reactivity ratio of SS leads to its complete consumption at about 16,000 s, leaving only Am,
which produces more massive homopolymer chains than the copolymer chains. The trend can also be
seen in the viscosity data, although less pronounced.

Figure 1b shows the total fractional polymer conversion ftotal, and the instantaneous molar
fractions of Am and SS in copolymers produced at a given instant, [Finst,Am] and [Finst,SS], according
to Equations (10a,b). This shows that SS is consumed more rapidly, due to its higher reactivity ratio,
leaving chains with decreasing fraction of SS as the reaction progresses.

(a) (b) 

Figure 1. (a) A selection of LS (S) and ηsp (V) data for 50/50 M/M copolymerization of Am and SS
shown at three of the seven different IS available; 0.1 mM, 10 mM, and 130 mM for reaction A; (b) Total
monomer conversion ftotal, and instantaneous mole fractions Finst,Am, and Finst,SS for reaction A.
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4.2. SGA Data Analysis

Figure 2 shows Kc/IR vs. Cp for Reaction A up to 15,000 s. Cp is the polymer concentration
in the detector train. Also shown are quadratic fits, which yield A2, and A3 for each, according to
Equation (9). In these fits Mw was determined by linear extrapolation at low Cp to be 67,000 g/mol
±5% and showed low drift through the early and mid-stages of the reaction. It was held constant in
the quadratic fit, leaving A2 and A3 as the fit variables. Figure 3 shows these latter values obtained
from the quadratic fits.

Figure 2. KCp/IR(90) vs. Cp for reaction A, where Cp is the total polymer concentration in the detector
train. Also shown are quadratic fits for A2 and A3 with fixed Mw = 67,000 g/mol in Equation (9).

Figure 3. A2 and A3 vs. IS, as determined from Figure 2. The A3 axis has two decades for each decade
of the A2 axis, suggesting an approximate correspondence to the power law between A2 and A3 of
Equation (11) for hard spheres.

Figure 3 shows A2 and A3 vs. IS from these determinations. While both A2 and A3 follow the same
expected decreasing trend vs. IS, they do not overlap using the double-y scale of Figure 3. Nonetheless,
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the representation which brings them into rough parity is two orders of magnitude in A3 for each
order of magnitude in A2, which is reminiscent of the relationship between A2 and A3 that Boltzmann
found for hard spheres [56].

A3 =
5MA2

2

8
(11)

While charged, random coil polymers, which the Am/SS resemble, are not expected at all to
follow hard sphere behavior the approximate scaling in Equation (11) for the data in Figure 3 is
nonetheless suggestive of an underlying relationship between the two and three body interactions of
the different morphologies.

Figure 4 shows [Finst,Am] and [Finst,SS] vs. Cp in the highly dilute, last stage detector train for
reaction B. [Finst,SS] decreases as the reaction proceeds, similar to Figure 1b, which is shown in the time
domain. Also shown is IR(90)/KCp vs. Cp. Because these data are gathered in the highly diluted last
stage, and under an ionic strength of 150 mM, this is a good approximation to the weight average molar
mass Mw. Although there was a MALS detector in the highly dilute last stage, there was no measurable
angular dependence over the Mw range produced so IR(90) is used for the Mw determination. Mw starts
at around 5 × 104 g/mol and increases linearly until 50% conversion by mass, during the period that
[Finst,SS] falls gradually, at which point it levels off, and then increases again as the SS is fully consumed
in the last 10% of conversion.

Figure 4. The instantaneous comonomer compositions [Finst,SS] and [Finst,Am] (right hand axis) and
effective Mw (left hand axis) for Reaction B.

Figure 5 shows IR(90) vs. Cp in the more concentrated SGA train, for reaction B in Table 1, where Cp

is the concentration of copolymer in the SGA detector train. Again, the effect of A2 and A3 is seen as
IR(90) acquires first a negative second derivative and then a maximum.

68



Processes 2017, 5, 17

Figure 5. IR(90) at various ionic strengths for reaction B.

Figure 6 shows ηr vs. Cp in the dilute train for reaction B at five different ionic strengths.
The expected trend is found that at any point in the polymerization reaction ηr decreases with
increasing IS. The inset shows the final values of ηr, showing nearly a factor of four drop in ηr

from low to high IS.

Figure 6. ηr vs. Cp at the various IS for reaction B.

4.3. Contrasting Viscosity Behavior in a Low to High ξ Reaction with a High to Low ξ Reaction

As seen in the batch reactions above, the high reactivity ratio of SS compared to Am results in
rapid consumption of SS, which means the copolymer proceeds from high negative ξ which decreases
to ξ = 0 once the pure polyacrylamide stage is reached during the latter portion of the reaction. A means
of starting with ξ = 0 and increasing ξ = 0 during the reaction is to start with pure Am and feed in
a stock of SS (a semi-batch reaction). The semi-batch reaction (reaction C) started with pure Am, had a
constant flow of SS into the reactor, and ended with almost 100% SS. It was arranged so that the final
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polymer concentration was comparable to the final polymer concentration in the batch reaction. The
molar masses are also comparable.

The specific viscosity for the batch reaction at three different IS is shown in Figure 7a. ηsp has
a negative second derivative during the entire reaction at the three IS shown. This shows how the
highly charged chains at the beginning of the reaction rapidly increase ηsp, but then the increase of ηsp

slows down as the chains become less and less charged as [Finst,Am] increases.
In contrast Figure 7b shows a positive second derivative for ηsp as SS flows into the reactor.

This shows how increasing ξ rapidly increases ηsp as [Finst,SS] increases. The increase in [Finst,SS] due
to semi-batch operation of reaction C is shown in Figure 8, which can be contrasted with Figures 1b
and 4 to see the opposite trends in the batch reactions A and B.

(a) (b)

Figure 7. (a) νsp vs. t for Reaction A, a batch reaction. The negative second derivative in time reflects
the decreasing linear charge density (ξ) in the chains as the reaction proceeds. (b) The semi-batch
Reaction C, has a positive second derivative in time, showing the effect of increasing ξ as the reaction
proceeds. Both reactions ended with the same total polymer concentration.

Figure 8. [Finst,SS] and [Fionst,Am] for the semi-batch reaction C. The trends are opposite those of batch
reactions A and B.
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5. Summary

A second generation ACOMP system (SGA) has been prototyped and introduced. It is capable
of changing solution conditions in serial fashion on a flowing sample stream in up to seven different
conditions. A detector stage, consisting of a viscometer and light scattering detector, is present in each
successive sample condition, allowing the influence of several solution conditions to be monitored at
each instant during the synthesis of polymers.

The first reaction used to demonstrate the capacity of the new system was the copolymerization
of a neutral monomer (Am) with an anionic monomer (SS) in both batch and semi-batch processes.
The difference in reactivity ratios led to high drift in composition towards chains richer in Am as
reactions proceeded, corresponding to lower linear charge density ξ. The effects of up to seven different
ionic strengths on reduced viscosity and the virial coefficients A2 and A3 were monitored for batch
and semi-batch reactions. The A2 and A3 effects, monitored by light scattering, were pronounced
at low IS, leading to maxima in scattering during the reaction which then subsided as the reaction
progressed further. These strong interparticle effects were largely screened and minimized at high IS.
The behavior of reduced viscosity followed the expected trend of decreasing with increasing IS at all
points during the reaction. When a semi-batch reaction was run such that SS was increased, and hence
also ξ, ηr increased with a positive second derivative in time, whereas a batch reaction with similar
concentrations led to a negative second derivative in time due to ξ decreasing in time.

The SGA should be useful for reactions where stimuli responsive polymers are produced. These
include living type copolymerization of block copolymers which exhibit an LCST, and those which can
micellize and entrap substances, such as drugs. It may also be possible to develop formulations, since
different agents can be added in the seven solution condition system.

It is noted that APMT, Inc. has implemented first generation ACOMP on industrial scale reactors.
Hence, scale-up of SG-ACOMP is expected to follow a similar path. It is hoped that, as stimuli
responsive polymers become a larger part of the polymer manufacturing sector, SG-ACOMP, or similar,
can be integrated into plant design. Similarly, the active, automatic control of conventional polymer
synthesis [50] is currently being adapted for living type reactions, on which the synthesis of many
stimuli responsive polymers relies.
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Abstract: A series of PDLLA-PEG1k-PDLLA tri-block co-polymers with various compositions, i.e.,
containing 2–10 lactoyl units, were prepared via ring opening polymerisation of D,L-lactide in
the presence of poly (ethylene glycol) (PEG) (Mn = 1000 g·mol−1) as the initiator and stannous
2-ethylhexanoate as the catalyst at different feed ratios. PDLLA-PEG1k-PDLLA co-polymers
were then functionalised with acrylate groups using acryloyl chloride under various reaction
conditions. The diacrylated PDLLA-PEG1k-PDLLA (diacryl-PDLLA-PEG1k-PDLLA) were further
polymerised to synthesize soluble hyperbranched polymers by either homo-polymerisation or
co-polymerisation with poly(ethylene glycol) methyl ether methylacrylate (PEGMEMA) via
free radical polymerisation. The polymer samples obtained were characterised by 1H NMR
(proton Nuclear Magnetic Resonance), FTIR (Fourier Transform Infra-red spectroscopy), and GPC
(Gel Permeation Chromatography). Moreover, the diacryl-PDLLA-PEG1k-PDLLA macromers were
used for the preparation of biodegradable crosslinked hydrogels through the Michael addition
reaction and radical photo-polymerisation with or without poly(ethylene glycol) methyl ether
methylacrylate (PEGMEMA, Mn = 475 g·mol−1) as the co-monomer. It was found that fine tuning of
the diacryl-PDLLA-PEG1k-PDLLA constituents and its combination with co-monomers resulted in
hydrogels with tailored swelling properties. It is envisioned that soluble hyperbranched polymers and
crosslinked hydrogels prepared from diacryl-PDLLA-PEG1k-PDLLA macromers can have promising
applications in the fields of nano-medicines and regenerative medicines.

Keywords: poly (ethylene glycol); D,L-lactide; macromers; triblock co-polymers; hyperbranched
polymers; biodegradable hydrogels

1. Introduction

Hydrogels are cross-linked polymer networks that have a high affinity for water but do
not dissolve in it, thus retaining their three dimensional structures [1]. Hydrogels have very
wide applicability in the biomedical and pharmaceutical fields including tissue engineering [2–4],
diagnostics, and drug delivery [5,6]. Hydrogels are biocompatible because they cause minimal
tissue irritation with little cell adherence when in contact with the extracellular matrix due to their
hydrophilicity and soft nature [7]. In tissue engineering and regenerative medicine, there are many
advantages if hydrogels can form in situ; for example, an injectable macromer system can occupy
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an irregular defect and then crosslink to attain a permanent feature. This would be desirable,
particularly, if cells or molecular signals could be incorporated in the injection mixture [8]. Solidification
of materials in situ can then be achieved by either physical or chemical means [9,10].

Hydrogels based on poly (ethylene glycol) (PEG) and polyester block co-polymers are especially
useful as many are known to be temperature-sensitive in aqueous solutions as they undergo a phase
transition from the sol to the gel state at higher temperatures [11–13]. PEG is a synthetic polymer and is
soluble in water, non-toxic, and can be eliminated from the body depending on its size. Incorporation
of lactate segments into the PEG polymer backbone can introduce biodegradability thus facilitating
degradation of the materials in vivo [14,15]. Various polyesters have been used to form the hydrophobic
blocks to PEG based polymers, including poly(lactide) (PLA) [16], poly(ε-caprolactone) (PCL) [17], and
poly(glycolic-co-lactic acid) (PLGA) [18], via ring opening polymerisation of lactide, ε-caprolactone, or
glycolide with PEG, respectively.

Co-polymers based on PEG and PLA are of interest because of their biocompatibility and
biodegradability [19]. PLA–PEG block co-polymers have been synthesized by various means including
the ring opening polymerisation of lactide in the presence of PEG. Deng et al. first reported the
use of ring opening catalysts in the co-polymerisation of D,L-lactide with PEG [20]. The use of
stannous 2-ethylhexanoate as a catalyst at 180 ◦C through bulk polymerisation was first reported by
Zhu [21]. These co-polymers have a tri-block nature. Such co-polymers using PEG with different chain
lengths have been reported and used to prepare biodegradable hydrogels. It appears that PEG-PLA
tri-block co-polymers with a short domain of PEG at molecular weights below 6000 g·mol−1 are
rarely studied. Co-polymers with varying segment lengths and distributions have been synthesized
and it is found that their properties were influenced by these variations [22]. Lee et al. prepared
PLLA–PEG multi-block co-polymers [12] with long blocks of PEG (Mn = 2000–10,000 g·mol−1) and
PLLA (Mn = 2000–4500 g·mol−1). Luo made PLLA–PEG multi-block co-polymers with shorter PEG
(Mn = 600, 2000 g·mol−1) and PLA (Mn = 1000, 2000, 3000 g·mol−1) [23]. To enable PDLLA-PEG-PDLLA
co-polymers to undergo free radical polymerisation, they were further functionalized with vinyl groups
at the terminal ends. Sawhney and Hubbell first described the synthesis of synthetic co-polymers
which are hydrolytically degradable and cross-linkable consisting of a hydrophilic PEG central domain
which was then co-polymerised with poly(lactic acid) (PLA) and end-capped with acrylate groups [14].
Since then a variety of such macromers have been created in which PEG is modified with various
hydrolytically degradable ester moieties and terminal acrylate/methacrylate groups [24]. Varying
the PEG molecular weight was found to influence the degree of gel swelling and other mechanical
properties including degradation. Hubbell further prepared hydrogels by crosslinking acrylated
multi-arm PEGs with thiol compounds via a Michael-type addition [25].

In this work, we prepared tri-block PDLLA-PEG-PDLLA diacrylate macromers with a relatively
short PEG length (Mn = 1000 g·mol−1), which were used in further polymerisation with or without
other PEG based co-monomers via free radical polymerisation to prepare both soluble hyperbranched
polymers and crosslinked biodegradable hydrogels. Generally, other reported syntheses have been
performed using relatively large PLA fractions to primarily change the hydrophobic/hydrophilic
balance [26]. This study also gives details of the swelling behavior of the prepared hydrogels.
The swelling curves show a reduction in the swelling ratio due to degradation after maximum
swelling is achieved and is seen to commence first in the material with the highest lactoyl content.
The degradation is hypothesized to be a result of hydrolysis of the lactoyl domains in the material.
The low critical solution temperatures (LCSTs) of these co-polymers and its derived macromer materials
can be tailored to be on the order of physiological temperatures.

The polymer samples (linear block and hyperbranched) obtained were characterised by 1H
NMR, Gel Permeation Chromatography (GPC), and FTIR. Moreoever, the diacryl-PDLLA-PEG-PDLLA
marcromers were utilized to prepare crosslinked biodegradable hydrogels. The experiments
demonstrated the challenges of working with these materials due to the unstable nature of ester functional
groups within the PDLLA-PEG-PDLLA co-polymers and the macromers. Photo-polymerisation and
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the Michael addition reaction were used for the preparation of crosslinked hydrogels. To the best of
our knowledge, this is the first report on the study of such macromers with PEG 1000 (g·mol−1)
as the core and short poly-lactoyl terminal domains conferring on the co-polymer an amphiphilic
character of varying degree. Soluble hyperbranched polymers and crosslinked hydrogels prepared
from the diacryl-PDLLA-PEG-PDLLA macromers can be used as nanocarriers or depot systems for
drug delivery [27] and tissue engineering applications [28].

2. Results and Discussion

In this study, the molecular weight of the hydrophilic PEG was chosen as 1000 g·mol−1,
to which hydrophobic lactoyl terminal domains were added to both ends of the PEG chain.
Diacryl-PDLLA-PEG1k-PDLLA macromers were prepared in two steps (Scheme 1). The first step
was the co-polymerisation of PEG and D,L-Lactide. The co-polymer was subsequently acrylated using
acryloyl chloride to produce the macromer (Figure S1 in the Supplementary Materials). An alternative
method was also attempted by using a one-pot two-stage procedure, in which the PDLLA-PEG1k-PDLLA
co-polymer was formed as an intermediate and the second acrylation step, without separation and
purification of the PDLLA-PEG1k-PDLLA co-polymer from the reaction mixture, was then performed.
Both methods demonstrated a similar yield and controllability, thus the one-pot method was adopted
(Table 1).

Scheme 1. Two-step synthesis of diacryl-PDLLA-PEG1k-PDLLA macromers.

Step 1: Synthesis of PDLLA-PEG1k-PDLLA co-polymers. Telechelic PDLLA-PEG1k-PDLLA
co-polymers were synthesised via a ring opening polymerisation (ROP) of the cyclic-diester monomer
D,L-lactide. The ROP was initiated by the α and ω hydroxyl terminal groups of the PEG catalysed by
stannous 2-ethylhexanoate and consisted of the step-wise addition of the lactide. It was important to
eliminate any water from the reaction mixture to avoid hydrolysis of the products. PEG and D,L-lactide
were dried as described in the experimental section. A range of PDLLA-PEG1k-PDLLA co-polymers
were prepared by varying the ratio of D,L-lactide to PEG (Table 1).

The degree of polymerisation was determined by 1H NMR (see Figures S2 and S3 in the
Supplementary Materials) and it was found to be dependent on the feed molar ratio of the reactants,
i.e., the PEG and the D,L-lactide (see Table 1). Typically, the PEG signal –CH2–CH2–O– was found
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at δ = 3.65, and the methyl signal for the lactoyl group was found at δ = 1.6, thus for Table 1 entry
6 the integrations were found to be 1.48 and 1.0, respectively. Each lactoyl methyl residue contains
three protons and if we assume equi-molar addition at both ends of the PEG block, the total number
of protons for the lactoyl signal is equal to 6 m where m is the number of lactoyl residues on each
end of the co-polymer. Note that PEG Mn = 1000 g·mol−1 consists of, on average, n = 22.32 repeating
residues (–O–CH2–CH2) with an additional H and an –OH at each terminal of the linear molecule,
i.e., an additional 18 g·mol−1. Therefore, the number of lactoyl units in the co-polymer, m, can be
calculated by Equation (1):

m =
4 × 22.32 × 1.0

6 × 1.48
= 10.05 (1)

The above co-polymer was named 1KL10, i.e., 10 lactoyl residues on each end of the PEG domain.
The PEG/Lactoyl ratios in the co-polymers were generally found to be lower than the ratio in the
feed. This was in part due to the loss of any residual water from the pre-weighed PEG. Also the
conversion of lactide was not complete as unreacted lactide vaporised on the cooler parts of the
reaction vessel and thus was effectively removed from the reaction mixture and subsequently removed
during purification. If PEG of higher molecular weight is used, the relative hydroxyl content will
decline as there are two moles of hydroxyl groups per mole of linear PEG. The present study used
PEG of molecular weight of 1000 (g·mol−1) which is relatively low compared to most other studies
involving this reaction. Thus, with increasing molar mass of PEG for a given weight of PEG there are
fewer hydroxyl end groups, which function as initiation sites with the consequent lowering of the
conversion ratio of the lactide under the same reaction conditions. The experimental entries show that
longer reaction time reduced the lactoyl content in the co-polymer. For example, comparing entries 6
and 7 (in Table 1), the longer reaction time resulted in lower lactoyl content despite otherwise similar
conditions. This may be result of cleavage of the lactoyl chain under these conditions. It should also be
noticed from Table 1 that the co-polymer yield was variable and often low, as is illustrated in entries 5
and 6 (Table 1), with a great disparity in yield between the two similar products. This was possibly due
to the failure to obtain optimal precipitation during the extraction step when a fine suspension resulted
which could not be isolated by either filtration or centrifugation. Moreover, PDLLA-PEG1k-PDLLA
co-polymers demonstrated poor water solubility (Table 1) due to the incorporation of hydrophobic
PLA with hydrophilic PEG. As the mass fraction of the PLA in the co-polymer increases, its water
solubility decreases. We can see (Table 1) that the co-polymer 1KL3 was soluble whereas those with
higher lactide content were insoluble. These results are in agreement with the findings of Sawhney [14].
In general, a high PEG/PLA ratio and a low molar mass confer water solubility. After synthesis via
ROP, the PDLLA-PEG1k-PDLLA products were recovered, either by dissolution in dichloromethane
and precipitation in anhydrous ether which was then dried under reduced pressure after filtration, or
by dissolving the co-polymer mixture in ice-cold water and then gradually increasing its temperature
above to its cloud point at about 52 ◦C at which the co-polymer precipitated out of the solution.

Step 2: Diacryl-PDLLA-PEG1k-PDLLA Macromers. The PDLLA-PEG1k-PDLLA co-polymer, with
both α and ω hydroxyl end-groups, was end-capped with acrylate groups which could then be
further used for cross linking. The degree of acrylation was determined by 1H NMR (see Figure S3 in
Supplementary Materials). Vinyl proton NMR signals typically appeared at δ = 5.9, 6.2, and 6.4 ppm.
Thus, for entry 3 (Table 2), where the integration of the acrylate signal is 0.04 and for the methyl is 1,
the total number of vinyl protons per mole of the macromer was determined as x where

x =
0.04 × 89.28

1
= 3.57 (2)

As the vinyl groups each comprise three protons at each end of the macromer chain (i.e., a total
of six per molecule), the given the macromer is 59.5% acrylated on average. This would translate to
a value for the maximum molecular weight for the di-acrylated macromer of Mn = 2549 g·mol−1 (i.e.,
for each di-acrylated molecule).
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The quantity of DCM solvent, i.e., the concentration of the reactants is critical to the rate of
acrylation. Too much DCM will re-dissolve the triethylamine hydrochloride salt. It was noted that
the precipitate of the salt correlated with high acrylation. It is presumed that if the solvent for the
acrylation is in excess, this reduces the rate of the acrylation reaction by reducing the concentration of
the reactants. Thus a minimal amount of solvent is used, sufficient for dissolving the co-polymer.

For the macromer 1KL3 (Table 2, entries 11 and 13), it can be seen that the greater degree of
acrylation occurs for entry 13 (80.3%) with a lower acryloyl chloride ratio of 1:1.2:2.5 compared to
entry 11 (14.9%) synthesised with a ratio 1:4:4. This situation is reversed with macromer 1KL8 with
its relatively higher lactoyl content. Thus, for entries 5 and 10, the entry 5 (acrylation 33.1%) was
synthesised with a lower acryloyl chloride ratio of 1:1.2:2.5 (cf. 75.7% for entry 10). However, excessive
ratios should be avoided because of the possibility of causing cleavage of the polymer chain especially
as the reaction is exothermic and because of the need to maintain the reaction at 0 ◦C at least at the
early stage. To ensure that the highest possible conversion to acrylate was achieved, the reaction
was allowed to run for 24 h in accordance with the procedure outlined by Zhang et al. [29]. The ice
temperature affected the product quality and if not kept low, a deep yellow colour resulted from the
exothermic reaction between the acryloyl chloride and the diol groups of the co-polymer.

The PDLLA-PEG1k-PDLLA Co-Polymer and Diacryl-PDLLA-PEG1k-PDLLA Macromer showed
thermoresponsive behaviors. Varying the ratios of the hydrophilic/hydrophobic domains within the
co-polymer results in changing the phase transition temperature in the aqueous solution; the more
hydrophilic the co-polymer, the higher the LCST. The LCST for macromer 1KL10 (Mac-1KL10) and
co-polymer 1KL10 (Co-1KL10), respectively, were determined. The Mac-1KL10 and the Co-1KL10 were
dissolved in deionized water, and the change in absorbency with increasing temperature was measured
at a wavelength of 550 nm using UV-Vis spectrophotometry (Figure 1). The LCST was found to be
around 34 ◦C and 40 ◦C, respectively. These findings are consistent with LCSTs determined by visual
observation when the temperatures for this transition were found to be 27 ◦C and 32 ◦C, respectively.

Figure 1. Low critical solution temperatures are determined by UV absorption curves for
PDLLA-PEG1k-PDLLA 1KL10 (Co-1KL10) and diacryl-PDLLA-PEG1k-PDLLA (Mac-1KL10).

Moreover, the FTIR spectra for the co-polymer and its macromer (see Figure S4 in the
Supplementary Materials) show strong absorption at 3510 cm−1 for the PEG precursor due to the
terminal hydroxyl group and this signal is reduced due to acrylation although not eliminated. A strong
absorption at 1756 cm−1 for the 1KL3 confirms the presence of the ester due to the lactoyl moieties.
A weak signal for the –C=C– in the region 1680–1640 cm−1 can also be seen.
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3. Preparation of Soluble Hyperbranched Polymers from Free Radical Polymerisation (FRP) of
Diacryl-PDLLA-PEG1k-PDLLA Macromer in the Presence and Absence of Co-Monomer PEGMEMA

To prepare branched polymers, free radical polymerisations were performed using the
diacryl-PDLLA-PEG1k-PDLLA macromer alone (homo-polymerisation, entries 1 and 2 in Table 3)
and also with another co-monomer, i.e., PEGMEMA (co-polymerisation, entries 3–5 in Table 3).

Polymerisation was found to occur in both DMF and chloroform (entries 1 and 2 in Table 3).
However, the conversion was higher in DMF and the PDI was given as 1.03 which indicates a controlled
polymerisation mechanism under the reaction conditions used. GPC revealed that higher molecular
weights were obtained in chloroform but the conversion was lower given that the temperature and
reaction time were comparable. This difference may reflect the difference in solubility and polarity
between the two solvents as it is observed that the chloroform was found to be a better solvent but the
DMF yielded a slightly translucent solution. The co-polymerisations with PEGMEMA (entries 3–5 in
Table 3) were observed, evidenced by the GPC data, however, the molecular weights obtained were
not as high as for the homo-polymerisations of the macromer (see entries 2 and 3) when the reactions
were undertaken in the same solvent and under similar experimental conditions. If the concentration
was increased, this caused a lower molecular weight product to be synthesised despite doubling the
reaction time (see entries 4 and 5 in Table 3). It was also noted that all polymerisations were to a greater
or lesser degree conducted under heterogeneous conditions. Entries 4 and 5 in Table 3 were conducted
in THF and the monomer to solvent ratios was generally lower, reflecting better solubility than those
entries using DMF and chloroform.

Table 3. Free Radical Polymerisation of diacryl-PDLLA-PEG1k-PDLLA Macromer and poly(ethylene
glycol) methyl ether methylacrylate (PEGMEMA).

Entry Macromer M/S (a) M/P (b) Solvent
Mw

(c)

(KDa)
PDI (d) Conv. (e) (%) Gel (e) Temp.

(◦C) (f)
RT (g)

(h)

1 1KL3 1:3 1:0 DMF 224 1.03 29.3 Yes 65 23
2 1KL3 1:3 1:0 Chloroform 551 2.0 19.4 Yes 55 20
3 1KL3 1:3 1:1 Chloroform 269 1.04 13.4 Yes 55 20
4 1KL10 1:1.5 1:9 THF 47 1.49 1.04 Yes 50 21
5 1KL11 1:0.5 1:9 THF 37 1.44 5.00 Turbid 50 44
(a) Weight/Volume Ratio of Total Monomers to solvent; (b) Molar Ratio of Macromer to PEGMEMA; (c) Weight
average molecular weight, determined by Gel Permeation Chromatography (GPC); (d) Polydispersity Index PDI,
determined by GPC; (e) Gelation observed by inspection upon termination of the reaction; (f) Reaction temperature;
(g) Reaction time (hours).

The polydispersity (PDI) of the branched polymers obtained from free radical polymerisation of
the diacryl-PDLLA-PEG1k-PDLLA macromer with or without PEGMEMA were generally fairly narrow
(less than 2, see Table 3). This may be due to the fact that the GPC samples were obtained upon gelation
and, therefore, represent a soluble extract of the reaction mixture. Figure 2 gives a GPC overlay of the
FRP homo-polymerisation of Mac-1KL3 (entry 2 in Table 3) as a comparison with its precursor, the
co-polymer 1KL3 (Co-1KL3).

These experimental results show that soluble (most likely hyperbranched) polymers can be
synthesized by free radical polymerisation of the diacryl-PDLLA-PEG1k-PDLLA macromer at a relatively
low yield (less than 30%), before gelation occurs. However, it was found to be challenging
using the diacryl-PDLLA-PEG1k-PDLLA macromer as a multifunctional monomer to prepare soluble
hyperbranched polymers by radical polymerisations, including controlled radical polymerisation
approaches such as atom transfer radical polymerisation and reversible addition-fragmentation chain
transfer polymerisation. This is because the diacryl-PDLLA-PEG1k-PDLLA macromer is unstable,
thus the polymerisation conditions should be carefully considered and chosen, including reaction
temperature, initiators, and solvents. Nevertheless, the soluble hyperbranched polymers prepared
from the diacryl-PDLLA-PEG1k-PDLLA macromers could have potential as nanocarriers to deliver
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drugs for nanomedicine applications or could be used to fabricate hydrogels for regenerative medicine
applications [28].

Figure 2. Homo-polymerisation of Mac-1KL3 (Entry 2 in Table 3) to produce the hyperbranched
polymer. Overlay of GPC traces from the Refractive Index (RI) detector for the resulting hyperbranched
polymer, Macromer, and precursor co-polymer, for comparison.

3.1. Synthesis of Chemical Crosslinked Hydrogels from Diacryl-PDLLA-PEG1k-PDLLA Macromers via
Michael-Addition Reaction

The diacrylate macromer with its vinyl functionality is able to undergo a Michael addition type
reaction when it is used with a suitable reagent containing thiol functional groups. The macromer
should be capable of a homo-polymerisation when used on its own or possibly in the presence
of another vinyl functional monomer such as the PEGMEMA monomer, where co-polymerisation
should occur. Therefore, a number of reactions were performed (Table 4). It can be seen that the
homo-polymerisation of the macromer occurred in all the solvents used, i.e., water, DMSO, and PBS
(entries 1–3 and 6). However, the reactions with PEGMEMA were unsuccessful (entries 4, 7, and 8).
The Michael addition requires the presence of a base to act as a catalyst. The basic conditions were
supplied by the use of PBS buffer (pH 7.4), triethylamine, or sodium hydroxide. The reactions with
the macromer only resulted in a white gel indicating that the reaction occurred. Co-polymerisation
with PEGMEMA was also attempted but did not yield any evidence of reaction other than in the
solvent THF. This could be explained by the lower reactivity of the methacrylate groups in PEGMEMA
with thiol groups for undertaking the Michael addition reaction, compared to the acrylate groups in
diacryl-PDLLA-PEG1k-PDLLA macromers.

Table 4. Synthesis of hydrogels from the Michael-addition of Macromer 1KL11.

Entry Mac-1KL11/PEGMEMA Weight Ratio Solvent Base QT/M (a) Gel (b)

1 1:0 water TEA 1.2:1 Yes
2 1:0 water NaOH 1.2:1 yes
3 1:0 DMSO TEA 1.8:1 Yes
4 10:90 DMSO TEA 1.3:1 No
5 10:90 THF TEA 1.3:1 Yes
6 1:0 PBS PBS 1.9:1 Yes
7 50:50 PBS TEA 1.5:1 No
8 50:50 DMSO TEA 1.5:1 No

(a) Mole ratio of the pentaerythritol tetrakis (3-mercaptopropionate) (QT) and the macromer (M); (b) Gel is defined
as a gelation as observed by visual inspection and is unable to flow when the tube is inverted.

82



Processes 2017, 5, 18

3.2. Photocrosslinked Hydrogels from Macromers: Synthesis, Swelling, and Degradation

The diacryl-PDLLA-PEG1k-PDLLA macromer can be used to prepare hydrogels as either
a homo-polymer or as a co-polymer, with for example PEGMEMA, which is also water soluble.
With this in mind, a swelling study was undertaken on the hydrogels prepared from the
photo-polymerisation of macromer 1KL3 and on hydrogels prepared from the co-polymerisation
of macromer 1KL11 and PEGMEMA (Table 5).

Photo-polymerisation was conducted at 25 ◦C by irradiation with UV light. A 1% aqueous
solution of the initiator Irgacure 2959 was prepared, and the macromer was then dissolved at different
ratios of Macromer/PEGMEMA to the concentrations shown. The reaction mixture was then subjected
to UV exposure. After a given exposure time the resulting solids were gently washed with de-ionised
water and dried in a vacuum oven.

Table 5. Synthesis of hydrogels from the photo-polymerisation of diacryl-PDLLA-PEG1k-PDLLA Macromers.

Entry Macromer [Macromer]:[PEGMEMA] (Weight Percentage Ratio) Concentration (a) (%)

1 1KL3 100:0 30
2 1KL3 100:0 54
3 1KL11 100:0 50
4 1KL11 10:90 50
5 1KL11 5:95 50

(a) Concentration of the Macromer/PEGMEMA in distilled water (w/w %)

In Figure 3, plots are shown of the Swelling Ratio vs. Time for the dried cross-linked macromer
gel 1KL3 in water, and it is seen that the 30% hydrogel becomes more swollen than the 54% hydrogel.
This may be a result of the hydrogel structure being more “open” as a consequence of a less crosslinked
structure being formed when less macromer was used. An open structure with lower crosslinking
density is likely to be more water absorbent and have a higher swelling ratio. Both curves have maximum
swelling in approximately 3 days, and then they both start to degrade. This indicates that the 54%
hydrogel is not capable of absorbing more water which would be the case if the material were merely
slower in uptake due to its density of crosslinking. It is also observed that after being fully swollen,
degradation occurs but this is more rapid for the 30% hydrogel which is again a consequence of its
higher water content. The 30% hydrogel mass, with its fewer crosslinking points and consequent lower
mechanical strength, is likely to disintegrate more rapidly if these links are broken as a result of hydrolysis.

(a)
(b)

Figure 3. Swelling curves for Mac-1KL3 in water at room temperature (20 ◦C) (a) 30% (b) 54%.
(The experiments were performed in triplicate and the swelling ratio at each time point was the average
of three experimental data) (Entries 1 and 2 in Table 5).
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Figure 4c shows the swelling curve for a 50% concentration for the UV cross-linked gel macromer
1KL11 (entry 3 in Table 5) which has a greater lactoyl component than that for macromer 1KL3 (entry 2
in Table 5). It is observed that 1KL11 has a higher swelling ratio which could be due to its low
crosslinking density compared to 1KL3, although the hydrogel from 1KL11 has a higher lactoyl content
which generally confers greater hydrophobicity to the macromer. This explanation is given more
credence by the fact that 1KL3 undergoes a faster degradation than 1KL11 (entry 3 in Table 5) which
is presumably due to the greater exposure of its lactoyl domains to water and therefore a greater
likelihood of hydrolytic cleavage.

It may be seen from Figure 4 that both the macromer and the co-polymers of PEGMEMA absorbed
water to achieve swelling. Of the co-polymers, Figure 4 shows that hydrogels with the higher
PEGMEMA content (Figure 4a) had the highest swelling ratio, followed by the other co-polymer
(Figure 4b), and finally the macromer only (Figure 4c) exhibited the least swelling. It is thought that
the lower concentration of the macromer crosslinking agent in Figure 4a leads to a more open structure
with a lower crosslinking density. This would allow for ready access of water to the hydrophilic regions
of the cross linked structure, i.e., the PEG domains contained within the macromer and the PEGMEMA.
This would give rise to the highest swelling ratio of the three materials. The homo-polymerised
macromer (Figure 4c) formed hydrogels with the lowest swelling ratios. This, in line with the above
argument, is due to its dense crosslinked structure which hinders water access to the interior structure.
Conversely, the hydrophobic regions, due to the presence of the lactoyl domains within the macromer,
are found in the highest ratio in Figure 4c and contribute to the lowest degree of swelling. The lactoyl
content is reduced further in Figure 4b and is at its lowest value in Figure 4a, which has the highest
swelling ratio.

Figure 4. Swelling curves for the three hydrogels used in the swelling study, i.e., (a) Macromer:
PEGMEMA = 5:95 (entry 5 in Table 5) (w/w); (b) Macromer: PEGMEMA = 10: 90 (w/w) (entry 4 in
Table 5); (c) Macromer only (entry 3 in Table 5).

The swelling curves also show a reduction in the swelling ratio after approximately 2 days for
all three entries, indicating the hydrogels begin to degrade after the swelling reaches a maximum.
The degradation is due to the hydrolysis of the lactoyl domains in the material. The macromer with the
highest lactoyl content (Figure 4c) is seen to first commence degradation after two days. The material
with the lowest lactoyl content (Figure 4a) is seen to be the last to commence degradation.
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4. Experimental (Materials and Methods)

4.1. Materials

Poly(ethylene glycol) (PEG) (Mn = 1000 g·mol−1) was obtained from Polysciences Inc. (Europe
GmbH, Germany). The following chemicals were purchased from Sigma Aldrich and used as
received: D,L-lactide (3,6-dimethyl-1,4-dioxane-2,5-dione), stannous 2-ethylhexanoate, triethylamine,
acryloyl chloride, poly(ethylene glycol) methyl ether methylacrylate (PEGMEMA, Mn = 475 g·mol−1)
(containing inhibitors 100 ppm MEHQ and 200 ppm BHT), 1,1′-azobis (cyclohexanecarbonitrile)
(ACHN), Irgacure 2959 (2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone), lithium bromide
(LiBr), dry IR-grade potassium bromide (KBr), pentaerythritol tetrakis (3-mercaptopropionate) (QT)
cross-linker, deuterated chloroform (CDCl3), dimethyl sulfoxide-d6 (DMSO-d6), tetrahydrofuran
(THF), dichloromethane (DCM), toluene, and dimethylformamide (DMF).

4.2. Synthesis of PDLLA-PEG1k-PDLLA Co-Polymers

The PEG was dried either by heating under a stream of dry nitrogen gas with stirring at 150 ◦C
for 3 h or was dried by azeotropic distillation with toluene. D,L-lactide was dried either by adding
it to the dry melt of the PEG and heating for 30 min under a stream of nitrogen gas at 150 ◦C or was
recrystallized in ethyl acetate before use. A typical procedure for the synthesis of the co-polymer e.g.,
1KL2.7 (entry 11 in Table 1) is described below: a total of 30 g (30 mmol) of dried PEG was placed
in a two neck flask and heated under a stream of nitrogen at 150 ◦C for 3 h with constant stirring to
which 12.97 g (90 mmol) of D,L-lactide was then added and heating was continued for another 30 min
under nitrogen to remove any water impurity. The stannous 2-ethylhexanoate (194 μL (0.6 mM))
was transferred to the reaction flask and the temperature reduced to 130 ◦C. The reaction was left to
proceed for 24 h and was then terminated by turning off the heat and allowing to cool. A stock solution
of stannous 2-ethylhexanoate was prepared to enable accurate delivery of the correct amount into the
reaction vessel. After the reaction, the resulting co-polymer was then dissolved in dichloromethane,
precipitated in anhydrous ether, then dried in a vacuum oven at room temperature. The PEG with
its α,ω-dihydroxy end groups acted as a ring opening reagent to initiate the polymerisation of the
D,L-lactide [14]. Other co-polymers were prepared by varying the ratio of D,L-lactide to PEG (see
Table 1).

4.3. Synthesis of Diacryl-PDLLA-PEG1k-PDLLA Macromers

The above PDLLA-PEG1k-PDLLA co-polymers were end capped with acrylate moieties to
introduce vinyl functionalities and thus form polymerisable diacryl-PDLLA-PEG1k-PDLLA macromers.
In a typical procedure, a total of 12 g (8.38 mM) of PDLLA-PEG1k-PDLLA co-polymer was dissolved in
100 mL of dichloromethane in a 250 mL two neck round bottom reaction flask and cooled in an ice bath
to 0 ◦C. Triethylamine, 2.8 mL (20.11 mM) was added to the mixture under constant stirring, and then
3.39 mL (41.90 mM) of acryloyl chloride was slowly added. The reaction mixture was maintained at
0 ◦C for several hours and allowed to continue at room temperature for another 12 h. The mixture was
then filtered to remove the white precipitate of triethylamine hydrochloride and the macromer was
separated by dropwise addition into a large excess of anhydrous diethyl ether. It was then redissolved
in dichloromethane and re-precipitated out of a large excess of dry hexane and dried under vacuum at
room temperature overnight. Alternatively, to separate out the macromer product, the mixture was
dissolved in ice cold water (5–8 ◦C), and the resulting solution was then heated to 80 ◦C and caused
the co-polymer to precipitate, thus leaving the unreacted monomers in the solution. The macromer
was isolated by removing the supernatant liquid and was dried under vacuum at room temperature.
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4.4. Preparation of Soluble Hyperbranched Polymers Using Diacryl-PDLLA-PEG1k-PDLLA Macromers via Free
Radical Polymerisation

Hyperbranched polymers were prepared by homo-polymerisation of the diacryl-PDLLA-PEG1k-PDLLA
macromer and also by the co-polymerisation of this macromer with PEGMEMA via free radical
polymerisation (FRP). Typically, for the homo-polymerisation of 1KL10, 1.64 g (0.714 mmol) of
macromer (prepared according to entry 3 in Table 2) was dissolved in 2 mL of DMF to which 0.004 g
(0.24 wt %) of the initiator ACHN was then added. The mixture was purged with nitrogen for 15 min
to remove any dissolved oxygen. The mixture was then heated to 65 ◦C and GPC samples were taken
at suitable intervals. For the co-polymerisation of the macromer and PEGMEMA, the molar ratio
of macromer to PEGMEMA was varied according to Table 3. Samples were withdrawn at required
intervals for GPC analysis.

4.5. Characterisations of PDLLA-PEG1k-PDLLA Co-Polymers, Diacryl-PDLLA-PEG1k-PDLLA Macromers, and
Hyperbranched Polymers

The co-polymer and macromer structures were determined by 1H NMR spectroscopy. The spectra
were obtained on a Brucker 500 MHz NMR and analysed using MestReNova-Lite software
(Version 11.0). Deuterated chloroform (CDCl3) with tetramethylsilane (TMS) as an internal standard
was used as the solvent. Gel permeation chromatography (GPC) was used to determine the size of
the macromers and polymers as this method separates analytes on the basis of size/hydrodynamic
volume. Chromatograms were recorded on a PL-GPC 50 Plus Integrated GPC/SEC System from
Agilent Technologies. The number average molecular weight (Mn), the weight average molecular
weight (Mw), and the polydispersity index (Mw/Mn) were determined using an RI (refractive index)
detector. The columns (PLgel Mixed-C column 300 mm in length, two in series) were eluted using
THF and calibrated with poly (methyl methacrylate) standard. All calibrations and analyses were
performed at a flow rate of 1 mL/min at 40 ◦C. FTIR spectra were recorded on a PerkinElmer Spectra
100 FTIR Spectrometer. Samples were cast as thin films on sodium chloride disks from a chloroform
solution or were prepared as KBr disks. Thermal responsive properties of the polymers were studied by
measuring the low critical solution temperatures (LCSTs) of the polymers in aqueous solutions (0.1 w/v
% concentration in de-ionised water) using a Cary 100 UV-Vis spectrophotometer. The parameters
for the measurements used were the heating rate as 1 ◦C/min, data collection rate as 0.06 ◦C/point,
absorbance wavelength at 550 nm, and the temperature range between 15–60 ◦C.

4.6. Preparation of Biodegradable Hydrogels from Linear Diacryl-PDLLA-PEG-PDLLA Macromers

Biodegradable hydrogels were prepared using the diacryl-PDLLA-PEG1k-PDLLA macromer by
homo-polymerisation and co-polymerisation with PEGMEMA via the Michael addition reaction and
free radical photopolymerisation.

4.6.1. Michael Addition Method

Chemically cross-linked hydrogels were prepared using diacryl-PDLLA-PEG1k-PDLLA macromers
and PEGMEMA by means of the Michael-addition reaction between their acrylate groups and the thiol
functional groups in QT cross-linker (Table 4). A typical homo-polymerisation involves the addition
of 0.5 g (0.019 mmol) of macromer (Mn = 2693.43 g·mol−1) to a vial containing 500 μL of phosphate
buffered solution (pH 7.4). Then 171.6 μL of QT was added in a stoichiometric molar ratio of vinyl
group to thiol of 1:1. Triethylamine (TEA, 42.13 μL) was then added, and the sample was incubated at
37 ◦C for 2 h. Upon completion of the reaction, a transparent gel was formed. Co-polymerisation with
the monomer PEGMEMA was undertaken using various ratios of macromer to PEGMEMA according
to Table 4.
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4.6.2. Photo-Crosslinking Method

A 1% (w/v) stock solution of the photo-initiator Irgacure 2959 in de-ionised water was prepared.
The homo-polymerisation of Macromer 1KL3 was performed by dissolving it in Irgacure stock solution
to a final concentration of 54% and 30%. Respectively, 1 mL of each solution was placed into a small
glass vial to form a layer with thickness of about 1 mm which was exposed to UV light (2.3 mW/cm2)
overnight at room temperature. Photo-polymerisation of Macromer 1KL11 and PEGMEMA was
performed using the same procedures, and the ratio of macromer to PEGMEMA was varied according
to Table 5.

4.7. Swelling Studies

For the macromer 1KL3 hydrogel, two samples were prepared at 54% and 30% concentration
(Table 5), and then were tested for their swelling characteristics (Figure 3). The dry weights of the
materials were determined (w0), and then hydrogels were formed from the co-polymers by the addition
of de-ionised water and were allowed to soak at room temperature (25 ◦C). The excess surface water
was gently removed by means of a fine pipette and gently touching the surface with tissue paper.
The weight of the swollen gel was taken (ws). The swelling ratio was defined as:

Swelling Ratio % =
(ws − w0)

w0
× 100 (3)

where ws is the weight of the swollen hydrogel and w0 is the weight of the dried hydrogel.
Readings were taken every 24 h and the results were tabulated and presented as a plot of swelling

ratio vs. time in days. The tests were performed in triplicate.

5. Conclusions

PEG lactoyl triblock co-polymers PDLLA-PEG1k-PDLLA were synthesised using PEG with
a relatively small molecular weight of 1000 g·mol−1. Vinyl functionality was then incorporated
to obtain diacryl-PDLLA-PEG1k-PDLLA. The LCSTs, being on the order of physiological temperatures,
of some of these co-polymers and their derivative macromer materials may be worthy of further study
for their clinical potential. The macromers were further used to synthesize soluble hyperbranched
polymers and crosslinked hydrogels via UV irradiation and the Michael Addition reaction. The results
demonstrated that the degradation and swelling properties of the prepared hydrogels can be tailored by
varying the composition and topology of the PEG and PLA co-polymers and showed that degradation
is seen to commence first in the material with the highest lactoyl content. These degradable hydrogels
could be used in regenerative medicine and drug delivery applications.

Supplementary Materials: The following are available online at www.mdpi.com/2227-9717/5/2/18/s1, Figure S1:
General molecular structure of diacryl-PDLLA-PEG1k-PDLLA. Figure S2: 1H NMR of PDLLA-PEG1k-PDLLA
Co-polymer 1KL10. Figure S3: 1H NMR and chemical structure of diacryl-PDLLA-PEG1k-PDLLA Macromer
1KL10 (Mac-1KL10). Figure S4: FT-IR Spectra for Co-1KL10 (red) and Mac-1KL10 (blue).
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Abstract: An in situ nuclear magnetic resonance spectroscopy (NMR) technique is used to monitor
the aqueous-phase copolymerization kinetics of methacrylic acid (MAA) and poly(ethylene glycol)
methyl ether methacrylate (PEGMA) macromonomers. In particular, the study analyses the effect
of the number of ethylene glycol (EG) groups along the lateral chains of PEGMA and is carried
out under fully ionized conditions of MAA at different initial monomer ratios and initial overall
monomer concentrations (5–20 wt % in aqueous solution). The composition drift with conversion
indicates that PEGMA macromonomer is more reactive than MAA. Individual monomer consumption
rates show that the rates of consumption of both monomers are not first order with respect to
overall concentration of the monomer. The reactivity ratios estimated from the copolymerization
kinetics reveal, that for the short PEGMA, the reactivity ratios rMAA and rPEGMA increase with the
solids content (SC). A totally different trend is obtained for the longer PEGMA, whose reactivity
ratio (rPEGMA23) decreases with solids content, whereas the reactivity ratio of MAA remains
roughly constant.

Keywords: aqueous-phase copolymerization; polyethylene glycol methacrylate monomers; reactivity
ratios; ionization degree; solids content

1. Introduction

During the last few years, the use of monomers with a polyethylene glycol (PEG) side chain in the
synthesis of polymeric materials (as comonomers in aqueous-phase solution copolymerization [1–3] or
as reactive stabilizers in several heterogeneous polymerization systems) [4–7] has gained increasing
attention. Water-soluble polymers are used in a variety of applications including coatings, cosmetics,
antiflocculants, textiles, superabsorbers and water treatment [8–10]. These materials are generally
produced via free-radical (co)polymerization in aqueous solution [9,11,12]. Although of great
industrial importance, understanding of the aqueous polymerization kinetics is far from reaching the
understanding achieved in organic solvents. One major difference found between aqueous and organic
solvents is that the propagation rate constant of water-soluble monomers, in addition to temperature,
depends on other variables such as monomer concentration, pH and ionic strength of the aqueous
medium, which makes the kinetics substantially more complex than in organic systems, especially
when dealing with copolymerization processes.
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Thus, in the last twenty years, several research groups have systematically analysed the
effect of monomer concentration on the propagation rate coefficient, kp, of the most common
water-soluble monomers including acrylic acid (AA) [13–16], acrylamide (AM) [17,18], methacrylic acid
(MAA) [19–21], N-vinyl pyrrolidone (NVP) [22] and N-vinyl formamide (NVF) [23,24]. Very recently,
Smolne et al. [1] have also determined the propagation rate coefficient of poly(ethylene glycol) methyl
ether methacrylate (PEGMA) in aqueous phase at different concentrations.

All these studies shared a common finding: the kp of these monomers decrease with increasing the
concentration of monomer. This decrease is attributed to a reduction in the Arrhenius pre-exponential
factor, which is related to entropic factors (independent of temperature) due to the influence of competitive
hydrogen bonding between the transition-state structure and side groups of the monomer and water.
The reduction can be up to one order of magnitude going from bulk to very dilute conditions [1,19,21].
In addition to the effect of the monomer concentration on the kp, the ionization degree also affects the kinetics
of acidic water-soluble monomers like AA and MAA. For instance, for MAA, one of the monomers used in
this work, Lacík et al. [19–21,25] have determined the effect of the ionization degree (from non-ionized to
fully ionized conditions) and found that the kp significantly reduces on going from non-ionized form to the
fully ionized form, and that this decrease diminishes as MAA concentration increases.

For PEGMA monomers, there are no reports on the effect of the pH of aqueous media on the
propagation rate coefficient. However, it has been found that for AM [18] and NVP [22], the pH does
not affect the propagation rate coefficient.

Copolymerization is generally implemented in order to obtain specific properties which are not
attainable by homopolymers. Water-soluble poly(MAA-co-PEGMA) copolymers present comb-like
structure, where the size of the lateral chain can be tuned by the use of PEGMA with different
numbers of ethylene oxide (EO) groups. This class of comb copolymers under alkali conditions
presents an anionic backbone and an uncharged side chain and are effective dispersants and/or
lubricants of inorganic particles. The backbone is considered to drive adsorption mainly through
electrostatic interactions with surfaces, while the side chains are chosen to be non-absorbing and to
induce steric hindrance among adsorbed layers [26,27]. These water-soluble copolymers have found
a tremendous success in cementitious formulations where the comb copolymer dispersants are known
as polycarboxylate ether (PCE) superplasticizers (SPs). They are mainly used to produce concrete of
greater strength and durability by making it possible to reduce the water content without sacrificing
rheological properties. Two synthetic routes can be used to produce these comb copolymers: one route
is the partial esterification of polymethacrylic acid (PMAA) with methoxy polyethylene glycol (MPEG)
of different lengths employing acid or base catalyst and vacuum to remove water [28,29]. This method
provides highly uniform MPEG chains with a statistical distribution of the PEG side chains along
a PMAA backbone. The second route is via free-radical copolymerization of MAA and PEGMA, which
is a much common route of producing this type of PCEs [30–32].

The composition and sequence distribution of the comonomers in the chain is expected to
have a tremendous impact on the performance of the comb copolymer chains in the cementitious
formulations. Therefore, it is of paramount importance to control the composition of the chains
during the polymerization reaction in order to produce homogeneous copolymers and hence be able
to understand their adsorption behaviour when implemented in cementitious formulations as SPs.

The reactivity ratios of the comonomers (MAA and PEGMA) are the key parameters to understand
the type of copolymer chains produced during the copolymerization and thus the necessary parameters
to develop control strategies aimed at controlling the instantaneous composition along the reaction.
Unfortunately, the information about the reactivity ratios of the MAA/PEGMA comonomer pair in
aqueous solution available in the literature is scarce [33–35] and reports for conditions where the MAA
is fully ionized (basic conditions) are not available. Smith and Klier [33] found that the reactivity ratios
measured in deuterated water (D2O) for the non-ionized MAA were very close to 1 for both monomers
(rMAA = 1.03 and rPEGMA = 1.02); however, by changing 50% of D2O by ethanol (D2O/Ethanol = 50/50,
a continuous phase used in dispersion polymerization), the reactivity ratios measured for the monomers
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increased (rMAA = 2.0 and rPEGMA = 3.6). Obviously this has an impact on the distribution of the monomer
sequence in the chain that is random in water and more “blocky” in the case of water/ethanol.

Krivorotova et al. [35] have recently analyzed the copolymerization of MAA and PEGMA
macromonomers carried out by conventional and controlled (RAFT, reversible addition fragmentation
chain transfer) free-radical polymerization (FRP) in the mixture D2O/dioxane initiated by
azobisisobutyronitrile (AIBN). MAA was also non-ionized in the experimental conditions investigated
in this work. Interestingly, the authors considered two PEGMA macromonomers differing in the
number of ethylene glycol (EG) in side chain (PEGMA5 and PEGMA45). The authors found that for
PEGMA5, the reactivity ratios for the conventional free-radical copolymerization did not vary with
overall monomer conversion (up to 60% conversion) and the values were close for both monomers,
but below 1 (rPEGMA = 0.81; rMAA = 0.60). Although slightly different (the ellipsoids at 95% confidence
interval did not overlap), the reactivity ratios in RAFT copolymerization conditions were similar to
FRP (rPEGMA = 0.59; rMAA = 0.68). In contrast, for PEGMA45 the results were substantially different and
in FRP the reactivity ratios substantially change with conversion; rMAA decreased (from 1.83 at 10% to
1.25 at 60% conversion) and rPEGMA45 increased (from 0.31 at 10% to 1.55 at 60% conversion). For RAFT
copolymerization, this effect of the conversion was not found and the values of the reactivities were
smaller for both monomers and closer between them.

In this work, the copolymerization of PEGMA macromonomers (with different EG side chain
lengths) and MAA in aqueous solution under conditions where MAA is fully ionized is investigated.
The principal aim of this study is to understand the copolymerization kinetics of these two monomers
that, as discussed above, have shown dependence of the homopropagation rate constant on monomer
concentration (MAA and PEGMA), and also of the pH (MAA) of the aqueous phase. We aim at
determining the reactivity ratios of the comonomer system under fully ionized conditions of the MAA
and at varying initial monomer concentrations (solids content) for two PEGMAs with increasing number
of EG groups in the side chain (PEGMA5 and PEGMA23). The knowledge of the reactivity ratios will help
in developing an accurate and predictive mathematical model of the copolymerization process that is
needed to develop advanced control strategies for the control of the microstructure of these copolymers.

The article is organized as follows: first, the in situ proton nuclear magnetic resonance spectroscopy
(1H-NMR) technique used to monitor the copolymerizations of MAA and PEGMA in basic conditions is
described. Second, the approach used to estimate the reactivity ratios is briefly described and, finally, the
results for the two systems studied (MAA/PEGMA5 and MAA/PEGMA23) are presented and compared
in the context of recent literature works for other copolymerization systems presenting similar features.

2. Materials and Methods

2.1. Materials

Methacrylic Acid (MAA) 99% with 250 ppm hydroquinone monomethyl ether (MEHQ) as
inhibitor and Polyethylene glycol methyl ether methacrylate (PEGMA) (average Mn 300 g/mol
“PEGMA5”) with 100 ppm MEHQ and 300 ppm butylated hydroxyl toluene (BHT) as inhibitors were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received. Visiomer MPEG 1000 MA
W (Methoxy polyethylene glycol 1000 methacrylate 50% water solution “PEGMA23”) with 200 ppm
MEHQ as inhibitor was kindly supplied by Evonik Industries (Essen, Germany) Industries and used
as received. Potassium persulfate (KPS) >99%, sodium bicarbonate (NaHCO3) and sodium hydroxide
(NaOH) >98% in pellets were also purchased from Aldrich and used as received. Deuterium oxide
(D2O) >99.9% was purchased from Euriso-Top (Saint-Aubin Cedex, France). Mili-Q quality water was
employed to prepare the solutions.

2.2. Copolymerization Reactions

Aqueous-phase (mixture of H2O/D2O) free-radical copolymerization reactions of MAA and
PEGMA were carried out in NMR tubes and the copolymerization reactions were in situ monitored.
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Comonomer solutions were prepared at different solids contents (5–20 wt %) with different monomer
molar ratios (MAA/PEGMA5: 3/1, 2/1, 1/1 and MAA/PEGMA23: 9/1, 6/1, 3/1). Comonomer
mixture solutions were neutralized with a 30% NaOH solution and kept at a pH between 7 and 9,
ensuring total ionization of the carboxylic monomer in all cases. NaHCO3 was used as buffer at 1/1 mol
ratio with respect to the initiator. All reactions were initiated with a water-soluble thermal initiator
(potassium persulfate, KPS) at a concentration of 1 wt % based on monomer. Higher MAA/PEGMA
monomer mol ratios were employed for the longer PEGMA (PEGMA23) because the difference in
molecular weight between comonomers will lead to very low initial weight fraction of methacrylic
acid (WMAA,0) and hence very low rate of polymerization [21]. Note that the monomer molar ratios
expressed here are the nominal values; the actual monomer molar ratios were calculated from the
vinyl peak areas of each monomer before starting the reaction (t0 in the NMR tube).

The liquid 1H-NMR spectra were recorded on a Bruker 500 AVANCE (500 MHz) equipped with
a Z gradient Broadband observe (BBO) probe. The kinetic study of the reaction was conducted at
343 K using 1H spectra with suppress of the solvent using WATERGATE sequence. The spectrum was
recorded every 2 min during the first 16 min and then every 10 or 15 min for 3 h. Monomer conversion
of MAA and PEGMA were calculated based on the evolution of the peaks corresponding to the vinyl
protons of MAA (δ, 5.60, 5.25, ppm) and PEGMA (δ, 6.10, 5.70, ppm). The peak related to the methoxy
group protons (δ, 3.30, ppm), which is present in the PEGMA macromonomer side chain, was selected
as internal reference [36]. Figure 1 illustrates the change on the intensity of the MAA and PEGMA
peaks over copolymerization time. The spectra were processed by the software MestRe Nova 9.0
(MestreLab Research Chemistry Software solutions, Santiago de Compostela, Spain).

Figure 1. Time evolution of the proton nuclear magnetic resonance (1H-NMR) spectra of the
aqueous-solution copolymerization of MAA and PEGMA5 carried out at 70 ◦C (SC = 10 wt %
MAA/PEGMA5 = 1/1). MAA = methacrylic acid; PEGMA = poly(ethylene glycol) methyl ether
methacrylate; SC = solids content.
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2.3. Estimation of Reactivity Ratios

Free-radical copolymerization leads to the formation of copolymers in which the distribution of
the monomers in the chain is governed by kinetics. There is considerable experimental evidence [37–39]
showing that, in many copolymerization systems, propagation depends on the nature of the monomer
and on the last two units of the growing chain. This is referred to as penultimate model. Nevertheless,
copolymer composition can be well described by considering a model in which the reactivity of
the propagation reaction is governed by the nature of the monomer and the terminal unit of the
polymer radical (terminal model). In this work, the later assumption was considered to describe the
copolymerization of MAA and PEGMA macromonomers. The reactivity ratios were estimated using
the evolution of individual comonomer conversions over overall conversion following the method
developed by De la Cal et al. [40,41]. This method is briefly described below:

Methacrylic acid (MAA) and polyethylene glycol methacrylate (PEGMA) will be represented
with letters A and B, respectively. The material balances for each of the monomers in a batch reactor,
considering that terminal model kinetics is applied, can be written as:

d[A]

dt
= −RpA = −(kpAAPA + kpBAPB

)
[A][R∗] (1)

d[B]
dt

= −RpB = −(kpABPA + kpBBPB
)
[B][R∗] (2)

In Equations (1) and (2) [i] is concentration of monomer i (mol/L), Rpi, the polymerization rate of
monomer i (mol/L·s), kpij, the propagation rate constant of radicals of terminal unit i with monomer
j (L/mol·s), Pi the probability of finding active chain with ultimate unit of type i, and R* is the total
concentration of radicals (mol/L).

Considering the Quasi-Steady-State assumption (QSSA) is fulfilled, the probabilities are defined
as follows:

PA =
kpBA[A]

kpBA[A] + kpAB[B]
(3)

PB = 1 − PA (4)

MAA conversion and overall conversion are defined as:

XA =
[A]0 − [A]

[A]0
(5)

XT =
([A]0 − [A]) + ([B]0 − [B])

[A]0 + [B]0
(6)

where [A]0 and [B]0 are initial concentration of MAA and PEGMA, respectively. Thus:

dXA = −d[A]

[A]0
(7)

dXT =
−d[A]− d[B]
[A]0 + [B]0

(8)

dXA
dXT

=
[A]0 + [B]0

[A]0

RpA

RpA + RpB
=

[A]0 + [B]0
[A]0

⎛
⎝ 1 + rA

[A]
[B]

2 + rA
[A]
[B] + rB

[B]
[A]

⎞
⎠ (9)

where rA and rB are the reactivities of MAA and PEGMA defined as:

rA =
kpAA

kpAB
(10)
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rB =
kpBB

kpBA
(11)

To integrate Equation (9), concentrations can be expressed as a function of XA and XT employing
Equations (5) and (6):

[A]

[B]
=

[A]0(1 − XA)

[B]0 − XT([A]0 + [B]0) + [A]0XA
(12)

The cumulative composition can be determined as a function of the individual conversion of
MAA, XA, and the overall conversion as follows:

YA =
[A]0XA

([A]0 + [B]0)XT
(13)

The reactivity ratios rA and rB can be estimated using a parameter estimation algorithm that
minimizes the objective function of Equation (14), where YAexp is the experimentally measured
cumulative composition referred to MAA determined by in situ 1H-NMR, and YAcal is the theoretically
determined cumulative composition calculated using the set of Equations (9)–(13) and the initial
concentrations of the comonomers. The subscript i makes reference to the experiment, and subscript j
to the sample number of each of the experiments used in the estimation procedure. The only parameters
of the model are the reactivity ratios.

J =

[
N

∑
i=1

Pi

∑
j=1

(
YAexp − YAcal

)2] (14)

Parameter estimation was carried out using a direct-search estimation algorithm employing subroutine
DBCPOL and the subroutine for solving ordinary differential equations DIVPRK from IMSL library.

3. Results and Discussion

The aqueous-phase solution copolymerization of two comonomer systems was studied:
MAA-co-PEGMA5 and MAA-co-PEGMA23; namely, polyethylene glycol methyl methacrylate
monomers with 5 and 23 ethylene glycol (EG) units.

3.1. MAA-co-PEGMA5 (5 Ethylene Glycol Units)

Copolymerizations of MAA and PEGMA5 were carried out in NMR tubes at different comonomer
ratios (MAA/PEGMA: 3/1, 2/1 and 1/1) and different solids content (SC: 5, 10, 15 and 20 wt %).

Figure 2 shows that conversions of both comonomers increase with solids content (for MAA,
the effect was more clear at higher MAA/PEGMA ratios), and that PEGMA5 is more reactive than
MAA at fully ionized conditions. The effect of the solids content on the conversion indicates that
the dependence of the polymerization rate on the monomer conversion is not first order for any
of the two monomers. This has been reported for the aqueous solution homopolymerization of
MAA [19–21,25,42]. It has been found that the propagation rate coefficient of MAA was a function
of the concentration of the monomer in the aqueous phase and of the ionization degree. Under fully
ionized conditions (like in this work) the propagation rate coefficient of MAA increases with monomer
weight fraction, but under non-ionized and partially ionized the propagation rate constant decreases
with increasing monomer fraction.

Recently, Smolne and co-workers have studied the propagation and termination kinetics of
PEG-lated methacrylates in aqueous solution [1]. Similar to other water-soluble monomers, it has
been also found that the kinetics of the polymerization is affected by the monomer weight fraction
in the aqueous solution. The propagation rate coefficient increased as the solids content decreased,
which follows the same trend as the polymerization of non-ionized or partially ionized MAA. In the
copolymerizations of Figure 2, the trends of the overall propagation rate constants for each monomer
are like for the fully ionized MAA; namely, the overall propagation rate increases with solids content.
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Figure 2. Time evolution of the conversion of MAA (right) and PEGMA 5 (left) for different monomer
ratios (MAA/PEGMA as indicated in the figures) at different solids content (SC): —5 wt %; �—10 wt %;
×—15 wt %; Δ—20 wt %.

The faster conversion of the PEGMA5 macromonomer can be attributed to a substantial difference
in reactivity ratios. As discussed in the introduction, there are no reports for the reactivity ratios
of this comonomer system calculated in aqueous phase at fully ionized conditions of the MAA
monomer. However, reactivity ratios of AA and AM in aqueous phase at fully ionized conditions have
been investigated by several groups [8,43–46]. Preusser et al. have done an extensive experimental
analysis including copolymerization in a broad range of initial monomer concentrations and degrees
of ionization and have determined the reactivity ratios. They found that the reactivity ratio of
each monomer is a function of initial weight fraction of monomer and of the ionization degree and
they provided an empirical equation that captures well the combined effect of both variables [8].
The reactivity ratios for the MAA/PEGMA5 comonomer system were estimated from these data using
the algorithm presented above. Figure 3 shows the comparison between the cumulative compositions
of MAA determined experimentally from the NMR data (dots) and the estimated one (lines) for the
estimated reactivity ratios at each solids content. Note that the reactivity ratios were initially estimated
at each solids content because of the effects observed on the individual monomer conversions shown
in Figure 2, and also because a similar effect was found for the AA and AM comonomer system [8].
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Figure 3. Conversion evolution of the cumulative composition of MAA for the in situ nuclear magnetic
resonance (NMR) experiments. (Dots) experimental results, (lines) model predictions for the estimated
reactivity ratios at each solids content (see Figure 4). Molar ratios: x—1/1; �—2/1; —3/1.

Figure 4 shows the estimated reactivity ratios at each solids content. It can be seen that the
reactivity ratio of each comonomer increases with solids content (in the range studied in this work;
note that the solids content analysed is limited by the viscosities produced during this polymerization
carried out at 70 ◦C). This unexpected dependence of the reactivity with solids content has been
recently found for the aqueous-phase copolymerization of AA and AM [8], a comonomer system that
shared similar features on the dependence of the propagation rate coefficients with initial monomer
concentration and ionization degree as the monomers investigated in this work.

Figure 4. Reactivity ratios for the copolymerization of fully ionized MAA and PEGMA5 as determined
by a global fit to the combined data (dashed line) and by fitting data at each initial solids content
(squares and circles). A linear fit of the reactivity ratios estimated at each solids content is included
(solid line) � rPEGMA; rMAA.
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Figure 4 plots the reactivity ratios estimated at each initial solids content and, for comparison
purpose, the reactivity ratio estimated to fit globally all the experimental data gathered at different
initial concentrations and monomer ratio is included. It was found that fitting the experimental
data with just a pair of reactivity ratios (global fitting) was not appropriate, because the value of the
objective function was almost one order of magnitude higher as compared with the objective functions
of any of the individual fittings. The reactivity ratios estimated at each solids content were fitted with
a linear equation that is also drawn in Figure 4 and detailed in the following equations. Note that the
regressions of the linear fits are not excellent and hence the equations below should be considered only
as a reasonable approximation.

rMAA = 0.07 + 1.89·SC0 (15)

rPEGMA = 9.89 + 117.21·SC0 (16)

where SC0 is the initial weight fraction of comonomers in the copolymerization formulation (0 < SC0 < 1).

3.2. MAA-co-PEGMA23 (23 Ethylene Glycol Units)

In this part of the work, we aimed to assess the effect of a longer lateral chain of the PEGMA
macromonomer on the reactivity ratios with MAA under fully ionized conditions.

As in the previous set of reactions, the polymerizations were carried out under fully ionized
conditions of the MAA; however, for this pair of monomers lower solids content were employed (5, 7.5
and 10 wt %) to avoid excessively high viscosities in the NMR tube and hence inhomogeneity in the
reaction medium and unreliable results.

According to Krivorotova et al. [35], in a mixture of D2O/Dioxane and with non-ionized MAA
increasing the size of the lateral chain of the PEGMA (from PEGMA5 to PEGMA45), substantial
differences were found on the reactivity ratios of this comonomer pair. Whereas the reactivities were
found independent of conversion for the short PEGMA, for the long PEGMA the reactivity of MAA
(that was higher than that of PEGMA45) decreased and that of PEGMA45 increased making them to
be close at higher conversion.

Figure 5 shows the time evolution of the individual conversions of MAA and PEGMA23 monitored
by in situ 1H-NMR. The trends are very similar to those observed for PEGMA5; namely, PEGMA23
macromonomer is more reactive than the MAA at fully ionized conditions, and the dependence of the
polymerization rate on the solids content is not of first order for any of the two monomers. For the
sake of comparison, the reactivity ratios of this pair has been estimated using the approach described
above at each solids content and also using the whole set of data.

Figure 6 shows the comparison between the cumulative compositions of MAA experimentally
determined from the NMR (dots) and the estimated cumulative compositions (lines) calculated for the
estimated reactivity ratios at each solids content. Fitting of the cumulative composition for the set of
experiments carried out at different solids content and monomer ratios is excellent.

The estimated reactivity ratios at different solids content for the combined data are shown in
Figure 7. There are noticeable differences with respect to the short PEGMA. First, none of the reactivity
ratios increase with solids content; on the contrary, rPEGMA decreases and rMAA is very similar for all
the solids content. Indeed, the single pair of the reactivity ratios obtained by globally fitting all the data
(the dashed lines) is very close to the values obtained in the individual fitting except for the values at
10% solids content. The linear fitting of the rPEGMA and rMAA calculated at each solids content provide
the following empirical equations for dependence of the reactivity ratios with the solids content.

rMAA = 0.14 − 0.14·SC0 (17)

rPEGMA = 26.56 − 153.12·SC0 (18)
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Figure 5. Time evolution of the conversion of MAA (right) and PEGMA 23 (left) at monomer ratios
(MAA/PEGMA23 as indicated in the figure) at different solids content. —5 wt %; �—7.5 wt %;
×—10 wt %.

Figure 6. Cont.
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Figure 6. Conversion evolution of the cumulative composition of MAA for the in situ NMR experiments.
(Dots) experimental results, (lines) model predictions for the estimated reactivity ratios. Molar ratios:
×—3/1; �—6/1; —9/1.

Figure 7. Reactivity ratios for the copolymerization of fully ionized MAA and PEGMA23 as determined
by a global fit to the combined data (dashed line) and by fitting data at each initial solids content
(squares and circles). A linear fit of the reactivity ratios at each solids content is included (solid line)
� rPEGMA; rMAA.

4. Conclusions

The aqueous-phase copolymerization kinetics of MAA and PEGMA macromonomers (with
two lateral chains of different number of EG groups, PEGMA5 and PEGMA23) under fully ionized
conditions of MAA at different initial monomer ratios and initial overall monomer concentrations
(solids content) were monitored by in situ NMR. The rate of consumption of both monomers indicates
that PEGMA macromonomer is more reactive than MAA, and that the rates of consumption of both
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monomers are not first order with respect to the concentration of the monomer in agreement with
recent results that demonstrated that, like for other water-soluble monomers, the propagation rate
coefficient of these monomers depends on the concentration of the monomer.

The reactivity ratios estimated from the copolymerization kinetics revealed that this dependency
of the propagation rate coefficient on the monomer concentration was also translated to the reactivity
ratios of these monomers. Thus, it was found that for the short PEGMA the reactivity ratios rMAA and
rPEGMA increased with the solids content. Interestingly, this trend was not maintained for the longer
PEGMA, whose reactivity (rPEGMA23) decreased with conversion, whereas the reactivity ratio of MAA
remained roughly constant with the longer PEGMA.

For both systems, empirical linear fits of the reactivity ratios with the solids content were
calculated that can be easily implemented in modelling and control schemes aimed at controlling the
microstructure of the comb-like copolymers.
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Abstract: Hydrogels based on poly(2-hydroxyethyl methacrylate) (PHEMA) are a very important
class of biomaterials with several applications mainly in tissue engineering and contacts
lenses. Although the polymerization kinetics of HEMA have been investigated in the literature,
the development of a model, accounting for both the chemical reaction mechanism and
diffusion-controlled phenomena and valid over the whole conversion range, has not appeared
so far. Moreover, research on the synthesis of nanocomposite materials based on a polymer matrix
has grown rapidly recently because of the improved mechanical, thermal and physical properties
provided by the polymer. In this framework, the objective of this research is two-fold: to provide
a kinetic model for the polymerization of HEMA with accurate estimations of the kinetic and
diffusional parameters employed and to investigate the effect of adding various types and amounts
of nano-additives to the polymerization rate. In the first part, experimental data are provided from
Differential Scanning Calorimetry (DSC) measurements on the variation of the reaction rate with time
at several polymerization temperatures. These data are used to accurately evaluate the kinetic rate
constants and diffusion-controlled parameters. In the second part, nanocomposites of PHEMA are
formed, and the in situ bulk radical polymerization kinetics is investigated with DSC. It was found
that the inclusion of nano-montmorillonite results in a slight enhancement of the polymerization
rate, while the inverse holds when adding nano-silica. These results are interpreted in terms of
noncovalent interactions, such as hydrogen bonding between the monomer and polymer or the
nano-additive. X-Ray Diffraction (XRD) and Fourier Transform Infra-Red (FTIR) measurements were
carried out to verify the results.

Keywords: polymerization kinetics; HEMA; nanocomposites; in situ polymerization; nano-clays;
nano-silica

1. Introduction

Hydrogels are biomaterials with properties such as hydrophilicity, biocompatibility and high
water absorption by swelling without dissolving, which have attracted great interest from several
researchers worldwide [1]. They can be of natural origin (e.g., hyaluronic acid, chitosan, etc.) or
synthetic (e.g., poly(ethylene glycol) (PEG), poly(lactic acid) (PLA), etc.). 2-hydroxyethyl methacrylate
(HEMA) is a hydrophilic monomer used to prepare such synthetic polymeric (i.e., PHEMA) hydrogels.
The polymer, PHEMA, due to its excellent biocompatibility and physicochemical properties, similar to
those of living tissues, is widely used in many biomedical applications, such as drug-delivery systems,
cell carriers, tissue engineering, contacts lenses, regenerative medicine, etc. [2–4]. Other applications of
PHEMA include those presented by Kharismadewi et al. [5], as an adsorbent for the removal of the
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methylene blue cationic dye from an aqueous solution and Moradi et al. [6] for the adsorption of Cu2+

and Pb2+ ions from aqueous single solutions [6].
The great interest in the polymerization of HEMA is based on the combination of methacrylate

groups in its structure, resulting in relatively easy radical reactions, with the hydroxyl groups,
that provide hydrophilicity. Thus, PHEMA allows obtaining tissue in-growth due to high permeability
to small molecules and the soft consistency, which minimizes mechanical frictional irritation to
surrounding tissues. The polymer (PHEMA) is a glassy amorphous material with low water absorption,
high adhesion to glass and glass transition temperature ranging between 50 and 90 ◦C depending on
the conditions of the polymerization process [7].

During the last decade, research on the synthesis of nanocomposite materials based on a polymer
matrix has grown rapidly because of the improved mechanical, thermal and physical properties that
are provided by the polymer. Several types of nano-fillers have been used, such as nano-clays,
nano-silica, carbon nanotubes, fullerenes, graphene, etc. In this research, we investigated the
formation of PHEMA-based nanocomposites with either a nano-organomodified montmorillonite
(OMMT) or nano-silica. Incorporation of MMT is well known to improve the mechanical properties
of the polymer matrix [8,9], whereas adding silica to PHEMA results in bioactive materials that
keep the swelling properties of neat polymer; thus, they assure both morphological and bioactive
characteristics [7]. Nanocomposites can be prepared by various methods, such as in situ polymerization,
melt intercalation/exfoliation and solution casting. The in situ polymerization method was used here
in order to obtain nanocomposites with a uniform dispersion of the filler in the polymer matrix.

The kinetics of radical polymerization has been extensively studied for a long time. Differential
scanning calorimetry (DSC) has long been used for monitoring polymerization reactions for several
systems. It offers the advantage of continuous recording of the variation of the reaction rate with time
through the measurements of the amount of heat released, since additional reactions are exothermic.
This technique has been also used for recording the polymerization kinetics of HEMA and its
copolymers with some dimethacrylate monomers (such as ethylene glycol dimethacrylate (EGDMA)
or diethylene glycol dimethacrylate (DEGDMA)) [10–14]. Modeling of polymerization kinetics has
been carried out using semi-empirical models, such as those developed for resins-curing [11] or
based on the isoconversional principle [10]. A pioneering work on the polymerization kinetics of
PHEMA crosslinked with EGDMA was presented thirty years ago by Mikos and Peppas [15]. Later on,
the group of Bowman was the only one to develop kinetic models for the polymerization kinetics of
HEMA based on the reaction mechanism [16,17]. A method for determining the kinetic parameters
was also proposed [16]. In our previous investigation, we also used DSC measurements and compared
the results obtained by a simple mechanistic model with those from isoconversional analysis [18].
Only the low degrees of conversion were investigated to avoid the diffusion-controlled phenomena.

This research consists of two parts: In the first part, a detailed kinetic model is proposed for
the polymerization kinetics of HEMA in bulk based on DSC measurements of the polymerization
rate and the reaction mechanism, including also the effect of diffusion-controlled phenomena on the
termination and propagation reactions. Polymerizations at different temperatures are carried out,
and all kinetic parameters used are either based on accurate independent experimental measurements
or estimated in this work. The aim of this part was to provide accurate kinetic data concerning the
radical polymerization of HEMA over the whole conversion range. In the second part, the effect of
adding different types and amounts of nano-particles on the polymerization kinetics is investigated.
The in situ bulk radical polymerization is examined with two different types of nano-additives:
an organo-modified montmorillonite, which is a 2D nanoclay, and a nano-silica, which can be
considered a 3D nanoparticle. The polymerization kinetics is studied with DSC operating isothermally
at different temperatures. Depending on specific interactions, a different effect on the polymerization
kinetics was observed from those two nano-additives.
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2. Materials and Methods

2.1. Materials

The monomers used were composed of 2-hydroxyethyl methacrylate (HEMA), purchased from
Aldrich with purity ≥99%. Before any use, it was passed at least twice through a disposable
inhibitor-remover packed column, supplied from Aldrich, in order to remove the inhibitor included.
The free radical initiator used, i.e., benzoyl peroxide (BPO) with a purity >97%, was provided by Fluka
AG and purified by fractional recrystallization twice from methanol (purchased from Merck). For the
preparation of the nanocomposites, two nanofillers were used: the first was a commercially-available
organically-modified, with a quaternary ammonium salt (i.e., dimethyl hydrogenated tallow),
montmorillonite clay, under the trade name Cloisite 15A, (provided by Southern Clay Products
Inc., Gonzales, TX, USA). The chemical structure of the ammonium salt was, N+R2(CH3)2 where R
is the hydrogenated tallow (∼65% C18, ∼30% C16, ∼5% C14), and its cationic exchange capacity
(CEC) was 125 meq/100 g clay. Typical physical properties, according to the manufacturer, include:
size, as measured by a transmission electron microscope for a PA6 nanocomposite, 75–150 nm × 1 nm;
surface area 750 m2/g when exfoliated.

The second nanoparticle used was hydrophilic fumed silica under the trade name Aerosil 200.
The average primary particle size was 12 nm, the specific surface area 200 m2/g and the SiO2 content
greater than 99.8% (from Evonik Resource Efficiency GmbH). All other chemicals used were of
reagent grade.

2.2. Polymerization Kinetics

Polymerization experiments were performed using the DSC Diamond (Perkin-Elmer, Waltham,
MA, USA). For the temperature and enthalpy calibration of the instrument, indium was used.
Polymerizations were run isothermally at temperatures of 52, 60, 72 and 82 ◦C. Although a significant
amount of heat is produced during the reaction, especially in the autoacceleration region, the equipment
set up is so to maintain the reaction temperature constant (within ± 0.01 ◦C) during the whole
conversion range. The liquid mixture of the monomer with the initiator at an initial concentration of
0.03 mol/L was placed into aluminum Perkin-Elmer pans, accurately weighted (approximately 10 mg),
sealed and positioned into the appropriate holder of the instrument. In order to have an estimation
of the overall reaction rate (dx/dt), the amount of heat released (d(ΔH)/dt), the reaction exotherm in
normalized values (W/g) was continuously recorded as a function of time. Then, the reaction rate is
estimated from:

dx
dt

=
1

ΔHT

d(ΔH)

dt
(1)

where x denotes fractional conversion and ΔHT total reaction enthalpy.
By integrating the area between the DSC thermogram and the baseline established after

extrapolation from the trace produced when polymerization has been completed (no change in the
heat produced), the degree of conversion can be calculated. In order to determine the total reaction
enthalpy, a dynamic experiment followed, where samples were heated from the polymerization
temperature to 180 ◦C at a rate of 10 K min−1. The sum of enthalpies of the isothermal (ΔHi) plus the
dynamic (ΔHd) experiment was the total reaction enthalpy. The values thus estimated were always
near 422 J/g, similar to the theoretical one obtained by dividing the standard heat of polymerization
of a methacrylate double bond (i.e., 54.9 kJ/mol) over the monomer molecular weight (i.e., 130).
The ultimate monomer conversion was estimated by the quotient ΔHi/ΔHT. In order to check for
possible monomer evaporation during the reaction, the pans were weighed again after the end of the
polymerization. A negligible monomer loss (less than 0.2 mg) was observed only in a few experiments.

It should be noticed that at low polymerization temperatures (i.e., 50 or 60 ◦C), a small inhibition
time was observed. This is due to the non-adequate removal of oxygen, dissolved in the monomer
during the initial mixing, which was performed in air.
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All of the experiments were performed at least twice, and the best results are included in the
Results section.

2.3. Synthesis of Nanocomposites

For the synthesis of the nanocomposite materials, initially, the appropriate amount (1, 3 or 5 wt %)
of the nano-particles (i.e., OMMT or silica) was dispersed in the monomer, using magnetic and
ultrasound agitation. In the final homogeneous suspension, the initiator, BPO at a concentration
0.03 mol/L, was added, and the mixture was degassed by passing nitrogen and immediately used.
The procedure followed for the measurement of the reaction rate with time was exactly the same as
that reported previously.

2.4. Measurements

X-ray diffraction (XRD) patterns of the materials were obtained using an X-ray diffractometer
(3003 TT, Rich. Seifert, Ahrenburg, Germany) equipped with a CuKa generator (λ = 0.1540 nm).
Scans were taken in the diffraction angle range 2θ = 1◦–10◦.

Details of the chemical structure of neat PHEMA and its nanocomposites were identified by
recording their IR spectra. The particular FTIR instrument used was the Spectrum 1 spectrophotometer
from Perkin-Elmer. The spectra were recorded over the range 4000–500 cm−1 at a resolution of 1 cm−1,
and 32 scans were averaged to reduce noise.

3. Results

3.1. Polymerization Kinetics of HEMA

Bulk free-radical polymerization kinetics of PHEMA has been investigated previously by our
group at reaction temperatures ranging from 50–80 ◦C [18,19]. Similar, though slightly different
reaction temperatures were also used here in order to check previous results and have appropriate
reaction rate data. The variation of heat released with time at temperatures of 52, 60, 72 and 82 ◦C is
illustrated in Figure 1a. From these data, the reaction rate was estimated according to Equation (1).
By integrating this equation, the monomer double bond conversion was calculated and is plotted in
Figure 1b at all reaction temperatures studied.

Figure 1. Variation of the amount of heat released (a) and conversion (b) with time during the bulk
radical polymerization of HEMA at several constant temperatures.

The curves shown in Figure 1 exhibit the typical characteristics of a radical polymerization
reaction with diffusion-controlled phenomena affecting the reaction rate. The feature points are briefly
analyzed below. As is well known, the radical polymerization mechanism includes mainly three
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steps (i.e., decomposition of an initiator to primary radicals, reaction of these radicals with monomer
molecules to form macro-radicals, propagation of the macro-radicals by reacting with several monomer
molecules and, as the final point, termination of these macroradicals for the formation of the final
polymer). At the early stages of polymerization (low conversions), ‘classical’ free-radical kinetics
apply, with a purely chemical control of the reaction [20]. This is denoted by an almost constant
polymerization rate and an almost linear dependence of monomer conversion with time. After a certain
point in the region of 7%–12% conversion, an increase in the reaction rate takes place accompanied
by an increase in the conversion values. This is the well-known gel-effect or autoacceleration
phenomenon, which is attributed to the effect of diffusion-controlled phenomena mainly on the
termination reaction. Accordingly, in reactions carried out without any solvent, in bulk, as the
concentration of the macromolecules increases, the diffusion of the macro-radicals in space in order to
find one another and react is significantly reduced. This results in a local increase in concentration,
leading to increased reaction with monomer molecules and, hence, to an increased polymerization
rate [20]. At higher degrees of conversion, the macro-radical chains are even more restricted in their
movement, and their center-of-mass diffusion becomes very slow. However, termination of these
macro-radicals is continued at a smaller rate, by means of their implicit movement caused by the
addition of monomer molecules at the chain end. This diffusion mechanism is the so-called ‘residual
termination’ or ‘reaction diffusion’. The higher the propagation reaction rate, the more likely is the
reaction-diffusion to be rate determining. Afterwards, the polymerization rate falls significantly
and tends asymptotically to zero. This stage corresponds to the well-known glass-effect. This is
attributed to the effect of diffusion-controlled phenomena on the propagation reaction since at such
high monomer conversions, even the small monomer molecules are hindered in their movement to
find a macro-radical and react [20]. All of these phenomena are quantified next.

As was reported previously, the free-radical polymerization mechanism constitutes mainly three
steps: initiation (with an initiator decomposition kinetic rate constant, kd, and initiator efficiency, f ),
propagation (with propagation rate constant kp) and termination (with rate constant kt). After a number
of assumptions, including the steady-state approximation (rate of change of radical concentration with
time equal to zero), the long chain hypothesis (consumption of monomer only in the propagation
reactions) and negligible chain transfer to the monomer rate constant compared to propagation,
the polymerization rate, Rp, is expressed as a function of conversion, X, by:

Rp =
dX
dt

= kp

(
f kd
kt

)1/2
[I]1/2(1 − X) ∼= ke f f (1 − X) with ke f f = kp

(
f kd
kt

)1/2
[I]1/2 (2)

In order to estimate the overall kinetic rate constant, keff, Equation (2) can be integrated assuming
that the initiator concentration, [I], the initiator efficiency, f, and all kinetic rate constants are constant.

− ln(1 − X) = ke f f t (3)

It should be noted that the assumptions used to result in Equation (3) are valid only at low degrees
of monomer conversion. Then, from a plot of −ln(1 − X) vs. t, the slope of the initial linear part is
directly equal to keff. Such plots at conversion values in the range of 1%–7% have been created and
illustrated in Figure 2a. The data followed very good straight lines at high temperatures (i.e., 72 and
82 ◦C), whereas a slight curvature appeared at the lower temperature of 52 ◦C (the correlation
coefficient, R2, ranged from 0.992–0.999). Then, from the keff values measured at different temperatures,
the overall activation energy of the polymerization rate, Eeff, can be estimated from the slope of
ln(keff) versus 1/T assuming an Arrhenius-type expression. The individual activation energies of the
elementary reactions, i.e., propagation (Ep), initiation (Ei) and termination (Et), are correlated to Eeff
according to the following equation, extracted from Equation (2):

Eeff = Ep + 1/2(Ei − Et) (4)
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The Arrhenius-type plot is illustrated in Figure 2b. As can be seen, all data follow a very good
straight line, and the slope estimated provides an activation energy equal to 90.6 ± 1.1 kJ/mol
(R2 = 0.999). This value is close to the literature value of PHEMA found in our previous publication,
i.e., 89 ± 3.1 kJ/mol (R2 = 0.997) [18], and also near to that of PMMA, i.e., 84 kJ/mol [21]. It should be
noted that lower values have been reported in the literature (i.e., 56.7 [10]; 63.6 [12]; 73.2 kJ/mol [11]),
though they have been estimated by integral data on non-isothermal polymerization that have been
proven to be not strictly correct. In addition, the commercially-available monomer, HEMA, used by
different groups of authors is not pure and includes inhibitors or other products, which affect the
polymerization kinetics.

Figure 2. Estimation of the effective kinetic rate constant, keff, using experimental data in the conversion
region 1–7% at several temperatures (a) and the Arrhenius-type plot to calculate the overall (effective)
activation energy of HEMA polymerization (b).

For PHEMA, the propagation activation energy has been estimated by Buback et al. using the
pulsed laser polymerization (PLP)/size-exclusion chromatography (SEC) technique and found equal
to 21.9 ± 1.5 kJ/mol [22]. Moreover, for the BPO initiator, the decomposition activation energy
is equal to 143 kJ/mol [23]. Then, using the value estimated for the overall (effective) activation
energy (i.e., 90.6 kJ/mol) and Equation (4), the activation energy of the termination reaction can be
estimated. This was found to be 5.6 kJ/mol, very close to the value proposed for MMA polymerization
(i.e., 5.89 kJ/mol [24]).

Furthermore, in order to provide values for the individual kinetic rate constants of the HEMA
polymerization, we used for the initiator BPO the values reported in [23], i.e., kd = 5 × 1016

exp(−143,000/RT) s−1 and f = 0.5. Then, from Equation (2) and assuming that [I] ∼= [I]0, the values
of (kp0/

√
kt0) can be estimated and included in Table 1. The assumption of a nearly constant initiator

concentration is valid since in the time horizon where the values of keff were estimated, the ratio of
[I]/[I]0 was never lower than 0.998. For the propagation rate constant, that reported by Buback [22],
i.e., ln (kp (L/mol/s)) = 16.0 − 2634/T (K), can be used. In such a way, the termination rate constant
can be estimated, and values at the temperatures investigated are included in Table 1.

Table 1. Values of kinetic and diffusion-controlled parameters obtained in this study during bulk
polymerization of HEMA with the benzoyl peroxide (BPO) initiator.

T (◦C) keff (min−1)
kp0/

√
kt0

(L/mol/s)1/2
kp0 [22]

(L/mol/s)
kt0

(L/mol/s)
R

(L/mol)
Ap fcp At fct

52 0.00597 1.1278 2685 5.667E6 3.20 0.595 0.0500 1.40 0.083
60 0.01400 1.4014 3262 5.78E6 2.01 0.64 0.0485 1.35 0.084
72 0.04235 1.7257 4295 6.195E6 1.34 0.85 0.0481 1.28 0.0876
82 0.10222 2.0641 5326 6.657E6 0.91 1.14 0.0445 1.39 0.0858
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In order to simulate the experimental data over the whole conversion range, using Equation (2),
the next step is to use appropriate equations accounting for the variation of the termination and
propagation rate constants during polymerization. Though a number of sophisticated models have
been developed [20], we followed here the one proposed by Bowman et al. [16], for the following
reasons: it is rather simple and allows estimation of all parameters directly from the simulation of
experimental data without integrating the reaction rate; it was originally developed for methacrylate
polymerization, such as HEMA; and it is based on DSC data on the reaction rate, as those reported
here. In brief, the effect of diffusion-controlled phenomena on the termination and propagation rate
constants is taken into consideration using the following equations [16]:

1
kp

=
1

kp0
+

1

kp0 exp
[
−Ap

(
1/Vf − 1/Vf ,cp

)] (5)

1
kt

=
1

kt0
+

1

kt,res + kt0 exp
[
−At

(
1/Vf − 1/Vf ,ct

)] (6)

where kt,res denotes the contribution of the reaction-diffusion term on the termination rate constant,
estimated from:

kt,res = Rkp[M] (7)

Vf is the fractional free volume of the system, related to the fractional free volumes of monomer
(Vf,m) and polymer (Vf,p) from:

Vf = Vf ,mφm + Vf ,p(1 − φm) (8)

with:
φm =

1 − X
1 − X + X(ρm/ρp)

(9)

Vf ,m = 0.025 + αm(T − Tg,m) (10)

Vf ,p = 0.025 + αp(T − Tg,p) (11)

φm is the volume fraction of the monomer; α denotes the coefficient of expansion; Tg the glass
transition temperature; and ρ density. Subscripts m and p are associated with the monomer and
polymer, respectively.

In the above set of equations, the thermal expansion coefficients, glass transition temperatures
and densities of monomer and polymer were taken from Goodner et al. [16], as αm = 0.0005 ◦C−1,
αp = 0.000075 ◦C−1, Tg,m = −60 ◦C, Tg,p = 55 ◦C, ρm = 1.073 g/cm3, ρp = 1.15 g/cm3. The value of the
polymer glass transition temperature has been also experimentally measured by Bolbukh et al. [7],
and the monomer density has been calculated by Buback and Kurz [22]. The initial concentration of the
monomer can then be estimated as [M]0 = ρm/MWm = 1.073 × 1000/130 = 8.25 mol/L. The parameters
of the diffusion-controlled model that have to be evaluated are Ap, Vf,cp, At, Vf,ct and R. To determine
these parameters, we followed a slightly modified procedure from that described by Goodner et al. [16].
Accordingly, every set of these parameters can be estimated from linear plots, if we focus only on
the particular region of the diffusion-controlled phenomena on the termination and propagation rate
constants. As was mentioned above, during polymerization, four regions can be identified. At the
early stages (less than 10%), no diffusional limitations on either termination or propagation reactions
occur. The second region is that of the gel-effect region, where strong diffusional limitations are present
on the termination rate constant, which decreases by several orders of magnitude, while kp remains
constant. The latter also holds in the third region, where the decrease in kt slows down due to the
so-called reaction diffusion controlled termination. This means that although macroradicals cannot
easily move in space, they can implicitly move by the addition of monomer molecules. In the fourth
region, propagation becomes also diffusion controlled, and kp significantly reduces with conversion.
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Initially, in order to estimate the parameter, R, introduced to account for the reaction-diffusion
controlled termination, it is assumed that the particular term dominates kt in this region (near 40–50%
conversion), and thus, kt can be set equal to kt,res, i.e., kt = kt,res = R kp [M]. Under this condition,
the polymerization rate, Equation (2), is expressed as:

Rp =
dX
dt

= kp

(
f kd[I]

Rkp[M]

)1/2

(1 − X) =

(
kp f kd[I](1 − X)

R[M]0

)1/2

(12)

The initiator concentration was assumed approximately equal to its initial value, [I]~[I]0, since
during the whole polymerization time and for all temperatures investigated, the initiator consumption
never exceeds 1% (calculated according to its decomposition rate constant). In the reaction-diffusion
region, propagation is not diffusion-controlled and kp is approximated by kp0. Then, by rearranging
Equation (12), the term, R, can be estimated from:

R =

(
kp0 f kd[I](1 − X)

R2
p[M]0

)
(13)

By plotting the right-hand side of Equation (13) as a function of the conversion, a straight
horizontal line should be obtained. This has been done for all temperatures investigated, and at the
particular region where this holds, the parameter R was evaluated and reported in Table 1.

Following, the diffusion-controlled parameters for the propagation reaction (i.e., Ap and Vf,cp)
can be estimated from the results obtained in the fourth region, where the termination reaction is
still reaction-diffusion controlled, but the propagation rate constant is also diffusion-controlled. Then,
squaring Equation (12), rearranging and taking the natural logarithm leads to:

ln

[
kp0 f kd[I](1 − X)

R2
pR[M]0

− 1

]
= Ap

1
Vf

− Ap

Vf ,cp
(14)

Thus, plotting the left-hand side of Equation (14) vs. 1/Vf will provide Ap from the slope and
Vf,cp from the intercept.

Finally, the gel-effect region can be analyzed similarly. In this region, kp can again be approximated
by kp0. During autoacceleration, termination is governed by center-of-mass diffusional limitations,
while the reaction-diffusion is still negligible. Under these conditions, the expression for kt is reduced to:

kt =
kt0

1 + exp
[

At

(
1/Vf − 1/Vf ,ct

)] (15)

Again, squaring Equation (2), rearranging and taking the natural logarithm leads to:

ln

⎡
⎣ kt0R2

p

k2
p0 f kd[I](1 − X)2 − 1

⎤
⎦ = At

1
Vf

− At

Vf ,ct
(16)

By plotting the left-hand side of Equation (16) vs. 1/Vf, the last two parameters, At and Vf,ct,
can be determined.

Using the above procedure, all of the parameters were estimated, and results at different
polymerization temperatures are included in Table 1.

It is seen that, as the polymerization temperature increases, the reaction-diffusion parameter, R,
decreases, whereas Ap increases. In contrast, parameters, Vf,cp, Vf,ct and At are slightly affected by
temperature. Thus, it seems that increased reaction temperatures lead to a higher mobility of the
monomer molecules, and diffusion controlled phenomena affect the propagation reaction at higher
conversions. In contrast, higher reaction temperature results in lower termination rate constants in
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the reaction-diffusion region. This means that the increased temperatures provide greater mobility
to the macroradicals to move in space before freezing and terminate only by the implicit addition of
monomer molecules. It should be noted here that the estimated values of R lie in between the values
of 0.703 and 9.353 calculated for rigid or totally flexible chains [25]. Moreover, Goodner et al. [16]
provided a value for R equal to four, which follows our estimations quite well if we extrapolate our
vales to a temperature near 35 ◦C, where these authors carried out their experiments.

Using the parameters reported in Table 1, the termination and propagation rate constants can be
estimated at different temperatures, and results appear in Figure 3. It can be observed that kp maintains
a constant value up to 55–75% depending on the temperature. Afterwards, it drops approximately
1.5 orders of magnitude due to the effect of diffusion-controlled phenomena. The kt curve shows
a more complex evolution. It drops quickly from its initial value, as growing macro-radicals experience
diffusion limitations and autoacceleration occurs. After a reduction by two orders of magnitude and
a conversion approximately equal to 50%, reaction-diffusion termination starts to dominate, and the
decrease in kt is much more gradual. This slow decrease over the conversion range from 45–65% is due
to the fact that the reaction-diffusion termination rate constant, kt,res, is proportional to the monomer
concentration, [M], denoted by the unreacted double-bonds’ concentration. Since polymerization
proceeds, the latter is still decreasing. When the glass-effect appears and kp starts to drop, kt again
decreases through the reaction-diffusion proportionality. Moreover, from Figure 3, it can be observed
that at lower temperatures, where both the small molecule and the macro-radical mobility is lower,
the effect of diffusion-controlled phenomena is more pronounced in both kt and kp.
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Figure 3. Variation of the termination and propagation rate constants estimated from Equations (5)
and (6) with conversion at several reaction temperatures, using the parameters reported in Table 1.

Finally, as can be seen in Figure 4, using this simplified model, an extremely good simulation
of the experimental data at all different temperatures was obtained. Both the initial rate and the
location and value of the maximum rate of polymerization are reproduced to within a few percent
in all cases. Furthermore, the simulation captures the decrease in the rate almost exactly. What is
important to note from the results shown in Figure 4 is that all parameters used were determined from
the previous polymerization study, and the fitting of the reaction rate did not employ any additional
adjustable parameter.
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Figure 4. Comparison of the experimental and simulated rate curves for HEMA polymerization at
different temperatures.

3.2. Polymerization Kinetics during the Formation of PHEMA/OMMT Nanocomposites

Subsequently, the effect of adding a commercially-available nano-OMMT, namely Cloisite 15A,
on the polymerization kinetics of HEMA at several temperatures was investigated. Nanocomposites
of HEMA with different amounts of nano-montmorillonite were prepared.

The morphology of the nanocomposites was examined using X-ray analysis. The XRD
diffractograms of the nanocomposites with 1, 3 and 5 wt % OMMT (i.e., Cloisite 15A), as well as
of the pristine nano-clay appear in Figure 5. For the commercial OMMT, a large peak was measured at
2.99◦ denoting a d-spacing of 2.97 nm, close to the value reported by the manufacturer, i.e., 3.15 nm.
All nanocomposites presented clear, but lower in intention peaks at 2θ angles equal to 2.07, 2.21 and
2.34◦ for the materials with 1, 3 and 5 wt % OMMT, respectively. These correspond to d001-spacing of
4.29, 4.02 and 3.79 nm, respectively (Figure 5). All of these values were higher compared to the pristine
nano-clay. This shift suggests an increase in the basal spacing of the silicate platelets, which is attributed
to the penetration of the macromolecular chains into the clay platelets. From these observations and
considering that the measured peaks are rather weak and broad, it can be said that the morphology of
the nanocomposites produced was mainly intercalated and partially exfoliated.

The effect of the amount of nanofiller on the variation of the polymerization rate and double
bond conversion with time at two constant temperatures appears in Figures 6 and 7, respectively.
The presence of the nano-clay was found to enhance polymerization kinetics leading to higher
conversion values at a specific reaction time.
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used and the PHEMA/OMMT nanocomposites.
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Figure 6. Effect of the amount of nano-OMMT on the variation of polymerization rate (a) and
conversion (b) with time during polymerization of HEMA at 60 ◦C.
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Figure 7. Effect of the amount of nano-OMMT on the variation of polymerization rate (a) and
conversion (b) with time during polymerization of HEMA at 82 ◦C.

The effective rate constants were estimated at both 60 and 82 ◦C according to the procedure
described in the previous section. The relative amounts of keff compared to that of neat PHEMA, appear
in Figure 8. It was observed that, at relatively low temperatures (i.e., 60 ◦C), the relative effective rate
constant significantly increases with the amount of the nano-OMMT, whereas at higher temperatures,
a much lower increase is clear.

Figure 8. Relative effective kinetic rate constants obtained during polymerization of PHEMA/n-OMMT
nanocomposites at two temperatures as a function of the amount of n-OMMT.
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Furthermore, the overall activation energy of the polymerization was calculated according to
the procedure described in Section 3.1, and a value equal to 76.5 kJ mol−1 for the nanocomposite
with 5 wt % nano-clay was obtained. This is lower compared to the corresponding neat PHEMA
(i.e., 90.6 kJ mol−1). In general, one would assume higher activation energy of the nanocomposites
due to the extra barriers that the nano-filler adds into the polymerizing mixture. The reason for the
enhanced polymerization rate can be found if one examines polymerization at a microscopic level,
presented in the Discussion section.

3.3. Polymerization Kinetics during the Formation of PHEMA/Silica Nanocomposites

In this section, the effect of adding different amounts of nano-silica in the polymerization of
HEMA is investigated. The results of the variation of the polymerization rate and conversion with time
at 82 ◦C are included in Figure 9. In contrast to the nano-OMMT, adding nano-silica seems to retard
the polymerization rate and shift the conversion vs. time curves to higher reaction times. In order
to have safe results, the experiments were repeated also at lower reaction temperatures. Results are
illustrated in Figure 10. It is seen that at all different reaction temperatures, the effect of nano-silica on
the polymerization rate is the same. The reaction is retarded, and the conversion curves are shifted to
higher times with increasing amounts of the nano-silica added.
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Figure 9. Effect of the amount of nano-silica on the variation of polymerization rate (a) and conversion
(b) with time during polymerization of HEMA at 82 ◦C.
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Figure 10. Effect of the amount of nano-silica on the variation of conversion with time during
polymerization of HEMA at 60 (a) and 52 ◦C (b).

Furthermore, the effective rate constants were estimated at all four temperatures, according to
the procedure described in the previous section. The relative amounts of keff compared to that of neat
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PHEMA appear in Figure 11. It can be noticed that, at all reaction temperatures, the relative effective
rate constant significantly decreases with the amount of the nano-silica, reaching almost 70% of the
initial value when adding 5% of the nano-additive.

Figure 11. Relative effective kinetic rate constants obtained during polymerization of
PHEMA/nano-silica nanocomposites at temperatures of 52, 60, 72 and 82 ◦C as a function of the
amount of the additive.

Finally, in order to estimate the effect of the nano-silica on the overall activation energy of
the polymerization, Arrhenius-type plots were constructed at all amounts of the nano-additive
and illustrated in Figure 12. Initially, it can be seen that the effective kinetic rate constant of the
nanocomposites is always slightly lower compared to neat PHEMA at all temperatures and decreased
with the amount of the nano-silica. Moreover, the activation energies estimated were 90.6 ± 2.4,
90.8 ± 3.9 and 91.2 ± 3.2 kJ/mol for the nanocomposites with 1, 3 and 5 wt % nano-silica, respectively.
These values are similar to neat PHEMA (i.e., 90.6 kJ/mol) showing a slightly increasing trend with
the amount of the nano-silica added.

Figure 12. Arrhenius-type plots to calculate the overall (effective) activation energies of
PHEMA/nano-silica nanocomposites.
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4. Discussion

Although the polymerization kinetics of HEMA have been investigated in the literature [12–17],
the development of a model, including both kinetic and diffusion-controlled parameters that have been
estimated from experimental measurements, valid over the whole conversion range, has not appeared
so far. In this framework, in the first part of this research, an accurate, rather simple, kinetic model for
the polymerization of HEMA was provided, based on experimental DSC measurements. The variation
of the polymerization rate with time at several isothermal reaction temperatures was presented,
and kinetic rate constants and diffusion-controlled parameters were evaluated. It was found that using
these parameters the evolution of the experimental polymerization rate with time can be simulated very
well. All parameters estimated at different reaction temperatures are included in Table 1. These could
be used in the development of more complex models for the simulation of the polymerization kinetics
of HEMA and its copolymers.

In the second part, nanocomposites of PHEMA with several relative amounts of nano-clay and
nano-silica were prepared in order to investigate the effect of the nano-additive on the polymerization
kinetics of HEMA. The in situ bulk radical polymerization technique was investigated. Isothermal
experimental data were obtained from DSC measurements. It was found that the inclusion of the
nano-montmorillonite results in a slight enhancement of the polymerization rate, while the inverse
holds when adding nano-silica.

The interpretation of these results can be carried out in terms of specific interactions and
particularly the formation of intra- and inter-chain hydrogen bonds between the monomer and
the polymer molecules. The monomer, 2-hydroxyethyl methacrylate, contains one hydroxyl (–OH)
and one carbonyl (C=O) group on its molecule. The C=O group acts only as the proton acceptor,
while the OH group acts as both the proton donor and acceptor [26]. Hydrogen bonding between
the monomer hydroxyl group and carbonyl oxygen atom strengthens the positive partial charges
at the carbonyl C atom and at the double bond, as shown schematically in Scheme 1, leading to
a significant charge transfer in the transition state of propagation [27]. In the polymer, PHEMA,
both OH · · ·OH and C = O · · ·HO types of hydrogen-bonds can occur (Scheme 1). Not only the
dimer structure (OH · · ·OH · · · ), but also the aggregate structure (· · ·OH · · ·OH · · ·OH · · · ) have
been found in many systems, including liquid alcohols and solid polymers [26]. It has been found
that 53.7% of the OH group on the PHEMA side chain terminal contributes to the OH · · ·OH type of
hydrogen-bond, while the remaining 47.3% are engaged in the OH · · ·O = C type of hydrogen bond,
at ambient temperature [26].
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Scheme 1. Schematic illustration of the polymerization of HEMA to PHEMA and the intra- and
inter-chain hydrogen bonds formed.
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When the nano-clay, OMMT, is added to the system, the clay platelets are partially exfoliated
due to the ultrasound agitation and polymerization, by the insertion of the macromolecular chains
in between the clay galleries, as was observed from XRD measurements. Then, the HEMA-HEMA
interactions with the hydrogen bonding are disrupted, by the existence of the clay platelets inserted in
between the monomer molecules and macromolecular chains, as shown schematically in Scheme 2.
This could result in more reactive monomer molecules during polymerization that could facilitate the
reaction rate, resulting in higher kinetic rate constants and less overall activation energy. The disruption
of hydrogen bonding between HEMA molecules is thus consistent with the increased rate of monomer
addition to the macroradicals compared to that in neat polymerization. Moreover, at high temperatures,
monomer molecules and macroradicals have enough mobility, and their movement is not affected
much by the presence of the side hydrogen bonds. However, at lower temperatures, hydrogen bonding
significantly decreases the reactivity of radicals and monomer molecules, and as a result, the presence
of nano-clays, which disrupt those bonds, contributes much to a higher polymerization rate (Figure 7).

Scheme 2. Schematic illustration of the polymerization of HEMA to PHEMA in the presence of
nano-OMMT.

In contrast, polymerization of HEMA in the presence of nano-silica resulted in retarded
polymerization rates and lower effective kinetic rate constants compared to neat PHEMA. It seems
that the presence of hydroxyl groups in the surface of the nano-silica results in the formation of
hydrogen bonds between the polymer and the nano-additive, resulting in lower reactivity of the
monomer. Intra-molecular HEMA-HEMA hydrogen bonding interactions are disturbed and replaced
by inter-molecular hydrogen bonds between the hydroxyls in the surface of silica with carbonyls
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and/or hydroxyls present in the PHEMA macromolecular chain, as shown schematically in Scheme 3.
This gives rise to a reduction in the polymerization rate compared to neat HEMA, more pronounced as
the amount of nano-silica is increased. It should be noted here that similar results have been observed
during polymerization of HEMA in polar solvents, such as DMF [28].
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The above assumptions, concerning hydrogen bonding of PHEMA during polymerization,
were partially verified by FTIR measurements. The FTIR spectra of neat PHEMA and the nanocomposites
were recorded, and details in the regions of interest are shown in Figure 13. Particularly, Figure 13a
shows the IR spectra in the O–H stretching region, whereas Figure 13b shows the corresponding IR
spectra in the C=O stretching region.

Several contributions from 3100–3700 cm−1 are identified in the O–H stretching region. According
to Morita et al. [26], the band at 3536 cm−1 is attributed to hydrogen-bonded hydroxyl groups,
whereas at 3624–3660 cm−1 to free OH. According to Figure 13a, signals at the latter region were not
identified in any material investigated. Therefore, it seems that there are not many free hydroxyls,
i.e., the OH groups are not donating hydrogen bonds. Moreover, a dominant peak at 3536 cm−1 was
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recorded for neat PHEMA, meaning the existence of hydrogen-bonded hydroxyls. In the PHEMA/SiO2

nanocomposites, this peak was shifted to lower wavenumber at 3430 cm−1, providing evidence of the
gradual association of the OH · · ·OH type of hydrogen bonds with the addition of the nanosilica.

In the C=O stretching region, two contributions around 1730 and 1637 cm−1 were identified.
Again, these bands are assigned to free C=O groups and hydrogen-bonded carbonyl groups,
respectively [26]. The peak position and width of the band around 1730 cm−1 slightly changed with the
addition of the nanofiller, whereas for the band around 1637 cm−1, the position again slightly changed,
although its width varied significantly. Particularly, the peak at 1637 cm−1 almost disappeared at the
PHEMA/OMMT nanocomposite, whereas it became very broad and intensive in the PHEMA/silica
materials. Therefore, it seems that only a small number of hydrogen bonded C=O appears in neat
PHEMA, which is negligible in PHEMA/OMMT nanocomposites. In contrast, in the C=O stretching
region, it was found that the association of the C = O · · ·HO-type of hydrogen bond occurs to a large
extent when silica is used.
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Figure 13. Details of the FTIR spectra of neat PHEMA and PHEMA nanocomposites with 3 wt %
OMMT or 3 wt % silica in the region 3750–2700 cm−1 (a) and 2100–1500 cm−1 (b).

5. Conclusions

In this study, the polymerization kinetics of PHEMA was studied both experimentally using
DSC measurements and theoretically. A simplified kinetic model was developed taking into account
both the chemical reactions and diffusion-controlled phenomena and valid over the whole conversion
range. Kinetic and diffusion-controlled parameters were evaluated, and the model was able to simulate
successfully the variation of the polymerization rate with time. The main conclusion drawn from
the study on the formation of nanocomposite materials based on PHEMA is that the polymerization
rate can be either enhanced or decreased depending on the type and the amount of the nanofiller
used. Thus, the effective overall kinetic rate constant was found to increase with the amount of the
nano-filler when a nano-clay was used, whereas the inverse was observed when nano-silica was used.
It seems that nano-compounds having surface functional groups, such as hydroxyls in the case of silica,
may form hydrogen bonds with the carbonyls or hydroxyl groups of the polymer, resulting somehow
in the retardation of the reaction. In contrast, the addition of clay platelets may result in the dissociation
of hydrogen bonds existing in the polymer molecules, resulting thus in slightly higher reaction rates.
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Abstract: Water-soluble, carboxylic acid monomers are known to exhibit peculiar kinetics when
polymerized in aqueous solution. Namely, their free-radical polymerization rate is affected by
several parameters such as monomer concentration, ionic strength, and pH. Focusing on methacrylic
acid (MAA), even though this monomer has been largely addressed, a systematic investigation of
the effects of the above-mentioned parameters on its polymerization rate is missing, in particular
in the fully ionized case. In this work, the kinetics of non-ionized and fully ionized MAA are
characterized by in-situ nuclear magnetic resonance (NMR). Such accurate monitoring of the reaction
rate enables the identification of relevant but substantially different effects of the monomer and
electrolyte concentration on polymerization rate in the two ionization cases. For non-ionized
MAA, the development of a kinetic model based on literature rate coefficients allows us to nicely
simulate the experimental data of conversion versus time at a high monomer concentration. For fully
ionized MAA, a novel propagation rate law accounting for the electrostatic interactions is proposed:
the corresponding model is capable of predicting reasonably well the electrolyte concentration effect
on polymerization rate. Nevertheless, further kinetic information in a wider range of monomer
concentrations would be welcome to increase the reliability of the model predictions.

Keywords: methacrylic acid; free radical polymerization; modeling; propagation; termination;
electrostatic interactions; electrostatic screening; kinetics; NMR

1. Introduction

Water soluble polymers are very attractive materials which have applications in many different
fields: they are particularly employed in the manufacturing of pharmaceuticals and cosmetics,
in enhanced oil separation and water purification processes, and as additives for thickening,
flocculation, coating, etc. [1–3]. The peculiar properties of such polymers come from their building
blocks, namely water soluble vinyl monomers exhibiting polarizable, ionizable, or charged moieties.
Typical examples of such monomers are acrylic and methacrylic acid as well as their esters, acrylamides
and vinyl amides, and ammonium salts. The presence of charges and polarized groups in such
monomers makes the corresponding polymers suitable for establishing electrostatic interactions
between the polymer chains as well as between the polymer and its environment. As a consequence,
the solution and surface properties of the polymer as well as the viscoelastic behavior of the material
are affected by such interactions, determining the peculiar features of water-soluble polymers which
make them so interesting and versatile [4,5].

In addition to the effect on the material properties, these interactions involving monomer and
polymer moieties have an impact on the reaction kinetics during aqueous radical polymerization,
which is the usual method of synthesis of water-soluble polymers. The presence of charges or
dipoles can induce interactions of various nature between the reacting species, and they can in
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turn substantially affect the observed reaction order of some relevant kinetic steps with respect
to the reactants [6]. Monomer-monomer association [7], hindrance of the internal motions of
reaction complexes due to intermolecular interactions [8], and electrostatic forces producing diffusion
limitations [9–11] are some of the relevant phenomena which may affect the kinetic behavior of
water-soluble, ionized, or ionizable monomers, especially with respect to propagation reactions.

A general effect of reduction of the propagation rate coefficient upon increasing monomer
concentration has been detailed by studies on various water-soluble monomers, and it has been
explained in terms of “fluidization” of the transition state structure due to its interactions with
the surrounding species, in particular hydrogen bonding involving water molecules [8,12,13].
The electrostatic effects on the propagation kinetics of ionized or ionizable monomers have been
discussed in terms of a reduced diffusion of the monomer to the radical site of an active chain when both
are similarly charged, as a result of the repulsion forces. In this view, the sensitivity of the propagation
kinetics to the initial monomer concentration is explained by the phenomenon of electrostatic screening.
Increasing the concentration of electrolyte in a solution containing charged species reduces the strength
of the electrostatic interactions among the charges by screening of the repulsive forces. In the case of
polymerization of ionized monomers, the monomer itself acts as an electrolyte in solution: accordingly,
increasing the concentration of ionized monomer enhances its propagation kinetics [6,11,14]. The most
recent studies on the effect of charge interactions on the kinetics of water-soluble, ionized, or ionizable
monomers have been largely focused on copolymer composition: in this way, it is possible to isolate the
contribution of propagation reactions and specifically address the sensitivity of propagation reactivity
ratios upon changes in ionic strength, monomer concentration and ionization, pH, etc. [10,11,15,16].
On the other hand, the investigation of such effects on the polymerization rate is of great interest due
to its implications on the final polymer properties (e.g., molar masses).

In this context, methacrylic compounds offer the advantage of not involving secondary reactions,
i.e., backbiting, which can strongly affect the polymerization rate and make it difficult to focus on
the effect of charge interactions only [17–19]. The kinetics of methacrylic acid (MAA) has been the
subject of several studies by pulsed-laser polymerization (PLP), which have been focused especially
on the estimation of propagation [12,20] and termination [21,22] rate coefficients. In addition, some
attempts of characterizing and modeling the polymerization kinetics of MAA have been carried out
recently, in some cases together with the analysis of the molar masses and of the effect of chain transfer
reactions [23–25]. Nevertheless, the majority of the existing studies are focused on non-ionized MAA
and limited to medium-large monomer concentrations. Experimental and modeling studies on fully
ionized MAA are missing in the literature, with the notable exception of PLP analysis [20]. Moreover,
specific studies on the influence of non-monomeric electrolyte addition on the polymerization kinetics
cannot be found.

For all these reasons, in this work we focus on MAA with the aim of elucidating the effects of
monomer concentration and ionization on the rate of polymerization. Namely, the time evolution of
conversion is characterized by in-situ NMR for both non-ionized and fully ionized acids, with focus
on the impact of the monomer concentration and ionic strength on the kinetic behavior. Experimental
reactions are carried out in the medium-low monomer concentration range (i.e., 1 to 10 wt % of initial
monomer). In combination with fundamental kinetic modeling, substantial differences between the
polymerization behaviors of the two ionization forms of MAA are revealed. Finally, the addition of
NaCl to the fully ionized system is applied to shed light on the effect of the electrostatic interactions on
the reaction kinetics.

2. Materials and Methods

The polymerization reactions are carried out in deuterium oxide (D2O, D, 99%, 99.5% chemical
purity, Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA) using NMR tubes (5 mm
NMR tube, Type 5UP (Ultra Precision), 178 mm, ARMAR AG, 5312 Döttingen, Switzerland) as
reactors, which are directly inserted in an operating NMR spectrometer (UltraShield 500 MHz/54
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mm magnet system, Bruker Inc., Billerica, MA, USA). For each experiment, the monomer MAA
(99.5%, extra pure, stabilized with ca. 250 ppm 4-methoxyphenol (MEHQ), Acros Organics, 2440 Geel,
Belgium) is dissolved in D2O. If the reaction is to be carried out at full monomer ionization, i.e., at the
initial degree of acid dissociation α = 1, a solution of NaOH (pellets, analytical reagent grade,
Fisher Scientific Ltd., Loughborough, LE11 5RG, UK) is added. If the ionic strength is to be altered,
pure NaCl (EMSURE, ACS, ISO, Reag. Ph Eur, for analysis, Merck KGaA, 64271 Darmstadt, Germany)
is added. As the last step, a solution of the radical initiator 2,2′-azobis(2-methylpropionamidine)
dihydrochloride (V-50, 98%, Acros Organics, 2440 Geel, Belgium) in D2O is added. All the reagents are
used as received, and the V-50 solution is renewed once a week to avoid any degradation. The reaction
mixture is degassed with N2 for 5 min at room temperature, as cooling with ice water leads to
partial monomer precipitation. About 0.6 mL of the reaction mixture is transferred into the NMR
tube, which is purged with N2 during and after the transfer in order to avoid any contamination
with oxygen. Once closed, the NMR tube is immediately put into the magnet at room temperature,
where the reaction is monitored by in-situ NMR. It takes about 10 min to reach a constant reaction
temperature of 50 ◦C. During this relatively short time of temperature adjustment, the inhibitor and
possible impurities associated to the monomer are consumed, as no polymer formation is detected by
NMR. The monomer conversion is measured as a function of the polymerization time by a series of 1H
NMR acquisitions. Since the relaxation time T1 of MAA is ca. 5 s, the instrument is set to wait ca. 25 s
between each scan. As each data point consists of an average of 4 scans and considering the acquisition
time, a data point is generated every 2.5 min. This resolution is enough to follow the evolution of the
reaction. The conversion is evaluated as

χ(t) = 1 − A(t)
A0

(1)

where A(t) is the sum of the areas of the two hydrogen atoms at the double-bond carbon
(sp2 hybridized) and A0 is the area of the same hydrogens at time zero, as detailed in the Supporting
Information (cf. Figures S1 and S2). More details about the in-situ NMR procedure adopted are given
elsewhere [11].

In the experiments, the initial monomer concentration is varied from low to medium values
(1 to 10 wt %). In order to mimic the ionic strength of higher monomer concentration, sodium chloride
(NaCl) is added. For example, to obtain the ionic strength of the 10 wt % MAA reference (1.16 mol/kg),
the reaction mixture contains 1 wt % MAA and 6.1 wt % NaCl. MAA concentrations in D2O higher
than 10 wt % are avoided due to solubility limitations at room temperature, which hinders an accurate
transfer of the mixture into the NMR tube. The initial V-50 concentration is kept constant at a level
high enough to ensure adequate kinetic rates, i.e., 0.02 wt % for the reactions at α = 0 and 0.10 wt %
for the reactions at α = 1 (which are considerably slower). In each reaction, a certain inhibition time is
observed, which is due to the presence of MEHQ in the monomer. During this time, polymer formation
is instead detected by NMR, contrary to what was observed throughout the temperature adjustment.
The rate of polymer formation is very slow at the beginning of the reaction and then increases with
time as the inhibitor is consumed. As a consequence, the derivative of the conversion-time curve
reaches its maximum value only with some delay, when the inhibitor is completely depleted. Therefore,
the time axis of the conversion versus time plots is adjusted to remove this effect: a delay time is
considered for each experiment so that the tangent to the conversion-time curve at its maximum slope
runs through the origin. It is worth noting that the observed inhibition time increases with monomer
content (e.g., from ca. 20 min at 1 wt % MAA to ca. 70 min at 10 wt % MAA), in agreement with a
larger inhibitor content.
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3. Results

3.1. Non-Ionized System

Reactions are carried out at 50 ◦C with 1, 5, and 10 wt % of initial monomer content (wM,0, weight
fraction) and a constant amount of V-50 (0.02 wt %). With “non-ionized MAA” we mean the situation
of natural dissociation of the monomer in the absence of any added base. The conversion versus time
plots are shown in Figure 1. At 10 wt % of initial monomer, the slope of the conversion-time curve
has reached its maximum value (i.e., the inhibitor is completely consumed) and remains constant
until ca. 40% of conversion. After about 60 min, an increase of the slope is noticeable, which is a
sign of diffusion limitations to termination (gel effect). This is fully consistent with the experimental
results of Buback et al. [23], who ran their reactions at larger initiator concentrations (5 mmol/L,
equivalent to ca. 0.12 wt %). At lower monomer concentrations, the initial polymerization rate is
faster than at 10 wt %, in agreement with the increase in the propagation rate coefficient as a function
of wM,0, revealed by PLP studies [12]. It is also worth noting that at 5 wt % and 1 wt % of MAA,
the autoacceleration of the reaction due to gel effect is less relevant: this behavior is consistent
with the lower viscosity of the reacted solution observed in the NMR tube in the low monomer
concentration cases compared to the situation at 10 wt % of initial MAA. Furthermore, it appears that
at high conversion, the polymerization rate is slowing down: such an effect is particularly pronounced
at 1 wt % of MAA, where full conversion is reached only hours later. The reproducibility of the
obtained conversion versus time curves has been tested for the reaction at 1 wt % and 10 wt % of
initial monomer. As shown in Figure S3 in the Supporting Information, at 1 wt %, the repeated
experiment exhibits a slightly smoother behavior at conversions above 60%, i.e., showing a slightly less
pronounced autoacceleration behavior. For the repetition of the reaction with 10 wt % MAA (Figure S4),
the difference in the slope above 40% conversion is a bit larger. Since this discrepancy (of similar
size) at the same reaction conditions has already been reported in the literature [23], we consider this
accuracy to be sufficient.
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Figure 1. Monomer conversion versus time profiles of the radical batch polymerization of non-ionized
methacrylic acid (MAA) in aqueous solution at 50 ◦C, 0.02 wt % of 2,2′-azobis(2-methylpropionamidine)
dihydrochloride (V-50) initiator, and initial monomer concentration equal to 1 wt % (red), 5 wt % (green),
and 10 wt % (blue): comparison between experimental data by in-situ nuclear magnetic resonance
(NMR) (diamonds) and simulated curves (lines).

A kinetic model suitable for evaluating the reaction rate and number average molecular weight of
the active chains has been developed. The most conventional free-radical kinetic scheme is considered,
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with all the reactions listed in Table 1. The initiator I2 decomposes to form two radicals I· with rate
coefficient kd. Assuming that all terminations are accounted for by an initiator efficiency factor f ,
and applying the quasi-steady-state assumption for the radical fragments I·, the rate of propagation
of I· is equal to the rate of initiation (i.e., the first term in the monomer balance equation in Table 2).
The radicals of any chain length R·

n undergo propagation with a monomer unit M (rate coefficient kp),
and termination by combination (ktc) and by disproportionation (ktd). Chain transfer to the monomer
is also considered (kctm). The population balance equations (PBEs) are given in Table 2, where the
definitions of the zero- and first-order moments of the chain length distribution of the active chains
(λ0 and λ1, respectively) and of their number average molecular weight (MR

n ) are as follows:

λ0 =
∞

∑
n=1

R·
n (2)

λ1 =
∞

∑
n=1

nR·
n (3)

MR
n = MWMAA

λ1

λ0
(4)

where MWMAA is the molar mass of MAA, thus the average chain length is defined in g mol−1.
The reaction rate coefficients are defined in Table 3, where χ is the conversion and P and T are set to
1.013 bar and 323 K, respectively. In the definition of the composite model for the termination rate
coefficient, a critical average chain length MR

n,C = 68 MWMAA is considered, according to Wittenberg
et al. [25]. Since we do not include the population balance equations for the dead chains, we cannot
compute the weight-average molecular weight required to calculate the viscosity parameter Cη as
detailed by Wittenberg et al. [25]; nevertheless, we obtained a satisfactory overlap of our model with
the kt versus conversion profiles at 30 wt % of MAA reported in the reference by setting Cη to 9. In the
model equations, a constant density of 1.1 g mL−1 is assumed for D2O solutions.

Table 1. Reaction scheme used in the modeling of non-ionized methacrylic acid (MAA) polymerization.

Reaction Scheme

Initiator decomposition I2
kd→ 2I·

Propagation of initiator fragment I· + M
kp→ R·

1
Propagation of active chain R·

n + M
kp→ R·

n+1
Chain transfer to monomer R·

n + M kctm−−→ Pn + R·
1

Termination by combination R·
n + R·

m
ktc−→ Pn+m

Termination by disproportionation R·
n + R·

m
ktd−→ Pn + Pm

Table 2. Population balance equations on the involved species I2, M and the zero and first order
moments of the active chain distribution, λ0 and λ1.

Reaction

dI2
dt

= −kd I2

dM
dt

= −2 f kd I2 − kp M
∞
∑

m=1
R·

m − kctm M
∞
∑

m=1
R·

m

dλ0
dt

= 2 f kd I2 − 2(ktd + ktc)λ
2
0

dλ1
dt

= 2 f kd I2 + kp Mλ0 − kctm M(λ1 − λ0)− 2(ktd + ktc)λ1λ0
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Table 3. Reaction rate coefficients used in the modeling of non-ionized MAA polymerization.

Reaction

Initiation [23,25]

kd/s−1 = 2.24·1015exp

(
−1.52 · 104

T

)

f = 0.8

Propagation [21]

kp/
(

L mol−1s−1)
= 4.1 · 106exp

(
−1.88 · 103

T

)
{

0.08 + 0.92exp
[−5.3wM,0(1 − χ)

1 − χwM,0

]}
exp
{

P
T

[
0.096 +

0.11wM,0(1 − χ)

1 − χwM,0

]}

Termination [22,23,25]

k1,1
t /
(

L mol−1s−1) = 2.29·1012exp
(
− 2.64·103

T

)

kCLD
t /

(
L mol−1s−1) =

⎧⎨
⎩ k1,1

t
(

MR
n
)−0.61 @ MR

n ≤ MR
n,c

k1,1
t
(

MR
n,c
)−0.444(MR

n
)−0.166 @ MR

n > MR
n,c

kt/
(

L mol−1s−1) = kCLD
t
[
0.96 + 0.04exp

(
χCη
)]−1

+ CRDwM,0(1 − χ)kp

ktc/
(

L mol−1s−1) = 0.2kt

ktd/
(

L mol−1s−1) = 0.8kt

Chain transfer to monomer [23]

kctm/
(

L mol−1s−1) = 5.37·10−5kp

Once all parameter values are set, the model is used to predict the kinetic profiles for our
experiments at 1 wt %, 5 wt %, and 10 wt % of MAA. The resulting curves are shown in Figure 1:
a good agreement between the experimental data and the model predictions is found, with the initial
slope perfectly reproduced at all the concentrations. At 10 wt % of initial monomer, both the simulated
curve and the experimental data show an increase in polymerization rate due to the gel effect; moreover,
they are nicely superimposed. On the other hand, at 1 wt % and 5 wt % the model predicts a slight
increase in reaction rate, which is not observed experimentally. This discrepancy could reflect an
increase in termination or a decrease in the propagation rate not accounted for by the model.

To better elucidate the possible reason for this disagreement, the experimental data have been
processed as follows: (i) the local slope Δχ/Δt is calculated at each time step; (ii) the product between
the propagation rate coefficient and the actual radical concentration, λ0, is evaluated as:

kpλ0 =
Δχ/Δt
1 − χ

(5)

(iii) using the kp value defined as in Table 3, the radical concentration is then obtained; and (iv) the
apparent rate coefficient of termination is finally estimated as:

kexp
t =

f kd I2

λ0
2 (6)

These resulting kexp
t values are depicted in Figure 2: the increase in kt reflecting the slowdown

mentioned above becomes relevant at residual monomer concentrations below 0.5 wt %, i.e., at large
polymer contents. Generally, a decrease (instead of an increase) in termination rate towards higher
conversion is expected, thus the observed deceleration in the conversion versus time profiles should

128



Processes 2017, 5, 23

be imputed to a decrease in the propagation rate coefficient. Since kt is chain-length dependent
(cf. Table 3), there is also the possibility that at high monomer conversion, the termination rate
coefficient increases due to reduced monomer concentration leading to the production of shorter
chains. However, from Figure 2 such an increase in the literature kt is observed only at very large
conversion (i.e., above 95%): before that point, the termination rate coefficient decreases monotonously
with conversion.

Figure 2. Termination rate coefficient as a function of the monomer conversion calculated from the
propagation rate coefficient reported in Table 3 and the experimental data of conversion versus time of
non-ionized MAA polymerization (diamonds) at an initial monomer concentration equal to 1 wt %
(red), 5 wt % (green), and 10 wt % (blue): comparison with the simulated kt using the model equations
(lines).

Therefore, a similar procedure as above has been applied to calculate the propagation rate
coefficient deduced from experiments, this time by using the termination rate coefficient as in Table 3.
Since kt is function of kp, the procedure is not as straightforward: at each (t, χ) step, the set of PBEs
in Table 2 is solved for different values of kp while minimizing the error between the experimental
and calculated conversion. Figure 3 shows the resulting kexp

p curves as a function of conversion: all the
curves exhibit a strong decrease at high conversion, more or less when the residual MAA concentration
falls below 0.5 wt %. A similar behavior has been previously reported for the polymerization of
acrylic acid (AA): a decrease of the apparent kp at concentrations below 3 wt % has been noticed
and imputed to differences in the local and overall monomer concentrations in solution, which may
be a result of preferential solvation [26]. This decrease explains the decreasing reaction rate at high
conversion shown in Figure 1. Apart from this discrepancy, the kp predicted by the model equations
provides a reasonable description of kexp

p as shown by Figure 3. Therefore, we can conclude that the
developed model is suitable for reproducing the experimental behavior of the system at medium-high
monomer concentration and to qualitatively capture the trends of the propagation and termination
rate coefficients as a function of conversion. The residual weakness in predicting the polymerization
rate at lower monomer concentration is imputed to inaccurate kp evaluation at high conversion.
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Figure 3. Propagation rate coefficient as a function of the monomer conversion calculated from
the termination rate coefficient reported in Table 3 and the experimental data of conversion versus
time of non-ionized MAA polymerization (diamonds) at an initial monomer concentration equal to
1 wt % (red), 5 wt % (green), and 10 wt % (blue): comparison with the simulated kp using the model
equations (lines).

3.2. Fully Ionized System

Three different sets of experiments are carried out for the polymerization of fully ionized MAA at
50 ◦C and 0.10 wt % V-50: the first set at different values of initial monomer concentration; the second
set at different values of initial monomer concentration while keeping the ionic strength constant at
an ionic strength equivalent to a monomer concentration of 10 wt %; and the third set at different
values of ionic strength while keeping wM,0 constant at 5 wt %. In the second and third cases, the ionic
strength is adjusted by the addition of NaCl. An overview over all these polymerization reactions is
provided in Table 4. A remarkably good reproducibility of the experiments in the fully ionized case has
been observed for the reactions at 1 wt % and 10 wt % initial MAA, as reported in Figures S5 and S6 of
the Supporting Information.

Table 4. List of all polymerization reactions of fully ionized MAA (alpha = 1) in aqueous solution at
50 ◦C and 0.1 wt % of 2,2′-azobis(2-methylpropionamidine) dihydrochloride (V-50) initiator.

Reaction No.
Initial Monomer

Concentration wM,0 (wt %)
Ionic Strength

Corresponding to (wt %)
Ionic Strength

(kg mol−1)

1 1 1 0.12
2 2.5 2.5 0.29
3 5 5 0.58
4 10 10 1.16
5 1 5 0.58
6 1 10 1.16
7 5 10 1.16
8 5 15 1.74
9 5 20 2.32

10 5 30 3.48

Let us consider the experiments at different monomer concentrations. When comparing the
resulting conversion versus time curves shown in Figure 4 to those reported above for the non-ionized
case (Figure 1), the initial reaction rates are much slower at full MAA ionization: this feature can
be explained by the electrostatic repulsion between the charges of the ionized reactants in solution.
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An increase in the polymerization rate is observed when moving from 1 wt % of MAA to the higher
concentrations, whereas between 2.5 wt % and 10 wt % the kinetics appears to be unaffected by the
monomer concentration. The former effect corresponds to an increase in the propagation kinetics due to
an increase in the solution ionic strength, in agreement with the so-called phenomenon of electrostatic
screening: namely, higher initial concentration of the monomer corresponds to higher concentration of
the electrolyte in the system [6,11]. The latter effect is more surprising, and reveals either a saturation
of the electrostatic screening already at 2.5 wt % of MAA or a competition between electrostatic and
non-electrostatic effects of monomer concentration on propagation kinetics. Another counterbalancing
effect to the electrostatic-driven increase in kp could be represented by the known dependence of
termination kinetics of fully ionized MAA on monomer concentration [27].

The impact of monomer concentration on the reacting system at constant ionic strength (equivalent
to 10 wt % MAA) and 0.10 wt % of initiator is shown in Figure 5. The idea behind this set of experiments
is to reproduce the non-electrostatic influence of the monomer concentration, keeping the ionic
strength constant. As shown in the figure, the initial reaction rate does not change with the monomer
concentration. Only at a conversion higher than 50% does the curve at low monomer concentration
seem to become slower than those at higher monomer concentration, where the propagation rate seems
to be fully independent of the non-electrostatic (i.e., intrinsic) reactivity.

The impact of NaCl addition on the reacting system at constant monomer concentration is shown
in Figure 6. The aim is to reproduce the ionic strength of higher monomer concentrations while keeping
constant the initial monomer concentration, in order to separate the effect of the charges from the
mixed effects associated to an increase in monomer content (i.e., electrostatic and non-electrostatic
ones). As shown in the figure, the initial reaction rate increases continuously with increasing amounts
of added salt. Additionally, there is no visible effect of autoacceleration on the rate of polymerization
in this case.
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Figure 4. Monomer conversion versus time profiles of the radical batch polymerization of fully ionized
MAA in aqueous solution at 50 ◦C, 0.1 wt % of V-50 initiator, and initial monomer concentration equal
to 1 wt % (red), 2.5 wt % (yellow), 5 wt % (green), and 10 wt % (blue).

Since the propagation reaction seems to be affected by the electrolyte concentration in the entire
explored range (i.e., up to 30 wt % of equivalent MAA), this same reaction is expected to never
become fully kinetically-controlled: namely, the effects of electrostatic interactions and electrostatic
screening on the propagation kinetics are likely to play a role at all explored values of initial monomer
concentration, and some kind of “electrostatic saturation” at higher monomer content (i.e., above
2.5 wt % of MAA) cannot be assumed.
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Figure 5. Monomer conversion versus time profiles of the radical batch polymerization of fully ionized
MAA in aqueous solution at 50 ◦C, 0.1 wt % of V-50 initiator and constant ionic strength equivalent to
10 wt % MAA by addition of NaCl. Variation of monomer concentration: 1 wt % (red), 5 wt % (green),
and 10 wt % (blue, no NaCl addition).

Aiming to develop a kinetic model for the polymerization of fully ionized MAA, the reaction
scheme and population balances in Tables 1 and 2 are again considered, whereas the validity of the
reaction rate coefficients in Table 3 is critically discussed hereinafter.
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Figure 6. Monomer conversion versus time profiles of the radical batch polymerization of fully ionized
MAA in aqueous solution at 50 ◦C, 0.1 wt % of V-50 initiator, initial monomer concentration equal to
5 wt %, without addition of salt (red), salt addition to obtain an ionic strength equivalent to a monomer
concentration of 10 wt % (yellow), 15 wt % (green), 20 wt % (blue), and 30 wt % (purple).

The propagation rate coefficient proposed by Beuermann et al. [21] has been improved by
Lacik et al. to take into account the effect of acid ionization [20]. However, as this equation has
been proposed for the specific range of initial monomer concentration 5 wt % ≤ wM,0 ≤ 40 wt %,
it cannot be used for our experiments at 1 wt % and 2.5 wt % of initial monomer content, where
the calculated kp would be negative. Furthermore, this equation cannot be used to simulate the
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effect of ionic strength on the propagation kinetics coming from NaCl addition. For these reasons,
we propose a rate law of propagation of fully ionized MAA composed of an intrinsic kinetics term
and a diffusion term, the latter being driven by electrostatic interactions and thus a function of the
electrolyte concentration, similar to the equation developed in a previous work [11]:

kp =

(
1

k0
p,i exp(−BwM,0)

+
1

kD,0Cβ
E

)−1

(7)

where k0
p,i, kD,0, β, and B are fitting parameters, while CE is the electrolyte concentration in mol kg−1,

which is a function of wM,0:

CE = 2
(

wS,0

MWNaCl
+

wM,0α

MWMAA

)
(8)

where wS,0 and MWNaCl are the initial weight fraction and molar mass of NaCl, respectively.
The first part of Equation (7) introduces the non-electrostatic dependence on the monomer

concentration, similar to what has been done by Beuermann et al. for non-ionized MAA [21]. However,
it should be noted that such dependence can be in principle different for the fully ionized case: for this
reason, the parameter B is estimated as well. For simplicity, the conversion-dependent term of the
exponent (1 − χ)/(1 − wM,0χ) has been omitted. The parameter k0

p,i identifies the intrinsic kinetics rate
coefficient of fully ionized MAA, thus without any electrostatic interaction effect. The electrostatic and
non-electrostatic dependence of kp on wM,0 for the fully ionized case, defining respectively an increase
and a decrease of the rate coefficient as the initial monomer concentration increases, are expected to
compensate each other at higher monomer concentrations, thus reproducing the experimental behavior
observed in Figure 4.

In order to verify if the proposed rate law for kp is reasonable, the propagation rate coefficient is
evaluated as a function of conversion using the same procedure described for the non-ionized case,
namely using the experimental data reported in Figures 4 and 5. As for kt, the rate coefficient from a
recent publication by Kattner et al. [27] has been adopted: the authors proposed an expression for the
termination rate coefficient at monomer concentrations of 5 and 10 wt % as shown in Table 5.

Table 5. Termination rate coefficients for the fully ionized MAA [27]. For 10 wt %, MR
n,C is equal to

80 MWMAA.

Ionic Strength
Equivalent

to wM,0/wt %
k1,1

t /
(

L mol−1s−1
)

kt/
(

L mol−1s−1
)

5 1.97·108 exp
(
−999

T

)
k1,1

t MR
n
−0.59

10 7.24·108 exp
(
−1049

T

) ⎧⎨
⎩

k1,1
t MR

n
−0.59 @ MR

n ≤ MR
n,C

k1,1
t MR

n,C
−0.41 MR

n
−0.18 @ MR

n > MR
n,C

Similar to the propagation rate, it can be assumed that the termination reaction is also made of
two contributions, one related to an intrinsic kinetics and the other driven by electrostatic interactions.
Due to the limited amount of available data, we need to assume that only one of these two contributions
majorly affects the termination rate. Since bimolecular termination of growing radicals is a reaction
with a low activation energy barrier (mostly controlled by diffusion), we assume that the change in
ionic strength upon change in monomer concentration is principally responsible for the kt variation
as a function of wM,0. This is considered more realistic than an effect of monomer concentration
on the fluidity of the transition state, as previously considered in the non-electrostatic effect of
monomer concentration on the propagation kinetics of other water soluble compounds [8]. Therefore,
we will focus on those experiments with an ionic strength (obtained by a certain amount of monomer
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concentration or addition of NaCl) equivalent to a monomer concentration of 5 wt % or 10 wt % when
considering the kt expressions reported in Table 5.

Equivalent to the procedure for the non-ionized case (cf. Figure 3), the experimental propagation
rates are shown in Figures 7 and 8 for ionic strengths equal to 5 wt % and 10 wt %, respectively.
The propagation rate coefficient of 5 wt % MAA without addition of NaCl can be compared with the
experimental results of Lacik et al. [20]: at our reaction temperature (50 ◦C), the Lacik equation predicts
a propagation rate of about 770 L mol−1 s−1, whereas our experimentally deduced propagation rate
is about five times smaller. At monomer concentrations of 5 wt % and 10 wt %, the propagation
rate increases at low conversion, which is probably due to the competition between propagation and
radical scavenging by the inhibitor. Above 50% conversion, a general decrease is visible. Apart from
these minor variations with conversion, the results reveal that the reaction rate increases with ionic
strength. In fact, for any monomer concentration, the propagation rate at an ionic strength of 10 wt %
monomer concentration is 2–3 times faster than at 5 wt %. At constant ionic strength, a reduction
of monomer concentration leads to a slight increase of the propagation rate coefficient. However,
this effect is less relevant than the change in ionic strength. The observed competition between the
influence of monomer concentration and ionic strength confirms the suitability of the propagation rate
law in Equation (7) to describe at least qualitatively the kinetic behavior of the system.

The four parameters k0
p,i, kD,0, β, and B are estimated by fitting the model equations to the

experimental data of conversion versus time for the fully ionized case. The ratio of the parameters
k0

p,i exp(−BwM,0) and kD,0Cβ
E is expected to be close to unity: this way, the diffusion limitation to kp

due to the electrostatic interactions should be effective inside the entire range of ionic strength values
explored, as deduced from the experimental results. It should be noted that kD,0 must be expressed
in L mol−1 s−1 (kg mol−1)β in agreement with the definition of CE in the model. The exponent β is
dimensionless and it is expected to range between 0.1 and 10, while B is a measure of the influence of
initial monomer concentration on the kinetics. As the value for non-ionized MAA has been determined
as 5.3 [21], a similar value (between 1 and 10) is expected.
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Figure 7. Propagation rate coefficient as a function of the monomer conversion calculated from the
termination rate coefficient in Table 5 and the experimental data of conversion versus time of fully
ionized MAA polymerization at constant ionic strength equivalent to 5 wt % MAA by addition of
NaCl. Variation of monomer concentration 1 wt % (red) and 5 wt % (green, no NaCl addition):
comparison with the simulated kp using the model equations (lines).

The parameters are estimated by minimizing the square of the error between experimental and
simulated conversion versus time data. This minimization is carried out by a genetic algorithm which
is implemented using Matlab. An optimization run was conducted to evaluate the four mentioned
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adjustable parameters and leads to the results and parameter values reported in Figures 9–11 and
Table 6, respectively. Figure 9 compares the influence of monomer concentration without salt on
conversion: while the curve at 10 wt % is perfectly reproduced, at 5 wt % monomer, the model predicts a
reaction rate which is slightly faster than that at 10 wt %, but while looking at the experimental data the
rates should be exactly the same (i.e., the electrostatic and intrinsic kinetics effects on the propagation
and termination rate coefficients should be perfectly balanced). Towards higher conversion, the model
correctly predicts a decrease of the reaction rate at 5 wt %.

Figure 8. Propagation rate coefficient as a function of the monomer conversion calculated from the
termination rate coefficient in Table 5 and the experimental data of conversion versus time of fully
ionized MAA polymerization at constant ionic strength equivalent to 10 wt % MAA by addition of
NaCl. Variation of monomer concentration 1 wt % (red), 5 wt % (green), and 10 wt % (blue, no NaCl
addition): comparison with the simulated kp using the model equations (lines).

0 200 400 600 800 1000
Time / min

0

0.2

0.4

0.6

0.8

1

C
on

ve
rs

io
n

Figure 9. Monomer conversion versus time profiles of the radical batch polymerization of fully ionized
MAA in aqueous solution at 50 ◦C, 0.1 wt % of V-50 initiator, and initial monomer concentration
equal to 5 wt % (green) and 10 wt % (blue): comparison between experimental data by in-situ NMR
(diamonds) and simulated curves (lines, using the parameter values of Table 6).
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Figure 10. Monomer conversion versus time profiles of the radical batch polymerization of fully ionized
MAA in aqueous solution at 50 ◦C, 0.1 wt % of V-50 initiator and constant ionic strength equivalent to
5 wt % MAA by the addition of NaCl. Variation of monomer concentration 1 wt % (red) and 5 wt %
(green, no NaCl addition): comparison between experimental data by in-situ NMR (diamonds) and
simulated curves (lines, using parameter values of Table 6).

The influence of monomer concentration at an ionic strength equivalent to 5 wt % is shown in
Figure 10. Qualitatively, the initial slopes at varying amounts of MAA are well reproduced, although
the impact of monomer concentration on the initial rate is slightly too strong. The decrease in the
reaction rate at conversions above 50% is very well described for both monomer concentrations.
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Figure 11. Monomer conversion versus time profiles of the radical batch polymerization of fully
ionized MAA in aqueous solution at 50 ◦C, 0.1 wt % of V-50 initiator and constant ionic strength
equivalent to 10 wt % MAA by addition of NaCl. Variation of monomer concentration 1 wt % (red),
5 wt % (green), and 10 wt % (blue, no NaCl addition): comparison between experimental data by
in-situ NMR (diamonds) and simulated curves (lines, using the parameter values of Table 6).
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Table 6. Estimated parameter values of the parameter optimization carried out by fitting the model
equations to the experimental data of conversion versus time (cf. Figures 9–11) for the fully ionized
MAA case.

Parameter Value

k0
p,i/(L mol−1 s−1) 758

kD,0/(L mol−1 s−1 (kg mol−1)β) 201
β 2.18
B 1.92

A similar comparison is shown in Figure 11, where the ionic strength is set equivalent to 10 wt %
MAA. As already mentioned in the discussion of Figure 5, the initial slope is the same for all MAA
concentrations, which is well reproduced by the model, as well as the behavior at higher conversion.
Since the model is able to correctly simulate the reduction at 1 wt %, this decrease of the reaction
rate cannot be imputed to smaller local concentrations around the polymer chain. It is rather due to
a conversion-dependent increase of the termination rate coefficient (caused by a decrease of MR

n ).
Note that an effect of local concentration can still be present when considering the reaction at 1 wt %
without salt addition, but since we lack an appropriate description of the termination rate at this ionic
strength, we are unable to predict this situation.

The parameter values are provided in Table 6: the kinetic rates k0
p,i and kD,0 are in the same

order of magnitude and similar to the kinetic parameter obtained by Lacik et al. [20], whereas B is
slightly smaller than two. It is therefore clearly smaller than the 5.3 obtained by Beuermann et al. [21],
but since the reactivity of the ionized MAA is much smaller, it might be reasonable to assume that
the effect of monomer concentration is also reduced. The parameter β is slightly larger than two,
which is large enough to alter kD,0cβ

E in a way to qualitatively reproduce the experimental behavior at

increasing ionic strength. The overall good balance between k0
p,i exp(−BwM,0) and kD,0cβ

E leads to a
good description of the system: at low ionic strength, the propagation reaction is diffusion limited,
whereas at ionic strengths larger than 5 wt % (either by addition of NaCl or MAA), the propagation
seems to become more reaction controlled, although never completely (as shown by the experimental
results in Figure 6). A comparison between the intrinsic kinetics and electrostatic contributions to
the propagation rate coefficient for the considered reactions involving fully ionized MAA is given
by Figure S7 and Table S2 in the Supporting Information. Moreover, the sensitivity of the model
performances upon limited variations of the model parameter values is reported in Table S3 of the
Supporting Information, indicating that small variations of each parameter (i.e., within 10 wt %) induce
a very large change in the total error between experiments and simulations.

Eventually, in order to better describe what happens at ionic strengths below 5 wt % and above
10 wt %, a more generalized description of the termination rate is required. This knowledge is
especially needed to elucidate the reason for the drastically reduced reaction rate at 1 wt % MAA
without salt addition.

As a final remark, the knowledge of molecular weights would allow us to improve the reliability of
the developed kinetic models, especially for the fully ionized case. Nevertheless, our choice of focusing
on time-conversion data only in the analysis and modeling of the system kinetics was motivated by the
following reasons: (i) the estimation of accurate MWD for MAA and generally for aqueous polymers
is not trivial and requires ad hoc experimental setup and procedures; (ii) the accuracy and reliability
of the kinetic data obtained by in-situ NMR is much higher compared to our current capability of
measuring MWD; (iii) the availability of independent values of the termination rate coefficients from
PLP of non-ionized MAA and, for specific reaction conditions, also for fully ionized MAA makes
our approach reasonable for determining the propagation kinetics by focusing only on the measured
polymerization rates.
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4. Conclusions

Free radical aqueous polymerization reactions of non-ionized and fully ionized MAA were carried
out in D2O by in-situ NMR, with a focus on the effect of the monomer concentration (varied between
1 wt % and 10 wt %) on the polymerization rate. The experimental results revealed substantial
differences in the behavior of the two systems. The degree of ionization of the monomer plays a major
role in determining the overall reaction rate as well as its sensitivity to changes in monomer and
electrolyte concentration.

In the non-ionized case, we were able to develop a kinetic model based on literature rate
coefficients which is capable of nicely predicting the experimental data at the initial monomer
concentration of 10 wt %. At lower monomer concentration and high conversion (ca. 0.5 wt % residual
monomer concentration), a decrease in the reaction rate is observed, which cannot be explained
by the current version of the model. Similar to what has also been previously highlighted for AA
polymerization, interactions between MAA monomer molecules and their environment at high dilution
are assumed to be responsible for this kinetic feature not contemplated by the currently developed
polymerization models.

In the case of the fully ionized monomer, we improved the model for the non-ionized case by
introducing a new rate law for propagation: namely, both electrostatic and non-electrostatic effects of
monomer concentration on the reaction kinetics are explicitly considered. Due to the limited amount
of termination data, we focused this development on the cases with an ionic strength relative to MAA
concentrations 5 wt % and 10 wt %. The modeling of higher and lower monomer concentrations
(or equivalent ionic strengths) would require the knowledge of either molecular weights or termination
rate coefficients—both of which are very hard to determine. A reasonable agreement between model
simulations and experimental results was obtained by considering together the effects of monomer
concentration and salt addition on the polymerization kinetics. In particular, the model is capable of
reproducing the effect of increasing reaction rate upon increasing the initial ionic strength.

A better characterization of the rate coefficients of propagation and termination of fully
ionized MAA is supposed to substantially improve the elucidation of their combined impact on the
polymerization rate, especially in view of the investigation of the effects of monomer and electrolyte
concentration. With this respect, a promising method to access on-line the propagation and termination
rate is represented by in-situ diffusion-ordered spectroscopy (DOSY) NMR [28], which might allow for
measuring at the same time the residual monomer concentration and molecular weight. Furthermore,
relevant information about the solution behavior of polar and ionizable molecules such as the MAA
monomer and polymer as well as their interactions with the reaction environment (i.e., water and
electrolytes) could be obtained by the application of computational chemistry, namely molecular
dynamics simulations. Both strategies are currently under development in our research group.

Supplementary Materials: The following are available online at at www.mdpi.com/2227-9717/5/2/23/s1,
Figure S1: Details about the monomer peak area selected for the calculation of the monomer conversion from the
1H NMR analysis for the polymerization of non-ionized MAA. Figure S2: Details about the monomer peak area
selected for the calculation of the monomer conversion from the 1H NMR analysis for the polymerization of fully
ionized MAA. Figure S3: Reproducibility of the monomer conversion versus time profiles of the radical batch
polymerization of non-ionized MAA in aqueous solution at 50 ◦C, 0.02 wt % of V-50 initiator and 1 wt % MAA.
Figure S4: Reproducibility of the monomer conversion versus time profiles of the radical batch polymerization
of non-ionized MAA in aqueous solution at 50 ◦C, 0.02 wt % of V-50 initiator and 10 wt % MAA. Figure S5:
Reproducibility of the monomer conversion versus time profiles of the radical batch polymerization of fully
ionized MAA in aqueous solution at 50 ◦C, 0.1 wt % of V-50 initiator and 10 wt % MAA. Figure S6: Reproducibility
of the monomer conversion versus time profiles of the radical batch polymerization of fully ionized MAA in
aqueous solution at 50 ◦C, 0.1 wt % of V-50 initiator and 1 wt % MAA. Figure S7: Representation of the intrinsic
and electrostatic contributions to the overall propagation reaction rate, based on the parameter set provided in
Table 6. Table S1: Full list of reactions with non-ionized (0.02 wt % initiator V-50) and fully ionized MAA (0.1 wt %
initiator V-50) including repeated experiments. Table S2: Comparison of intrinsic vs. electrostatic contributions to
the propagation rate. Table S3: Sensitivity analysis on the parameter values. The total error (mean-square error)
between the experiments at α = 1 and simulations is calculated upon a 10% increase of each model parameter with
respect to its optimized value reported in Table 6. The error corresponding to the set of unchanged parameters is
reported as a reference (bottom line in the table).
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Abstract: Water-soluble polymers with high molecular weights are known to decrease the frictional
drag in turbulent flow very effectively at concentrations of tens or hundreds of ppm. This drag
reduction efficiency of water-soluble polymers is well known to be closely associated with the flow
conditions and rheological, physical, and/or chemical characteristics of the polymers added. Among
the many promising polymers introduced in the past several decades, this review focuses on recent
progress in the drag reduction capability of various water-soluble macromolecules in turbulent
flow including both synthetic and natural polymers such as poly(ethylene oxide), poly(acrylic acid),
polyacrylamide, poly(N-vinyl formamide), gums, and DNA. The polymeric species, experimental
parameters, and numerical analysis of these water-soluble polymers in turbulent drag reduction are
highlighted, along with several existing and potential applications. The proposed drag reduction
mechanisms are also discussed based on recent experimental and numerical researches. This article
will be helpful to the readers to understand better the complex behaviors of a turbulent flow
with various water-soluble polymeric additives regarding experimental conditions, drag reduction
mechanisms, and related applications.

Keywords: drag reduction; aqueous polymer; turbulent flow; poly(ethylene oxide); polyacrylamide;
gum

1. Introduction

A liquid flow passing through pipelines generally experiences chaotic changes in the flow velocity
and pressure in the process of overcoming frictional losses. These changes depend on the fluid
characteristics such as the velocity, viscosity, and density and on the flow geometry, including the pipe
diameter and length. This flow regime with a sufficiently high Reynolds number is commonly called
turbulent flow [1] and is characterized by a less orderly flow phase in which the eddy currents of the
fluid elements can result in chaotic lateral mixing [2]. For turbulent flow in pipelines, as well as in
open and external flow, the friction can be reduced by introducing a minor quantity of a flexible, linear
polymer with a high molecular weight into the flow [3]. This behavior is termed the polymer-induced
turbulent drag reduction (DR) effect [4,5] which is an active friction reduction mechanism compared to
the prevailing passive friction reduction. Thus, DR techniques have been applied in various industrial
and engineering arenas, such as oil pipelines, open channels, marine applications, agricultural field
irrigation, fire hoses, and biomedical systems [6–8].

In general, different types of additives, including solid particles, surfactants, and polymers
have been used to induce the turbulent DR phenomenon. Several surfactants have been applied as
drag-reducing agents because of their self-assembly characteristics and ability to form thread-like
micelles in fluids [9–11]. Self-assembly of surfactants is a physicochemical process; the self-assembly
properties depend on the surfactant type, concentration, and temperature, etc. Because of these
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characteristics, surfactant molecules can be rapidly recombined under high shear, allowing the
surfactants to resist mechanical degradation and become more stable in the flow, leading to highly
efficient DR [12–14]. Nonetheless, one of the disadvantages of using surfactants is that, compared to
water-soluble polymeric drag reducers, a rather high concentration is required to initiate the DR. Thus,
high-molecular-weight polymers are considered as more efficient drag reducing agents when dissolved
in a suitable solvent system of either aqueous or non-aqueous media [15,16]. Due to the particular
viscoelastic properties, polymeric additives strongly influence the turbulent flow characteristics, even
when used in small quantities. High levels of DR can be obtained when polymers are added to the
turbulent flow [17]. It is also possible to customize polymers to harness the specific characteristics
of different polymers. The selection of polymeric additives for a potential application is related to
the unique properties of the polymer, including the polymer structure, molecular weight, and fluid
characteristics [18]. The energy loss caused by the turbulent flow increases operating costs; thus, the DR
capability of polymeric additives has been widely studied based on the recognized economical benefits.

When a polymer is dissolved in a suitable solvent, its DR effect can be maximized under the right
conditions. Although several water-soluble polymers successfully reduced the drag in the turbulent
flow of aqueous systems, oil-soluble polymers such as polyisobutylene and polystyrene are known
to demonstrate high DR efficiency when dissolved in organic solvents or oils [19]. Therefore, these
polymers are very important in engineering areas, including crude oil pipeline transport.

Over several decades, many kinds of natural and synthetic polymers have been discussed
in isolation as promising turbulent DR additives, whereas there are few general discussions and
summaries covering polymer combinations. In addition, the role of DNA on turbulent DR is also
focused. In this short review, we focus on the recent progress in research on the DR of water-soluble
polymers in turbulent flow, with special emphasis on the polymer species, experimental parameters,
and applications, along with the fundamental characteristics of these polymers. Synthetic and
natural water-soluble drag reducing polymers for various potential agricultural and industrial
applications, including field irrigation, slurry transport, fracking, enhanced oil recovery, and
biomedical applications [20,21], are covered.

2. Mechanism of Turbulent Drag Reduction with Polymers

Based on the extensive industrial and engineering applications of DR, this phenomenon has
been the topic of numerous theoretical and experimental studies for more than sixty years [22–24].
However, the DR mechanism still requires further investigation. Herein, we summarize the qualitative
explanations of polymer-induced DR. Some mechanisms focusing on viscoelasticity, vortex stretching,
non-isotropic properties, molecular stretching of polymers, and laminarization of turbulent flow will be
mainly discussed along with the behaviors of polymeric additives in a turbulent flow such as polymer
extension, extensional viscosity of polymers, mechanical degradation, and polymer relaxation.

Astarita [25] proposed a general explanation of the DR phenomenon based on the viscoelasticity
of the turbulent DR solution, suggesting that the energy dissipation in a turbulent flow can be used to
explain the DR phenomenon by investigation of the energy dissipation of viscoelastic liquids.

On the other hand, Gadd [26] suggested that the DR phenomenon induced by the addition of
miniscule amounts of polymers (as little as tens of ppm) to the turbulent flow might be related to
the anomalous performance of the fluid particles during rapid deformation. In this scenario, vortex
stretching arises near the wall, and extensive elongation of the polymeric molecules may take place,
causing large elongational forces in the direction of the streamlines. Finally, this system resists the
vortex stretching, resulting in the DR. The fluid with added polymer molecules has a longer relaxation
time, and large polymeric chains with a longer relaxation time would likely induce large eddies with a
lower stretching rate, leading to the rapid decay of the eddies.

For the mechanism of non-isotropic properties, it is known that polymeric chains will migrate
in the solution influenced by the shear flow, hence the structure and the viscosity of solution will be
changed. Since the shear rate is directionally dependant, the structure and the viscosity of the solution
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will be directionally dependant, in other words is non-isotropic. These non-isotropic properties were
considered to be sources of turbulent structure changes and the DR phenomenon [27].

Molecular stretching of the polymers was also assumed to be responsible for the DR. According
to this assumption, the macromolecules added to the turbulent solution increase the resistance to
extensional flow, which is associated with shear hardening behavior, impeding turbulent bursts near
the wall. Tulin [28] concluded that an increase in the laminar sub-layer thickness caused greater
turbulence dissipation, accounting for the DR. Furthermore, Lumley [29] proposed a mechanism for
the DR phenomenon based on polymeric chain extension, in which extension of the molecules absorbs
the energy from the turbulent eddies, giving rise to the DR. Min et al. [30] proposed that polymer
additives store the elastic energy from the flow very near the wall as shown in Figure 1, in which when
the relaxation time is long enough, this high elastic energy is transported to and dissipated into the
buffer by near-wall vortical motion, resulting in significant drag reduction.

Figure 1. Schematic representation of polymer-induced turbulent drag reduction (DR) mechanism.

The idea of an extended laminar flow was also considered as an important mechanism for the
generation of DR. The component of flow not in the main flow direction is futile to the main flow,
which induces wasteful energy dissipation via turbulent eddies and leads to the increased frictional
drag [31]. In other words, the laminarization of turbulent flow will reduce the dissipation of fluid
energy, therefore contributing to the DR. The most low energy consumption of viscous fluid would
occur in the corresponding laminar flow under no matter how big the Reynolds number is, in which
the frictional drag becomes the minimum value, just enough to overcome the viscous friction. Hence,
the maximum effect of DR can be obtained while the fluctuating velocity components in turbulent
flow are completely suppressed. Meanwhile, the heat transfer in this laminar condition would be the
physical minimum for a given flow rate. The DR effect range of polymeric additives is between the
asymptotic polymer solution and turbulent Newtonian fluid [31].

On the other hand, many studies of the polymeric behavior in turbulent flow have been carried
out. Armstrong and Jhon [32] explained the polymer conformation by empolying the bead-spring
model by using the connector potential, in which the polymer was considered as a chain of idential
beads linked together by arbitrary spring potential. They then established the self-consistent process
based on the relationship between the friction factor and molecular dissipation. It was proposed that
the effect of the stochastic velocity field on the molecule can be explained as a “renormalization” of the
connector potential, where the dumbbell probability density was derived for an arbitrary connector
potential. It was determined that for a Hookean potential, at some value of the turbulent strength,
the probability density would have an infinite second moment. It was found that the renormalization
of the connector potential between the beads will reduce the connector force, which makes the bead
extend; that is to say, the polymer molecule expands in the turbulent flow.

Regarding the effect of the extensional viscosity on the DR, the two-dimensional grid turbulent
flow produced from a vertically flowing soap film was evaluated by introducing polyethylene oxide
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(PEO) using several extensional rates [33]. The mechanisms of energy transfer were found to be
different in the normal and stream-wise directions. The critical polymer concentration for producing
DR in a two-dimensional turbulent flow varied with the elongational rate. When the elongational rate
was higher, the DR was efficient from a lower polymer concentration.

Moreover, compared to other drag reducing additives such as surfactants and particles, polymers
under a turbulent flow face the issue of severe mechanical degradation. Brostow [34] reported that the
energy supplied to a polymeric molecule in a turbulent flow leads to two processes, i.e., mechanical
degradation and polymer relaxation. They proposed a model of the polymeric chain conformations
based on statistical mechanics, and the effects on the DR efficiency and mechanical degradation of the
polymer chains in a turbulent flow were established by considering the relationship between the extent
of mechanical degradation of the polymer chains and the flow time. Recently, Pereira and Soares [35]
further showed that the DR increased with time to reach a maximum, before decreasing due to chain
degradation. They also presented the relative DR quantity, defined as the ratio of the current DR to the
maximum DR obtained before degradation. They then suggested another decay function based on the
relative drag reduction as a function of the molecular weight, polymer concentration, temperature,
and Reynolds number.

In order to study the mechanism of DR by polymeric additives, some modern experimental and
simulation techniques, such as direct numerical simulation, laser Doppler velocimetry, and particle
image velocimetry, have been widely used for various measurements of the turbulence statistics.
Den Toonder et al. [36] investigated the roles of stress anisotropy and elasticity by means of direct
numerical simulation and laser Doppler velocimetry. They proposed that when polymers are extended,
viscous anisotropic effects cause a change in the turbulence structure, and the entropy change results in
drag reduction. White et al. [37] studied the turbulence structure in a drag-reduced flat-plate boundary
layer flow by means of particle image velocimetry, providing information for further understanding the
interaction between the polymer and the near-wall vortex. In addition, various research groups [38–42]
performed a series of studies on the turbulent flow with polymer addition and clarified the velocity
profile using particle image velocimetry and laser Doppler velocimetry.

Concurrently, the finite elastic non-linear extensibility-Peterlin (FENE-P) model as a kind
of polymer model has been often adopted for DR studies. The FENE-P model is obtained
by a pre-averaging approximation applied to a suspension of non interacting finitely extensible
non-linear elastic (FENE) dumbbells, which accounts for the finite extensibility of the molecule [43].
Li et al. [44] carried out the direct numerical simulation of the forced homogeneous isotropic turbulence
with/without polymer additives. They adopted the FENE-P model as the conformation tensor equation
for the viscoelastic polymer solution.

Furthermore, Eshrati et al. [45] investigated the turbulent DR phenomenon in many oil-water
flow systems with dissolved polymers. They used fuzzy logic [46] to study the DR phenomenon
of water-soluble polymers in multiphase in-pipeline flow, and proposed that compared with the
traditional logics, fuzzy logic is more useful for linking the multiple inputs to produce a single
output. They also investigated the connection between DR and many parameters such as the polymer
molecular weight, polymer concentration, charge density, mixture velocity, and oil fraction to estimate
how fuzzy logic performs in prediction of the DR. The results showed that the effectiveness of the drag
reducer increases with an increase in the velocity of the mixture; the polymer molecular weight and
the increase in the oil fraction and the polymer charge density also affect the maximum drag reduction.
From these results, a fuzzy logic model was developed to predict the DR, and the prediction was also
verified through various results obtained with many polymers. Furthermore, dimensional analysis
was carried out to find the best equation fitting the results. The result showed that a quadratic form
was the most appropriate.

The two-dimensional (2-D) flows have also been adopted for DR studies [47–49]. Unlike the
three-dimensional (3-D) flow, the flow velocity at each point in the 2-D flow is parallel to a fixed plane.
Hidema et al. [50] pointed out that in the 3-D flow, it is difficult to avoid the effects of shear stress and
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to extract the extensional stress completely. In order to study the relationship between the extensional
viscosity of polymers and turbulent DR, they used flowing soap films to generate 2-D turbulent flow
to eliminate shear stress.

Therefore, it is highly possible that more than one kind of mechanism can lead to the DR
phenomenon. Extensive research has led to the development of many proposed prediction models,
but the accuracy of the mechanism of these predictions is still an open question; the above discussion
is an attempt to provide a possible mechanism. In order to more accurately explain the mechanism of
DR, further research is required.

3. Synthetic Water-Soluble Polymers

Synthetic water-soluble polymers usually have repeating units that can be synthesized by
controlling the chemical structure, molecular weight, and number of functional groups on the
polymeric backbone. These synthetic polymers, which possess a linear flexible chain and high
molecular weight, have been extensively studied as drag reducing agents over the years. However,
the drawbacks of chemical and mechanical degradation must be overcome. Table 1 summarizes
the structures of four major synthetic water-soluble polymers that are used in DR research and are
discussed in this review in detail.

Table 1. Structures of synthetic water-soluble polymers: Poly (ethylene oxide), Polyacrylamide, Poly
(acrylic acid) and Poly(N-vinyl formamide).

No. Name Chemical Structure

1. Poly (ethylene oxide)

2. Polyacrylamide

3. Poly (acrylic acid)

4. Poly (N-vinyl formamide)

3.1. Poly(ethylene oxide)

Drag-reducing polymers generally have linear flexible chain structures with a very high average
molecular weight. PEO, a polymer with ethylene oxide as the repeating unit, has been extensively
adopted as an effective drag reducer in aqueous systems.

Virk et al. [51] studied the effects of solutions of five homologous PEOs with different molecular
weights in distilled water on DR in a turbulent flow. They found that the strength of the DR produced
by the homologous PEOs in a pipe flow is a universal function of the molecular weight, polymer
concentration, and flow rate. The maximum DR efficiency was possibly limited by an asymptotic
value that is independent of the pipe diameter and polymeric species. This experiment also presented
the intrinsic concentration, [C] = RFmax/[R] (where [R] is the DR value of an initial increment of the
polymeric chain), and demonstrated that the DR efficiency increased with a decrease in the diameter
of the pipe and increasing polymer concentration [52].
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Based on Virk’s drag reduction equation, Little [53] presented a simplified equation from
experimental analysis:

DR
DRmax

=
C

[C] + C
(1)

where C is the concentration of the additive and DRmax is the maximum DR value. From the
concentration-dependence of the DR, the intrinsic concentration [C] was found to be very useful
for normalization of the DR values of different-molecular-weight components of a homologous series
of polymers [54]. The relationship between the DR and the polymer properties, such as the molecular
weight and concentration, was represented as Equation (2).

DR =
C

[A/(M − M0)] + C
× DRmax (2)

Similarly, Choi et al. [55] investigated the effect of the concentration of dilute solutions of
water-soluble PEO on turbulent DR in a rotating disk flow system. The results demonstrated that the
DR efficiency of PEO increased with increasing concentration of PEO, to reach a critical concentration
at which the DR was maximal. The DR efficiency then declined with a further increase in the
polymer concentration. Figure 2 illustrates the dependence of the DR efficiency of PEO with different
viscosity-average molecular weight (Mv) as a function of the additive concentration. The optimum
critical polymer concentration decreased with an increase in the polymer viscosity-average molecular
weight. On the other hand, the appearance of a maximum was reported to be due to the DR
characteristics of the polymeric solute and the increased solution viscosity, wherein both become
important at higher polymer concentration.

Figure 2. Drag reduction of PEO versus the concentration of polymers of various molecular weights at
2800 rpm, reprinted with permission from [55]. Copyright American Chemical Society, 1996.

Kim et al. [56] applied PEO as a potential drag reducer in seawater piping in an ocean thermal
energy conversion (OTEC) process, and investigated the drag reducing characteristics and mechanical
degradation of PEO with different molecular weights and concentrations. Figure 3 presents the stability
and mechanical degradation of PEO with a weight-average molecular weight (Mw) of 5.0 × 106 g/mol
in a turbulent flow. The drag reduction was initially time-dependent and then remained at the limiting
value due to degradation of the polymer chains. With the degradation of the polymer chains, the
drag reduction ability decreased significantly. The temperature-dependent DR efficiency was also
investigated. As presented in Figure 4, although the initial percentage DR was the highest at a room
temperature, the DR declined most rapidly at this temperature. A higher DR efficiency was obtained
at a lower temperature than at a higher temperature over time. The mechanical degradation of PEO
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molecules in seawater was compared with that in the PEO-deionized water system, as shown in
Figure 5. Equation (3) was used to plot the degradation behavior:

DR (t)
DR0

=
1

1 + W
(
1 − e−ht

) (3)

where DR(t) and DR0 are the percentage drag reduction at time t and at the beginning of flow,
respectively. The term h indicates the degradation velocity and W indicates the shear stability.
The results showed that PEO polymer chains in the deionized-water system undergo more degradation
in the original state than in seawater; however, the shear stability in the aqueous system was higher
than that in seawater. Based on this study, it was proved that the DR effect induced by PEO could be
exploited in the OTEC system to reduce the pumping energy cost. Choi et al. [57] also investigated
the drag reduction efficiency of PEO in synthetic seawater and found that a maximum DR of 30%
was obtained near 50 wppm concentration for higher-molecular-weight PEO. They confirmed that
the behavior of PEO in seawater was similar to that in the deionized-water system, which could be a
possible indicator of the commercial viability of PEO.

Figure 3. Percent drag reduction of PEO (Mw = 5 × 106) as function of time for various polymer
concentrations, reprinted with permission from [56]. Copyright The Society of Chemical Engineers,
Japan, 1999.

Figure 4. Percent drag reduction of PEO (Mw = 5 × 106) as function of time for three different
temperatures, reprinted with permission from [56]. Copyright The Society of Chemical Engineers,
Japan, 1999.
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Figure 5. Comparison of drag reduction (solid symbol) and degradation process (open symbol) of
50 ppm PEO (Mw = 4 × 106) in seawater and deionized water at same Reynolds number. Symbols
represent experimental results (square for PEO in seawater and circle for PEO in deionized water);
lines are obtained from equation [3], reprinted with permission from [56]. Copyright The Society of
Chemical Engineers, Japan, 1999.

Recently, Lim et al. [58] used aqueous PEO solutions to explore the relationship between the
drag reduction efficiency and the polymer molecular conformation. Note that the chain conformation
may be affected by the solvent quality of the polymer solution. The specific temperature where the
solvent is exactly poor enough to cancel the effect of excluded volume expansion of the dissolved
polymeric chain is called the theta temperature (Tθ). Thus, they measured the drag reduction efficiency
of PEO aqueous solutions at various increments from Tθ , and found that the drag reduction properties
were sensitive to the conformation of the polymers, even at very low concentrations. In addition,
they carried out temperature quenching experiments and proposed that the faster decrease in the
drag reduction efficiency for polymers closer to Tθ is not due to mechanical molecular degradation,
but rather, to shrinkage of the PEO molecules.

3.2. Polyacrylamide

Polyacrylamide (PAAM), a synthetic macromolecule formed from acrylamide subunits, has been
extensively studied as the most commonly used drag reducing agent. One of the extensive usages of
PAAM is in the flocculation of solid particles dispersed in a medium, with potential applications in
water treatment and the papermaking process. Another common use is in the oil and gas industries.
Enhanced oil recovery is an important example of PAAM application. A highly viscous aqueous
solution can be obtained even with a low PAAM concentration. This technique could also be used to
address (water) flooding problems.

The DR efficiency of PAAM has been more widely examined than that of other drag reducing
polymeric agents. Sung et al. [59] investigated the DR efficiency of PAAM in a rotating disk flow
system by comparison with that of PEO. The effect of temperature on the DR was evaluated at a
polymer concentration of 50 wppm for both PAAM and PEO, as shown in Figure 6. The results
showed that mechanical degradation of the PEO chains increased with temperature, whereas PAAM
remained mechanically stable even at high temperature. Therefore, PEO was more susceptible to
thermal and mechanical degradation, whereas PAAM exhibited relatively high shear resistance.
Therefore, PAAM is prospectively an excellent DR additive for high-temperature and long-period
transportation applications.
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Figure 6. DR of both PAAM and PEO (50 wppm) at three different temperatures, reprinted with
permission from [59]. Copyright Marcel Dekker, Inc., Japan, 2004.

Sandoval et al. [60] also compared the degradation phenomenon for three different aqueous
solutions of PEO, PAAM, and xanthan gum (XG) using a pipe flow device. PEO and PAAM have
flexible chains, whereas the chain structure of XG is rigid. Figure 7 presents a comparison of the DR
efficiency of the flexible polymers versus the rigid polymer. PAAM was found to be as effective as
PEO, whereas the DR efficiency of the PAAM solution declined to a lesser extent than that of the
PEO solution, which suggested that polymeric chain scission was more significant for PEO. Moreover,
the drag reduction achieved with rigid chain XG fell abruptly in the first step and remained constant,
which is different from the cases with PEO and PAAM. Similarly, Pereira et al. [61] compared the drag
reduction efficiency of PEO, PAAM, and XG over time by using a rotating cylindrical double-gap
device. They also found that there was no decrease in the drag reduction at a high PAAM concentration,
which suggested that the PAAM chain is mechanically stronger than that of PEO.

Figure 7. Comparison of DR between flexible polymers (PEO and PAM) and rigid polymer, XG,
reprinted with permission from [60]. Copyright Engenharia Térmica (Thermal Engineering), 2015.

On the other hand, Lim et al. [62] examined the turbulent DR of λ-DNA and compared it to that of
PAAM in continuous and stepwise mode using an in-house designed rotating disk apparatus. Figure 8
confirmed that the mechanical degradation behavior of linear flexible PAAM was very different from
that of λ-DNA due to differences in the molecular weight, polydispersity, and flexibility. Although
PAAM produced a much higher initial DR value, this drag reduction effect decreased to zero in 5 min.
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Figure 8. Comparison of λ-DNA percent DR (1.35, 2.03 and 2.70 wppm) with PAAM (Mw = 18 ×
106 g/mol) on long-term scale at 1980 rpm and 25 ◦C. The inset represents the initial changes in the
drag reducing efficiency for λ-DNA and PAAM at 1.35 wppm, reprinted with permission from [62].
Copyright American Chemical Society, 2015.

Zhang et al. [63] experimentally investigated heat transfer and frictional DR in the two-phase
flow of air-water with and without PAAM additives in a horizontal circular tube. They showed that
with the addition of PAAM, the heat transfer coefficients were reduced from 36.8% to 70.3%, and the
pressure drop was reduced from 31.9% to 54.7% compared to those without the PAAM additive.

3.3. Poly(acrylic acid)

Poly(acrylic acid) (PAA) is another high-molecular-weight water-soluble polymer of acrylic acid,
possessing a carboxyl group in each monomeric unit of the main chain. This polymer has a highly
negative charge density in aqueous medium due to dissociation of the acid groups. Therefore, PAA
is one of the most extensively used aqueous anionic polyelectrolytes, and its degree of ionization
is dependent on the pH of the solution [64,65]. At a low pH, PAA is known to adopt a more
compact conformation and can associate with various non-ionic polymers to form hydrogen-bonded
inter-polymeric complexes due to the absence of negative charges in the backbone of PAA. In aqueous
solutions, PAA can also form poly-complexes with oppositely charged polymers and surfactants.

Based on this interesting property of the ionic polymer PAA, Kim et al. [66] used a
polymer–surfactant (SDS) complex system as a drag reducer and investigated the effects of the
surfactant and pH on the DR efficiency of PAA in an external flow using a rotating disk system.
A schematic diagram of the conformational changes in the molecular structure of PAA at various pH
values is shown in Figure 9. As the pH increased, the PAA underwent a conformational transition
from the compact helical structure to the highly extended rigid rod form, and its shear viscosity
increased. Figure 10 illustrates the effect of pH on the turbulent DR efficiency of PAA at different pH
values. The DR efficiency at pH 4 was found to be smaller than that at higher pH, indicating that
the turbulent DR efficiency of the polymers in water is directly related to their chain conformations.
They suggested that the extended conformation of PAA is more beneficial for drag reduction in a
turbulent flow, compared with the compact helical form. Furthermore, as the SDS concentration
(M = mol/L) increased, the drag reduction efficacy of PAA increased, as shown in Figure 11. This can
be explained by the formation of an association complex between the polymer chains and surfactant,
which enhanced the bonding force of the polymer molecules, resulting in extension of the polymer
chains, especially at low pH. Figure 12 illustrates the conformational variation of the PAA molecule
with addition of the surfactant SDS.
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Figure 9. A schematic representation of the conformational variation in the PAA molecular at different
pH levels, reprinted with permission from [66]. Copyright Elsevier, 2011.

Figure 10. Effect of pH of PAA597 solution (100 ppm) on DR, reprinted with permission from [66].
Copyright Elsevier, 2011.

Figure 11. Effect of SDS concentrations as a function of polymer concentrations (pH 4), reprinted with
permission from [66]. Copyright Elsevier, 2011.
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Figure 12. The variation in PAA conformation by adding surfactant SDS, reprinted with permission
from [66]. Copyright Elsevier, 2011.

Kim et al. [67] studied the conformational changes of the PAA chains under high shear flow, and
found a severe decrease in the turbulent DR (%DR) with increasing rotational speed of the disk and
time. They also confirmed that these changes in the drag reduction are sensitive to external parameters
such as the pH, polymer concentration, and PAA molecular weight. Such DR changes were explained
as a direct consequence of inter-chain association via hydrogen bonding.

Recently, Zhang et al. [68,69] studied the turbulent DR efficiency of aqueous poly(acrylamide-co-
acrylic acid) copolymers with various molecular parameters in a rotating disk flow system, and found
a maximum DR of 45% at 50 wppm concentration. The influence of temperature on the drag reduction
efficacy is presented in Figure 13. As the temperature increased, the initial drag reduction efficacy
increased; however, the persistent drag reduction activity decreased over the course of the examination.
This was attributed to the fact that the thermal motion of the molecules increased with increasing
temperature under turbulent flow conditions, resulting in weakness of the solvated flow regions.

Figure 13. %DR versus time of copolymer solution (Mw = 1.5 × 107 g/mole) for different
temperatures (25 ◦C, 40 ◦C and 80 ◦C) at 1980 rpm, reprinted with permission from [68]. Copyright
Springer-Verlag, 2011.
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In addition, Cole et al. [70] synthesized 4-arm star PAA for use as a new water-soluble drag
reducing agent by applying a Cu(0)-mediated polymerization technique. The results confirmed that
4-arm star PAA was effective as a drag reducing agent, with a drag reduction of 24.3%. Moreover,
4-arm star PAA showed superior mechanical stability compared with the commercial product Praestol,
PEO, and linear PAA.

3.4. Poly(N-vinyl formamide)

With continued improvement of the methods for synthesis and purification of the hydrophilic
cationic N-vinyl formamide monomer, water-soluble poly(N-vinyl formamide) (PNVF) and its
copolymers have been adopted in industrial and biomedical applications. Due to the very high
molecular weight and the structural similarity to PAAM, PNVF has been studied as a potential
candidate as an effective drag reducing agent [71]. Furthermore, PNVF has been introduced as a
replacement for acrylamide polymers for industrial application. The potential uses of PNVF and its
hydrolyzed products have been demonstrated in the areas of papermaking, water treatment, coatings,
rheology modifiers, and in the oil field industry [72].

Based on its very low toxicity and good solubility in water, Marhefka et al. [73] investigated the
drag reduction efficacy, viscoelasticity, and mechanical degradation behavior of PNVF in a turbulent
pipe flow, specifically for biomedical applications. They found that PNVF with a high molecular
weight demonstrated DR characteristics, and its mechanical chain degradation was much lower than
that of PEO. Besides this, in vivo analysis of PNVF suggested that it can be adopted as a drag reducing
agent for clinical use. On the other hand, Mishra et al. [74] synthesized an aqueous graft copolymer of
κ-carrageenan-g-N-vinyl formamide and studied its swelling behavior, metal ion sorption, flocculation,
and anti-biodegradation characteristics. The results showed that this grafted polymer exhibits better
water swelling behavior and resistance to biodegradation. Efficient flocculation capability could also
be obtained, which may enable its application in the treatment of coal wastewater.

3.5. Water-Soluble Copolymer

Water-soluble copolymers are one of the fastest growing materials in industrial products. Due to
their interesting characteristics that differ from those of homopolymers, water-soluble copolymers
can be widely used in water treatment, coatings, personal care formulations, and commercial drag
reducing agents.

McCormick and co-workers [75] extensively studied water-soluble copolymers. They synthesized
four series of water-soluble acrylamide copolymers and investigated their corresponding DR
effectiveness using a modified rotating disk in tube flow. The synthetic copolymers, including
polyacrylamide-co-sodium acrylate (PAAM-co-NaA), polyacrylamide-co-(sodium2-(acrylamido)-2-
methylpropanesulfonate) (PAAM-co-NaAMPS), polyacrylamide-co-(sodium3-(acrylamido)-3-
methylbutanoate) (PAAM-co-NaAMB), and polyacrylamide-co-diacetone acrylamide (PAAM-co-
DAAM), exhibited differences in terms of the hydrophobicity, charge density, and the degree of
inter-molecular or intra-molecular association. The researchers presented a simple way of examining
the DR effectiveness based on the DR efficacy as a function of the hydrodynamic volume of the
polymer ([η]C), and demonstrated the dependence of the DR performance on the polymeric structure.
They found that the incorporation of low quantities of charged co-monomers afforded copolymers
with a high intrinsic viscosity and a high molecular weight with the greatest DR, even better than that
of PEO or PAAM.

Moreover, Mumick et al. [76] synthesized a series of aqueous polyampholytes
(containing both negative and positive charges in the same polymeric chain) based on
acrylamide (AM), sodium 2-acrylamido-2-methylpropanesulfonate (NaAMPS), (2-acrylamido-
2-methylpropyl)trimethylammonium chloride (AMPTAC), sodium 3-acrylamido-3-methylbutanoate
(NaAMB), and 3-((2-acrylamido-2-methylpropyl)dimethylammonio)-1-propanesulfonate (AMPDAPS)
and studied their chain confirmation and solvation in a turbulent flow. They reported that all of
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these macromolecules showed higher DR effectiveness and intrinsic viscosity with an increase in the
ionic strength of the solvent. Among these synthesized copolymers, the betaine species exhibited the
best DR characteristics, whereas the polyampholyte with a high charge density exhibited the lowest
efficiency. Figure 14 illustrates the drag reduction characteristics of DAPS-10 (copolymers of AAM and
AMPDAPS).

Figure 14. Percent DR versus concentration for DAPS-10 in deionized water and 0.5 M NaCl at wall
shear stress TW = 1122 dyn/cm2 in the rotating-disk rheometer, reprinted with permission from [76].
Copyright American Chemical Society, 1994.

Recently, Brun et al. [77] investigated the DR and mechanical stability of poly(AAm-co-NaAMPS)
solutions under shear in a turbulent pipe flow, and found that the NaAMPS portion in the main
backbone of the drag reducer enhances the DR efficiency of PAAM. They also suggested that the
presence of NaAMPS in the copolymer does not significantly influence the mechanical degradation
of the polymeric chains. The lowest fanning friction factor value of poly(AAm-co-NaAMPS) was
achieved with 15% NaAMPS, whereas the highest measured drag reduction of 75% was obtained for
the 100 ppm solution. Further, the PAAM-PEO copolymer was also highly efficient for decreasing the
pressure drop of the pipe flows. A DR efficiency of 33% was achieved with PAAM-PEO in water [78].
Reis et al. [79] carried out an experiment using PAAM-g-poly(propylene oxide) (PAAM-g-PPO) as
a water-soluble drag reducer. The grafted amphiphilic copolymer PAAM-g-PPO produced a better
DR effect than pure PAAM based on different parameters, including the average molecular weight,
molecular chain length, intrinsic viscosity, and polymer size distribution. The amphiphilic graft
copolymer was found to be more resistant to shear degradation and fluid recirculation than pure
PAAM. Other derivatives, including copolymers of N-alkyl- and N-arylalkylacrylamides with AM [80],
(acrylamido tert-butyl sulfonic acid)-acrylamide copolymer [81], polyacrylamide-grafted chitosan [82],
and guar-g-polyacrylamide [83], etc., are also being studied as drag reducing agents.

4. Natural Water-Soluble Polymers

Polysaccharides, as an important class of natural polymers, have been studied as promising
drag reducing agents due to their unique molecular structure, safety, shear-stability, low cost,
biodegradability, and reproducibility (Table 2). They can be used to circumvent the safety and
environmental influence issues associated with artificial polymers. However, their biodegradability
may reduce their efficiency period and shelf life. To control this characteristic, many attempts (such as
grafting, derivatization, and cross-linking) have been made to improve their properties to fit various
applications, including polymer-induced DR.
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4.1. Guar Gum

Guar gum (GG), which belongs to the hydrocolloid polysaccharide family, consists of mannose
and galactose sugars, and is generally obtained from the endosperm of Cyamopsis tetragonolobus.
It is mainly composed of the linear backbone chains of 1,4-linked β-D-mannopyranosyl units with
short side-branches of 1,6-linked α-D-galactopyranosyl units. GG has been widely used in various
industries, including food, hydraulic fracturing, suspending agents, agriculture, bioremediation,
cosmetics, and pharmaceuticals.

Kim et al. [84] examined the DR behavior of GG with three different-molecular-weight fractions
in water using a rotating disk apparatus. Because natural GG has a single average molecular weight,
three different molecular weights of GGV, GG30 and GG60 were obtained by ultrasonic degradation
for 0, 30 and 60 min, respectively. They tested the drag reduction efficacies of GG, and observed
that GG is an effective aqueous drag reducing agent, and is more stable towards mechanical chain
degradation than synthetic aqueous drag reducing agents like PEO. Figure 15 shows the results of
mechanical degradation of these GG samples with the three molecular weights over 10 h at 1800 rpm.
All of the GG solutions gave rise to a certain percentage drag reduction of between 62% and 80% of the
initial DR efficiency.

Figure 15. %DR versus time for a 100 wppm GG solution, reprinted with permission from [84].
Copyright John Wiley and Sons, 2002.

Chemical modification of GG has also been studied by many researchers as a method to overcome
its inherent deficiencies, such as its facile biodegradability. Singh et al. [85] compared the DR efficiencies
of pristine GG, purified GG, and grafted GG in water, as shown in Figure 16. They found that the
grafted GG copolymer combined the robustness of GG and the efficiency of the synthetic PAAM
polymer, resulting in enhanced drag reduction efficiency. Moreover, Deshmukh et al. [86] studied
the grafting of polyacrylamide onto GG, and compared the graft polymer with commercial GG and
purified GG. They found that the grafted GG and purified GG exhibited good biodegradation resistance
and enhanced drag reduction efficiencies.

Behari et al. [87] prepared copolymers in which methacrylamide was grafted onto GG using a
redox pair comprising potassium chromate/malonic acid and investigated the reaction conditions that
could produce less of the homopolymer and generate more of the graft copolymer. They observed that
the extent of grafting increased with an increase in the concentration of hydrogen ions or chromate
ions. Furthermore, the grafting ratio and drag reduction efficiency increased with an increase in the
malonic acid concentration from 3.5 × 10−3 to 10 × 10−3 mol·dm−3.
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Figure 16. DR characteristics of commercial guar gum, purified guar gum, and grafted guar gum,
reprinted with permission from [85]. Copyright De Gruyter, 2009.

4.2. Xanthan Gum

Xanthan gum (XG) is an acidic polymer that is secreted by Xanthomonas campestris bacterium.
Its main structure consists of one D-glucopyranosyluronic unit, two D-glucopyranosyl units, and two
D-mannopyranosyl units. Due to its ability for rheological control in aqueous systems, XG has been
widely used in industries. In the case of agricultural applications, XG has been used to enhance the
fluidity of fungicides and insecticides [88]. Moreover, XG can produce a high shear viscosity polymer
solution at low concentrations or under shear forces, which makes it effective as a thickener and
stabilizer in the food and petroleum industries, such as in cosmetics, toothpastes, oil drilling fluids,
enhanced oil recovery, and pipeline cleaning [89].

The drag reduction capability of XG continues to be widely researched. Sohn et al. [90] evaluated
the effect of various molecular parameters on the DR of XG, including the molecular weight, polymer
concentration, temperature, solution ionic strength, and rotational speed of the disk. The results
showed that the DR efficiency of XG is closely associated with various molecular parameters. Its higher
shear-stability in both water and salt solutions compared to other flexible polymers was documented.

Hong et al. [91] studied the DR efficiency induced by different concentrations of XG in aqueous
KCl solutions in a closed chamber using a rotating disc, and found that the mechanical degradation
as a function of time decreased with increased KCl concentration. The anionic charges on XG allow
interaction with the added salt ions to induce a conformational change of XG in solution, resulting in
changes in the shear viscosity. The DR efficiency of XG as a function of the concentration in the initial
period and after 40 min is illustrated in Figure 17. The DR increased with higher XG concentrations,
and the DR efficiency of XG/KCl declined with increasing KCl concentration. This is because the
polymeric chain conformation of XG tends to be more rigid, leading to lower sensitivity to the high
shear conditions.

Recently, Andrade et al. [92] analyzed the drag reduction efficiency of PEO, PAAM, and XG by
dissolving these three polymers in deionized water with and without synthetic sea salt. The effect of
the salt concentration on the DR over time was studied by using a double-gap Couette-type rheometer
device. In the presence of salt, the maximum DR efficiency was reduced for both the PEO and
XG macromolecular solutions over time; however, the DR of the PAAM solutions did not change
significantly. The time-dependent DR profiles, DR(t), for XG in de-ionized water and synthetic saline
solution are illustrated in Figure 18. The dramatic decrease in the efficiency is associated with the
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structural transition from helical to coiled with addition of the salt. For the 50 ppm solution, the
maximum drag reduction decreased from 0.195 to 0.04.

Figure 17. Concentration dependence of %DR with XG, reprinted with permission from [91]. Copyright
Elsevier, 2015.

Figure 18. DR(t) for a range of concentrations of XG in synthetic seawater and deionized water reprinted
with permission from [92]. Copyright American Society of Mechanical Engineers (ASME), 2016.

4.3. Carboxymethyl Cellulose

Cellulose, the most common biopolymer, is mainly found in the cell wall of plants. Cellulose
possesses interesting properties such as a high mechanical strength and good thermal stability; however,
the principal disadvantage is its insolubility in both aqueous and organic solvents, which limits its use
in industry. Thus, chemical modification of the hydroxyl groups of cellulose may be used to confer
greater solubility [93]. Carboxymethyl cellulose (CMC), which is a cellulose derivative possessing
hydroxyl groups bound to carboxymethyl groups, shows good solubility in aqueous solvents. CMC
is an important industrial polymer that is used in a number of applications such as DR, flocculation,
detergents, foods, and oil-well drilling technology [94,95].

Deshmukh and co-workers [96] published a method of synthesizing CMC-based graft copolymers
by grafting acrylamide chains onto the CMC backbone, and measured their DR efficacy, shear stability
and biodegradability. The copolymers (CAm1, CAm2, CAm3 and CAm4) were synthesized with the
same amount of CMC (1 g) and acrylamide (0.14 mol) with gradually increasing concentrations of
ceric-ions (0.05, 0.10, 0.20, 0.30 mol). The increased ceric-ion concentrations resulted in an increase in
the number of grafts, but led to shorter chains. The presence of the grafted polyacrylamide chains
led to enhanced DR efficacy and good mechanical shear stability, and these factors were also found
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to be dependent on the number and length of the grafts. Figure 19 illustrates the drag reduction
efficacies of unmodified CMC and its copolymers. As the polymer concentration increased, the drag
reduction efficacies changed in two different ways. All of the graft copolymers were more effective
than unmodified CMC, and a maximum DR of about 68% was obtained with a concentration of CAm1
of 75 ppm. These graft copolymer solutions exhibited significantly reduced biodegradability.

Table 2. Structures of natural water-soluble polymer: Guar Gum, Xanthan Gum, Carboxymethyl
cellulose and DNA, reprinted with permission from [97]. Copyright Nature Publishing Group, 2007.

Name Chemical Sturcture Name Chemical Sturcture

Guar Gum Carboxymethyl cellulose

Xanthan Gum DNA [97]

Figure 19. Drag reduction vs. polymer concentration for CMC and its graft copolymers, reprinted with
permission from [96]. Copyright John Wiley and Sons, 1991.
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Similarly, Biswal and Singh [94] synthesized six different CMC-g-PAAM copolymers with
variation of the amount of monomer and catalyst, and found that these grafted copolymers exhibited
significant flocculation and viscosifying characteristics.

4.4. DNA

DNA, a long polymer made from repeating nucleotide units, carries the genetic instructions for
all living organisms and many viruses. Most DNA molecules are composed of two biopolymer strands
that are coiled around each other by hydrogen bonds to form a double helix. The DNA structure is
dynamic along the length and can be coiled into tight loops or other shapes [97].

It is well known that configurational changes of DNA can be induced by changing the pH and
temperature. The DNA molecules can change from their double-stranded state to two single-strands
under certain temperature or pH conditions. Based on the above property, Choi et al. [98] employed
λ-DNA as a drag reducing agent to probe the mechanism of drag reduction and mechanical molecular
degradation. They reported that λ-DNA is considered to be a better polymeric DR additive than the
high-molecular-weight linear long-chain PEO. Figure 20 illustrates the DR efficiency of λ-DNA in
comparison with that of PEO. The λ-DNA exhibited a high and stable percentage DR over time at
a concentration of only 2.7 wppm. This DR behavior over a sufficiently long time is considered to
be the main distinction compared with other high-molecular-weight, linear, flexible macromolecules.
The mechanical degradation test showed that λ-DNA was always divided exactly into half, after
which there was no further degradation. These results suggested that the mechanism of mechanical
shear degradation of λ-DNA is quite different from that of traditional linear flexible macromolecules.
Similarly, Lim et al. [99] compared the drag reduction efficiency of calf thymus DNA (CT-DNA) with
that of λ-DNA, and found that CT-DNA has no drag reduction efficiency due to its rapid degradation.

Figure 20. Time dependence of drag-reduction percentage for 1.35 and 2.70 wppm λ-DNA in buffer
solution compared with PEO (Mw = 5 × 106) at 1980 rpm (Re = 1.2 × 106). Inset shows the same data at
early times, reprinted with permission from [98]. Copyright American Physical Society, 2002.

Subsequently, Lim et al. [100] examined the coil-globule transition of monodisperse λ-DNA in an
external flow of turbulence, thereby studying the effects of structure on drag reduction. They added
spermidine (SPD) as an electrostatic condensing agent to generate the negatively charged λ-DNA in
the turbulent flow, and compared its drag reducing phenomena with that of simple λ-DNA. As shown
in Figure 21, in the absence of SPD, a relatively high drag reduction efficiency was achieved and was
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maintained with low mechanical shear degradation of λ-DNA for 1 h in the turbulent flow. In contrast,
an abrupt decrease in the drag reduction efficiency was observed after SPD injection. This can be
explained as follows: during the short period when the concentration of SD is sufficiently high,
the original coil form of λ-DNA is changed into the globular state, which hardly produces any DR.
Furthermore, they indicated that despite the different flow conditions, all λ-DNA molecules had the
same half-dimension, indicating that discrete variation of the DNA conformation can significantly
alter the flow characteristics.

Figure 21. The percent DR vs. time for 1.35 wppm λ -DNA in buffer solution at 1157 rpm (NRe = 5.9 × 105)
and 25 ◦C with and without (SPD). The inset shows the magnification of initial change of DR by SPD
injection, reprinted with permission from [100]. Copyright John Wiley and Sons, 2005.

Recently, Ueberschar et al. [101] compared the fluid friction of single micrometer-sized blank and
DNA-grafted PS microspheres under shear flow, and found that a thick DNA brush layer grafted
onto PS microspheres reduced the frictional drag significantly, especially in dilute λ-DNA solution.
This effect was more pronounced depending on the average molecular weight of the grafted DNA
macromolecules, and was predicted to find use in chip devices or biomedical engineering.

5. Applications of Polymer-Induced Drag Reduction

With the recognition of polymers as prospective turbulent drag reducers, many possible
applications were put forward, including in the fields of crude oil transportation through a pipeline,
sewage, floodwater disposal, biomedical areas, oil well, heating circuits, and so on. In this section,
we review a few of these applications, and hope that the principles used in these fields can be applied
to other areas.

Drag reduction is considered to be a very important application prospect in the crude oil industry.
The introduction of drag reducing polymeric additives in the long-distance crude oil pipeline has
attracted huge attention. Evans [102] reported improved mechanical shear stability in non-aqueous
systems using a tri-n-butylstannyl fluoride drag reducer. Belokin et al. [103] demonstrated that
certain soluble high-molecular organosilicone polymers, such as poly(dimethyl siltrimethylene) and
poly(dimethyl silmethylene), are very effective for reduction of turbulent frictional resistance in
kerosene, and there are many ongoing studies [104–106]. In addition, a number of other applications
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of drag in oilfields have been studied, including enhanced oil recovery (EOR) applications [107,108]
and hydraulic fracturing [77,109].

Another major application of polymer-induced DR in sewers has also aroused the interest of
researchers. Forester et al. [110] analyzed the effect of a polymeric additive on DR in a pipe flow
(where the pipe diameter was 254 mm), and suggested the potential application of drag reduction
to sewer systems. Experimental evidence suggested that the discharge capacities of sewers can be
increased significantly by appropriate polymer dosing. Detailed studies of this application have been
published by Sellin et al. [111] for a number of sewer situations. The cost estimates, pollution, and
toxicity problem are also discussed in their study.

Many tests have confirmed that a soluble polymer coating can be used to reduce the friction of ship
models. Thurston and Jones [112] reported reduction of friction drag by application of soluble coatings
to underwater vessels. Tests were performed in both fresh water and saline water, although the coating
location was confined to the stagnation point of the nose. The DR achieved in the model was 33% in
fresh water and 30% in seawater. Choi et al. [113] evaluated the effect of compliant coating on the
turbulent boundary layer thickness in an aqueous channel flow, and observed significant turbulent
DR, induced by the compliant coatings. Their investigation indicated that in order to build up the
compliant coating for turbulent skin-frictional DR, the proper combination of material characteristics
was necessary.

The use of biocompatible polymeric DR additives in biomedical areas has also been extensively
studied [114], and blood-soluble drag reducing polymers have been demonstrated to influence the
hydrodynamics in the blood flow of animals when injected intravenously at very low polymer
concentration. Many experiments with intravenous drag reduction polymers showed positive
hemorheological effects in several animal systems [115–117]. These studies indicate that the use
of drag reducing polymers in blood has great potential for improving blood flow, and thus affords the
possibility for prevention or treatment of circulatory system diseases.

As is well known, polymer induced drag reduction has a wide range of applications in many
fields, which provides high impetus for continued study of the drag reduction phenomenon, and we
believe that there are yet unearthed application prospects.

6. Conclusions

This article summarizes the recent research on typical synthetic and natural water-soluble
polymers and their application as promising drag reducing agents, along with the research
achievements in terms of the drag reduction capability. A selective overview of the proposed
mechanisms of the polymer-induced turbulent DR and the current state of the experimental and
simulation techniques are discussed, focusing on the drag reducing capability and complexity of
water-soluble polymers in aqueous flows. The DR efficiency of water-soluble polymers could be
dramatically altered by slight changes in experimental factors, including temperature, Reynolds
number, pH values, pipe diameter, etc. or in molecular parameters including the molecular weight,
polydispersity, intrinsic viscosity, concentration, etc. Therefore, the introduction of relative drag
reduction capability for different polymers could be an alternative way covering specific molecular
parameters and experimental conditions.

Regarding the importance of polymer structure and chemical composition to the DR, comparison
of the DR efficiency of flexible and rigid polymers demonstrates the importance of molecular
conformation. Among various polymeric drag reducing agents, synthetic water-soluble polymers
can be fabricated with control of the molecular weight, structure, molecular weight distribution,
and the characteristics of the ionic groups. Natural water-soluble polymers are inexpensive,
biodegradable, fairly shear stable, and can be easily obtained from agricultural resources. However,
the biodegradability of natural water-soluble polymers limits their application. It is evident that
both synthetic polymers and natural polymers have their own optimum drag reduction conditions,
which are closely associated with the rheological, physical, and/or chemical characteristics. Therefore,
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future work could be extended to improve the drag reduction efficiency of water-soluble polymers by
combining the best characteristics of various polymers, e.g., by grafting synthetic polymers onto the
backbone of natural polymers. It is believed that these new water-soluble polymers will exhibit more
excellent drag reduction capability, thereby expanding the range of applications.
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Abstract: Cross-linked starch nanocapsules (NCs) were synthesized by interfacial polymerization
carried out using the inverse mini-emulsion technique. 2,4-toluene diisocyanate (TDI) was used
as the cross-linker. The influence of TDI concentrations on the polymeric shell, particle size, and
encapsulation efficiency of a hydrophilic dye, sulforhodamine 101 (SR 101), was investigated by
Fourier transform infrared (FT-IR) spectroscopy, dynamic light scattering (DLS), and fluorescence
measurements, respectively. The final NC morphology was confirmed by scanning electron
microscopy. The leakage of SR 101 through the shell of NCs was monitored at 37 ◦C for seven
days, and afterwards the NCs were redispersed in water. Depending on cross-linker content,
permeable and impermeable NCs shell could be designed. Enzyme-triggered release of SR 101
through impermeable NC shells was investigated using UV spectroscopy with different α-amylase
concentrations. Impermeable NCs shell were able to release their cargo upon addition of amylase,
being suitable for a drug delivery system of hydrophilic compounds.

Keywords: inverse mini-emulsion; interfacial polymerization; aqueous-core nanocapsules;
high-efficiency encapsulation; enzyme-triggered release

1. Introduction

The development of new strategies for the delivery of hydrophilic drugs is emerging as an
important research field [1–6] due to several facts: water-soluble drugs are often easily degradable
in the body, poor cellular penetration of macromolecules, toxicity of small molecules, and unsuitable
biodistribution [1]. These limitations can be overcome by the use of nanocarriers that offer protection
against degradation or oxidation until the drugs reach the targeted tissues.

The importance of polymeric nanoparticles is now widely recognized in order to conceive
drug carriers and controlled-release systems due to their versatility and unique features, such
as different compositions, morphologies, reduced particle sizes and high surface area, allowing
surface modification [7] in order to design the triggered release, for example, pH-responsive [8] and
enzyme-responsive nanoparticles [9,10]. Thus, compounds, materials and, especially, the surface of
drug carriers should be biocompatible, nontoxic and, sometimes, also biodegradable [11]. Therefore,
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the use of well-known polysaccharides for the preparation of drug delivery systems has advantages
regarding safety, toxicity, and availability [12,13].

Recently, starch-based nanocapsules prepared by the emulsion solvent evaporation method were
used for topical application and showed very good skin compatibility, an absence of allergenic potential
and, additionally, improved skin permeation of lipophilic bioactive molecules [13]. However, regarding
oral administration, starch-based drug delivery systems experience different environments in the
body, especially, environmental conditions that favor enzymatic biodegradation. Although amylase is
the major component of parotid saliva, most degradation of starch results from pancreatic enzymes
in the small intestine, and not from salivary amylases [14–16]. Efforts have been made to inhibit or
reduce the enzymatic degradation. In this way, starch-based nanoparticles have been obtained using
modified [17] and cross-linked starch [18].

Well-established methods usually used for the encapsulation of lipophilic compounds result
in low encapsulation efficiency of hydrophilic molecules, due to the rapid partitioning of the drug
to the external aqueous phase [4]. Double-emulsion solvent diffusion techniques and emulsion
solvent evaporation are the most common methods used for the encapsulation of hydrophilic
compounds in nanoparticles, but usually result in low encapsulation efficiency [4,19]. Higher
loading efficiency of hydrophilic compounds was recently reported using a novel organic solvent-free
double-emulsion/melt dispersion technique [5].

High encapsulation efficiency of hydrophilic drugs was achieved using the inverse mini-emulsion
polymerization technique. The high stability of droplets/particles created by the mini-emulsion
technique allows performing the polymerization reaction inside the droplet, as well as at their
interface [20]. A relatively recent strategy is the use of interfacial polymerization, which allows
the preparation of aqueous-core nanocapsules. Polyurea, polythiourea, or polyurethane shells
were successfully obtained by interfacial polyaddition at the droplet interface using starch, dextran,
1,6-hexanediol, and 1,6-diaminohexane, for example [2,3,18,21,22]. The core composed of water
optimizes the drug solubility inside the nanoparticle, providing high encapsulation efficiency.

NaCl is the most common salt applied in inverse mini-emulsion polymerization, although
hydrophilic metal salts composed of transition metal cations, such as Fe2+, Fe3+, Co2+, Ni2+, and Cu2+,
may present advantages for further application [23]. Copper (Cu) is an element essential for almost all
organisms, including bacteria, but Cu overload is toxic in most systems. Studies show Cu accumulates
in macrophage phagosomes infected with bacteria, suggesting that Cu is mobilized in mammals to
control bacterial growth [24]. In fact, Wolschendorf et al. [25] found that dietary supplementation
with Cu resulted in the accumulation of Cu in lung granulomas of Mycobacterium tuberculosis-infected
guinea pigs, and coincided with a reduction in the bacterial burden.

The effective carrier for drug delivery should be optimized in terms of chemical composition,
surface morphology, size, shape, and be able to release its payload in a controlled/predictable manner.
Therefore, it is of great importance to have knowledge about how the chemical compositions affect
the degradation kinetics of the carriers in order to program the properties of a carrier during the
synthesis for each particular application. Hamdi and Ponchel [26] synthesized starch microspheres
using epichlorohydrin as a crosslinking agent, and studied enzymatic degradation by α-amylase.
It was suggested that degradation profiles were dependent on the initial size distribution of the
microspheres. The aim of this study was to prepare starch nanocapsules by interfacial inverse
(water-in-oil) mini-emulsion polymerization using 2,4-toluene diisocyanate as a cross-linker and
to evaluate the permeability of the capsule’s shell upon enzyme (amylase) degradation by adjusting
the chemical parameters during the crosslinking reaction. Our focus was also to evaluate whether the
permeability of NC shells can be modulated by the encapsulation of a small hydrophilic molecule,
sulforhodamine 101 (SR 101), in aqueous-core NCs for different amounts of cross-linker.
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2. Materials and Methods

2.1. Materials

For the synthesis of starch NCs, all chemicals were used without further purification. Hydrophilic
potato starch and 2,4-toluene diisocyanate (TDI) were purchased from Fluka (Neu-Ulm, Germany) and
Sigma Aldrich (Steinheim, Germany), respectively. Cyclohexane (Sigma Aldrich, Steinheim, Germany)
was used as continuous phase. Sodium chloride (NaCl, VWR, BDH Prolabo, Darmstadt, Germany)
and copper II sulfate pentahydrate (CuSO4·5H2O, Cromoline, Diadema, Brazil) were used as osmotic
costabilizers of the mini-emulsion droplets. Polyglycerol polyricinoleate (PGPR, Mw = 5870 g/mol,
DANISCO, Kopenhagen, Denmark) was employed as a hydrophobic surfactant. Sulforhodamine 101
(SR 101, Mw = 606.71 g/mol, BioChemica, Aldrich, Taufkirchen, Germany) was used as a hydrophilic
dye. Sodium dodecyl sulfate (SDS, Merck, Darmstadt, Germany) and Tween 80 (Vetec, São Paulo,
Brazil) were used as surfactants to redisperse the cross-linked aqueous-core NCs in the aqueous phase.
The α-amylase from Bacillus subtilis was purchased from Fluka (Neu-Ulm, Germany). The phosphate
buffer solution (PBS at pH 7.4 and 0.05 M) was freshly prepared from monobasic and dibasic sodium
phosphate (Vetec, São Paulo, Brazil).

2.2. Preparation of Starch Nanocapsules

Starch nanocapsules (NCs) were prepared by interfacial polymerization by inverse mini-emulsion
at 60 ◦C for 2 h, based on a procedure proposed in the literature [3,18], except for the fact that the
dispersed phase was prepared from gelatinizing 0.1 g of starch under stirring for 30 min at 90 ◦C in
a mixture of 50 mg of sodium chloride and 1.3 g of water. When copper salt was used, NaCl was
partially replaced by previously-dried CuSO4·5H2O. Subsequently, the macroemulsion was formed
by adding the continuous phase, composed of 7.5 g of cyclohexane and PGPR (varied in the range
from 10 to 20 wt% related to the disperse phase), to the disperse phase and by stirring over 1 h at
room temperature. The mini-emulsion was created by sonication for 3 min at 70% of amplitude in a
pulsed regime (20 s on, 10 s pause) using a Branson Sonifier W-450-Digital (Thermo Fisher Scientific,
WA, USA) under ice cooling to prevent the evaporation of the continuous phase. A clear solution
of cyclohexane (5 g), PGPR (30 mg), and TDI (varied in the range from 80 to 200 mg), previously
prepared, was added dropwise to the mini-emulsion for 1 min. The reaction was performed for 2 h at
60 ◦C or for 24 h at 25 ◦C, under magnetic stirring. Figure 1 illustrates the different steps. Dye-loaded
cross-linked starch NCs were prepared, in brief, replacing the water that composes the dispersed phase
by a 0.02 wt% SR 101 aqueous solution.

Figure 1. Preparation of aqueous-core NCs by interfacial polymerization via inverse mini-emulsion.

In order to redisperse the NCs in water, the following procedure was applied: 1 g of NCs dispersed
in cyclohexane were redispersed in 5 g of 0.3 wt% SDS aqueous solution after 30 min in a sonication
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bath (25 kHz) and magnetically stirred at 1000 rpm over 8 h at room temperature for evaporation of
the organic solvent.

2.3. Characterization

The intensity average particle size was measured by dynamic light scattering (DLS, NanoSizer
Nano S, Malvern, UK) of diluted dispersions. The morphology of the NCs was evaluated by field
emission scanning electron microscopy (FESEM) (LEO (Zeiss) 1530 Gemini, Oberkochen, Germany)
at an accelerating voltage of 0.5 kV. Generally, the samples were prepared by diluting the NCs
in cyclohexane, then one droplet of the sample was placed onto silica wafers and dried under
ambient conditions.

Fourier transform infrared (FT-IR) spectroscopy was performed to evaluate the reaction between
the cross-linker TDI and hydroxyl groups of starch during the mini-emulsion polymerization.
The sample powder was obtained by freeze-drying the particles dispersion for 24 h at −60 ◦C under
reduced pressure. The dried sample was pressed with KBr to form a pellet. Spectra were recorded using
a IFS 113v spectrometer (Bruker, Billerica, MA, USA). When mentioned, attenuated total reflectance
(ATR) mode was used. For that, a film of the sample was obtained drying the final mini-emulsion in a
convection oven at 60 ◦C and spectra were recorded using a Tensor 27 spectrometer (Bruker, Billerica,
MA, USA).

Interfacial tension measurements were carried out by using a series of colloidal dispersions of
varying type and amount of hydrophilic salts. The measurements were carried out using a drop shape
analysis system (Ramé-hart Model 250 Standard Goniometer/Tensiometer, Ramé-hart, Succasunna,
NJ, USA). The equipment was calibrated by measuring the pure air-water surface tension until a value
of 72.8 mN m−1 was obtained. Single droplets (50 μL) of the dispersed phase were formed at the end
of a steel needle (1.84 mm), placed in the oil phase within a cuvette, and images were recorded using a
digital camera over a period of time at 21 ◦C. The profile of the droplet in each image was detected
automatically using the analysis software package and fitted to the Young-Laplace equation to obtain
interfacial tension values as a function of time. At least three independent measurements were taken.

The encapsulation efficiency was studied using a fluorescence spectrometer (NanoDrop ND-3300,
Thermo Fisher Scientific, WA, USA) after redispersion of NCs in water. SR 101 was chosen as the
hydrophilic fluorescent dye due its stable fluorescence (red fluorophore λexc/em: 583/603 nm) during
polymerization. Sonication and exposition to different temperatures did not influence the intensity
of its fluorescence signal. After the synthesis step, NCs dispersed in cyclohexane were freeze-dried,
and the encapsulation efficiency was determined by redispersing 15 μg of the dried sample in 1 g of
0.3 wt% SDS aqueous solution. The NCs were collected by centrifugation for 20 min at 10,000 rpm.
The fluorescence signal of the supernatant related to a calibration curve provided the concentration of
unloaded dye. The encapsulation efficiency (EE (%)) was calculated as the difference between total
concentration of dye in the sample (Wtotal,sample) and the concentration of free dye (Wfree) using the
following equation:

EE (%) =

(
Wtotal,sample − Wf ree

)
Wtotal,sample

× 100 (1)

The encapsulation efficiency of the dye after redispersion, and the leakage by migration of the
hydrophilic dye to the continuous aqueous phase, were calculated by relating the fluorescence signal
of the supernatant obtained from the sample after centrifugation at 4000 rpm for 30 min. The leakage
of SR 101 was monitored for seven days at 37 ◦C. Aliquots were taken at certain times and centrifuged
at 4000 rpm for 30 min. The fluorescence signal of the supernatant related to a calibration curve
provided the concentration of non-entrapped dye (Wfree). The cumulative loss of SR 101 (1 − EE (%))
was calculated using the following equation:
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1 − EE (%) =

(
Wf ree

)
Wtotal,sample

× 100 (2)

where Wtotal,sample stands for the total concentration of dye in the sample. All experiments were repeated
three times and for each sample the encapsulation efficiency was calculated from two measurements.

The activity of α-amylase was determined based on colorimetric measurements at 37 ◦C and
pH 7.4, 0.05 M PBS. The reaction was started by adding 0.5 mL of α-amylase solution to 10 mL of
gelatinized 0.1 g/mL starch solution in pH 7.4 and 0.05 M PBS. The final enzyme concentration was
3.61 μg/mL of α-amylase. The reaction was allowed to proceed at 37 ◦C and stopped by adding
0.5 mL of reacted starch dispersion to 5 mL of 0.1 M HCl solution, and 0.5 mL of the terminated
reaction solution was added to 5 mL of iodine reagent (0.2% iodine and 2% potassium iodine)
aqueous solution. The starch-iodine solution turned deep blue in the presence of unconverted
starch and the color developed was determined by measuring the absorbance at 620 nm (UV-VIS
spectrophotometer, AJX-1900, Micronal, São Paulo, Brazil). The α-amylase activity was calculated
by relating the absorbance of the undigested starch solution with the absorbance of the digested
starch solution.

For the release assays, the NCs were redispersed into an aqueous solution using the following
procedure: 2 g of NCs dispersed in cyclohexane (solid content around 3%) were added to 10 g of
Tween 80 solution (1 g of surfactant in 10 g of 0.05 M PBS pH 7.4) after 30 min in a sonication bath
(25 kHz) and magnetically stirred at 1000 rpm over 8 h at room temperature for the evaporation of
organic solvent. After redispersion, α-amylase previously dissolved in PBS was added to the NCs.
The final enzyme concentrations studied were 36, 18, 9, 0.9, and 0 mg/mL. The samples were gently
shaken at 37 ◦C and the release kinetics of SR 101 were taken upon enzymatic degradation of the shell
of the NCs. Aliquots of 1 mL were taken periodically and the enzymatic reaction was stopped by
adding 0.5 mL of a 0.1 M HCl solution. The NCs were sedimented by centrifugation for 30 min at
4800 rpm (1467× g, MiniSpin Eppendorf, Hamburg, Germany) and the supernatant was immediately
analyzed by a UV-VIS spectrophotometer (AJX-1900, Micronal) at 584 nm, as shown in Figure 2. Firstly,
it was observed that the intensity of the absorbance peak and maximum absorbance wavelength of
SR 101 dissolved in HCl solution were the same compared to an aqueous solution. However, after
24 h some degradation of the signal was observed, emphasizing the importance of carrying out the
measurements immediately after the dissolution in HCl solution.

Figure 2. Schematic illustration of the procedure for determination of enzyme triggered release of SR
101 from cross-linked starch NCs.

3. Results and Discussion

Cross-linked starch NCs were prepared by interfacial polymerization firstly at 60 ◦C for 2 h using
different types and amounts of osmotic costabilizer, as well as different surfactant, TDI, and starch
concentrations. Secondly, the effect of a lower reaction temperature was investigated. Finally, shell
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permeability of NCs was evaluated and impermeable shell cross-linked starch NCs were designed
for enzyme-triggered release of hydrophilic compounds. The stability of the mini-emulsions of
aqueous nanodroplets was investigated at 60 ◦C for 2 h. Results indicate that the mini-emulsions are
stable during the reaction time at 60 ◦C. Since the final NCs are composed of a rigid shell, all of the
NCs studied and stored at room temperature were stable. Although some NCs precipitated during
storage, they could easily be redispersed simply by shaking by hand and no irreversible coagulation
was observed.

3.1. Effect of Surfactant Concentration

The effect of surfactant concentration on the mean particle size was investigated in NCs obtained
using 0.1 g of starch gelatinized in the aqueous phase, composed of 1.3 g of water and 50 mg of sodium
chloride. The continuous phase of the mini-emulsion was composed of 7.5 g of cyclohexane and PGPR.
The amount of PGPR varied in the range from 10 to 20 wt% related to the dispersed phase. The reaction
started by adding a cross-linker solution composed of 5.0 g of cyclohexane, 30 mg of PGPR, and
120 mg of TDI. The amounts of the dispersed phase and cross-linker solution were kept constant.
Table 1 summarizes the effect of surfactant (PGPR) concentration on the final particle diameter of NCs
dispersed in cyclohexane and redispersed in an aqueous solution stabilized with SDS.

Table 1. Average particle size of cross-linked starch NCs prepared by interfacial polymerization in
inverse mini-emulsion at 60 ◦C for 2 h using 120 mg of TDI. The dispersed phase was composed of
0.1 g of starch, 1.3 g of water, and 50 mg of NaCl and the continuous phase was composed of 7.5 g of
cyclohexane and PGPR.

PGPR (%) *
Final Average Particle Size (nm) **

Dispersed in Cyclohexane Redispersed in Aqueous Solution

10 200 ± 1 197 ± 2
15 181 ± 3 194 ± 3
20 159 ± 2 230 ± 7

* wt% related to the disperse phase; ** Mean ± SD, n ≥ 3.

It can be observed that the mean particle size decreased with the increase of surfactant
concentration for NCs dispersed in cyclohexane. This behavior was expected and the influence
of surfactant concentration on particle size is well discussed in the literature [2,20]. Higher amounts of
surfactant are able to provide colloidal stability to larger surface areas and, thus, smaller particles can
be formed. However, when the NCs were redispersed in the aqueous solution, the mean particle size
slightly increased for NCs with 15% of PGPR and sharply for that with 20 wt% of PGPR NCs, except for
samples obtained with 10 wt% of PGPR, in which the particle size remained unchanged. This different
behavior can be attributed to the swelling process during the redispersion step. The different swelling
ability of NCs might be explained considering the interfacial polymerization mechanism. Larger
particle diameters provide lower total surface area of NCs, 4.4 × 1019 nm2 for NCs with 10 wt% PGPR
compared to 5.5 × 1019 nm2 for 20 wt% PGPR NCs and, thus, present thicker shells. Baier et al. [18]
investigated the influence of surfactant concentration on the wall thickness of the cross-linked starch
NC shells by SEM analysis. According to the results obtained by the authors, the thickness of the shell
decreases with higher amounts of surfactant. Due to the osmotic pressure inside the NCs provided
by NaCl, the swelling process is favored, increasing the particle size of the NCs with a thinner shell
after redispersion in an aqueous phase, as observed for the samples obtained with 15 wt% and 20 wt%
of PGPR.

FT-IR measurements were performed to investigate the shell composition and confirmed the
chemical reaction between OH groups from starch and surfactant molecules with NCO groups of
TDI. Figure 3a shows the spectra of cross-linked starch NCs, whose shell is composed of urethane
and urea groups [18]. The carbonyl vibration at 1734 cm−1 and the N-H vibration at 1544 cm−1 are
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strong evidence for the formation of urethane groups. The vibration at 1646 cm−1 (the carbonyl of
urea groups) indicates that the side reaction of isocyanate with water occurred leading to urea units.
The flat signal at 2276 cm−1 indicates complete consumption of NCO groups of TDI. Figure 3b shows,
in detail, the spectra and the growth of the characteristic peak of the urethane group (1734 cm−1)
with higher PGPR concentration and smaller particle size (159 nm with 20 wt% of PGPR related to
the dispersed phase). This fact might be attributed to the locus of interfacial polymerization; at the
beginning of the reaction starch concentration at the interface and, thus, also that of water, was the same
in smaller or larger droplets. Nevertheless, smaller droplets presented higher area/volume ratio and
higher surface area led to faster interfacial reaction rates between NCO groups of TDI and OH groups
from starch due the increased contact between both phases. The mobility of starch macromolecules
through the shell to react with TDI at the interface is lower than that of small water molecules and,
therefore, thicker shells obtained with larger particles provide more resistance. Consequently, the
formation if urethane groups was favored in smaller particles. Figure 4 shows a schematic illustration
of interfacial polymerization resulting in cross-linked starch NCs. Since urea bonds are stiffer and
form stronger hydrogen bonding, smaller particles with lower percentages of urea bonds swell more
when redispersed in water, as observed in Table 1, for NCs with 20 wt% of PGPR.
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Figure 3. The effect of surfactant concentration on shell composition. Results were obtained by FT-IR
using ATR mode. (a) Spectra between 4000 and 500 cm−1; and (b) spectra in detail between 2500 and
1500 cm−1.

Figure 4. Schematic illustration of interfacial polymerization between NCO groups from TDI and OH
groups from starch by inverse mini-emulsion.
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3.2. Effect of Osmotic Agent Type

Hydrophilic salts have been used as osmotic agents (costabilizer) in order to improve the
nanodroplet stability. Aqueous nanodroplets stabilized using sodium chloride and copper sulfate as
osmotic agents in the dispersed phase are composed of 0.1 g of starch gelatinized in 1.3 g of water and
150 mg of PGPR as the surfactant in the continuous phase were, afterwards, cross-linked with TDI.
Sodium chloride was partially replaced by CuSO4, maintaining similar ionic strength. Ten milligrams
of NaCl (1.71 × 10−4 mol) were replaced by 7 mg of CuSO4 (4.82 × 10−5 mol).

Table 2 summarizes the formulations and shows the effect of the osmotic agent type on the average
particle size of cross-linked starch NCs using different TDI amounts. It can be observed that smaller
NCs were obtained using copper salt independently of the TDI concentration after polymerization.
The small decrease of particle size containing CuSO4 might be due to the dissociation ability, as well
as to the fact that the hydrophilic salt can influence the interfacial properties of the dispersed and
continuous phases and interact with the other components of the dispersed phase [23]. However,
it was observed that the type and content of the salt had only a minor influence on the interfacial
tension values between the phases, as shown in Table 3. In addition, while for those NCs obtained
with NaCl, particle sizes remained virtually unchanged after redispersion in aqueous solution, and
the particle sizes of NCs obtained with CuSO4, independently of TDI concentration, increased after
redispersion in aqueous solution (from about 135 nm in cyclohexane to 180 nm in water). These results
indicate that these particle’s shells are permeable, favoring swelling of the particle.

Table 2. The average particle size of cross-linked starch NCs prepared by interfacial polymerization
inverse mini-emulsion at 60 ◦C for 2 h using 7.5 g of cyclohexane and 150 mg of PGPR as the continuous
phase, and the dispersed phase was composed of 0.1 g of starch, 1.3 g of water, and salt.

Disperse Phase TDI Solution Final Average Particle Size (nm) *

NaCl (mg) CuSO4 (mg) TDI (mg)
Dispersed in
Cyclohexane

Redispersed in
Aqueous Solution

50 - 80 200 ± 2 195 ± 2
40 7 80 135 ± 1 181 ± 2
50 - 120 209 ± 1 213 ± 4
40 7 120 139 ± 2 181 ± 2

* Mean ± SD, n ≥ 3.

Table 3. The influence of type and concentration of salt on interfacial tension values between aqueous
droplets and cyclohexane with 10 wt% of PGPR related to the dispersed phase.

NaCl (mol/g) * CuSO4 (mol/g) * γ (mN/m) **

6.58 × 10−4 - 3.04 ± 0.09
9.21 × 10−4 - 3.08 ± 0.03
5.26 × 10−4 4.82 × 10−5 3.56 ± 0.02

* Molar concentration related to water; ** Mean ± SD, n ≥ 3.

The effect of the type of salt on the NC shell composition was evaluated using 120 mg of TDI.
A comparison between FT-IR spectra of samples is shown in Figure 5. The shell composition of particles
obtained using CuSO4 presents a higher fraction of urethane groups, as can be observed by the growth
of its characteristic peak at 1734 cm−1. Smaller particle sizes of reactions using CuSO4 resulted in a
higher interfacial area, favoring the cross-linking reaction between starch and TDI forming urethane
groups. Since the side reaction between NCO groups from TDI and OH groups from water were
reduced by partially replacing NaCl by CuSO4, as can be observed by the decrease of the characteristic
peak of carbonyl of urea groups at 1646 cm−1, as mentioned in the previous section, particles swell
more after redispersion in water (shown in Table 2).
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Figure 5. The effect of the co-stabilizer on the shell composition of cross-linked starch NCs prepared
with 120 mg of TDI and 10 wt% of PGPR related to the dispersed phase. Results wereobtained by FT-IR
using ATR mode.

3.3. Influence of the Amount of Starch

The effect of the amount of starch on the mean particle size was investigated using 50 mg of sodium
chloride, 1.2 g and 1.3 g of water for 0.2 g and 0.1 g of starch, respectively, at different surfactant
concentrations in the continuous phase, composed of 7.5 g of cyclohexane. The polymerization
reactions were performed using 120 mg of TDI. Firstly, higher amounts of starch lead to larger particle
sizes (from 200 nm to 272 nm increasing the starch amount from 0.1 g to 0.2 g, respectively, applying
10 wt% of PGPR related to the dispersed phase), as shown in Figure 6a. This fact might be attributed
to the increase of the viscosity of the dispersed phase when a higher amount of gelatinized starch
was used making droplet breakage more difficult during the mini-emulsion preparation. As expected,
the mean average size decreased with the increase in the PGPR concentration.
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Figure 6. Effect of starch amount on (a) average particle size and (b) shell composition of cross-linked
starch NCs prepared with 120 mg of TDI and 10 wt% of PGPR related to the dispersed phase. Results
obtained by FT-IR using ATR mode (error bars represent standard deviation, n ≥ 3).

The influence of the starch amount on the NC shell composition was evaluated using 10 wt% of
PGPR related to the dispersed phase. A comparison between FT-IR spectra of the samples are shown in
Figure 6b. Higher amounts of starch increased the fraction of urethane groups on the shell composition,
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as can be observed by the growth of its characteristic peak at 1734 cm−1. In addition, a higher starch
concentration reduces the side reaction between NCO groups from TDI and OH groups from water,
as can be observed by the decrease of the characteristic peak of carbonyl of urea groups at 1646 cm−1.

3.4. Effect of TDI Concentration

Mini-emulsions prepared with 0.1 g of starch, 50 mg of NaCl and 1.3 g of water dispersed into
a continuous phase composed of 7.5 g of cyclohexane and 10 wt% of PGPR related to the dispersed
phase were polymerized with different amounts of TDI (varying from 80 mg to 200 mg).

Figure 7 shows the influence of the amount of TDI on the average particle size. It can be
noticed that the mean diameter of NCs dispersed in cyclohexane increased with higher amounts of
TDI. Nevertheless, after the NCs were transferred into the aqueous solution, the particle diameter
considerably decreased (for samples prepared with 140 mg and 160 mg of TDI). Figure 8 shows a
schematic illustration of a PGPR molecule adsorbed at the aqueous droplet-continuous phase interface
of NCs dispersed in cyclohexane. According to Baier et al. [18], the chains of surfactant molecules
are free to move in the organic continuous phase, causing the diameter variability. When NCs were
redispersed into an aqueous continuous phase, the hydrophobic tail of the surfactant molecules tend
to rearrange near to the NC surface. The final average particle diameters in water were around 190 nm,
evidencing the absence of inter-nanocapsule crosslinking. It should be emphasized that the fraction of
the dispersed phase was around 10% in volume. This content was low enough to avoid coalescence
and, thus, inter-nanocapsule crosslinking.
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Figure 7. The effect of the amount of TDI on the average particle size using 10 wt% of PGPR related to
the dispersed phase (error bars represent standard deviation, n ≥ 3).
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Figure 8. Schematic illustration of PGPR molecule adsorbed at the cyclohexane-aqueous droplet interface.
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3.5. Effect of Reaction Temperature on NC’s Shell Composition

Mini-emulsions prepared with 0.1 g of starch, 50 mg of NaCl, and 1.3 g of water dispersed into
a continuous phase composed of 7.5 g of cyclohexane and 10 wt% of PGPR related to the dispersed
phase were polymerized with 160 mg of TDI solubilized into 30 mg of PGPR in 5 g of cyclohexane
solution at different temperatures. Figure 9 shows the influence of the reaction temperature on the
capsule’s shell composition. It can be observed that decreasing the temperature from 60 ◦C to 25 ◦C,
a stronger NCO residual peak was observed after 24 h of reaction, due to the incomplete consumption
of NCO groups of TDI at 2276 cm−1. FT-IR measurements present in Figure 9 were performed using
KBr pellets, instead of the ATR mode.
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Figure 9. The influence of the reaction temperature on the composition of capsule’s shells obtained
by inverse mini-emulsion polymerization using 0.1 g of starch, 160 mg of TDI, and 10 wt% of PGPR
related to the dispersed phase. The results were obtained by FT-IR using pellets pressed with KBr.

In addition to the fact that the reaction rate might be slower at 25 ◦C, the viscosity inside the
aqueous droplet at a lower temperature is also higher than that at 60 ◦C, enhanced by the previous
gelatinization of starch at 90 ◦C. The higher viscosity is due to the property of starch of forming a
viscous gel with water when heated, followed by cooling, consisting of the gelatinized starch embedded
in an interconnected network of recrystallized polymer aggregates. Since the interfacial polymerization
occurs at the interface region between droplet and continuous phase, and depends on the mobility
of the hydrophilic monomer inside the droplet [27], the formation of this viscous gel at 25 ◦C might
reduce the mobility of starch inside the aqueous droplet, resulting in a lower hydroxyl concentration
at the interface of the droplet and, consequently, a higher amount of residual isocyanate after the
interfacial polymerization after 24 h of reaction time.

3.6. Permeability of NC Shells

The characteristics of interfacial polymerization is responsible for the final capsule morphology,
composed of an aqueous core and a cross-linked starch shell. Mini-emulsions prepared with 0.1 g
of starch, 50 mg of NaCl, and 1.3 g of water dispersed into a continuous phase composed of 7.5 g
of cyclohexane and 10 wt% of PGPR related to the dispersed phase were polymerized with 160 mg
of TDI. Figure 10 shows a SEM image of nanocapsules with an average size of around 270 nm
(measured by DLS). Due to the drying and vacuum effects during the SEM measurements, the aqueous
core of the NCs evaporates and the morphology appears similar to deflated balls, confirming the
capsule morphology.
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Figure 10. SEM image of cross-linked starch NCs (160 mg of TDI).

Encapsulation efficiency of hydrophilic compounds and the permeability of NC shells were
assessed for nanocapsules redispersed in aqueous solution. Due to the characteristics of interfacial
polymerization using inverse mini-emulsion, high encapsulation efficiencies of the hydrophilic dye
SR 101 were found close to 100% for 160 mg and 80 mg of TDI, before redispersion of NCs in water
(Figure 11).

The smallest amount of TDI (80 mg) did not provide an entirely sealed shell, and migration of dye
to the external aqueous phase occurred leading to a lower encapsulation efficiency of SR 101 (70%) after
the NCs were transferred to an aqueous solution. These results revealed that the cross-linking degree
affects the ability of the capsule’s shell to avoid the premature release of the hydrophilic compound.

The leakage of SR 101 after the NCs were transferred to the aqueous solution was monitored for
seven days at 37 ◦C (Figure 12) and might be attributed to the permeability of the polymeric shell of
NCs obtained with lower amounts of TDI (80 mg). Impermeable NCs were prepared using 160 mg
of TDI, as shown in Figure 12, since no leakage was detected after the redispersion step of NCs from
cyclohexane into the aqueous solution.
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Figure 12. Cumulative loss of hydrophilic dye by leakage from the capsules to the
aqueous-continuous phase.

3.7. Enzyme-Triggered Release of SR 101

The degradation assays of the cross-linked starch NCs were carried out under the same condition
as used previously for the determination of the α-amylase activity (described in Section 2.2). At 37 ◦C
and 0.05 M PBS (pH 7.4), enzymes showed an activity of 840 U/mg of enzymes.

The enzyme-triggered release kinetics of SR 101 was evaluated by enzymatic shell degradation of
impermeable NCs (160 mg of TDI). The enzymatic degradation occurred using different α-amylase
concentrations (36; 18; 9 and 0.9 mg/mL−1). The results obtained for the maximum absorbance of SR
101 at 584 nm are shown in Figure 13.

The degradation reaction was allowed to proceed for 48 h. The maximum released SR 101
concentration was achieved after 18 h of the degradation reaction.
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Figure 13. Release of SR 101 by enzymatic degradation using different concentrations of α-amylase
(0, 0.9, 9, 18, and 36 mg/mL) (error bars represent standard deviation, n ≥ 3).

The control sample without enzyme treatment presented maximum absorbance at around
0.750 a.u.; small increments might be attributed to damage of the capsule’s polymeric shell during the
centrifugation step.

The release kinetics were immediately determined after the enzyme solution was added to the
NC dispersion. The higher the enzyme concentration is, the greater is the initial absorbance measured
(Figure 13). These results indicate that the superficial dye entrapped at the surface of the NCs is rapidly
released. After the initial period of degradation reaction (until 18 h), the SR 101 release rate slowed.
The lowest enzyme concentration (0.9 mg/mL) did not show a significant release, due to its slow
degradation rate.
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4. Conclusions

Aqueous-core NCs were prepared via the inverse mini-emulsion technique, by interfacial
polymerization between gelatinized potato starch and 2,4-toluene diisocyanate (TDI). The NCs were
prepared at two different temperatures and the influence of 2,4-TDI on the polymer shell composition,
particle size, and encapsulation efficiency was investigated. The ability to redisperse NCs in different
continuous phases indicates the high stability of the polymeric shell. In addition, when a higher
amount of TDI was used for cross-linking, the leakage of the hydrophilic dye to the aqueous phase
after the redispersion in water could be readily minimized. Overall, this work presents a promising
possibility for encapsulation of hydrophilic molecules with high encapsulation efficiency.

Biodegradability of NCs was demonstrated by the enzyme-triggered release of SR 101. The release
kinetics were investigated using UV-Vis spectroscopy. The starch NCs were degraded by applying
different enzyme concentrations. Enzyme concentrations below 0.9 mg/mL led to a slow release rate,
due to the low degradation rate of the cross-linked capsule’s shell.
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Abstract: There is a debate in the literature on whether or not polymer networks synthesized
by reversible deactivation radical polymerization (RDRP) processes, such as reversible
addition-fragmentation radical transfer (RAFT) copolymerization of vinyl/divinyl monomers, are less
heterogeneous than those synthesized by conventional free radical copolymerization (FRP). In this
contribution, the syntheses by FRP and RAFT of hydrogels based on 2-hydroxyethylene methacrylate
(HEMA) and ethylene glycol dimethacrylate (EGDMA) in supercritical carbon dioxide (scCO2), using
Krytox 157 FSL as the dispersing agent, and the properties of the materials produced, are compared.
The materials were characterized by differential scanning calorimetry (DSC), swelling index (SI),
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). Studies on ciprofloxacin
loading and release rate from hydrogels were also carried out. The combined results show that the
hydrogels synthesized by FRP and RAFT are significantly different, with apparently less heterogeneity
present in the materials synthesized by RAFT copolymerization. A ratio of experimental (Mcexp) to
theoretical (Mctheo) molecular weight between crosslinks was established as a quantitative tool to
assess the degree of heterogeneity of a polymer network.

Keywords: supercritical carbon dioxide; RAFT polymerization; hydrogels; polymer network
homogeneity; solubility in supercritical fluids

1. Introduction

One of the most challenging areas of polymer science and engineering is the synthesis,
characterization and development of applications of polymer networks [1] (pp. 145–319). The reason
for this is the difficulty in dissolving, processing or manipulating the polymer network after its
synthesis. Many authors reported their way to analyze and handle these materials in their respective
fields, trying to understand their behavior [1–5].
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Polymer science is currently diversified into different fields. Many researchers focus their research
on controlling the structure and molecular weight of polymer molecules synthesized using reversible
deactivation radical polymerization (RDRP) techniques [6–9]. Other authors, including ourselves, have
combined the use of RDRP with the utilization of supercritical fluids, mainly carbon dioxide, as a
unique solvent in polymer synthesis [5,10–14].

Some of the advantages of using compressed fluids in organic synthesis, and specifically
supercritical carbon dioxide, include their innocuousness, their easiness of removal and recovery and
the fact that they are inexpensive and easy to acquire. On the other hand, the disadvantages for their
use include the initial high cost of investment in equipment, since reactors and other process equipment
should withstand moderate to high pressures and moderate to high temperatures. Although there is
information available on the solubility of chemical compounds in supercritical carbon dioxide [15,16],
solubility data for some monomers, such as HEMA or EGDMA, and their polymers, are not available
in the open literature.

There are few reports on the use of compressed fluids in the synthesis of polymer networks
using RDRP controllers. The information available about the properties and performance of those
materials is rather limited because the characterization of polymer networks is not straightforward.
One specific aspect about the characterization of polymer networks synthesized by copolymerization of
vinyl/divinyl monomers that remains unsolved is the determination of their heterogeneity, understood
as the regioregularity of polymer chains between crosslinks. Several approaches have been proposed
for this purpose, but the combined use of experimental data and theoretical calculations seems to
be the most effective way to understand their behavior. One of such approaches is the calculation
of the mean molecular weight between crosslinks from swelling index data, using the Flory–Rehner
equation [2,17–19].

Working with supercritical fluids also requires the knowledge of the thermodynamic aspects of
the reacting mixture, such as the knowledge or construction of a pressure vs. temperature (P vs. T)
diagram. This diagram is built considering the actual composition of the reacting mixture, thus
generating a curve that indicates which zone is related to liquid-vapor equilibrium or to supercritical
conditions, where all components are in one phase and liquid and vapor densities are the same.

In this contribution, we analyze the issue of the reduced heterogeneity of polymer networks
synthesized by RAFT copolymerization of vinyl/divinyl monomers in supercritical carbon dioxide
(scCO2) by combining the information obtained from different characterization techniques: DSC,
measurement of the swelling index (SI), FTIR, SEM and loading/controlled release of ciprofloxacin.
A pressure-temperature thermodynamic diagram for our specific reacting mixture (monomers, initiator,
dispersing agent and solvent), constructed with the ASPEN® software, was used in our analysis
of the results. The heterogeneity of the polymer networks is evaluated with the use of a polymer
network homogeneity parameter (H), defined as the ratio of theoretical (Mctheo) to experimental (Mcexp)
molecular weights between crosslinks.

2. Materials and Methods

2.1. Reagents

HEMA (Sigma-Aldrich Química, S.L., Toluca, Mexico) and EGDMA (Sigma-Aldrich) were distilled
under vacuum. Azobisisobutyronitrile (AIBN) (Akzo Nobel Chemicals S.A. de C.V., Los Reyes La
Paz, Mexico) was recrystallized twice from methanol. Carbon dioxide (Praxair, 99.99% purity) was
used as received. 4-Cyano-4-(dodecylsulfanylthiocarbonyl) sulfanyl pentanoic acid (RAFT agent) was
synthesized following a procedure described previously [11]. Krytox 157 FSL (DuPont), referred to as
Krytox in the remainder of this paper, was used as received.

2.2. Polymerization System

Polymerizations in scCO2 were conducted in a 38-mL high pressure view cell, equipped with one
frontal and two lateral sapphire windows (from Crystal Systems Inc., Salem, MA, USA), which allowed
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visual observation of the reaction mixture. A 260 dual syringe pump system (from Teledyne ISCO)
was used to handle the CO2 and bring it to supercritical conditions. The reactor was charged with
monomer, initiator and stabilizer and a magnetic stirrer bar. Then, it was purged with a slow flow of
CO2 and pressurized with CO2 until a given pressure, lower than the desired reaction pressure. Next,
the reactor was placed into a warm bath and heated to the desired reaction temperature. Once this
temperature was reached and controlled, pressure was increased to the desired reaction pressure by
slowly loading additional CO2. Reactions were carried out at 65 ◦C and 172.4 bar. Further information
about the reaction system is found elsewhere [11].

Samples were classified into two main groups: those synthesized by FRP and the ones synthesized
by RAFT copolymerization. Half of the samples contained stabilizer (Krytox 157 FSL, 5 wt %), and
the other half were synthesized without it. All samples were run by duplicate, as shown in Table 1.
Therefore, the following pairs are duplicates: G311 and G313, G312 and G314, G315 and G317, as well
as G316 and G318.

Table 1. Summary of experimental conditions for the FRP or RAFT copolymerization of HEMA/EDGMA
in supercritical carbon dioxide (scCO2) (T = 65 ◦C, P = 173 bar, t = 24 h, 22% w/v CO2).

Sample HEMA (mmol) EGDMA (mmol) AIBN (mmol) RAFT Agent (mmol) Krytox (mmol)

G311 25 1.25 0.1 0 5 wt%/HEMA
G312 25 1.25 0.1 0 0
G313 25 1.25 0.1 0 5 wt%/HEMA
G314 25 1.25 0.1 0 0
G315 25 1.25 0.1 0.05 5 wt%/HEMA
G316 25 1.25 0.1 0.05 0
G317 25 1.25 0.1 0.05 5 wt%/HEMA
G318 25 1.25 0.1 0.05 0

2.3. Polymer Network Characterization

Pendant double bond consumption was measured by FTIR using the area for carboxylic groups as
an internal reference. Polymer network samples were powdered and mixed with potassium bromide
(KBr), compressed and analyzed in an FTIR Perkin Elmer spectrometer.

Glass transition temperature (Tg) was measured by modulated differential scanning calorimetry
(MDSC). Besides Tg, some of the parameters obtained during the characterization experiment
(e.g., width and slope of a modulated heat flow versus derivative modulated temperature—Lissajous
figure) can in principle correlate with the crosslinking density distribution of the polymer network.
A TA Instruments Model 2920 DSC apparatus was employed. For these analyses, 10 mg of sample were
placed into the aluminum pan and covered with the corresponding lid. Three cycles were programmed
in the DSC. In the first and third cycles, the sample was heated from −40 ◦C up to 220 ◦C at a 10 ◦C/min
rate. In the second cycle, the sample was chilled from 220 ◦C up to −40 ◦C at a constant cooling rate
of 10 ◦C/ min. The results for Tg and energy from the reversible heat flow chart obtained during the
third cycle were selected for reporting. These results are in principle more accurate and free of any
interference related to molecular arrangements or sample preparation than the ones obtained from the
other cycles [3,4].

Swelling index and gel fraction after 48 h of contact time with water were measured for selected
samples. For swelling index tests, 15 mg of polymer network were placed into a previously weighted
test tube. Both tube and sample were weighted again. Fifty milliliters of solvent were poured
into the tube with the sample and remained in contact for specific times. Some samples remained
immersed during 48 h. After each time, samples were removed from solvent and centrifuged at
15,000 rpm. Solvent was decanted, and the tubes with swelled sample were weighted. Swelling index
was calculated from the difference between the weight of swelled sample with tube and the weight
of the tube, divided by the weight of the tube with dried sample minus the weight of the tube.
Measurement of gel content follows almost the same procedure. However, instead of decanting the
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solvent, it was completely removed, and the sample with the tube was dried at 80 ◦C for 48 h and
weighed. Gel content was calculated by subtracting the weight of dried sample in the tube from the
weight of the tube and dividing by the weight of the original sample.

In the case of ciprofloxacin loading and desorption tests, 15 mg of polymer network were placed
into a flask containing 5 mL of a solution 0.02 M of ciprofloxacin in water. Samples were shaken for
400 min. Small aliquots of the solution were taken periodically. They were analyzed by UV-visible
spectroscopy (λ = 276.2 nm) to determine antibiotic concentration. The polymer sample was then
immersed in 3 mL of distillate water using a Franz cell. Donating-receiving parts were separated using
a Millipore® HNWP 0.45-μm membrane. Samples were taken from the receiving part during 24 h.
Aliquots were analyzed in a UV-visible spectrophotometer (λ = 276.2 nm). Desorption kinetics charts
were built from these data.

Six polymer network samples of 3 ± 0.2 mg each were placed into flasks with different
concentrations of ciprofloxacin (5 mL of water in each sample): 1 × 10−5, 3 × 10−5, 6 × 10−5,
8 × 10−5, 2 × 10−4 and 4 × 10−4 M. Each vial was shaken for 24 h. The samples were then filtrated.
The remaining solution was analyzed in a UV-visible spectrophotometer at λ = 276.2 nm. Isotherm
charts were built from these data.

SEM imaging was used to observe the morphologies of the synthesized polymer networks.
A JEOL 5900-LV microscope was used. Samples were powdered and placed over a carbon patch for
SEM analyses. Image-Pro Plus was used to analyze the particles.

2.4. Estimation of Mc from the Flory–Rehner Equation

Average molecular weight between crosslinks (Mc) was estimated based on experimental data of
swelling index measured for each hydrogel, according to Equation (1). ρ and ve in Equation (1) are
polymer network density and the amount of crosslinks per volume unit. The amount of crosslinks per
volume unit is calculated using Equation (2), where Vr, V1 and χ are the volume fraction of the polymer
in the swelled gel, the molar volume of solvent and the Flory interaction parameter, respectively. Vr

and χ are calculated using Equations (3) and (4), respectively. SI and d in Equation (3) are the swelling
index and solvent density, respectively [17–19].

Mc =
ρ

ve
(1)

ve =
−[ln(1 − Vr) + Vr + χ Vr2][

V1

(
Vr

1
3 − Vr

2

)] (2)

Vr =
[
1 + (SI − 1)

ρ

d

]−1
(3)

χ = 0.455 − 0.155 Vr (4)

The values of Mc obtained from Equation (1), using experimental values of the swelling index, are
denoted as Mcexp in this paper. A theoretical value of Mc can be calculated from the ratio of EGDMA
to HEMA concentrations multiplied by the molecular weight of the average repeating unit. At the
initial conditions and considering total conversion, Mctheo = 2603 g/mol.

In this paper, we propose a polymer network homogeneity parameter (H) defined as the ratio
of Mctheo to Mcexp, as shown in Equation (5), to provide a quantitative indicator of the degree of
homogeneity of the crosslink density distribution of polymer networks. If the experimental value of
Mc approaches the theoretical value of Mc, H approaches unity. This means that the polymer network
is almost like a homogeneous distribution of HEMA molecules referred to EGDMA molecules, in
terms of chain length between crosslinks. The range of values of H can be higher or lower than unity.
The reason for this is because the chain length between crosslinks is an average value calculated from
a bulk test (swelling index), so the behavior exhibited by the bulk of the network will determine the
value of H. Values below unity mean that hydrogels behave like highly crosslinked networks. On the
contrary, values above unity mean that hydrogels behave as having long chains between crosslinks.

186



Processes 2017, 5, 26

H =
Mctheo
Mcexp

(5)

2.5. Thermodynamic Analysis, Estimation of Solubility Parameters of Components and Solubility in
Supercritical CO2

Although the heterogeneity of polymer networks can be in principle reduced by using RDRP in
scCO2, other thermodynamic variables, such as the phase where the reaction takes place (liquid, vapor
or supercritical) or the solubility of the components participating in the reaction, may also play a role
in the structures obtained. For instance, if supercritical conditions are reached inside the reactor, all
of the components remain as one phase, until the first molecule of polymer appears. In contrast, if
two phases, liquid and vapor, are present from the beginning, the polymerization will proceed in both
phases, and molecular weight development will depend on the kinetic behavior in each phase, thus
obtaining two polymer network populations, irrespective of the fact that an RAFT agent is present in
the formulation. Since most polymers are insoluble in scCO2, it is important to include a dispersing
agent soluble in scCO2 in the formulation, such as Krytox.

Therefore, it is important to evaluate the solubility of components, including Krytox, in
supercritical carbon dioxide. The solubility parameter of CO2 (δCO2(T,P)) was taken from the
literature [20–22], and its molar volume (VCO2(T,P)) was calculated using an equation of state [21,22].
The solubility parameters for HEMA (25 (J/cm3)1/2) and Krytox (6.02 (J/cm3)1/2), were taken from
the literature [20,23]. In the case of the polymer network, δsolute (26.6 (J/cm3)1/2) was estimated using
group contribution theory [24]. One criterion to determine if a solute is soluble in a solvent is to
calculate its Flory interaction parameter, χ, using Equation (5); if χ < 0.84, then the component should
be soluble in CO2 at the given T and P [24].

χ = 0.34 +
(VCO2 (T,P)

R T

)(
δSolute − δCO2 (T,P)

)2
(6)

VCO2(T,P) in Equation (5) is CO2 molar volume (cm3/mol) at the given temperature and pressure; R is
the ideal gas constant; T is temperature; δsolute is solubility parameter of the compound, monomer or
polymer, to be dispersed in scCO2 (J/cm3)1/2.

A phase diagram (P versus T) for the reactive system (13.43% HEMA, 1.78% EGDMA, 0.07%
AIBN and 84.72% CO2, on a weight basis) was created by us using ASPEN Plus (Version 8.8) [25].
Calculations were carried out using the Peng–Robinson equation of state. The processing/reaction
path of the reactive mixture was traced on the P-T diagram.

3. Results and Discussion

3.1. Thermodynamic Behavior of the Reacting Mixture

Figure 1 shows a P vs. T thermodynamic diagram generated with ASPEN Plus for the reacting
mixture. The path followed from initial to reacting conditions is shown in the diagram. At the beginning
of the reaction, when the reactor was loaded, there was a vapor-liquid mixture at 30 ◦C and 1 bar
(see the black point shown inside the curve, in Figure 1). As pressure increased up to 72 bars, at 30 ◦C,
the mixture approached the vapor-liquid border, but it still remained a vapor-liquid mixture. When the
reactor reached the final reacting conditions, 65 ◦C and 172.4 bars, the mixture was in the supercritical
region (outside the curve described in the chart). However, it is observed in Figure 1 that the reactor
operated very close to the borderline between vapor-liquid (inside the curve) and supercritical (outside
the curve) regions, so that any small change in T or P could shift the equilibrium to the vapor-liquid
region, thus having two-phase polymerization even before polymer started phase separating.

It is also observed in Figure 1 that the solubility parameter for CO2 changes significantly along
the reaction path. At the beginning, δCO2 was too small (0.033 (J/cm3)1/2) because CO2 was in the
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gas phase, and its density and molar volume were also small. However, when pressure increased
from one to 72 bars (less than two orders of magnitude), δCO2 increased three orders of magnitude
(reaching a value of δCO2 = 10.25 (J/cm3)1/2). This was the most significant increase in δCO2, since a
further increase in pressure by one order of magnitude (from 72 to 172.4 bars) did not significantly
changed δCO2 (δCO2 = 10.03 (J/cm3)1/2) at the final reacting conditions.

Figure 1. Pressure vs. temperature diagram for the system carbon dioxide, HEMA, EGDMA, AIBN,
including the path followed by the reactor and the solubility parameter values estimated at each point
using an equation of state, generated with ASPEN PLUS.

A plot of calculated δCO2 versus pressure, using an equation of state [21,22], is shown in Figure 2.
The calculations were carried out by us. It is observed that large changes in δCO2 are obtained
when pressure is increased following an isothermal route, whereas a small reduction occurs if an
isochoric route is used. Also shown in Figure 2 is the process/reaction path followed by the reacting
mixture. The major change in the value of δCO2 occurs at approximately 72 bar. At 68 bar and 30 ◦C
δCO2 = 4.54 (J/cm3)1/2, but at 72 bar, δCO2 = 10.25 (J/cm3)1/2. The reason is that 30 ◦C and 72 bar is
close to the critical point of CO2, which occurs at 31 ◦C and 73.8 bar. At the critical point, the densities
of gas and liquid CO2 are the same. As density increases, CO2 works as a true solvent. The reaction
mixture can be considered dispersed in CO2 beyond this point. However, only when the mixture
achieves 65 ◦C and 172.4 bars, it can be considered as one phase at supercritical conditions.

As explained before, the solubility in CO2 of the components of the reacting mixture is important
for the performance of the polymerization and for the heterogeneity of the produced polymer network.
The solubilities of the components of the reacting mixture can be estimated from Flory’s interaction
parameter, χ, calculated using Equation (6). As mentioned earlier, if χ > 0.84, then the solute is soluble
in scCO2 [24].

The solubility parameters for monomer and polymer network do not change significantly within
the ranges of temperatures and pressures experienced by the reacting mixture. δHEMA = 25 (J/cm3)1/2,
δKrytox = 6.02 (J/cm3)1/2 and δPHEMA-EGDMA = 27.3 (J/cm3)1/2. The data used for estimation of
δP(HEMA-EGDMA) using Fedor’s method [24] are summarized in Table 2.
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Figure 2. Estimation of the solubility parameters of carbon dioxide under subcritical and supercritical
conditions, including the reaction path followed by the reactor.

Table 2. Summary of group contribution parameters used in Fedor’s method [24] for estimation of
δP(HEMA-EGDMA) for the polymer network. The composition of HEMA and EGDMA in the polymer
network is based on the information from Table 1, namely, HEMA 95.24 mol% and EGDMA 4.76 mol%.

Molecule
Contribution

Groups

Contribution
Value for Ecoh

(J/mol)

Contribution
Value for Vnetwork

(cm3/mol)
Frequency

–CH3 4710 33.5 1

–CH2– 4940 16.1 3

>C< 1470 −19.2 1

–CO2– 18,000 18 1

–OH 29,800 10 1

–CH3 4710 33.5 2

–CH2– 4940 16.1 4

>C< 1470 −19.2 2

–CO2– 18,000 18 2

Figure 3 shows a plot of Flory interaction parameter, χ, versus pressure, for HEMA,
poly(HEMA-co-EDGMA) and Krytox 157 FSL. It is observed in Figure 3 that except for Krytox
157 FSL (above 72 bar, which is CO2 critical pressure), all of the components of the reacting mixture
are insoluble in CO2 (χ > 0.84). Krytox 157 FSL is assumed to act as a stabilizer, encapsulating the
monomers, thus allowing the formation of a homogeneous initial dispersion at supercritical conditions.
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Figure 3. Solute-solvent Flory interaction parameter, χ, versus pressure, for solutes HEMA, polymer
network and Krytox 157 FSL, in CO2 (solvent). A solute is soluble in the solvent when χ < 0.84.

3.2. Swelling Index, Gel Content and Homogeneity Parameter

Figure 4 shows a plot of experimental swelling index versus average molecular weight between
crosslinks, Mc. The plot was built using Equations (1) to (4) for the samples described in Table 1. Blue
square points in Figure 4 represent polymer networks synthesized by RAFT copolymerization, whereas
orange circles correspond to polymer networks synthesized by FRP. The red triangle corresponds to
the theoretical value of swelling index for an ideal polymer network with an Mc value of 2603 g/mol,
calculated from the comonomer composition given in Table 1. As observed in Figure 4, there are
two well-defined regions. One is very broad and corresponds to polymer networks synthesized by
conventional FRP; the second one is smaller in size and contains hydrogels synthesized by RAFT
copolymerization. It is observed that the theoretical value lies within the region of RAFT polymer
networks. Figure 4 thus shows a first difference between polymer networks synthesized by FRP
and RAFT copolymerization. Hydrogels synthesized by FRP exhibit larger Mc values due to higher
swelling indexes. The large dispersion in swelling index values seems to indicate a random growth of
the polymer network. On the other hand, hydrogels synthesized by RAFT copolymerization exhibit
swelling index-Mc values close to the theoretical point of (5.36, 2603 g/mol). The lower dispersion of
SI versus Mc values observed in the case of polymer networks synthesized by RAFT copolymerization
seems to describe a more structured and ordered polymer network growth process. Sample G316
seems to be an outlier, since this polymer network was synthesized using an RAFT agent, but it falls
within the FRP region. There was no Krytox included in the formulation of sample G316, which may
explain the anomalous behavior. However, sample G316 will remain in the analyses of our other
characterization studies.

The results of Figure 4 point to the fact that hydrogels synthesized by FRP have broader
distributions of Mc, compared to those synthesized by RAFT copolymerization. Figure 5 illustrates
the concept of heterogeneous Mc distribution. Each polymer network contains nodes connected by
chain segments of different lengths (molecular weights). The molecular weight between crosslinks
(nodes) calculated from experimental swelling index, using Equations (1) to (4), represents an average
value. A schematic representation of how the polymer networks synthesized by RAFT and FRP looks
as shown in Figure 5.
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Figure 4. Correlation between experimental results of swelling index (SI) and calculated average
molecular weight between crosslinks, using Equation (1).

Figure 5. Schematic representation of the Mc distribution in polymer networks and how they differ for
hydrogels synthesized by FRP and RAFT copolymerizations.
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Two polymer populations for the case of polymer networks synthesized by FRP are observed
in Figure 5. The first population contains short chains with individual Mci values smaller than the
theoretical value of 2603 g/mol, and the second population contains larger chains with individual
Mci values higher than 2603 g/mol. In the case of short chains linking crosslink points (nodes),
the polymer network is so tight and the pores so small that swelling with water in those regions is
negligible. Therefore, the overall swelling measured for these polymer networks synthesized by FRP
is attributable to the regions with long chain segments between crosslinks. It is this second population
that is the one responsible for increasing the average value of Mc and, thus, causing such large values
of SI, as observed in Figure 4.

Except for sample G316, the polymer networks synthesized by RAFT copolymerization lie very
close to the theoretical value of SI versus Mc, as observed in Figure 4. These results suggest that the
polymer chains between crosslinks have almost the same length, as illustrated in Figure 5. As will be
evidenced from the characterization results described in the following sections, the polymer networks
synthesized by free radical copolymerization of vinyl/divinyl monomers have differentiated properties
and perform differently, depending on the presence or absence of a RAFT agent.

As explained earlier, in this contribution, a homogeneity parameter (H), defined by Equation (5)
is used to assess the homogeneity of polymer networks. The values of SI, Mcexp, Mctheo and H for the
polymer networks synthesized in this study are summarized in Table 3. It is observed that H ≈ 1.0 for
the samples synthesized by RAFT copolymerization, except sample G316. The presence or absence
of Krytox in the reaction does not seem to affect the behavior of the polymer network in terms of
SI and H.

Table 3. Estimation of average molecular weight between crosslinks from the Flory–Rehner equation.

Polymerization
Process

Sample
Swell
Index

Mc Experimental
(g/mol)

Mc Theoretical
(g/mol)

Polymer Network
Homogeneity H ≈ 1.0

Krytox
Content

Free Radical
Polymerization

G311 8.3 7,681

2,603; this value
was calculated

as the HEMA to
EGDMA molar

ratio

0.34 Yes
G312 9.5 10,541 0.25 No
G313 6.6 4,407 0.59 Yes
G314 7.6 6,221 0.42 No

RAFT
Polymerization

G315 5.9 3,329 0.78 Yes
G316 7.1 5,274 0.49 No
G317 5.1 2,289 1.14 Yes
G318 5.3 2,530 1.03 No

The relationship between gel content and H is shown in Figure 6, where two different populations
are clearly observed. The first population corresponds to polymer networks synthesized by FRP and
the second one to polymer networks synthesized by RAFT copolymerization. One hundred percent
gel content is observed for the polymer networks synthesized by FRP, whereas ~90% gel content was
obtained for the materials synthesized by RAFT copolymerization. It seems that in polymer networks
synthesized by RAFT copolymerization, the slower polymerization rate causes polymer chains of low
to medium molecular weight produced late in the polymerization to encounter mobility restrictions at
high viscosities, thus reaching lower limiting conversions, whereas in polymer networks synthesized
by FRP monomer disappears quickly, and medium-sized polymer networks rapidly become part of
the gel by propagation through pendant double bonds or termination with radicals placed within the
polymer network.
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Figure 6. Correlation between gel content and the polymer network homogeneity parameter (H).

3.3. Unreacted Pendant Double Bonds from FTIR

The amount of unreacted pendant double bonds can also be used as an indicator of polymer
network heterogeneity. If the polymer network grows in a gradual, ordered way, as would be the case
in the presence of an RAFT controller, all pendant double bonds would have the same probability
of being reached by a molecule with a free radical reacting unit. If the polymer network is being
produced in a non-controlled manner, a significant amount of pendant double bonds could get trapped
within the structure of the polymer network, thus becoming inaccessible to polymer chains with
active (free radical) segments. Therefore, the amount of unreacted double bonds present in a polymer
network is expected to be higher if the synthesis took place by FRP, compared to polymer networks
synthesized by RAFT copolymerization. The FTIR spectra of the hydrogels synthesized in this study
are shown in Figure 7. Also shown in the lower section of Figure 7 is an enlargement of the region of
interest, where the spectra of HEMA and EGDMA are also included, in order to emphasize the region
where double bonds are noticeable.

An internal standard was used for quantification purposes. A summary of the assignment of
functional groups to the different bands is shown in Table 4. The signal at 1717 cm−1 corresponds
to carbonyl groups –C=O, which remained unreacted and depend on HEMA and EDGMA initial
concentrations only. The area for the –C=O band calculated for each sample was considered as the
internal reference (AC=O). Also observed in Table 4 are two regions for double bonds. The most
promising region to evaluate remaining double bonds was 1635 cm−1 in wavelength, so we integrated
those peaks (AC=C).

The results of integrated areas from FTIR analyses for both regions of interest are summarized
in Table 5. The ratio of integrated area for double bonds to integrated area for carbonyl groups is
equivalent to the normalized amount of remaining double bonds in the sample [AC=C/AC=O]sample.
Overall, pendant double bond (PDB) conversion, expressed as percentage, is calculated using
Equation (7), where [AC=C/AC=O]0 corresponds to the integrated areas for the HEMA-EDGMA
monomer mixture. Conversion results are summarized in Table 5.

% PDB Conversion =

[
AC=C
AC=O

]
0
−
[

AC=C
AC=O

]
sample[

AC=C
AC=O

]
0

∗ 100 (7)
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Figure 7. FTIR spectra (a) and enlarged view of the region of interest (b).

Table 4. Assignment of functional groups to bands of the FTIR spectra.

Band (cm−1) Functional Group

3,420 –OH from HEMA
2,990 –CH from HEMA and EGDMA in polymer
2,950 –CH2 from HEMA and EGDMA structures
1,717 –C=O from HEMA and EGDMA structures
1,635 –C=CH2 remaining from HEMA and EGDMA monomers
1,450 –CH from HEMA and EGDMA in polymer

1,320 to 1,300 –C–O– ester from HEMA and EGDMA
1,170 –C–O– carboxylic derivate

1,080 to 1,030 –C–O– from the –OH of HEMA
950 remaining –C=CH2 from HEMA and EGDMA monomers
900 remaining –C=CH2 from HEMA and EGDMA monomers
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Table 5. FTIR quantifications results.

Sample
Area Measured
for Total C=O

Area Measured
for Total C=C

Area Ratio between
C=C/C=O

% Conversion
Total C=C

Mean % Conversion
Total C=C

G311 48.662 4.251 0.0873 64.88%
Hydrogels

synthesized by FRP
56.98%

G312 51.952 6.425 0.1236 50.28%
G313 53.434 5.890 0.1102 55.68%
G314 47.482 4.999 0.1052 57.67%

G315 53.029 4.944 0.0932 62.52%
Hydrogels

synthesized by RAFT
66.10%

G316 49.214 6.066 0.1232 50.44%
G317 39.497 2.235 0.0565 77.25%
G318 39.128 2.511 0.0641 74.20%

HEMA 46.718 11.620 0.2487 - -
EGDMA 35.502 5.721 0.1611 -

As observed in Table 5, the PDB conversions obtained for samples synthesized by FRP are lower
than samples synthesized by RAFT copolymerization. That means that the amount of unreacted
pendant double bonds is higher in the samples synthesized by FRC, as was expected. Sample G316
using an RAFT agent was once more an outlier, since it falls within the range of values for samples
synthesized by FRP.

A plot of percentage double bond conversion measured by FTIR versus H is shown in Figure 8.
A linear relationship is observed with RAFT hydrogels showing higher double bond conversions
(lower residual pendant double bonds) and values of H closer to one. It should be pointed out that
the correlation shown in Figure 8 comes from two different characterization techniques: SI, which
is a gravimetric technique, and FTIR spectroscopy. These results strengthen the concept of H as an
indicator of polymer network heterogeneity.

Figure 8. Relationship between conversion of pendant double bonds measured by FTIR and H.

3.4. Measurement of Tg by DSC

The differences in homogeneity (H measured from SI) for polymer networks synthesized
by FRP and RAFT copolymerizations, caused by the reaction path followed (thermodynamic
analysis) and pendant double bond conversions achieved (determined from FTIR), led to significant
differences in properties and network performance, as evidenced from glass transition temperature
(Tg) measurements by modulated differential scanning calorimetry (MDSC).
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Correlations for Tg of polymers and polymer networks are available in the literature [24].
The Nielsen and DiBenedetto equations for calculation of Tg for crosslinked polymers are based on the
concept of a polymer network having an infinite average molecular weight between crosslinks [24].
In a plot of Tg vs. 1/Mc, Tg◦ represents the value of Tg when 1/Mc → 0. Plots of Tg vs. 1/Mc for
hydrogels synthesized by free FRP and RAFT copolymerizations are shown in Figure 9. Significant
differences in Tg are observed with values that go from 105 to 133 ◦C. There is a 6 ◦C difference
between the average values of Tg between samples synthesized by FRP and RAFT copolymerizations.
The higher average value corresponds to samples synthesized by FRP. It is also observed from the error
bars shown in Figure 9 that the standard deviation for samples synthesized by FRP is significantly
higher than the corresponding value for polymer networks synthesized by RAFT copolymerization.
Tg in the case of polymer networks is related to the number of crosslink points. Higher Mc values
imply having less crosslink points and, therefore, lower Tg values. Both groups of samples (FRP
and RAFT) follow linear trends with a difference of ~10 ◦C between the values of Tg◦, the lower
value corresponding to the samples synthesized by FRP. However, the line corresponding to samples
synthesized by RAFT copolymerization has a smaller slope. The measured values of Tg were used to
evaluate the adequacy of the Nielsen and DiBenedetto equations for calculation of Tg as a function
of Mc, as expressed in Equations (8) and (9), respectively, where crosslink density (xpolymer network) is
defined by Equation (10) [24]. It should be noted here that xpolymer network in Equation (10) was defined
as the “degree of crosslinking” in van Krevelen [24], but the definition given corresponds to crosslink
density. We also changed the denominator of Equation (10), since it is more adequate to refer the
calculation to the number of repeating units rather than the number of backbone atoms as defined in
van Krevelen [24].

Tgpolymer network = Tg◦ +
(

39, 000 K · mol/g
Mcpolymer network

)
(8)

Tgpolymer network = Tg◦ + 1.2 · Tg◦ ·
(

xpolymer network

1 − xpolymer network

)
(9)

xpolymer network =
# of crosslinks

# of repeating units in chain segment between crosslinks
(10)

Figure 9. Relationship between Tg measured by modulated differential scanning calorimetry (MDSC)
and 1/Mc for hydrogels synthesized by FRP and RAFT copolymerizations.

196



Processes 2017, 5, 26

Figure 10 shows a plot of measured and calculated values of Tg versus H. The values of Mc used in
the calculation of Tg were the ones obtained experimentally. It is observed that the calculated values of
Tg using either equation agree well between themselves in the region of H < 0.5, but differ significantly
when H > 0.5. It is also observed in Figure 10 that Tg values for polymer networks synthesized by FRP
are adequately predicted with the Nielsen equation (10% mean error), whereas DiBenedetto’s equation
works better for RAFT synthesized polymer networks (3% average error). Except for sample G311,
which can be considered as an outlier, the overall agreement between experimental and estimated
values of Tg using typical correlations is fairly good.

Figure 10. Relationship between Tg measured by MDSC and H and comparison with Tg estimates
from the Nielsen and DiBenedetto equations.

3.5. Analysis of SEM Images

The morphologies of the materials synthesized by FRP and RAFT copolymerizations were
observed and analyzed using SEM. SEM micrographs at 90 and 3500 magnifications for FRP and RAFT
synthesized hydrogels are shown in Figures 11 and 12, respectively.

SEM images of hydrogels synthesized by FRP are shown in Figure 11. Two main morphologies are
observed: solid blocks, as in samples G311 and G313 (Krytox used in the syntheses) and small spheres
gathered in bunches, like raspberries, as in samples G314 and G312 (no Krytox used in the syntheses).

As observed in Figure 12, the same two morphologies (blocks and raspberries) were obtained
for the particles corresponding to hydrogels synthesized by RAFT copolymerization. Sample G315,
synthesized in the presence of Krytox as the dispersant, consisted of solid blocks. Samples G316 and
G317 consisted of mostly raspberry spheres, with some blocks.

Particle size distribution data are shown in Figure 13 as mean particle size (MPS) vs. H. Clear
linear trends, distinct for each population, are observed. Sample G312 for hydrogels synthesized by
FRP is the only case not following the linear trend. Minimum and maximum particle sizes, as well
as the standard deviation for all of the samples considered in this study are also shown in Figure 13
(see the numbers in boxes).

It is observed in Figure 13 that the trend line for samples synthesized by RAFT copolymerization
of HEMA and EDGMA crosses the value of H = 1 (theoretical value) at MPS = 25 μm. It would
be interesting to carry out additional experiments to corroborate this prediction. This linear trend
between MPS and H indicates that polymer networks with low Mcexp values (highly crosslinked
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polymer networks) will result in small (compact) particles. Likewise, polymer networks with high
Mcexp values (slightly crosslinked or loose polymer networks) will result in large particles.

 
(a)

 
(b)

 
(c)

 
(d)

Figure 11. SEM images for hydrogel samples synthesized by FRP: (a) G311 (with Krytox); (b) G312
(without Krytox); (c) G313 (with Krytox); and (d) G314 (without Krytox).
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(a)

(b)

(c)

Figure 12. SEM images for hydrogel samples synthesized by RAFT copolymerization: (a) G315 (with
Krytox); (b) G316 (without Krytox); and (c) G317 (with Krytox).

Figure 13. Correlation between MPS and H for hydrogels synthesized by FRP and RAFT copolymerizations
of HEMA and EGDMA in scCO2. Abbreviations: MIPS = minimum particle size; MAPS = maximum
particle size; STD = standard deviation.
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Regarding morphology, in general terms, all samples tended to form spherical particles, arranged
as raspberries. However, in the samples where Krytox was used as the dispersing agent, solid blocks
were observed. These differences are influenced by the thermodynamic conditions achieved by the
reacting mixture in the presence of Krytox. Further experimentation is needed to clarify the effect
of Krytox on the morphology of hydrogel particles synthesized by conventional (FRP) or RAFT
copolymerization of HEMA and EDGMA in scCO2.

3.6. Antibiotic Loading, Adsorption and Release Studies

The last study carried out with our hydrogels was the loading and release of ciprofloxacin,
a fluoroquinolone antibiotic. The objective was to assess if the synthesized materials performed
differently in an actual application, depending on the synthetic route. In a previous study using
vitamin B12, we found that our FRP and RAFT synthesized materials perform differently [26].

Ciprofloxacin adsorption isotherm plots using hydrogels synthesized by FRP of HEMA and
EGDMA in scCO2 are shown in Figure 14. The corresponding profiles using hydrogels synthesized
by RAFT copolymerization of HEMA and EGDMA in scCO2 are shown in Figure 15. As observed
in Figure 14, type I adsorption isotherms are obtained in the case of hydrogels synthesized by FRP.
This means that weak interactions between polymer matrix and the antibiotic are present. On the
other hand, as observed in Figure 15, adsorption isotherms types II, V and VI are obtained in the
case of hydrogels synthesized by RAFT copolymerization. These types of isotherms are related to
pores having restrictions to their cavities, which seems to be the case with blackberry morphologies.
This may explain why RAFT synthesized hydrogels have low antibiotic loading levels, compared to
hydrogels synthesized by FRP.

Figure 14. Adsorption isotherm charts for hydrogels synthetized by FRP. Samples: (a) G311; (b) G312;
(c) G313; and (d) G314.
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Figure 15. Adsorption isotherm charts for hydrogels synthetized by RAFT copolymerization. Samples:
(a) G315; (b) G316; (c) G317; and (d) G318.

Ciprofloxacin release rates from hydrogels synthesized by FRP and RAFT copolymerizations of
HEMA and EGDMA in scCO2 are shown in Figures 16 and 17, respectively. It is observed that the
release rate of ciprofloxacin from hydrogels synthesized by FRP is higher than in hydrogels synthesized
by RAFT copolymerization. A maximum release rate of 25% at 200 min for sample G312 was obtained
in the case of hydrogels synthesized by FRP. The maximum release rate obtained with RAFT hydrogels
was 3% at 300 min (sample G315). However, broad dispersion of data is observed in the case of
hydrogels synthesized by FRP (maximum release rates from 4 to 25%). If we extrapolate the results
shown in Figures 16 and 17, it would take 25,000 min (420 h) to release ~80 to 90% of the total loaded
ciprofloxacin from hydrogels synthesized by RAFT copolymerization. This can be considered a true
controlled release system.

In order to get a better understanding of the relationship between ciprofloxacin release rate and
polymer network homogeneity, a plot of wt% ciprofloxacin released at 400 min vs. H is shown in
Figure 18. Except for samples with block only morphologies (samples G313 and G315, both synthesized
using Krytox), a clear difference in ciprofloxacin release performance between the two types of
polymer networks (FRP and RAFT synthesized) is observed (see the trend lines in Figure 18). It seems
that samples having block morphologies release higher amounts of ciprofloxacin, compared to the
analogous samples with raspberry morphologies. In order to understand this behavior, we have to
keep in mind that block morphologies are assumed to be less restrictive for ciprofloxacin escape from
the hydrogel matrix. Ciprofloxacin molecules must escape from the block, and no further organized
hydrogel matrices are found. Holes between blocks are big enough to consider them as a bulky phase.
Raspberry morphologies, on the other hand, represent a major escape challenge, since ciprofloxacin
molecules must escape the volume within individual spheres, between neighbor spheres and between
raspberry bunches. These spaces are too close among themselves to be considered as a bulky phase.
This concept is illustrated in Figure 4 of Pérez-Salinas et al. [26].
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Figure 16. Ciprofloxacin release rate from polymer networks synthetized by FRP. Samples: (a) G311;
(b) G312; (c) G313; and (d) G314.

Figure 17. Ciprofloxacin release rate from polymer networks synthetized by RAFT copolymerization.
Samples: (a) G315; (b) G316; (c) G317; and (d) G318.
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Figure 18. Relationship among the amount of ciprofloxacin released at 400 min from hydrogels,
morphology and H.

4. Conclusions

Several considerations must be taken into account in the synthesis of hydrogels in supercritical
or near supercritical carbon dioxide. One of such considerations is the thermodynamic behavior of
the reacting mixture at different pressures and temperatures. It is important to identify the region
of a phase diagram where one is working. It is also important to take into account the solubility
in scCO2 of the components present in the reacting mixture, since it can drastically change during
the startup of the reaction and even during the reaction itself, depending on temperature and, most
importantly, pressure. Characterization of polymer networks is a challenging task. As shown in this
contribution, at first glance, most of the data collected from different characterization techniques
seemed to be unrelated. However, the use of the polymer network homogeneity parameter (H),
proposed in this contribution, allowed us to identify and even quantify the differences in the properties
and performance between polymer networks synthesized by FRP and RAFT copolymerization of
HEMA and EGDMA in scCO2. Since the determination of H relies on SI, it is very important to get a
reliable determination of this property.

One important aspect to take into account when explaining the differences in behavior
and performance between polymer networks synthesized by FRP or RAFT copolymerization of
vinyl/divinyl monomers in scCO2 is polymerization time. For instance, as observed in Figure 6, an
~100% gel fraction is achieved at 24 h for polymer networks synthesized by FRP, whereas only ~80
to 90% (and large spread of data) has been achieved at the same time when the synthesis proceeds
in the presence of an RAFT agent. This means that remaining monomer can last longer in RAFT
polymerization, thus swelling the hydrogel in formation, promoting different morphologies and
increasing the possibility of significantly changing the thermodynamic behavior of the reacting mixture
if a small to moderate variation in pressure or temperature occurs inside the reactor during that time.

The use of Krytox remains unclear in our system since it seemed to promote the formation of
hydrogels with solid block morphologies. As pointed out earlier, Krytox is highly soluble in scCO2,
but its solubility in HEMA and EGDMA is poor. Further experimentation is needed to fully elucidate
the role of Krytox in the synthesis of hydrogels in scCO2.
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Abstract: Water-soluble metallocene and organotin-containing polyethers were synthesized
employing interfacial polycondensation. The reaction involved various chain lengths of poly(ethylene
glycol), and produced water-soluble polymers in decent yield. Commercially available reactants
were used to allow for easy scale up. The polymers exhibited a decent ability to inhibit a range of
cancer cell lines, including two pancreatic cancer cell lines. This approach should allow the synthesis
of a wide variety of other water-soluble polymers.
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1. Polymer Solubility

Polymer solubility is both difficult and low compared with the solubility of smaller molecules,
and is limited by the amount of suitable solvent, extent of solubility, and rapidness of solubility.
By comparison, the solubility of metal-containing polymers is even more difficult. Over 50 years ago,
Bailar, one of the pioneers of inorganic chemistry, described some problems associated with the solubility
of metal-containing polymers [1]. Briefly, these are as follows. First, little flexibility is imparted by the
metal ion or within its immediate environment; thus, flexibility must arise from the organic moiety.
Flexibility increases as the covalent nature of the metal–ligand bond increases. Second, metal ions only
stabilize ligands in their immediate vicinity; thus, the chelates should be strong and close to the metal ions.
Third, thermal, oxidative, and hydrolytic stability are not directly related; polymers must be designed
specifically for the properties desired. Fourth, metal–ligand bonds have sufficient ionic character to permit
them to rearrange more readily than typical “organic bonds”. Fifth, polymer structure (such as square
planar, octahedral, linear, and network) is dictated by the coordination number and stereochemistry of the
metal ion or chelating agent. Lastly, employed solvents should not form strong complexes with the metal
or chelating agent or they will be incorporated into the polymer structure and/or prevent a reaction from
occurring. These problems are present with all metal-containing polymers.

Why is it important to have water solubility for polymers that are considered for use as drugs?
Not all drugs must be water soluble to be useful. Many of the front-line drugs, such as ciprofloxacin,
are not water soluble. Their solution testing is similar to what we employ in our non-water-soluble
polymer testing. The drug is initially dissolved in dimethyl sulfoxide, DMSO, and then water is added
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and the appropriate testing carried out. However, given the choice, water solubility is advantageous
for two important reasons. First, it allows for versatility in the administration of the drug, including
water-associated approaches. Second, it eliminates effects that may occur because of the presence of
any non-water-solvent systems.

2. Poly(Ethylene Glycol) as a Synthetic Template

This paper is part of a focus on water-soluble polymers, and as such the emphasis is to describe
approaches that have allowed metal-containing polymers to be water soluble. Recent activities involve
the use of poly(ethylene oxide), PEG, to achieve water solubility for metal-containing polymers.

Poly(ethylene glycol) (also called poly(ethylene oxide)), PEG, is considered to be nontoxic and is
currently employed in a number of medical-related treatments, including pill coatings and in many
commercial laxatives [2,3]. It is intentionally attached to many materials, including drugs, to assist
in their water solubility. When attached to certain protein medications, they produce a drug with a
longer activity and with a reduced toxicity [4]. For instance, its incorporation into polymers is widely
employed to increase the solubility of polymers of biologically important materials [5–7].

PEGs are generally designated some average molecular weight. Since the ethylene glycol unit,
CH2CH2O, has a molecular weight of 44 Da, PEG 200 has about 4.5 ethylene glycol units, that is 200/44.
It should be noted that PEG is typically a mixture with the average being whatever the cited molecular
weight is. Thus, PEG 200 is a combination of ethylene oxide repeat units, the most prevalent being
four ethylene oxide units, molecular weight 176 Da, and five ethylene oxide units, molecular weight
220. The average is 396/2, or approximately 200, which is what this particular product is sold as.

3. Synthesis of Metal-Containing Polymers

We have synthesized a variety of metal-containing polymers for different purposes.
Our most recent purposes for their synthesis include their ability to be doped, producing near
conductors [8–11], and their ability to inhibit unwanted pathogens and infectious agents, including
bacteria, viruses, cancers, molds, and yeasts. Some of these efforts have been reviewed for
platinum [12–15], organotin [15–19], Group 5 [20,21], Group 15 [22–24], uranium [25], ruthenium [26],
and vanadocene-containing [27] polymers.

The majority of polymers made by us are dimethyl sulfoxide, DMSO, soluble at concentrations
sufficient to allow for molecular weight analysis via light scattering photometry and cancer cell line
and virus inhibition analysis.

For ease of treatment, water-soluble drugs offer greater ease and avoid possible side effects due to
the presence of DMSO. Thus, we sought to employ PEG to achieve this. As noted before, PEG is known
to assist biologically important molecules to become water soluble. PEG is relatively inexpensive and is
considered nontoxic. Further, there are a number of PEG chains available with differing end groups and
chain lengths such that tailoring the PEG is possible. In the future, we plan to employ this variability to
design systems that allow a focus on Lewis bases that offer good ability to inhibit unwanted pathogens
and infectious agents. We are at the initial juncture of this study. Because most of the literature studies
employ simple dihydroxyl-capped PEG chains, these are the PEG chains currently being employed [4–7].

The general focus in this review is the formation of water-soluble polymers from products that are
not traditionally water soluble. Included in this review is the use of these polymers to inhibit cancer
cell growth.

The various water-soluble polymers described in this review are all synthesized employing
commercially available materials, allowing for a ready scale up to ton quantities. While the ability to
scale up is present, it is normally not straightforward [1]. The polymers are structurally characterized
employing typical tools used to define their structure and are familiar to chemists. The main exception
is the use of matrix assisted-laser desorption/ionization mass spectrometry, MALDI MS. MALDI MS
is widely employed in biochemistry because the most important biological polymers act as if they
are water soluble and the MALDI MS system is used for their analysis. However, most polymers
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are not soluble in volatile liquids that allow an intimate mixture of the matrix material with the
product. Thus, we developed a system that allowed non-soluble materials to be analyzed. In particular,
organometallic structures, such as those employed by us, have poor stability when struck by the laser
radiation employed in MALDI MS, with fragmentation typically occurring at the heteroatom sites
in the polymer. This creates a fragmentation of the polymer chain, and it is these fragments that are
employed to identify the basic repeat unit. This approach has been reviewed [28–30]. Even with
this problem, we have been able to identify fragments to 30,000 Da, though we routinely look at ion
fragment clusters from 500 to 5000 Da.

4. Organotin Polyether Synthesis

The synthesis of water-soluble polymers was initially achieved employing organotin polyethers
derived from reaction of the organotin dihalides with PEG as described in Figure 1 [31–38]. The system
is described in some detail because it is the same system employed in the metallocene polyether
system. The polymers were synthesized employing the interfacial polycondensation system, where the
organotin dihalide was dissolved in an organic liquid, generally heptane, and the PEG was dissolved
in water with sodium hydroxide added to neutralize the HCl formed from the reaction. The two
phases were rapidly stirred, at about 18,000 rpm, at room temperature. Product was formed in about
15 s as a precipitate. While the product was water soluble, it was only soluble to about 0.25 g for 50 mL
of water, so it was not totally soluble at the higher concentration of the reaction system of about one
gram for 50 mL of water. The white solid was recovered and washed with heptane and several mL of
water. The effectiveness of this simple cleanup procedure gives product without bands associated with
heptane in their nuclear magnetic resonance spectra, NMR, and infrared spectra, IR. While molecular
weight increases as the PEG chain length increases, molecular weight based on the number of repeat
units decreases. This decrease in chain length may involve a decreased ability for the growing chains
to readily locate PEG ends to react with. Reactions involving the interfacial system are generally rapid
and complicated so that the time required for the reaction to occur is relatively short [1]. Also, the
percentage yield generally decreases as the PEG length increases, presumably because the longer PEG
chains have a greater water solubility and are more easily lost in the aqueous portion of the reaction
system. The reaction aqueous phase and wash was tested and contains both unreacted PEG and
organotin polyether. Table 1 contains the results for two of the PEG systems.

Sn

CH3

CH3

Cl

Cl

OH
OH

Sn

CH3

CH3

O

O R
R

Organic Layer

Aqueous Layer

    x y

     x

Figure 1. Description of the interfacial polycondensation system employed to synthesize water-soluble
organotin polyethers, where x represents the PEG chain length and y represents the polymer’s average
degree of polymerization (PEG: Poly(ethylene glycol)).
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Table 1. Sample results for the synthesis of water-soluble polyethers from reaction of dibutyltin
dichloride with PEG. The specific reaction conditions are dibutyltin dichloride (3.00 mmole) in 30 mL
heptane added to rapidly (18,000 rpm; no-load) stirred aqueous solutions (30 mL) containing diol
(3.00 mmole) and sodium hydroxide (6.0 mmole) with stirring for 15 s (DMSO: dimethyl sulfoxide;
DP: degree of polymerization).

PEG %-Yield Mol. Wt. DMSO DP DMSO Mol. Wt. Water DP Water

PEG-400 61 7.6 × 104 120 7.4 × 104 120
PEG-10,000 6 2.5 × 105 24 2.2 × 105 22

Molecular weight was studied as a function of time for the product dissolved in DMSO and
in water. In all cases, the molecular weight remained essentially unchanged for five weeks, with a
molecular weight half-life greater than 60 weeks (that is the time for the molecular weight to become
half of its original value). Thus, the organotin polyethers exhibit good solution stability in both
DMSO and water, well within the time limits needed to accomplish the needed biological and
physical measurements.

The polymers were characterized using typical analysis systems, including proton nuclear
magnetic resonance spectrometry, various infrared spectroscopy systems, and MALDI mass
spectrometry. IR shows the presence of bands characteristic of the formation of Sn-O consistent
with the linkage between the PEG and organotin moiety having been formed. Further, IR shows the
absence of the Sn-Cl band consistent with its elimination as the PEG reacts with the organotin halide.

Unlike most organic polymers, which do not possess elements that have atoms suitable to evaluate
their presence through an investigation of their isotopic abundances, many of the products we work
with have metals that do have such isotopes present. Tin has ten isotopes with seven isotopes present
in amounts great than 5%, allowing the tin’s presence to be determined using these isotopes. MALDI
MS is used to make such determinations routinely. Because tin has isotopes, different ion fragments are
created that have the same structural formula but vary by the particular tin isotope present. This creates
what are referred to as spectral “fingerprints” characteristic of the natural abundance of these isotopes.
Table 2 contains matches for ion fragment clusters that contain one and two ion atoms. The matches
agree with what is expected, consistent with the presence of tin within these ion fragment clusters.
Our focus is on ion fragments with masses of 500 Da and greater. Each of the ion fragment clusters
above 500 (all ions are given in daltons, Da, or m/e = 1) are actually clusters of ions that are produced
because of the presence of tin atom(s) within each cluster.

Our purpose for synthesizing the polymers was to evaluate their biological properties, and to
do so in DMSO and compare the results with the polymers dissolved in only water. Thus, DMSO
was initially employed to dissolve the compounds and then water was added to give the desired
concentration of the tested compound for one set of studies. An analogous set of studies originally
dissolved the tested compounds in water, to which additional water was added to give the desired
compound concentrations. This second set is referred to as the “water only” systems. The general
biological procedure is described elsewhere [18,19].

Cancer is the leading cause of death globally. The cell lines employed in the current study are
given in Table 3. They represent a broad range of important cancers. Two human pancreatic cancer cell
lines and two human breast cancer cell lines are included.

We recently found that anticancer activity is brought about by the intact polymer and not through
polymer degradation [31]. This is consistent with studies that show that polymers are stable in DMSO
with half-chain lives, the time for the chain length to halve, generally in excess of 30 weeks [16–19].
In other studies, we found that the polymer drugs are cytotoxic and cell death is by necrosis [16–19].
Most organometallic compounds associate with polar solvents, such as DMSO, and the biological
results may be influenced by the presence of the DMSO [36–38]. For similar organometallic polymers,
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the results on the influence of DMSO on the tumor were found to be minimal [32–34]. For the current
study, the results in water and DMSO are similar, consistent with this [33,34].

Table 2. Isotopic abundance matches for two ion fragment clusters containing a single tin atom, top
part, and two ion fragment clusters with two tin atoms, bottom part. Bu represents a butyl moiety.

Known for Sn Bu2Sn,2O (OCH2CH2)4OSnBu2 (CH2CH2O)5SnBr2,Na

m/e Rel. Abu. m/e Rel. Abu. Found m/e Rel. Abu. Found m/e Rel. Abu. Found

116 45 260 40 418 43 477 30
117 24 261 21 419 29 478 25
118 75 262 71 420 75 479 79
119 26 263 29 421 30 480 28
120 100 264 100 422 100 481 100
122 14 266 19 424 19 483 20
124 17 268 20 426 16 485 20

Known for 2Sn Bu2SnO(CH2CH2O)4SnBu2 OBu2SnO(CH2CH2O)4Bu2SnO

m/e Rel. Abu m/e Rel. Abu. Found m/e Rel. Abu. Found

232 12 627 9 664 18
233 13 628 9 665 14
234 46 629 46 666 42
235 36 630 40 667 32
236 94 631 88 668 94
237 51 632 51 669 59
238 100 633 100 670 100
239 35 634 32 671 39
240 81 635 82 672 81
242 32 637 20 674 26
244 22 639 10 676 21

Table 3. Cell line characteristics and identification.

Strain Number
NCI

Designation
Species Tumor Origin Histological Type

3465 PC-3 Human Prostate Carcinoma

7233 MDA MB-231 Human Pleural effusion breast Adenocarcinoma

1507 HT-29 Human Recto-sigmoid colon Adenocarcinoma

7259 MCF-7 Human Pleural effusion-breast Adenocarcinoma

ATCC CCL-75 WI-38 Human Normal embryonic lung Fibroblast

ATCC CRL-1658 NIH/3T3 Mouse Embryo-continuous cell line of
highly contact-inhibited cells Fibroblast

ATCC CCL-1 L929 Mouse Transformed Fibroblast

ATCC CRL-8303 143 Human Fibroblast Bone

ATCC CCC-81 Vero Monkey Transformed Africa Green Monkey
kidney epithelial

ATCC CCL-75.1 WI-38 VA13 2RA Human Transformed WI-38 Embryo
lung fibroblast

ATCC CRL-8303 143 Human Fibroblast Bone osteosarcoma

ATCC CCL-81 Vero Monkey Transformed African green monkey
kidney epithelial

ATCC CCL-75.1 WI-38 VA13 2RA Human Transformed WI-38 embryo
lung fibroblast

AsPC-1 Human Pancreatic cells Adenocarcinoma

PANC-1 Human Epithelioid Pancreatic cells Carcinoma
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Different measures are employed in the evaluation of compounds to control cancer growth.
The two most widely employed measures are used in the present studies. The first measure employs
as a measure effective concentration, EC. EC is the concentration dose needed to reduce the growth
of a particular cell line. The concentration of a drug, antibody, or toxicant that induces a response
halfway between the baseline and maximum after a specified exposure time is referred to as the 50%
response concentration and is given the symbol EC50. The second measure of the potential use of
compounds in the treatment of cancer is the concentration of drug necessary to inhibit the standard
cells compared to the concentration of drug necessary to inhibit the growth of the test cell line. The term
chemotherapeutic index, CI, is employed for these measurements. The CI50 is the ratio of the EC50 for
WI-38 cells divided by the EC50 for the particular test cell.

A recent focus is pancreatic cancer. Pancreatic cancer afflicts close to 32,000 individuals each year
in the United States, with almost all dead within a year. It is the fourth-most leading cause of cancer
death. Treatment for pancreatic cancer is rarely successful, as this disease typically metastasizes prior
to detection. The pancreatic cancer cell lines we tested were AsPC-1, which is a human adenocarcinoma
pancreatic cell line that represents about 80% of the human pancreatic cancers, and PANC-1, which is
an epithelioid carcinoma pancreatic cell line which represents about 10% of the human pancreatic
cancers. Both are human cell lines, and the pair is widely employed in testing for the inhibition of
pancreatic cancer. The dibutyltin PEG polyethers exhibit excellent ability to inhibit both pancreatic
cancer cell lines. The values in water and DMSO are similar, so only an average is given for the
two products. For the PEG 400 dibutyltin polyether and the AsPC-1 Cell line, the EC50 value is
0.006 microgram/mL, in the nanogram/mL range, and the CI50 is 47. Values of 2 and greater are
considered significant. For the PEG 10,000 dibutyltin product, the EC50 value is 0.06 microgram/mL
and the CI50 value is 16. For the PAN-1 pancreatic cancer for the PEG 400 dibutyltin polymer cell,
the EC50 value is 0.005 μg/mL and the CI50 value is 56. Thus, the two values for the two different
cancer cell lines are similar for the two different polymers, consistent with the possibility that the
polymers will be active against other pancreatic cancers.

In summary, the organotin PEG polymers exhibit good inhibition towards pancreatic cancer cells
when initially dissolved in DMSO or water. The aqueous solubility allows most forms of administration
to be employed.

5. Group 4 Metallocene Polyethers

Group 4 metallocene-containing small molecules inhibit cancer cell growth. The mechanism
by which they accomplish this differs from that found for cisplatin. This allows molecules from
both groups to be employed as members of a “cocktail” intersecting cancer growth at differing
junctures [39–44].

The first non-platinum metal to undergo clinical trial was titanocene dichloride [45]. While the
activity of cisplatin involves interaction with deoxyribonucleic acid, DNA, the activity for titanocene
dichloride is related to its ability to react with transferring [45,46].

A lack of solubility is a major problem limiting efforts to employ Group 4 metallocenes
as anticancer agents [39–45]. The present effort involving PEG offers an avenue allowing
metallocene-containing small and large molecules to be soluble.

We recently described the synthesis and initial cell line results for Group 4 metallocene polymers
with structures analogous to the organotin polyethers [47–49] (Figure 2).

As in the case of the organotin products, these materials show good stability in solution for a
month, with essentially no loss in molecular weight when dissolved in water or in DMSO.

Table 4 contains the yield, product molecular weights in water and DMSO, and average degree of
polymerization, DP-number of repeat units for the product. The first column contains the particular
metallocene and the molecular weight for the particular PEG followed by the number of PEG units in
that particular PEG. The molecular weight and average chain length of the polymer decrease as the
employed PEG length increases. This is the same as what occurred for the organotin products, and is
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again probably a consequence of the growing chains having increased difficulty in locating the end
groups as the PEG chain length increases. The yield trends should be viewed with caution, because we
have not yet perfected a good procedure for the recovery of the product. The infrared spectroscopy
and proton NMR results are consistent with the proposed repeat unit. IR shows the formation of bands
associated with the formation of the M-O linkage.

O
OH H+                  m

                                       m x

Ti ClCl Ti O

O R

R

Figure 2. Synthesis of titanocene polyethers from reaction of titanocene dichloride and PEG, where R
is a simple chain extension.

Table 4. Product yield and molecular weight as a function of PEG length and metallocene.
Cp: cyclopetadiene group; MW: molecular weight.

Sample Percentage Yield MW (H2O) MW (DMSO) DP

Cp2Ti 200/4.5 68 5.8 × 106 15,000
Cp2Ti 400/9 42 1.0 × 106 850

Cp2Ti 1000/27 51 1.8 × 105 1.9 × 105 150
Cp2Ti 1500/34 52 3.6 × 104 3.7 × 104 21
Cp2Ti 2000/45 49 3.4 × 104 3.5 × 104 17
Cp2Ti 3400/77 46 3.7 × 104 3.7 × 104 11
Cp2Zr 200/4.5 24 2.0 × 106 4700
Cp2Zr 400/9 15 3.8 × 105 600

Cp2Zr 1000/27 30 9.0 × 104 9.1 × 104 75
Cp2Zr 4600/100 15 6.1 × 104 6.2 × 104 13
Cp2Zr 8000/180 34 4.1 × 104 4.2 × 104 5
Cp2Hf 200/4.5 32 6.3 × 106 12,000
Cp2Hf 400/9 32 5.3 × 105 5.5 × 105 770

Cp2Hf 1000/27 24 1.7 × 105 1.9 × 105 150
Cp2Hf 4600/100 9.3 × 104 9.5 × 104 14
Cp2Hf 8000/180 38 6.6 × 104 6.8 × 104 8

As previously noted, because the metals have different natural abundance isotopes it is possible
to do an isotope analysis using MALDI MS to compare the known isotopic relative abundances with
the observed ion fragments. This analysis is routine and is consistent with the presence of the metals
within the various ion fragments. Table 5 contains sample results for the isotopic abundances of ion
fragments from the titanocene polymers. The results are in agreement with what is expected and
consistent with the presence of the particular metal within the ion fragment clusters.

One of our primarily objectives is the synthesis of water-soluble drugs that inhibit the growth of
pancreatic cancer. Table 6 contains results for the three water-soluble metallocene polymers. Cancer
cell analysis requires a lower solubility for analysis compared with light scattering photometry. Thus,
the reader may note that some cell line results are present in Table 6, but molecular weight values
are not given in Table 4 because of the difference in solubility required to obtain molecular weight
compared to cell line data.
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Table 5. Isotopic abundance matches for two ion fragment clusters containing a single titanium atom
(top), and two ion fragment clusters containing two titanium atoms per cluster (bottom).

Known for Ti O(CH2CH2O)4Cp2Ti(OCH2CH2)4 O(CH2CH2O)4Cp2Ti(OCH2CH2)4

m/e Rel. Abu. m/e Rel. Abu. Found m/e Rel. Abu. Found

46 11 583 10 539 11
47 11 584 11 540 11
48 100 585 100 541 100
49 8 586 8 542 7
50 7 587 6 543 7

Known for 2 Ti (CH2CH2O)3Cp2Ti(OCH2CH2)4Cp2TiO (CH2CH2O)3Cp2TiO(CH2CH2O)4Cp2Ti(OCH2CH2)4

m/e Rel. Abu. m/e Rel. Abu. Found m/e Rel. Abu. Found

94 22 688 22 875 23
95 21 689 20 876 21
96 100 690 100 877 100
97 16 691 18 878 20
98 15 692 16 879 18

Several observations are apparent. First, none of the metallocene dichlorides and PEGs offer
inhibition to the limits tested. Second, the zirconocene polyethers offer the best inhibition of the
pancreatic cancer cells based on having the lowest EC50 values compared to the hafnocene and
titanocene polyethers. Unlike the titanocene and hafnocene polyethers, there is a difference between
the ability to inhibit the two cancer cell lines, with a greater, generally a ten-fold lower, ability to
inhibit the PANC-1 cell line for the lower PEG chain lengths, but there are similar EC50 values for the
longer PEG products. The titanocene and hafnocene products exhibit inhibition rates that are similar
to each another. For the present polymers, it is the zirconocene products that should have undergone
clinical testing. Third, since neither the PEG or the metallocene dichloride exhibit an ability to inhibit
pancreatic cell growth, it is the combination of PEG and metallocene that accounts for the ability to
inhibit the pancreatic cancers.

In conclusion, water-soluble metallocene polymers have been synthesized. They exhibit
decent inhibition of a battery of cancer cells according to the results for the pancreatic cancer cell
lines presented.
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6. Future and Summary

PEG is widely employed industrially [50]. It is used in a number of laxatives, including MirLax,
GlycoLax, and Movicol. It is also employed as a coating for many pills to allow the medication to
pass through the harsh acidic stomach environment area unharmed. PEGs are employed as the soft
segment in polyurethanes, and in other hard-soft copolymers as the soft portion. Some producers use
it in toothpaste products as a dispersant, and it is employed as a lubricant in eye drops. Dr. Pepper
adds PEG as an antifoaming agent. PEG has been used to help preserve wood-replacing water, giving
the wood increased dimensional stability. Certain gene therapy vectors, such as viruses, can be coated
with PEG to protect them from inactivation by immune systems and to de-target them from organs
where they could build up and cause a toxic effect. Recently, they have been part of body armor
combinations and to impart water solubility to certain electrically conductive polymers.

The use of PEG to enhance the aqueous solubility of materials includes macromolecules. It is
well-established, but many venues remain. There remain a number of condensation polymers where
aqueous solubility might be useful. These include commercial polymers, such as polyesters and
nylons. There are also many speciality materials where water solubility would enhance their areas of
potential use.

In our case, we have a number of polymers that exhibit a good ability to inhibit a range of cancer
cell lines, viruses, and bacterial agents.

One product we plan to work towards making water soluble is a group of recently synthesized
polyesters derived from the reaction of Group 4 metallocene dichlorides with the salts of camphoric
acid (Figure 3) [51]. The zirconocene and hafnocene products exhibit good inhibition of a battery of
cancer cell lines, including the pancreatic cancer cell lines described in Table 3, to the nanogram/mL
range with CI50 values in the thousands. Our approach is to initially evaluate PEGs of varying length
as co-monomers with camphoric acid to form products and then test the products for water solubility
and ability to inhibit cancer cell lines (Figure 4).
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Figure 3. Reaction scheme for the reaction between D-camphoric acid and zirconocene dichloride,
where R1 represents a simple chain extension.
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Figure 4. Reaction scheme for inclusion of PEG into the Cp2Zr/camphoric acid product.
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Some of these products exhibit good thermal stability to 1500 ◦C so that a simple CH analysis
is not satisfactory for structural analysis [30]. Since neither of the Lewis bases have an element that
is unique to it, we have begun using X-ray fluorescence spectroscopy to determine the percentage
of metal in our products. From this information, the amount of both Lewis bases in the product can
be determined.

The synthesis and study of water-soluble metal-containing polymers has begun. The results are
promising, and allow for the synthesis of water-soluble products that exhibit good inhibition of a host
of cancer cell lines. This is only the beginning of a long journey.
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References

1. Carraher, C. Introduction to Polymer Chemistry, 4th ed.; Taylor and Francis/CRC Press: New York, NY, USA,
2017.

2. DiPalma, J.; Cleveland, M.; Mark, V.B.; McGowan, J.; Herrera, J. A Randomized, Multicenter Comparison
of Polyethylene Glycol Laxative and Tegaserod in Treatment of Patients with Chronic Constipation.
Am. J. Gastroenterol. 2007, 9, 1964–1971. [CrossRef] [PubMed]

3. Sheftel, V.O. Indirect Food Additives and Polymers: Migration and Toxicology; CRC: Boca Raton, FL, USA, 2000.
4. Delgado, C.; Francis, G.E.; Fisher, D. Solvent-sensitive nanospheres prepared by self-organization of

polymerizing hydrophilic graft chain copolymers. Drug Carr. Syst. 1992, 9, 249–304.
5. Gerasimov, A.; Ziganshin, M.; Gorbatchuk, V.; Usmanova, L. Increasng the solubility of dipyridamole using

polyethylene glycols. Int. J. Pharm. Sci. 2014, 6, 244–247.
6. Lee, M.; Kim, S.W. Polyethylene glycol-conjugated copolymers for plasmid DNA delivery. Pharm. Res. 2005,

22, 1–10. [CrossRef] [PubMed]
7. Ansari, M. Investigations of polyethylene glycol mediated ternary molecular inclusion complexes silmarin

with beta cyclodextrin. J. Appl. Pharm. Sci. 2015, 5, 26–31. [CrossRef]
8. Carraher, C.; Battin, A.; Roner, M.R. Effect of bulk doping on the electrical conductivity of selected

metallocene polyamines. J. Inorg. Organomet. Polym. Mater. 2013, 23, 61–73. [CrossRef]
9. Carraher, C.; Battin, A.; Roner, M.R. Effect of Electrical Conductivity Through the Bulk Doping of the Product

of Titanocene Dichloride and 2-Nitro-1,4-phenylenediamine. J. Funct. Biomater. 2011, 2, 18–30. [CrossRef]
[PubMed]

10. Battin, A.; Carraher, C.; Roner, M.R. Effect of bulk doping on the electrical conductivity of selected
metallocene polyamines. J. Inorg. Organomet. Polym. Mater. 2012, 22, 1–13.

11. Battin, A.; Carraher, C. Effect of doping by exposure of iodine on the electrical conductivity of the polymer
from titanocene dichloride and 2-nitro-p-phenylenediamine. J. Polym. Mater. 2008, 25, 23–33.

12. Siegmann-Louda, D.; Carraher, C. Polymeric Platinum-Containing Drugs in the Treatment of Cancer.
In Biomedical Applications; John Wiley & Sons: Hoboken, NJ, USA, 2004.

13. Roner, M.R.; Carraher, C. Cisplatinum Derivatives as Antivirial Agents. In Inorganic and Organometallic
Macromolecules; Springer: New York, NY, USA, 2008.

14. Carraher, C.; Francis, A. Water-Soluble Cisplatin-Like Chelation Drugs from Chitosan. J. Polym. Mater. 2011,
28, 189–203.

15. Roner, M.R.; Carraher, C.; Shahi, K.; Barot, G. Antiviral activity of metal-containing polymers organotin and
cisplatin-like polymers. Materials 2011, 4, 991–1012. [CrossRef]

16. Carraher, C.; Siegman-Louda, D. Organotin Macromolecules as Anticancer Drugs. In Macromolecules
Containing Metal and Metal-Like Elements; John Wiley & Sons: Hoboken, NJ, USA, 2004.

17. Carraher, C. Organotin Polymers in Macromolecules Containing Metal and Metal-Like Elements; John Wiley &
Sons: Hoboken, NJ, USA, 2004.

18. Roner, M.R.; Carraher, C. Organotin Polyethers as Biomaterials. Materials 2009, 2, 1558–1598.
19. Carraher, C.; Roner, M.R. Organotin polymers as anticancer and antiviral agents. J. Organomet. Chem. 2014,

751, 67–82. [CrossRef]
20. Carraher, C. Zirconocene and hafnocene-containing macromolecules. In Macromolecules Containing Metal and

Metal-Like Elements; John Wiley & Sons: Hoboken, NJ, USA, 2006.

216



Processes 2017, 5, 50

21. Carraher, C. Condensation metallocene polymers. J. Inorg. Organomet. Polym. Mater. 2005, 15, 121–145.
[CrossRef]

22. Carraher, C. Organoantimony-containing polymers. J. Polym. Mater. 2008, 25, 35–50.
23. Carraher, C. Antimony-containing polymers. In Inorganic and Organometallic Macromolecules; Springer: New

York, NY, USA, 2008.
24. Carraher, C.; Roner, M.R.; Thbibodeau, R.; Moric-Johnson, A. Synthesis, structural characterization, and

preliminary cancer cell study results for poly(amine esters) derived form triphenyl-group VA organometallics
and norfloxacin. Inorg. Chem. Acta 2014, 423, 123–131. [CrossRef]

25. Carraher, C. Uranium-containing polymers. In Macromolecules Containing Metal and Metal-Like Elements;
John Wiley & Sons: Hoboken, NJ, USA, 2005.

26. Carraher, C.; Murphy, A.T. Ruthenium-containing polymers for solar energy conversion. In Macromolecules
Containing Metal and Metal-Like Elements; John Wiley & Sons: Hoboken, NJ, USA, 2005.

27. Sabir, T.; Carraher, C. Vanadocene-containing polymers. In Inorganic and Organometallic Macromolecules;
Springer: New York, NY, USA, 2008.

28. Carraher, C.; Sabir, T.S.; Carraher, C.L. Inorganic and Organometallic Macromolecules; Springer: New York, NY,
USA, 2008.

29. Carraher, C.; Sabir, T.; Carraher, C.L. Fragmentation matrix assisted-laser desorption/ionization mass
spectrometry-basics. J. Polym. Mater. 2006, 23, 143–151.

30. Carraher, C.; Roner, M.R.; Carraher, C.L.; Crichton, R.; Black, K. Use of mass spectrometry in the
characterization of polymers emphasizing metal-containing condensation polymers. J. Macromol. Sci.
2015, 52, 867–886. [CrossRef]

31. Carraher, C.; Barot, G.; Vetter, S.W.; Nayak, G.; Roner, M.R. Degradation of the organotin polyether derived
from dibutyltin dichloride and hydroxyl-capped poly(ethylene glycol) in trypsin and evaluation of trypsin
activity employing light scattering photometry and gel electrophoresis. J. Chin. Adv. Mater. Soc. 2013, 1, 1–6.
[CrossRef]

32. Carraher, C.; Barot, G.; Shahi, K.; Roner, M.R. Synthesis, structural characterization, and ability to inhibit
cancer cell growth of a series of organotin poly(ethylene glycols). J. Inorg. Organomet. Polym. Mater. 2007, 17,
595–603.

33. Carraher, C.; Roner, M.R.; Barot, G.; Shahi, K. Comparative anticancer activity of water-soluble organotin
poly(ethylene glycol) polyethers. J. Polym. Mater. 2014, 31, 123–133.

34. Carraher, C.; Barot, G.; Shahi, K.; Roner, M.R. Influence of DMSO on the inhibition of various cancer cells by
water soluble organotin polyethers. J. Chin. Adv. Mater. Soc. 2013, 1, 294–304. [CrossRef]

35. Carraher, C.; Roner, M.R.; Moric-Johnson, A.; Miller, L.; Barot, G.; Sookdeo, N. Ability of Simple Organotin
Polyethers to Inhibit Pancreatic Cancer. J. Macromol. Sci. 2015, 53, 63–67. [CrossRef]

36. Ohtaki, H. Structural studies on solvationi and complexation of metal ions in nonaqueous solutions.
Pure Appl. Chem. 1987, 59, 1143–1150. [CrossRef]

37. Gjevig Jenson, K.; Onfelt, A.; Wallin, M.; Lidumas, V.; Andersen, O. Effects of organotin compounds
on mitosis, spindel structure, toxicity, and in vitro microtubule assemble. Mutagenessis 1991, 6, 409–416.
[CrossRef]

38. Corriu, R.; Dabosi, G.; Martineau, M. The nature of the interactioni of nucleophiles such as HMPT, DMSO,
DMF and Ph3PO with triorganohalo-silanes, -germanes, and -stannanes and organophosphorus compounds.
Mechanism of nucleophile induced racmization and substitution at metal. J. Organomet. Chem. 1980, 186,
25–37. [CrossRef]

39. Benitez, J.; Guggeri, L.; Tomaz, I.; Pessoa, J.C.; Moreno, V.; Lorenzo, J.; Aviles, F.X.; Garat, B.; Gambino, D.
A novel vanadyl complex with a polypyridyl DNA intercalator as ligand: A potential anti-protozoa and
anti-tumor agent. J. Inorg. Biochem. 2009, 103, 1386–1394. [CrossRef] [PubMed]

40. Strohfeldt, K.; Tacke, M. Bioorganometallic fulvene-derived titanocene anti-cancer drugs. Chem. Soc. Rev.
2008, 37, 1174–1187. [CrossRef] [PubMed]

41. Beckhove, P.; Oberschmidt, O.; Hanauske, A.; Pampillon, C.; Schirrmacher, V.; Sweeney, N.J.; Strohfeldt, K.;
Tacke, M. Antitumor activity of titanocene Y against freshly explanted human breast tumor cells and in
xenografted MCF-7 tumors in mice. Anticancer Drugs 2007, 18, 311–315. [CrossRef] [PubMed]

42. Harding, M.M.; Mokdsi, G. Antitumour metallocenes: Structure-activity studies and interactions with
biomolecules. Curr. Med. Chem. 2000, 7, 1289–1303. [CrossRef] [PubMed]

217



Processes 2017, 5, 50

43. Olszewski, U.; Claffey, J.; Hogan, M.; Tacke, M.; Zeillinger, R.; Bednarski, P.; Hamilton, G. Anticancer activity
and mode of action of titanocene C. Investig. New Drugs 2011, 29, 607–614. [CrossRef] [PubMed]

44. Olszewski, U.; Hamilton, G. Mechanisms of cytotoxicity of anticancer titanocenes. Anticancer Agents
Med. Chem. 2010, 10, 302–311. [CrossRef] [PubMed]

45. Roat-Malone, R.M. Bioinorganic Chemistry, 2nd ed.; Wiley: New York, NY, USA, 2007; pp. 19–20.
46. Waern, J.B.; Harris, H.H.; Lai, B.; Cai, Z.; Harding, M.M.; Dillon, C.T. Intracellular mapping of the distribution

of metals derived from the antitumor metallocenes. J. Biol. Inorg. Chem. 2005, 10, 443–452. [CrossRef]
[PubMed]

47. Carraher, C.; Roner, M.R.; Reckleben, L.; Black, K.; Frank, J.; Crichton, R.; Russell, F.; Moric-Johnson, A.;
Miller, L. Synthesis, structural characterization and preliminary cancer cell line results for polymers derived
from reaction of titanocene dichloride and various poly(ethylene glycols). J. Macromol. Sci. 2016, 53, 394–402.
[CrossRef]

48. Carraher, C.; Roner, M.R.; Black, K.; Frank, J.; Moric-Johnson, A.; Miller, L.; Russell, F. Synthesis, structural
characterization and initial anticancer activity of water soluble polyethers from hafnocene dichloride and
poly(ethylene Glycols). J. Chin. Adv. Mater. Soc. in press. [CrossRef]

49. Carraher, C.; Roner, M.R.; Frank, J.; Black, K.; Moric-Johnson, A.; Miller, L.; Russell, F. Synthesis and initial
anticancer activity of water and dimethyl sulfoxide soluble polyethers from zironocene dichloride and
poly(ethylene Glycols). J. Macromol. Sci. A in press.

50. Carraher, C. Introduction of Polymer Chemistry; CRC Press/Taylor and Francis: New York, NY, USA, 2017.
51. Carraher, C.; Roner, M.R.; Campbell, A.; Moric-Johnson, A.; Miller, L.; Slawek, P.; Mosca, F. Group IVB

metallocene polyesters containing camphoric acid and preliminary cancer cell activity. Int. J. Polym. Mater.
Polym. Biomater. in press.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

218



processes

Article

Radical Copolymerization Kinetics of Bio-Renewable
Butyrolactone Monomer in Aqueous Solution

Sharmaine B. Luk and Robin A. Hutchinson * ID

Department of Chemical Engineering, Queen’s University, 19 Division St, Kingston, ON K7L3N6, Canada;
sharmaine.luk@queensu.ca
* Correspondence: robin.hutchinson@queensu.ca; Tel.: +1-613-533-3097

Received: 6 September 2017; Accepted: 27 September 2017; Published: 1 October 2017

Abstract: The radical copolymerization kinetics of acrylamide (AM) and the water-soluble monomer
sodium 4-hydroxy-4-methyl-2-methylene butanoate (SHMeMB), formed by saponification of the
bio-sourced monomer γ-methyl-α-methylene-γ-butyrolactone (MeMBL), are investigated to explain
the previously reported slow rates of reaction during synthesis of superabsorbent hydrogels.
Limiting conversions were observed to decrease with increased temperature during SHMeMB
homopolymerization, suggesting that polymerization rate is limited by depropagation. Comonomer
composition drift also increased with temperature, with more AM incorporated into the copolymer
due to SHMeMB depropagation. Using previous estimates for the SHMeMB propagation rate coefficient,
the conversion profiles were used to estimate rate coefficients for depropagation and termination (kt).
The estimate for kt,SHMeMB was found to be of the same order of magnitude as that recently reported for
sodium methacrylate, with the averaged copolymerization termination rate coefficient dominated by
the presence of SHMeMB in the system. In addition, it was found that depropagation still controlled
the SHMeMB polymerization rate at elevated temperatures in the presence of added salt.

Keywords: bio-renewable; depropagation; ionic strength; parameter estimation

1. Introduction

Water-soluble polymers are used extensively in personal products for hair care [1] and
detergents [2], with crosslinked materials utilized as absorbent hydrogels in diapers or feminine
products [3]. Other applications include drug delivery [4], flocculation for water recovery in oil sand
tailings [5], and metal ion recovery [6]. The bio-derived monomers α-methylene-γ-butyrolactone (MBL)
and γ-methyl-α-methylene-γ-butyrolactone (MeMBL) have previously been homopolymerized [7,8]
and copolymerized with styrene (ST) and methyl methacrylate (MMA) [9,10], but in bulk or organic
solution. Recently, Kollár et al. demonstrated that MBL could be saponified with sodium hydroxide
(NaOH) to make a water-soluble monomer, sodium 4-hydroxy-2-methylene butanoate (SHMB), that
was copolymerized with acrylamide (AM) and crosslinker to make superabsorbent hydrogels that
exhibited superior water absorbency compared to conventional sodium acrylate:AM materials [11].
In an extension of that work, MeMBL was saponified to sodium 4-hydroxy-4-methyl-2-methylene
butanoate (SHMeMB) (see Scheme 1), which was copolymerized with AM and crosslinker to make
similar superabsorbent materials [12].

The SHMeMB:AM hydrogels showed higher water absorbency than SHMB:AM hydrogels,
a finding attributed to changes in crosslink density caused by reactivity differences between the two
systems [12]. Conversion profiles obtained from in situ NMR showed very slow homopolymerization
rates of both SHMB and SHMeMB, and a lowered copolymerization rate for SHMeMB:AM compared
to SHMB:AM. The lower reactivity of SHMeMB:AM was partially attributed to differences in the
system reactivity ratios, estimated as rSHMeMB = 0.12–0.17 and rAM = 0.95–1.10 for SHMeMB:AM [12]
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compared to rSHMB = 0.35 ± 0.15 and rAM = 1.42 ± 0.40 for SHMB:AM [11]. Using pulsed-laser
polymerization coupled with aqueous-phase size exclusion chromatography (PLP-SEC), the rate of
radical chain growth of SHMB:AM copolymers was found to be twice that of SHMeMB:AM under
identical conditions. It was not possible, however, to find suitable experimental conditions to directly
study SHMeMB homopropagation by the PLP technique. Thus, the copolymerization results were
extrapolated to provide the first estimates of the homopropagation rate coefficients (kp), with very low
values of 165 and 25 L·mol−1·s−1, estimated at 60 ◦C in aqueous solution for SHMB and SHMeMB,
respectively [12].

Scheme 1. Saponification of γ-methyl-α-methylene-γ-butyrolactone (MeMBL) using NaOH in water
for 2 h at 95 ◦C to form sodium 4-hydroxy-4-methyl-2-methylene butanoate (SHMeMB).

As both SHMB and SHMeMB are fully-ionized water-soluble monomers, their polymerization
kinetics in aqueous solution are not well-understood. However, previous studies using PLP-SEC,
the IUPAC recommended method for determining kp [13], have examined the radical polymerization
behavior of other water-soluble monomers, including non-ionized to fully ionized acrylic and
methacrylic acids [14–17] and acrylamide [18]. It is now known that the polymerization kinetics
of these monomers in water differ significantly from those of the same monomers in organic solvents,
with the kp values of non-ionized acrylic acid and methacrylic acid significantly higher in water than
in methanol and dimethyl sulfoxide (DMSO) [19]. In addition, the kinetics are greatly affected by
monomer concentration in aqueous solution, as studied for acrylic acid [16], methacrylic acid [17],
and acrylamide [20]. The dependence of kp on monomer concentration was attributed to the
hydrogen-bonding effects between water, monomer, and radical species. Although kp is dependent
on monomer concentration, it was found that the reactivity ratios of AM and non-ionized acrylic
acid copolymerization were constant with concentration [21], although the values are dependent on
monomer concentration and ionic strength for copolymerization of AM with fully-ionized AA [22,23].
It should be noted that hydrogen-bonding effects are not only present in aqueous solution, but
also influence the reactivity ratios of butyl methacrylate (BMA) and 2-hydroxyethyl acrylate (HEA)
copolymerization in organic solution, as the relative reactivity of the two monomers is dependent on
solvent choice [24].

Another kinetic mechanism important to this study is depropagation. For most radical
polymerizations, the monomer addition to a growing macroradical (propagation) can be considered
as an irreversible reaction. However, depropagation, the process by which a single monomer unit
is released from the growing radical chain, occurs if there is steric hindrance near the radical site.
Under these conditions, the propagation and depropagation mechanisms become a reversible reaction
pair, with the relative rates (and hence overall rate of polymerization) a function of temperature
and monomer concentration. Some monomers that are known to depropagate are BMA [25],
itaconates [26], methyl ethacrylate [27], and α-methyl styrene [28], all studied in organic solution.
In the presence of appreciable rates of depropagation, the polymerization does not reach full monomer
conversion and the reaction can also influence copolymer composition as well as rate, as seen for the
radical copolymerization of methyl ethacrylate and styrene (MEA/ST) [29] and BMA/ST at elevated
temperature [25]. It is interesting to note that α-methylene-δ-valerolactone (MVL), a monomer of
similar structure to MBL, has been shown to undergo depropagation, with a ceiling temperature of
83 ◦C [30]. Depropagation of MVL was attributed to its non-planar structure that hinders the radical
center, while MBL does not depropagate as it is planar in structure.

In this publication, a series of studies were done to further elucidate the polymerization kinetics of
SHMeMB homopolymerization and SHMeMB:AM copolymerization. Polymerizations were conducted
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at elevated temperatures (60 to 90 ◦C) to explore the importance of depropagation, using in situ NMR
spectroscopy to track monomer conversions. In addition, homopolymerizations were done in the
presence of added salt to observe whether the changes in the polymerization rate are similar to
those reported for fully ionized acrylic acid (sodium acrylate, NaAA) [31,32] and methacrylic acid
(sodium methacrylate, NaMAA) [33]. The homopolymerization conversion profiles were used to
estimate the rate coefficients for termination (kt) and depropagation (kdep), using the parameter
estimation capabilities in the PREDICI® software package [34]. Ultimately, the estimated parameters
from SHMeMB homopolymerization were implemented in a kinetic model developed to represent
SHMeMB:AM copolymerization behavior.

2. Materials and Methods

2.1. Materials

The following chemicals were purchased from Sigma-Aldrich, Canada and used as
received: acrylamide (AM, >98%), N,N′-methylenebis(acrylamide) (BIS, 99%), 2,2′-azobis(2-methyl-
propionamidine) dihydrochloride (V-50 initiator, 97%), and sodium hydroxide (NaOH, >97%).
2,2′-Azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (V-86 initiator) was purchased from Wako
Pure Chemicals Ltd., USA. Deuterated water (D2O, 99.8% D) and hydrochloric acid (HCl, 36.5% w/w)
were purchased from Fisher Scientific, Canada and the γ-methyl-α-methylene-γ-butyrolactone
(MeMBL, >97%) was provided by DuPont Central Research Laboratories.

2.2. Ring-Opening Saponfication of MeMBL

The saponification of MeMBL followed the same procedure as in previous studies [11,12]. For 1 g
of MeMBL, 10 mol % excess of NaOH was measured and dissolved in 1 g of D2O in a small vial with a
stir-bar. The saponification reaction took place in an oil bath at 95 ◦C for 2 h, after which the solution
was cooled to room temperature and 1 M HCl was added until a pH of 7 was reached. The SHMeMB
mixture was then diluted with D2O to a final monomer concentration of 40 wt % (including mass of
sodium ions). This stock solution was mixed with other components to achieve desired concentrations
for the in situ NMR studies. The structure of MeMBL was confirmed by NMR, and ring structures
were confirmed to be completely opened to make SHMeMB [12].

2.3. Preparation for In Situ NMR

The in situ NMR method was used to measure the overall monomer conversion profiles, as well as
the variation of monomer and polymer composition with conversion, following procedures described
by Preusser and Hutchinson [21]. Near-isothermal conditions for the experiments can be assumed
based upon the slow rate of polymerization compared to other systems analyzed in the same setup [21].
Copolymerizations were conducted at 3:7 and 4:6 SHMeMB:AM initial molar ratios and 15 wt %
monomer concentration in D2O, with initiator content specified as a weight percent of the total mixture
(monomers + D2O). Homopolymerizations were done at 15 and 30 wt % monomer concentration in
D2O, and salt was added to the monomer mixture relative to the SHMeMB molar amounts. While the
preparation of the SHMeMB monomer added slightly to the ionic strength of the solution (addition of
10 mol % excess NaOH followed by neutralization with HCl), this contribution was not considered
when reporting salt concentrations in the discussion section.

Overall conversion X(t) was calculated from the decrease in monomer peak integrations relative
to the HOD reference peak (residual solvent peak from D2O at 4.8 ppm), and individual conversions of
SHMeMB and AM were used to calculate SHMeMB monomer (f SHMeMB) and polymer mole fractions
(FSHMeMB), as detailed in our previous study [12].

2.4. Kinetic Parameters for PREDICI Parameter Estimation

The parameter estimations for SHMeMB homopolymerizations and SHMeMB:AM copolymerizations
were done using PREDICI [34], based on the reaction mechanisms listed in Table 1. For SHMeMB:AM
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copolymerizations, kt represents an averaged value for all three termination mechanisms; as will be
discussed, the values were estimated from individual experimental monomer conversion profiles to
provide a perspective on how the averaged rate coefficient varies with monomer composition. As the
termination rate is dominated by the large fraction of SHMeMB radicals in the system, the reaction is
assumed to occur solely by disproportionation due to their hindered structure; this assumption does
not impact the kt values estimated from the conversion profiles. Depropagation was also considered
in the model, based on the assumption that the reaction occurs only if both the penultimate and
terminal monomer units of the growing radical chain are SHMeMB, as captured by the probability
factor p11 [25].

Table 1. Reaction mechanisms for the copolymerization of SHMeMB and acrylamide (AM).

Reaction Mechanisms

Initiator decomposition I
kd→ 2 f R∗

o

Initiation R∗
0 + SHMeMB

kp1,1→ SHMeMB∗
1

R∗
0 + AM

kp2,2→ AM∗
1

Propagation SHMeMB∗
n + SHMeMB

kp1,1→ SHMeMB∗
n+1

SHMeMB∗
n + AM

kp1,2→ AM∗
n+1

AM∗
n + SHMeMB

kp2,1→ SHMeMB∗
n+1

AM∗
n + AM

kp2,2→ AM∗
n+1

Termination (by disproportionation) SHMeMB∗
n + SHMeMB∗

m
kt→ Pn + Pm

AM∗
n + SHMeMB∗

m
kt→ Pn + Pm

AM∗
n + AM∗

m
kt→ Pn + Pm

Depropagation SHMeMB∗
n

p11kdep→ SHMeMB∗
n−1 + SHMeMB

The known rate coefficients (initiator decomposition, homopropagation, and reactivity ratios)
are shown in Table 2. The initiator efficiency (f ) of V-50 was assumed to be 0.8, and for V-86 it was
assumed to be 0.38, as determined in a previous study [35]. The propagation rate expression for
AM homopolymerization was determined [18] and modelled [20] previously as a function of both
monomer concentration and temperature, yielding a kp,AM value of 86,000 L·mol−1·s−1 for 15 wt %
AM in aqueous solution at 50 ◦C. Although AM concentration changes with SHMeMB:AM comonomer
composition (keeping total monomer content at 15 wt %), the value of kp,AM in the model was kept
constant. This assumption is reasonable, as kp

cop is dominated by the low value of kp,SHMeMB and not
sensitive to small changes in kp,AM. As shown in Table S1 in the supporting information, kp,AM values
were calculated at a different total AM wt % (while maintaining 15 wt % monomer concentration) and
the estimated values for kt remained the same. The PLP-SEC estimate for kp,SHMeMB, obtained at 60 ◦C
and 15 wt % monomer in the previous study [12], was used in this work.

Table 2. Rate expressions for known kinetic coefficients used in model of SHMeMB:AM copolymerization.

Reaction Rate Expression References

Decomposition of V-50 kd = 9.385 × 1014 exp (–14,890/T(K)) [36]
f = 0.8

Decomposition of V-86 kd = 1.24 × 1013 exp (–14,800/T(K)) [35,37]
f = 0.38

Propagation of AM
k0

p = 9.5 × 107 exp(−2189/T(K))

kp = k0
p exp(−0.01 cAM(0.0016T + 1.015))

[18]

Propagation of SHMeMB kp = 25 L·mol−1·s−1 [12]

Reactivity ratios at 50 ◦C
rAM = kp2,2/ kp2,1 = 0.95 ± 0.01

rSHMeMB = kp1,1/ kp1,2 = 0.17 ± 0.01 [12]

222



Processes 2017, 5, 55

3. Results and Discussion

3.1. Copolymerization of SHMeMB:AM at Different Temperatures

In the previous study, in situ batch copolymerizations of SHMeMB and AM at 50 ◦C over a wide
range of compositions (initial mole fraction of SHMeMB, f SHMeMB, between 0.1 and 0.8) were used to
estimate the reactivity ratios of the system summarized in Table 2. In this work, the study was extended
to higher temperatures. Conversion profiles measured for experiments with V-50 initiator at an initial
monomer content of 15 wt % and SHMeMB:AM molar ratios of 3:7 (50–80 ◦C) and 4:6 (50–70 ◦C) are
shown in Figure 1. It is evident that the initial rate of polymerization increases with temperature,
as expected due to the accelerated radical production rate as well as the increased kp values. However,
monomer conversion plateaus at less than 100% at the higher temperatures. This limiting conversion
does not result from initiator depletion, as 27% of the V-50 remains after 3 h at 70 ◦C, based on literature
values for V-50 decomposition kinetics. The conversion plateau occurs at a lower conversion as the
initial fraction of SHMeMB is increased, as seen by comparing the profiles for 3:7 and 4:6 SHMeMB:AM
after 3 h. Thus, the presence of SHMeMB not only affects the initial rate of polymerization, but also
causes the copolymerization rate to significantly slow down as higher conversions are reached at the
higher temperatures.
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Figure 1. Overall monomer conversion profiles for copolymerizations at (a) 3:7 and (b) 4:6 initial
SHMeMB:AM molar ratios at varying temperatures with 15 wt % monomer and 0.5 wt % V-50.

Individual monomer concentration profiles of SHMeMB and AM at 50, 60, and 70 ◦C are presented
as Figure S1 in the supporting information. The plots show that the rate of SHMeMB consumption
becomes very slow at the lowered SHMeMB concentrations reached later in the reactions, while the
consumption of AM continues. This behavior becomes more evident at higher temperatures and
increased SHMeMB content, under which conditions the absolute concentration of AM decreases to
values below that of SHMeMB, despite its higher initial value. The limiting SHMeMB conversions
suggest that depropagation of SHMeMB monomer may be occurring, leading to a significantly
decreased rate of polymerization as AM is consumed.

To further explore this possibility, the comonomer composition drifts with conversion at different
temperatures are plotted in Figure 2; the curves are normalized by the initial fraction of SHMeMB in
the mixture to provide a better comparison by eliminating slight variations in the initial compositions.
If SHMeMB depropagation is important, the value of f SHMeMB would increase more significantly with
conversion as temperature is increased due to decreased incorporation of SHMeMB under conditions
that favour depropagation, as seen in studies of MEA/ST [29] and BMA/ST [25]. As shown in Figure 2,
this behavior is indeed observed for the SHMeMB:AM system as temperature increased from 50 to
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80 ◦C. At higher conversions where monomer concentrations are low, the influence of depropagation
on SHMeMB consumption becomes more prominent. The reaction temperature was further increased
to 90 ◦C using a different initiator, V-86, as it has a slower rate of decomposition. At 90 ◦C, there was
further deviation of the drift in f SHMeMB with conversion compared to 50 ◦C. Reactions with V-50 and
V-86 were conducted at the same temperatures to verify that composition drift was consistent using
both initiators (see Figure S2).
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Figure 2. Monomer composition drift with conversion for copolymerization with an initial 3:7
SHMeMB:AM molar ratio, 15 wt % monomer and (a) 0.5 wt % V-50 initiator, or (b) 1.67 wt % V-86
initiator at varying temperatures (90 ◦C experiment was conducted with 0.5 wt % V-86). Monomer
composition was normalized by initial monomer composition to eliminate the influence of slight
variations in the comonomer mixture composition.

As a first step to understanding this behavior, monomer composition drifts measured with 3:7
molar ratio of SHMeMB:AM copolymerizations at 70 and 80 ◦C were fitted to provide reactivity ratio
estimates, with results shown in Figure 3. Two methods were used to fit the experimental data: the
first uses the previously determined rAM = 0.951 so that only one parameter (rSHMeMB) was estimated,
as depropagation should only influence the addition rate of a SHMeMB monomer to a SHMeMB
radical, and thus the effective value of rSHMeMB. For the second fitting, both parameters, rAM and
rSHMeMB, were estimated simultaneously.
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Figure 3. Monomer composition drift for copolymerizations of 3:7 molar ratio of SHMeMB:AM with
15 wt % monomer and 0.5 wt % V-50 at (a) 70 and (b) 80 ◦C. The solid line represents parameter
estimation with rAM fixed at 0.951 (best-fit value at 50 ◦C), and the dotted line represents parameter
estimation to determine both rAM and rSHMeMB, with values summarized in Table 3.

As shown by Figure 3, both methods gave good representations to the experimental data, but
with drastically different estimates for rSHMeMB, as summarized in Table 3. The terminal model
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reactivity ratio of monomer one (r1) is defined by Equation (1), where kp,11 is the homopropagation rate
coefficient for addition of monomer one to a monomer one radical and kp,12 is the cross-propagation
rate coefficient for the addition of monomer two to a monomer one radical.

r1 =
kp,11

kp,12
(1)

When the value of rAM was fixed at 0.951, the parameter estimation forces rSHMeMB to approach zero,
indicating that AM monomer addition is greatly favoured over SHMeMB addition to a SHMeMB
terminal radical. Estimating rSHMeMB and rAM simultaneously at 70 ◦C gave an rAM value that was
close to the value determined at 50 ◦C, and lowered the rSHMeMB value to 0.120 (from 0.169 at 50 ◦C).
At 80 ◦C, rSHMeMB decreased to an even lower value of 0.046 due to more prominent depropagation
effects at higher temperatures. While these values seem plausible, the uncertainty in the estimates are
large. Nonetheless, they are consistent with the expectations of depropagation.

Table 3. Reactivity ratios estimates from copolymerization of 3:7 molar ratio of SHMeMB:AM with
15 wt % monomer and 0.5 wt % V-50 at 70 and 80 ◦C. The “one parameter” method estimates rSHMeMB

with rAM fixed at 0.951, and the “two parameter” method estimates both rAM and rSHMeMB.

70 ◦C 80 ◦C

1 Parameter 2 Parameters 1 Parameter 2 Parameters

rSHMeMB 0.005 ± 0.008 0.12 ± 0.22 7 × 10−6 ± 7 × 10−3 0.05 ± 0.17
rAM - 1.04 ± 0.17 - 1.06 ± 0.21

It is important to note that the parameter estimation fits the reactivity ratios based on the terminal
model (i.e., no depropagation), assuming that the value of kp,SHMeMB remains constant with conversion.
In the case of depropagation, the kp,11 value should be considered as an effective value, kp

eff, dependent
on kp, kdep and monomer concentration [M] as shown in Equation (2) [26], such that rSHMeMB would
change with conversion.

keff
p = kp − kdep

[M]
(2)

Thus, the conversion profiles for SHMeMB homopolymerizations are first used to estimate kdep before
returning to analysis of the copolymerization system.

3.2. Homopolymerization Kinetics of SHMeMB

To investigate depropagation kinetics further, the in situ NMR technique was used to study
homopolymerization of SHMeMB at increased temperature and initiator content (75 ◦C and 1 wt %
V-86), with reaction times (14 h) considerably extended compared to copolymerizations. The conversion
profiles, shown in Figure 4, were the same for both initial monomer concentrations (15 and 30 wt %),
consistent with reports that monomer concentration did not have a large effect on kp for other fully
ionized monomers such as NaMAA [17]. However, no difference in the final conversions is seen
between the two experiments, indicating that monomer concentrations were not yet approaching the
equilibrium values at which depropagation would cause a difference in limiting conversion.

The possible effects of depropagation on the homopolymerization of SHMeMB were investigated
at higher temperatures. In Figure 4, the initial rate of polymerization is seen to be faster at 90 ◦C than
at 75 ◦C as expected, but the rate eventually slows down such that the final conversion reached is
lower than at 75 ◦C. The decrease in polymerization rate at 90 ◦C is not due to the lack of initiator,
as there is still 25% remaining after 16 h [37]. Thus, the conversion profiles support the hypothesis that
depropagation is affecting SHMeMB polymerization, consistent with the observation of increased AM
incorporation into the SHMeMB:AM copolymer observed at elevated temperatures.

It was previously demonstrated that the polymerization rate of fully ionized acrylic acid was
influenced by the addition of a salt, such that at a molar ratio of 1:5.7 [AA−]:[NaCl] the polymerization
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rate of fully ionized AA (NaAA) was comparable to that of non-ionized AA [31]. It was proposed that
the screening of charges by the added salt reduced the repulsion between the ionized monomers and
ionized radical sites, therefore enhancing the polymerization rate of fully-ionized AA. Thus, NaCl
was added to SHMeMB homopolymerizations to examine for a similar effect, as shown in Figure 5.
The polymerization rate at 75 ◦C was found to decrease with added salt, with the rate of polymerization
perhaps slightly lower at the 1:1 ratio of SHMeMB]:[NaCl] compared to the 1:0.5 ratio.
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Figure 4. Monomer conversion profiles obtained by homopolymerization of SHMeMB at 15 and
30 wt % at 75 ◦C and 1 wt % V-86, and at 15 wt % and 90 ◦C.

Although the rate of monomer conversion of NaAA was increased by increasing ionic strength [31],
a similar increase was not observed for NaMAA [17]. However, a separate study showed that the
kp of NaMAA did increase with ionic strength [32]. Therefore, it can be concluded that kp and kt

for ionized monomers are both affected (increased) by the presence of salt, but to different extents,
according to the monomer. Individual estimates are not available for SHMeMB, but the conversion
profiles in Figure 5a indicate that kt is enhanced in the presence of NaCl to a greater extent than kp,
hence decreasing the overall rate of polymerization at 75 ◦C. As shown in Figure 5b, the addition of
NaCl to the polymerization at 90 ◦C, however, has no effect on the conversion profile. Depropagation
is more important at this elevated temperature, complicating the situation; however, the net effect of
the added salt on the rate of conversion is minor.
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Figure 5. Monomer conversion profiles obtained from homopolymerizations of SHMeMB at 15 wt %
with (a) added NaCl salt at 75 ◦C and 1 wt % V-86, and (b) at 90 ◦C with added NaCl at 1:0.5
[SHMeMB]:[NaCl] molar ratio.

226



Processes 2017, 5, 55

3.3. Parameter Estimation for SHMeMB Homopolymerizations

The SHMeMB homopolymerization conversion profiles presented in Section 3.2 are used in this
section to estimate both the termination (kt) and depropagation (kdep) coefficients using the data-fitting
tools in PREDICI based on the mechanisms shown in Table 1 (initiation, propagation, depropagation
and termination). As conversion profiles are a function of the ratios of rate coefficients (kdep/kp and
kp/kt

0.5), the strategy employed was to use the previously-estimated propagation coefficient (kp) of
SHMeMB from the PLP-SEC study [12], and to estimate kdep simultaneously with kt. For simplicity,
the kp value of 25 L·mol−1·s−1 estimated at 60 ◦C was used, as the activation energy for propagation
is not known. Thus, the estimates for kt and kdep at 75 and 90 ◦C are lower than the true values, but
could be corrected once the temperature dependency of kp is determined.

The initial fitting of the SHMeMB homopolymerizations curves, shown in Figure 6, was conducted
assuming no depropagation occurs (kdep = 0). The model fits the experimental data reasonably well
at 75 ◦C until the point at which the rate of polymerization seemed to decrease, around 10 h into the
reaction. However, it is evident that the model with no depropagation was not sufficient in fitting the
experiment conversion profile at 90 ◦C, predicting a continued increase in conversion not observed
experimentally. The best fit value of kt is 1.3 × 106 L·mol−1·s−1 at both 75 and 90 ◦C, although the
true values would be lower (due to the assumption that depropagation does not occur). Furthermore,
kt does not seem to be a large function of temperature, as the same value was able to fit the initial
polymerization rate for both 75 and 90 ◦C. These estimates of kt are higher than recently reported
values for NaAA of ~105 L·mol−1·s−1 [38].
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Figure 6. Fit of the homopolymerization SHMeMB model assuming no depropagation to monomer
conversion profiles obtained at (a) 75 ◦C with 1 wt % V-86 at different monomer concentrations,
and (b) at different temperatures with 1 wt % V-86 and 15 wt % monomer. Solid lines represent model
output, with experimental results indicated by data points.

The experimental conversion profile of SHMeMB hompolymerization at 75 ◦C was converted
using the integrated conversion equation for a batch isothermal reaction, Equation (3), to generate
a kp/kt

0.5 vs. conversion plot. In Equation (3), X represents conversion, kd is the decomposition
rate coefficient of V-86 initiator, t is reaction time, [I]0 is initial initiator concentration, and f is
initiator efficiency.

kp

k0.5
t

=
ln(1 − X)

exp(0.5kdt)− 1

√
kd

8[I]0 f
(3)

Note that Equation (3) is derived assuming that both kp and kt are constant with conversion, and that
depropagation does not occur in the system. In general, the kp/kt

0.5 ratio calculated from the
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experimental data at 75 ◦C, as shown in Figure 7, is fairly constant until it reaches a conversion
of 25%, at which point it starts to decrease, likely due to the influence of depropagation. (The kp/kt

0.5

values at <10% conversion were omitted due to scatter of experimental data in the initial stages of
the reaction.) Assuming that depropagation was negligible between 0 and 25% conversion and a kp

value of 25 L·mol−1·s−1, the average value of kp/kt
0.5 of 0.022 (L·mol−1·s−1)0.5 in this region is used

to estimate a value of kt of 1.30 × 106 L·mol−1·s−1, in agreement with the value fit to generate the
conversion profiles in Figure 6. Also in agreement with Figure 6, the kp/kt

0.5 ratio begins to decrease at
a lower conversion at 90 ◦C, leading to the overestimation of the reaction rate without the consideration
of depropagation.

The kt value of 1.30 × 106 L·mol−1·s−1 was estimated using the kp/kt
0.5 equation assuming

depropagation was negligible in the early stages of the reaction, but the true extent of depropagation
is still unknown at 75 and 90 ◦C. Using parameter estimation on PREDICI, both kt and kdep values
were simultaneously estimated to be 1.4 ± 1.8 × 105 L·mol−1·s−1 and 21 ± 6 s−1, respectively, at 75 ◦C.
The estimated value kt is an order of magnitude lower than estimated using the kp/kt

0.5 plot, but is in
reasonable agreement with reported estimates for other ionized monomers [33]. However, the 95%
confidence interval encompasses zero, due to the difficulty in estimating both kt and kdep from a
single conversion profile. Thus, the strategy taken was to fix kt at the value of 1.4 × 105 L·mol−1·s−1,
and estimate only the kdep values from the conversion profiles obtained with 15 wt % SHMeMB at both
75 and 90 ◦C. The resulting fits to the conversion profiles are shown in Figure 8, with best fit values for
kdep of 20.9 ± 0.6 and 26.8 ± 0.4 s−1 at 75 and 90 ◦C, respectively. The best fit profiles are compared
to the curves generated assuming no depropagation (at 75 ◦C extended to longer time), to further
illustrate that the higher kt value estimated from the kp/kt

0.5 plot did not adequately represent the
shape of the curve. Although the estimation at 90 ◦C did not fit as well to the experimental data,
the higher estimated value of kdep indicates that, as expected, depropagation is enhanced at elevated
temperatures. Furthermore, the fitting indicates an SHMeMB ceiling temperature (at a standard state
of 1 mol·L−1) of about 90 ◦C, at which point kp and kdep estimates are almost identical. It is interesting
to note that this value is close to the ceiling temperature of 83 ◦C reported for MVL [30], although the
latter was polymerized in a closed ring form in organic solvent.
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Termination and depropagation rate coefficients were also estimated at the higher monomer
concentration conditions of 30 wt % SHMeMB at 75 ◦C with 1 wt % V-86. From previous PLP-SEC
studies [39], kp

cop of 10 mol % SHMeMB in SHMeMB:AM mixtures at 10 and 20 wt % were
within experimental error. Therefore, a kp value of 25 L·mol−1·s−1 was also assumed for SHMeMB
homopolymerization at 30 wt %. The value of kdep was also kept constant, and the conversion profile
used to estimate a kt value of 6.15 ± 0.02 × 105 L·mol−1·s−1, with the fitted curve compared to the
experimental conversion profile in Figure 9. Even though the observed conversion profiles at 15 and
30 wt % were nearly identical, the estimated values for kt increased significantly, a finding consistent
with a previous study that showed that the kt of fully ionized NaMAA increased with monomer
concentration [40].
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Figure 9. Monomer conversion profiles for the homopolymerization of SHMeMB at 75 ◦C with
1 wt % V-86 and 30 wt % monomer. The solid line represents the estimated conversion profile using
parameter estimation.
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Finally, parameter estimations were also done for the homopolymerizations of SHMeMB with
added NaCl at 75 ◦C. While depropagation is generally attributed to the steric hindrance near the
α-carbon, it is possible that electrostatic repulsion from the ionized carboxylic groups can also
affect the mechanism. Nonetheless, it was assumed that kdep remains the same with added salt
(21 s−1 as determined previously), as the first order depropagation mechanism is less likely to be
influenced by the reaction environment than the bimolecular termination and propagation reactions
and, as previously stated, both the kp and kt values for polymerizations of fully ionized monomers with
added salt have been observed to increase with ionic strength [32]. The estimated conversion profiles
are compared to the experimental results in Figure 10. As expected, the estimated values for kp and kt

summarized in Table 4 have high uncertainty due to the difficulty of estimating two rate coefficients
from the same conversion profile, with 95% confidence intervals encompassing zero. However, the best
fit values are roughly the same for both 1:0.5 and 1:1 molar ratios of [SHMeMB]:[NaCl]. While the
estimated values for kp did not increase greatly with the addition of salt (from 25 to ~30 L·mol−1·s−1),
the estimates for the kt values increased an order of magnitude to 1 × 106 L·mol−1·s−1, significantly
larger than the value of 1 × 105 L·mol−1·s−1 estimated without salt. Although estimated with high
uncertainty, it is interesting to note that this increase in kt is consistent with the increase estimated
for the 30 wt % SHMeMB homopolymerization, suggesting that charge screening provided from
either the higher SHMeMB monomer concentration or added salt lowers the electrostatic barrier to
radical–radical termination.

Table 4. Estimated values for kp and kt for homopolymerizations of SHMeMB with added salt at
75 ◦C with 1 wt % V-86 and 15 wt % monomer assuming a kdep value of 21 s−1. Results are shown for
reactions done with 1:0.5 and 1:1 molar ratios of [SHMeMB]:[NaCl].

1:0.5 [SHMeMB]:[NaCl] 1:1 [SHMeMB]:[NaCl]

95% Confidence 95% Confidence

kp (L·mol−1·s−1) 30.3 ±50.9 29.2 ±37.0
kt (L·mol−1·s−1) 9.98 × 105 ±7.96 × 106 1.01 × 106 ±6.32 × 106
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Figure 10. Monomer conversion profiles from homopolymerization of SHMeMB with different
concentrations of added NaCl salt at 75 ◦C with 1 wt % V-86 and 15 wt % monomer. The solid lines
represent the simulated conversion profiles using parameter estimation.

To summarize, despite considerable uncertainty in the parameter estimations, the analysis of the
SHMeMB homopolymerization conversion profiles suggests that the system is characterized by similar
kt values to other ionized monomers, but has very low propagation rates and significant depropagation.
A large increase in kt was required to fit the conversion profiles measured with added salt and with
increased monomer concentration, consistent with trends observed in NaMAA [40].
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3.4. Parameter Estimation for SHMeMB:AM Copolymerizations with Depropagation

The knowledge gained regarding the kinetic behavior of SHMeMB is here applied to the
interpretation of the experimental SHMeMB:AM copolymerizations. Details of the PREDICI model,
which assumes terminal chain-growth kinetics and SHMeMB depropagation, and uses a single kt

value to represent termination in the two-monomer system, is presented in Section 2.4. Using the
coefficients at 50 ◦C summarized in Table 2, and a SHMeMB kdep value of 21 s−1, kt, values of the
copolymerization system were estimated at 50 ◦C for the different molar ratios of SHMeMB and
AM studied experimentally. The estimated kt values of SHMeMB:AM copolymers are plotted as a
function of f SHMeMB in Figure 11, with kt,AM and kt,SHMeMB included for reference. The termination rate
coefficient for AM (kt,AM) was reported as a function of monomer concentration and temperature [20,41].
At 50 ◦C, kt,AM values at 10 and 20 wt % were calculated to be 5.2 × 108 and 4.2 × 108 L·mol−1·s−1,
respectively. Taking the average of the two values gave an estimate of kt,AM of 4.7 × 108 L·mol−1·s−1

for 15 wt % monomer, several orders of magnitude higher than the kt of SHMeMB (kt,SHMeMB)
estimated as 1.4 × 105 L·mol−1·s−1 at 15 wt % and 75 ◦C in Section 3.4. The fitting of kt to the
SHMeMB:AM copolymerizations at 50 ◦C with 0.5 wt % V-50 and 15 wt % monomer provided a very
good representation of the experimental conversion profiles, as seen in Figure S3.
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Figure 11. kt of SHMeMB:AM copolymers estimated for copolymerizations done at 50 ◦C with 0.5 wt %
V-50 and 15 wt % monomer.

Figure 11 shows an immediate drop of two orders of magnitude upon addition of SHMeMB
as a comonomer to AM, with values further decreasing to ~105 L·mol−1·s−1 as f SHMeMB increases
to 0.4, at which point the estimates level out. The value of 105 L·mol−1·s−1 is similar to the estimated
value for kt,SHMeMB in the previous section, and also the value of 3.6 × 105 L·mol−1·s−1 reported for
homotermination of NaAA at 20 wt % and 50 ◦C in aqueous solution [38]. Comparable kt values for
SHMeMB and NaAA indicate that the slow termination of two radicals in these systems is dominated
by the electrostatic repulsion of the charged species near the radical site, rather than the steric hindrance
that leads to the slow propagation and occurrence of depropagation of SHMeMB.

The kt value estimated for the copolymerization is an averaged value that describes all termination
events in the SHMeMB:AM copolymerization, assuming terminal model kinetics. This averaging is
described by Equation (4), where f r,SHMeMB is the fraction of SHMeMB terminal radicals, f r,AM is the
fraction of AM terminal radicals, and kt,SA is the rate coefficient describing the cross-termination of
SHMeMB and AM radicals [28].

kt = kt,SHMeMB f 2
r,SHMeMB + 2kt,SA fr,SHMeMB fr,AM + kt,AM f 2

r,AM (4)
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According to Equation (4), kt must be dominated by the value of kt,SHMeMB, as its value decreases by
two orders of magnitude from the value of kt,AM when only 10 mol % of SHMeMB is added to the
mixture. This large drop indicates that even at a low initial SHMeMB monomer fraction, the fraction
of SHMeMB radicals (f r,SHMeMB) is very high. Indeed, given the reactivity ratios of the system and the
high homopropagation rate of AM (see Table 2), it can be calculated that at f SHMeMB = 0.1, f r,SHMeMB is
greater than 99%, such that SHMeMB-SHMeMB termination is the dominant termination event.

4. Conclusions

The difference in reactivity between SHMeMB and SHMB [12] motivated these further kinetic
studies to explore the effects of depropagation and added salt on the polymerization rate. A plateau in
conversion was observed for SHMeMB:AM copolymerizations conducted at 3:7 and 4:6 molar ratios
and elevated temperatures, with monomer composition drift occurring at a faster rate as temperature
increased and AM incorporated faster as SHMeMB units became more prone to depropagation.
Homopolymerizations of SHMeMB at 75 and 90 ◦C provided further evidence of depropagation,
as conversion reached a lowered equilibrium value at the higher temperature. Upon the addition of
salt, the SHMeMB homopolymerization rate decreased at 75 ◦C, but not at 90 ◦C, due to the dominating
effect of depropagation over the screening of charges provided by counterions.

The experimental data was fitted to models developed in PREDICI in order to estimate termination
(kt) and depropagation (kdep) rate coefficients for SHMeMB, assuming a constant kp value of
25 L·mol−1·s−1. The kt values were estimated to be ~105 L·mol−1·s−1, similar in magnitude to those
reported for NaAA [38] and NaMAA [33], and a ceiling temperature of ~90 ◦C was estimated. While
these estimates have considerable uncertainty, the modeling effort has provided some valuable insights
into the polymerization behavior of the system. The finding that kt,SHMeMB is of similar magnitude
to other ionic monomers indicates that electrostatic repulsion of charged radical species, rather than
steric hindrance from bulky substituents, is the reason for slow termination. The addition of salt
and increase in monomer concentration both increased kp but had a greater effect on the estimated
values of kt, showing that addition of salt had a similar effect to an increased concentration of ionized
monomers on the polymerization rate. The knowledge gathered from parameter estimations were
then implemented to estimate kt values for SHMeMB:AM copolymerizations, which were found to
be much lower than the known value of 108 L·mol−1·s−1 for kt,AM but similar in magnitude to the
estimates of kt,SHMeMB. This result suggests that kt in the SHMeMB:AM copolymerization system is
largely dominated by kt,SHMeMB because of the large fraction of charged SHMeMB radicals.

Supplementary Materials: The table and additional figures discussed in the text are available online at www.
mdpi.com/2227-9717/5/4/55/s1.
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Abstract: Mesoporous alumina and magnesia were prepared using various polymers, poly(ethylene
glycol) (PEG), poly(vinyl alcohol) (PVA), poly(N-(2-hydroxypropyl) methacrylamide) (PHPMA),
and poly(dimethylacrylamide) (PDMAAm), as porogenic structure matrices. Mesoporous alumina
exhibits large Brunauer–Emmett–Teller (BET) surface areas up to 365 m2 g−1, while mesoporous
magnesium oxide possesses BET surface areas around 111 m2 g−1. Variation of the polymers has
little impact on the structural properties of the products. The calcination of the polymer/metal oxide
composite materials benefits from the fact that the polymer decomposition is catalyzed by the freshly
formed metal oxide.

Keywords: mesoporous alumina; mesoporous magnesia; poly(ethylene glycol); poly(vinyl alcohol);
poly(N-(2-hydroxypropyl) methacrylamide); poly(dimethylacrylamide)

1. Introduction

Mesoporous metal oxides with large specific surface areas and uniform pore sizes have recently
attained great interest, particularly regarding potential applications in such areas as catalysis [1],
energy conversion and storage [2], and gas sensing [3,4]. By definition, mesopore widths range from
2 to 50 nm [5]. For metal oxides with uniform and ordered mesopores, a variety of synthesis methods
have been established, mostly by utilization of porogens; said porogens may be supramolecular entities
of amphiphilic species dispersed in liquid media (‘soft templates’ [6]) or solid structure matrices such
as porous silica (‘hard templates’) in the so-called ‘nanocasting’ process [6–9].

Alumina (aluminum oxide, Al2O3) and magnesia (magnesium oxide, MgO) with high surface-to
volume ratios play an important role as catalyst/catalyst support materials [10–13] and as
adsorbents [14–16]. Both materials can be prepared by nanocasting, which leads to ordered and
uniform mesopores. However, unlike for most other metal oxides, mesoporous silica is not suitable as
a structure matrix here, because its removal requires chemical etching under strongly basic (e.g., NaOH)
or acidic (HF) conditions. Both Al2O3 and MgO are amphoteric oxides that cannot withstand these
conditions. Instead, mesoporous carbon materials have been employed as structure matrices for
amphoteric oxides such as mesoporous Al2O3 [17,18], MgO [19,20], and ZnO [21–24], since their
removal can be accomplished under milder condition by thermal oxidation [25,26]. Likewise, organic
hydrogels have also been shown to be versatile porogenic matrices for porous oxidic materials [27–31].
We have recently described the utilization of photo cross-linked poly(dimethylacrylamide)-based
hydrogels [32,33] as matrices for mesoporous alumina [34,35]. Here we report on the utilization
of non-cross-linked water-soluble polymers as porogenic species for mesoporous Al2O3 and MgO;
the synthesis process is thus simplified.
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Polymer chains begin to overlap and form entanglements when the polymer solution is above
a critical concentration. Hence, a physical network is formed between different polymer chains in
a concentrated solution [36,37]. Therefore, a concentrated polymer solution could also theoretically
work as a structure matrix to prepare mesoporous metal oxides. In this paper, we describe the
synthesis of mesoporous alumina and magnesium oxide using simple polymers, such as poly(ethylene
glycol) (PEG), poly(vinyl alcohol) (PVA), poly(N-(2-hydroxypropyl) methacrylamide) (PHPMA),
and poly(dimethylacrylamide) (PDMAAm), as matrices. The strategy proposed here to prepare
porous alumina and magnesium oxide is based on a one-pot synthesis approach using saturated
aluminum/magnesium nitrate as precursor solutions and introducing direct polymers.

2. Materials and Methods

2.1. Materials

Poly(ethylene glycol) (PEG, Fluka, Darmstadt, Germany, Mn 6000 g mol−1), poly(vinyl alcohol)
(PVA, Acros, Geel, Belgium, ≥98%, Mn 16,000 g mol−1), aluminum nitrate nonahydrate (Sigma-Aldrich,
Darmstadt, Germany, ≥98.0%), magnesium nitrate hexahydrate (Sigma-Aldrich, Darmstadt, Germany,
≥97%), 1-amino-2-propanol (TCI, Eschborn, Germany, >98%), methacryloyl chloride (Fluka,
Darmstadt, Germany, >97%), and 1,2-diaminoethane (Acros, Geel, Belgium, >99%) were used as
received. N,N-dimethylacrylamide (DMAAm, TCI, Eschborn, Germany, 99%) was distilled under low
pressure. α,α′-Azobisisobutyronitrile (AIBN, Fluka, Darmstadt, Germany, >98%) was recrystallized
from methanol. Ammonia solution (Stockmeier, Bielefeld, Germany, 25%), diethyl ether (Hanke +
Seidel, Steinhagen, Germany), tetrahydrofuran (THF, BASF, Ludwigshafen, Germany), 1,4-dioxane
(Carl Roth, Karsruhe, Germany, ≥99.5%) ethyl acetate (Stockmeier, Bielefeld, Germany,), methanol
(Stockmeier, Bielefeld, Germany,), magnesium sulfate (Grüssing, Filsum, Germany, 99%), acetone
(Stockmeier, Bielefeld, Germany,), and sodium sulfate (Grüssing, Filsum, Germany, 99%) were used
as received.

2.2. Characterization

1H and 13C NMR spectra were recorded on a Bruker (Billerica, Massachusetts, USA) AV
500 spectrometer at 500 MHz and 125 MHz, respectively. Reference solvent signals at 7.26 and
2.56 ppm were used for spectra in CDCl3 (99.8 atom-% Deuterium) and DMSO-d6 (O=S(CD3)2,
99.9%), respectively.

Gel permeation chromatography (GPC) was performed in chloroform for PEG and PDMAAm
at 30 ◦C and at a flow rate of 0.75 mL min−1 on a Jasco (Groß-Umstadt, Germany) 880-PU Liquid
Chromatograph connected to a Shodex (Yokohama, Japan) RI-101 detector. The instrument was
equipped with four consecutive columns (PSS-SDV columns filled with 5 μm gel particles with a
defined porosity of 106 Å, 105 Å, 103 Å, and 102 Å, respectively), and both samples were calibrated by
poly(methyl methacrylate) standards. GPC was performed in hexafluoroisopropanol for PVA at 0 ◦C
and at a flow rate of 1 mL min−1 on a Merck (Darmstadt, Germany) LC-6200 liquid chromatograph
connected to a Shodex (Yokohama, Japan) RI-101 detector. The instrument was equipped with
a PSS-PFG 103 Å and PSS-PFG 102 Å column, and the sample was calibrated by poly(methyl
methacrylate) standards. GPC was performed in N,N-dimethylacetamide for PHPMA at 50 ◦C and
at a flow rate of 0.5 mL min−1 on a Merck (Darmstadt, Germany) LC 655A-11 liquid chromatograph
connected to a Waters (Milford, Massachusetts, United States) RI 2410 detector. The instrument was
equipped with PSS-GRAM 104 Å, PSS-GRAM 103 Å, and PSS-GRAM 102 Å columns, and the sample
was calibrated by poly(methyl methacrylate) standards. Thermogravimetric analysis (TGA) was
conducted under synthetic air at a heating rate of 10 ◦C min−1 using a Mettler Toledo (Columbus, Ohio,
USA) TGA/SDTA851. N2 physisorption analysis was performed at 77 K on a Quantachrome (Boynton
Beach, Florida, United States) Autosorb 6B instrument; samples were degassed at 120 ◦C for 12 h
prior to measurement. Specific surface areas were assessed via multi-point Brunauer–Emmett–Teller
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(BET) analysis [38] in the range of 0.1 ≤ p/p0 ≤ 0.3. Pore volumes were calculated at p/p0 = 0.99.
Pore size distributions were calculated via Barrett–Joyner–Halenda (BJH) analysis [39] from the
desorption branches of the isotherms. Powder X-ray diffraction was performed with a Bruker (Billerica,
Massachusetts, USA) AXS D8 Advance diffractometer with Cu Kα radiation (40 kV, 40 mA) with a step
size of 0.02◦ and a counting time of 3 s per step.

2.3. Monomer Synthesis

N-(2-hydroxypropyl) methacrylamide (HPMA) was synthesized as described in the literature [40].
1-Amino-2-propanol (45.5 mL, 589 mmol) and ethyl acetate (450 mL) were added in a 1 L three-neck
round-bottom flask equipped with addition funnel. The flask was cooled to 10 ◦C and purged
with argon for 15 min. Methacryloyl chloride (28 mL, 287 mmol) and ethyl acetate (50 mL)
were added to the addition funnel and purged with argon for 15 min and left under an argon
atmosphere. The methacryloyl chloride/ethyl acetate mixture was then added dropwise to the
1-amino-2-propanol/ethyl acetate mixture. The mixture was reacted in an ice bath for 1 h. Afterwards,
the mixture was washed three times with an aqueous sat. sodium sulfate solution (250 mL) in a
separatory funnel to remove any excess of reactants and side products. The aqueous phase was
discarded and the organic phase was dried over magnesium sulfate and concentrated in vacuo to
approximately 50 mL. The concentrate was then allowed to age for 1 h at 10 ◦C. The product was
collected as colorless solid by filtration, dried under vacuum, and stored in the freezer. (11.52 g, 28%)
1H NMR (500 MHz, CDCl3): δ (ppm) = 1.21 (d, J = 6.3 Hz, 3 H, =CCH3), 1.97 (dd, J = 1.5, 1.0 Hz,
3 H, (HO)CCH3), 2.36 (s,1H, OH), 3.18 (ddd, J = 14.0, 7.6, 5.2 Hz, 1 H, CH2), 3.51 (ddd, J = 14.0, 6.5,
3.0 Hz, 1 H, CH2), 3.96 (ddd, J = 7.6, 6.3, 3.0 Hz, 1 H, CH), 5.33–5.37 (m, 1 H, =CH2), 5.69–5.74 (m, 1 H,
=CH2), 6.24 (br. s, 1 H, NH). 13C NMR (125 MHz, CDCl3): δ (ppm) = 18.64 (CH3), 21.04 (CH3), 47.17
(NH–CH2), 67.52 (CH–OH), 119.88 (=CH2), 139.77 (=C), 169.39 (C=O).

2.4. Polymer Synthesis

Homopolymer PDMAAm was synthesized by free radical polymerization initiated with AIBN as
described in the literature [41]. Monomer DMAAm (5.2 mL, 50.4 mmol) and AIBN (10 mg, 0.06 mmol)
were dissolved in 1,4-dioxane (92 mL) and purged with argon for 20 min. The polymerization was
carried out at 70 ◦C for 7 h under an argon atmosphere. Afterwards, the polymer was precipitated in
diethyl ether and reprecipitated from THF into diethyl ether for the purification. Finally, the product
was obtained by low pressure drying and characterized by NMR spectroscopy and GPC (see Table 1).
(3.39 g, 68%) 1H NMR (500 MHz, CDCl3): δ (ppm)= 1.51–1.83 (m, CH2), 2.30–2.74 (m, CH), 2.75–3.22
(m, CH3).

Table 1. Characterization of the used homopolymers.

Polymer Mn/(g mol−1) D Yield/%

PEG 1 12,000 1.1 -
PVA 1 23,000 2.4 -

PDMAAm 1 26,000 2.8 68
PHPMA 1 43,000 6.3 77

1 Poly(ethylene glycol) (PEG) and poly(dimethylacrylamide) (PDMAAm) determined by gel permeation
chromatography (GPC) in CHCl3, poly(vinyl alcohol) (PVA) determined in hexafluoroisopropanol, and poly(N-(2-
hydroxypropyl) methacrylamide) (PHPMA) determined in N,N-dimethylacetamide, all of which were calibrated by
poly(methyl methacrylate) (PMMA) standards.

Homopolymer PHPMA was synthesized by free radical polymerization initiated with AIBN as
described in the literature [42]. Monomer HPMA (1.5 g, 10.5 mmol) and AIBN (1.7 mg, 0.010 mmol)
were dissolved in 1,4-dioxane (20 mL) in a 50 mL nitrogen flask and was degassed three times by
freeze/thaw cycles. The HPMA was polymerized at 65 ◦C for 8 h under an argon atmosphere.
The mixture was poured into acetone to get a white solid, which was collected and washed with
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acetone repeatedly. Further purification was carried out by dissolving the polymer in methanol
and precipitating into acetone. The product was collected and dried under vacuum to obtain the
homopolymer as a white powder and characterized by NMR spectroscopy and GPC (see Table 1).
(1.16 g, 77%) 1H NMR (500 MHz, DMSO): δ (ppm) = 0.70–1.13 (m, CH3), 1.43–2.04 (m, CH2), 2.92 (m,
NH–CH2, OH), 3.69 (m, NH–CH2), 4.69 (m, CH), 7.14 (br, NH).

2.5. Preparation of Mesoporous Metal Oxides

One hundred ninety six milligrams of polymer were dissolved in 800 μL of a saturated
aqueous solution of aluminum nitrate (1.9 mol L−1) or magnesium nitrate (4.9 mol L−1).
The Al(NO3)3-containing solution was treated at 60 ◦C with a vapor of an aqueous ammonia solution
(12.5%) for 3 h to convert Al(NO3)3 to Al(OH)3/AlO(OH); the resulting material was dried overnight
at 60 ◦C and then calcined in a tube furnace for 4 h at 500 ◦C (heating rate 1 ◦C min−1) to form
Al2O3 and to combust the polymer. The Mg(NO3)2-containing solution was dried overnight at 120 ◦C;
the resulting material was calcined in a tube furnace for 2 h at 300 ◦C and for 2 h at 500 ◦C (heating
rate 1 ◦C min−1) to convert Mg(NO3)2 to MgO and to combust the polymer.

3. Results and Discussion

A variety of four simple water soluble polymers were used as porogenic structure directors for
mesoporous Al2O3 and MgO. The polymers possess different hydrophilicity and distinct ability to
coordinate to Al3+ and Mg2+ metal cations: (i) poly(ethylene glycol) (PEG; ether groups), (ii) poly(vinyl
alcohol) (PVA; hydroxyl groups), (iii) poly(dimethylacrylamide) (PDMAAm; tertiary amido groups),
and (iv) poly(N-(2-hydroxypropyl) methacrylamide) (PHPMA; secondary amido with hydroxyl
groups). The latter two polymers were synthesized by free-radical polymerization, as shown in
Figure 1b,c. Their properties are summarized in Table 2; molecular weights, dispersities, and yields are
typical of free-radical polymerization synthesis.

 

Figure 1. Synthesis of (a) monomer N-(2-hydroxypropyl) methacrylamide (HPMA) and homopolymers
(b) PDMAAm and (c) PHPMA.

The aim of this study was to investigate the impact of the polymers on the porosity of the
metal oxides. For this purpose, the respective polymer was dissolved in a saturated aqueous
solution of aluminum nitrate, followed by treatment in ammonia vapor at 60 ◦C to convert Al(NO3)3

to Al(OH)3/AlO(OH), as described in the experimental section. After evaporation of the water,
the material was then calcined at 500 ◦C to turn Al(OH)3/AlO(OH) into Al2O3 and simultaneously
combust the polymer. For MgO, the same procedure was applied, but without the ammonia
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treatment step; magnesium nitrate was directly converted to magnesium oxide by calcination. By this
procedure, a composite of the metal oxide precursor (Al(OH)3/AlO(OH) or Mg(NO3)2, respectively)
and the polymer was formed first, with the polymer being entangled within the inorganic phase.
Then, simultaneous conversion of the precursor into the metal oxide and thermal combustion of the
polymer led to a mesoporous product.

To study the calcination/polymer combustion step in some detail, thermogravimetric analysis
(TGA) was carried out. As an example, the TGA curves of the Al(OH)3/PDMAAm composite and
of the pure PDMAAm polymer were compared and are shown in Figure 2. A mass loss of ca. 72%
can be observed for the composite material in the temperature range up to 230 ◦C, which can be
attributed to both the dehydration of Al(OH)3/AlO(OH) (i.e., Al2O3 formation) and the combustion of
the polymer. Further mass loss of ca. 14% can be observed between 230 and 570 ◦C. By comparison,
the pure polymer shows an initial mass loss of 6% below 200 ◦C, probably due to loss of residual
water, then a mass loss of about 74% between 300 to 400 ◦C, followed by another 18% up to ca. 600 ◦C.
Obviously, the presence of the aluminum hydroxide/oxide led to a combustion of the polymer at lower
temperature; this effect has already been observed for the combustion of amorphous carbon [18,26]
and organic hydrogel matrices [35]. Very similar results were obtained for Al2O3 prepared using the
other polymers (see Figures S1–S3).

Figure 2. Thermo-gravimetric analysis (TGA) of the Al(OH)3-polymer composite and of the pure
polymer PDMAAm.

The porogenic impact of the polymers on the polymer-free metal oxides was confirmed by N2

physisorption analysis. Figure 3 (left) shows the sorption isotherms of four Al2O3 materials prepared
with different polymers. All isotherms exhibit a faint type-IV(a) behavior [43] with a more or less
well-pronounced hysteresis. This indicates mesopores with an ill-defined shape, but with a fairly
uniform size, as confirmed in the BJH pore size distribution curves [41] derived from the isotherms
(Figure 3, right). Pore widths from 3 to 8 nm can be observed, with a clear peak occurring at 3.6 nm
in all materials. The pore size distribution is somewhat narrower in the two samples prepared with
PVA and PEG, respectively. The specific pore volumes and BET surface areas are shown in Table 2,
confirming that a reproducible synthesis of porous alumina with a large surface area up to 365 m2 g−1

is possible by the utilization of these polymers as porogens. Comparison of all prepared Al2O3

materials reveals similar mesopore sizes, mesopore volumes, and specific BET areas. The choice of
the porogenic polymer matrix has little impact on the porosity. Although polymers with different
binding sites were used, the appearance of a polymer rich phase due to physical network formation in
concentrated solution can be considered the sole reason for pore formation.
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Figure 3. N2 physisorption isotherm (left) and pore size distribution (right) of mesoporous γ-Al2O3

prepared using various polymers as the porogenic structure matrices as indicated. (Data are vertically
shifted for clarity).

Table 2. Specific Brunauer–Emmett–Teller (BET) surface areas ABET, pore volumes V, and mean pore
widths r obtained from N2 physisorption of mesoporous alumina synthesized using various polymers.

Polymer Used ABET/m2 g−1 V/cm3 g−1 r/nm

PDMAAm 365 0.51 3.6
PHPMA 312 0.54 3.6

PEG 325 0.44 3.6
PVA 343 0.48 3.6

Figure 4 shows the powder X-ray diffraction patterns of the alumina materials. Again, the differences
between the materials are rather low. All samples exhibit only a few broad reflections, two of which
can be attributed to the cubic defect spinel structure of γ-Al2O3. (JCPDS card number 75-0921).
The formation of this phase with low crystallinity is commonly observed for Al2O3 syntheses under
these conditions [17,18]. The crystallite sizes calculated by the Scherrer method are between 5 and
6 nm.

Figure 4. Powder XRD patterns of mesoporous γ-Al2O3 prepared using various polymers as the
porogenic structure matrices as indicated. (Data are vertically shifted for clarity).

Since the choice of polymer turned out not to have any significant impact on the Al2O3 synthesis,
only one polymer, PDMAAm, was chosen for the preparation of porous MgO. The TGA curves of the
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Mg(NO3)2/PDMAAm composite and of the pure PDMAAm polymer are shown in Figure 5. For the
composite, the mass loss occurs in two distinct steps: by ca. 54% up to a temperature of 265 ◦C and by
another 32% between 265 and 500 ◦C. It is fair to assume that the first step is mainly attributable to the
conversion of magnesium nitrate into magnesium oxide, while the second step corresponds mostly
to the polymer decomposition. This seems likely because the pure polymer starts to combust only
above ca. 300 ◦C (after some initial mass loss of 6% below 200 ◦C, presumably due to loss of residual
water); a steep reduction in mass by ca. 74% occurs between 300 and 400 ◦C, followed by another
18% between 400 and 600 ◦C. Again, the presence of the magnesium species results in a polymer
decomposition at a slightly lower temperature, although this effect is less pronounced than in the case
of the aluminum species.

Figure 5. Thermo-gravimetric analysis (TGA) of the Mg(NO3)2-polymer composite and of the pure
PDMAAm polymer.

Figure 6 shows the N2 physisorption data of the porous MgO sample. The isotherm shape is
mostly type II, with a slight type-IV character and little hysteresis, indicating a fairly low degree of
porosity. Accordingly, the pore size distribution peak is very low in intensity. The specific BET surface
area and pore volume are 111 m2 g−1 and 0.37 cm3 g−1, respectively. Obviously, the polymer failed to
have a pronounced porogenic impact in the case of MgO, which may be explained by the sintering
of MgO particles during calcination upon combustion of the polymer. During the Al2O3 synthesis,
by contrast, a solid network of Al(OH)3/AlO(OH) was formed before the combustion of the polymer.

Figure 6. N2 physisorption isotherm (left) and pore size distribution (right) of MgO prepared using
PDMAAm polymer as the porogenic structure matrix.

The powder X-ray diffraction diagram of MgO is shown in Figure 7, confirming the cubic rock
salt structure of MgO (JCPDS card number 77-2179) with a substantially higher degree of crystallinity
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than in case of Al2O3. This is consistent with the above-made assumption of strong sintering upon
polymer combustion. The crystallite size calculated by the Scherrer method is ca. 12 nm.

Figure 7. Powder XRD pattern of MgO prepared by using PDMAAm polymer as the porogenic
structure matrix.

4. Conclusions

Mesoporous γ-Al2O3 and mesoporous MgO with large specific BET surface areas were
successfully synthesized using simple polymers (PEG, PVA, PDMAAm, and PHPMA) as porogenic
matrices under relatively mild conditions. The polymers were mixed with a metal nitrate solution.
The polymer matrices were removed by thermal combustion, while the metal oxides were formed
at the same time. The mesoporous alumina products exhibit mesopore sizes in the range from
3.6 to 6.4 nm, large specific BET surface areas up to 365 m2 g−1, and specific pore volumes up to
0.54 cm3 g−1. Variation of the polymer has little impact on the structural properties of the products.
The mesoporous magnesium oxide product has a mesopore size of 3.6 nm, a specific BET surface area
of 111 m2 g−1, and a specific pore volume of 0.37 cm3 g−1. The calcination of the polymer/metal
oxides composite materials benefits from the fact that polymer decomposition is catalyzed by the
freshly formed metal oxides.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/5/4/70/s1.
Figure S1: TGA of the Al(OH)3-PVA composite and of the pure polymer PVA; Figure S2: TGA of the
Al(OH)3-PHPMA composite and of the pure polymer PHPMA; Figure S3: TGA of the Al(OH)3-PEG composite
and of the pure PEG.
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Abstract: The development of molecularly imprinted polymers (MIPs) to target polyphenols present
in vegetable extracts was here addressed. Polydatin was selected as a template polyphenol due to its
relatively high size and amphiphilic character. Different MIPs were synthesized to explore preferential
interactions between the functional monomers and the template molecule. The effect of solvent
polarity on the molecular imprinting efficiency, namely owing to hydrophobic interactions, was also
assessed. Precipitation and suspension polymerization were examined as a possible way to change
MIPs morphology and performance. Solid phase extraction and batch/continuous sorption processes
were used to evaluate the polyphenols uptake/release in individual/competitive assays. Among the
prepared MIPs, a suspension polymerization synthesized material, with 4-vinylpyridine as the
functional monomer and water/methanol as solvent, showed a superior performance. The underlying
cause of such a significant outcome is the likely surface imprinting process caused by the amphiphilic
properties of polydatin. The uptake and subsequent selective release of polyphenols present in
natural extracts was successfully demonstrated, considering a red wine solution as a case study.
However, hydrophilic/hydrophobic interactions are inevitable (especially with complex natural
extracts) and the tuning of the polarity of the solvents is an important issue for the isolation of the
different polyphenols.

Keywords: molecular imprinting; crosslinking polymerization; polyphenols; adsorbents; amphiphilic
materials; vegetable extracts; continuous processes

1. Introduction

Polyphenols are organic compounds produced by plants to provide them protection to different
kinds of attacks such as UV radiation, parasites, insect pests and many other environmental threats.
Close to 10,000 different polyphenols have already been identified. Their incidence changes among
the different plant species, as well as the kind of vegetable parts (roots, stalks, barks, leaves, fruits,
skin-fruits, shells, seeds, stones, etc.) inside the same species [1].

It is well known that polyphenols present important antioxidant and anti-inflammatory activities,
thus providing beneficial effects on human health, such as the protection of the cardiovascular system,
anti-cancer effects or anti-aging actions. Besides the preventive effects on human health, polyphenols
are also being considered in the treatment of several diseases [1]. Owing to these useful properties,
a growing interest on these natural compounds is being observed namely by the pharmaceutical,
biomedical, biotechnological and cosmetics industries [1]. Hence, the development of techniques and
processes to perform the efficient extraction, purification, fractionation, isolation and concentration
of polyphenols is also a subject attracting wide interest from the scientific community and the
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above-mentioned industries. Extraction methods for the polyphenols present in the vegetable matrices
can range from the use of conventional solvents (e.g., hydro-alcoholic solutions) at different operation
temperatures (e.g., up to 100 ◦C) in refluxing extraction [2], microwave assisted and sonication
extractions [3], Soxhlet processes [4] to the application of supercritical fluids [5] (usually allowing the
efficient operation at lower temperatures, such as 40 ◦C, making it a “green” process). Due to their
particular chemical structures, polyphenols tend to undergo sorption in different kinds of materials,
namely activated carbons (by adsorption) and synthetic resins (mainly by dissolution), which are
therefore often chosen for the purification, fractionation and isolation of such compounds (see e.g.,
chapter 16 in [1] and references therein and review works [6] and [7–10] for examples of application
systems using different combinations of resins and extracts).

Indeed, a sorption process is a relatively simple option, namely concerning the operation
requirements and scale-up, which can be considered for separating compounds present in dilute
solutions. Moreover, this is a low-cost technology, allowing, in principle, the facile regeneration
of active sorbents. It usually avoids the use of toxic solvents and prevents the degradation of the
target compounds. Owing to these benefits, many important processes used in practice to recover
and concentrate phenolic compounds are based upon sorption technology [6]. Recent studies also
explore the coupled use of ultrafiltration/diafiltration and sorption or membrane technology to recover
polyphenols from vegetable extracts [4,10].

Activated carbons, minerals (e.g., siliceous materials or clay), synthetic resins (e.g.,
styrene/divinylbenzene or acrylic polymer networks) and materials originated from industrial or
agricultural wastes (e.g., fly ash, lignocellulosic materials or polysaccharides) are examples of different
of adsorbents used to recover and concentrate/purify phenolic compounds [6]. Among these classes,
synthetic polymeric adsorbents are inert and durable materials, presenting high stability, selectivity and
sorption capability. Ease of regeneration and limited toxicity are also generally associated to adsorbents
based on synthetic resins [6]. Furthermore, tailored adsorbents can in principle be designed when
synthetic polymers are considered, namely through the control of the hydrophilic and hydrophobic
moieties or the inclusion of specific functional groups to improve the selectivity and efficiency (e.g.,
anionic or cationic groups as in the ion-exchange resins, hydrogen bonding functionalities, etc.).

Molecularly imprinted polymers (MIPs) are polymer networks with tailor-made cavities, having
high specificity and affinity with respect to a specific target molecule, thus playing the role of
artificial antibodies [11–13]. Sorption and separation, among other important applications (e.g.,
biological and biomedical processes, development of sensors, catalysis, etc. [14]), are potential areas
where MIPs features can yield important gains comparatively to alternative materials. Indeed,
after network formation (often through a free radical polymerization using a high crosslinker content),
the generated binding sites should preserve geometrical stability, allowing the uptake and release of
target molecules in several cycles. Note, however, that performance of MIPs is affected by several
factors, namely their preparation process (e.g., chemical composition, target/functional monomer
interactions, final morphology, etc.), as discussed in the reference works [11–14] and evidenced with
imprinted hydrogels [15] or precipitation/suspension products [16]. Furthermore, specific molecular
recognition capabilities of MIPs depend also on their application conditions, particularly the extent of
hydrophilic and hydrophobic interactions between the MIPs, the solvents considered and the different
molecules present in the solutions. Currently, new strategies are being implemented by the scientific
community to address some shortcomings of MIPs, namely through the design of materials combining
molecular recognition capabilities and stimulation or by modification of their surface properties (e.g.,
tuning of the hydrophobic/hydrophilic balance). The grafting of functional polymer brushes on
the surface of molecularly imprinted particles (e.g., using RAFT polymerization) is an example of
such approaches [17–24]. Indeed, the improvement of water compatibility of MIPs for biological
applications [17–19,21], the design of multifunctional materials allowing stimulation [20,22] and the
development of drug delivery carriers [23,24] are some new possibilities being explored in this context.
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Considering the aforementioned potential affinity of MIPs towards the selected template
molecules, adsorbents in this class have been chosen for the selective uptake of phenolic compounds
in past research works aiming at different application fields, as shown in works [25–43] and
references therein, considering diverse retention materials and plant extracts. Indeed, the isolation
and purification of polyphenols present in different vegetable sources [25–35] (e.g., resveratrol in
Polygonum Cuspidatum, giant knotweed or grape skin) or the detection and quantification of these
compounds in beverages [36–39] (e.g., in wine or fruit juices) are examples of such approaches.
Resveratrol—due to its popular benefits for human heath—was targeted in many of these studies but
the same principles can be applied to other kinds of polyphenols present in vegetable extracts, such as
emodin [29], catechin, piceid or A-type procyanidins [31], quercetin and other flavonoids [34,35,37,38],
etc. Furthermore, the synthesis of tailored adsorbents based on the molecular imprinting technique
can be used for the retention of other kinds of phenolic compounds, namely bisphenol A [40–43],
whose presence in beverages, water and food constitutes an important health damaging issue. It should
also be emphasized that MIPs show promising capabilities for application in continuous processes,
as reported in recent research involving ions separation [44], the extraction of melamine from milk [45],
the treatment of wastewater membranes [46] and the valorization of agricultural wastes through the
isolation of the biophenol oleuropein from olive leaves [47].

Here, we present results of an experimental research concerning the effect of the molecular
imprinting synthesis conditions on the performance of the resulting materials for the retention of
polyphenols, in particular when making use of continuous processes. Polydatin was selected as a
template molecule and different kinds of MIPs were produced and characterized, namely concerning
the targeting of polyphenols present in plant extracts, as described in the next sections.

2. Materials and Methods

2.1. Reagents

Acrylic acid (AA), methacrylic acid (MAA), acrylamide (AAm), 2-(dimethylamino)ethyl
methacrylate (DMAEMA), N-vinylpyrrolidone (NVP), ethylene glycol dimethacrylate (EGDMA),
trimethylolpropane triacrylate (TMPTA) were purchased from Sigma Aldrich and 4-vinylpyridine
(4VP) from Alfa Aesar. Analytical reagent grade acetonitrile (ACN), dimethylformamide (DMF)
and methanol (MeOH) were bought from Fisher Chemical (Loughborough, Leicestershire, UK).
Azobisisobutyronitrile (AIBN), acetic acid and n-heptane were purchased from Sigma-Aldrich
(Steinheim, Germany). The surfactant sorbitan mono-oleate (Span 80) was purchased from Panreac
(Barcelona, Spain). Millipore water (Milli-Q quality) was used in all the experiments unless otherwise
mentioned. Polydatin (purity ≥ 95%), trans-resveratrol (purity ≥ 99%), gallic acid (assay 97.5–102.5%,
titration), tannic acid (Chinese natural gall nuts) and bisphenol A (purity ≥ 99%) were also purchased
from Sigma Aldrich. Caffeine (98.5% purity) and quercetin (hydrate, 95% purity) were bought from
Acros Organics (Geel, Belgium). Catechin (hydrate, purity ≥ 98%) was purchased from Cayman
Chemical Company (Ann Arbor, MI, USA).

2.2. Synthesis of Molecularly Imprinted and Non-Imprinted Polymer Particles

Molecularly imprinted (MIP), as well as non-imprinted (NIP) polymer particles, have been
synthesized following procedures similar to previous works [16]. Briefly, for MIP synthesis with
precipitation polymerization, the template polyphenol (polydatin) was mixed with the selected
functional monomer and the solvent (a binary mixture was used) up to the formation of a clear
solution. Note that, owing to the limited solubility of polydatin (and of many polyphenols in general)
in common pure solvents, an appropriate amount of MeOH was generally used to compose the final
solvent, as will be discussed in the next section. Then, the template–functional monomer (T-FM)
interaction was promoted in an ultrasounds bath during 30 min. A solution containing the required
crosslinker and initiator was then added and the final homogeneous mixture was transferred to a glass
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vessel and purged with a flow of dry argon for 30 min. The vessel was then sealed and polymerization
was started, using magnetic stirring at low speed (c.a. 100 rpm), in a thermostatic oil bath pre-set at
60 ◦C. The reaction was allowed to run for 24 h.

For MIP synthesis with suspension polymerization, Span 80 was first dissolved in n-heptane
under vigorous stirring using a thermostatic oil bath pre-set at 70 ◦C. In parallel, a solution containing
the polydatin, selected functional monomer, chosen crosslinker, AIBN and the selected solvent was
prepared, following a procedure similar to that above described for precipitation polymerization,
but at higher monomer concentrations, as will be discussed below. Then, this solution was drop wise
fed to the reaction vessel containing the oil phase (n-heptane/Span 80), under magnetic vigorous
stirring (c.a. 1000 rpm) and polymerization was also carried out during 24 h.

NIP particles were also synthesized by precipitation and suspension polymerization, using
procedures similar to those above described, but in the absence of the template molecule (polydatin).

The yield of the preparation was estimated using gravimetric analysis and values in the range
90% to 100% were generally observed. Note, however, that some dispersion in these data occurs due
to the small particle sizes of certain products and the number of cleaning steps performed.

2.3. Isolation and Purification of the Polymer Particles

The synthesized polymer particles were submitted to several cleaning steps in order to perform
their isolation and purification. Centrifugation in a large excess of MeOH (c.a. 1/10 v/v) was used
in the first stages. The extraction and the cleaning with a methanol/acetic acid mixture (90:10)
were afterwards carried out in order to remove impurities and the bonded polyphenol template.
The washing processes were monitored through UV–vis spectroscopy measurements up to the time at
which the level of the template molecule became lower than the detection limit. Finally, the purified
MIP and NIP materials were dried in a vacuum oven at 40 ◦C.

2.4. SEM Analysis

The morphology of the different kinds of synthesized MIP and NIP particles was analyzed by
SEM of the dried products, at the Materials Center of the University of Porto (CEMUP). A SEM FEI
Quanta 400FEG instrument with the EDS (Energy Dispersive Spectroscopy) system Edax Genesis X4M
was used in these analyses.

2.5. FTIR Analysis

Characterization of the dried MIP and NIP particles was also performed using IR spectroscopy
with an ABB Bomem Fourier Transform Infra-Red instrument, model FTLA2000-104. Particles were
mixed with KBr and pressed into pellets in order to collect the correspondent IR spectra.

2.6. Solid Phase Extraction Measurements

Solid phase extraction (SPE) measurements were carried out using packing extraction cartridges
containing the MIP or NIP particles (e.g., 150 mg of dried products). The cartridges were first eluted
with a methanol/acetic acid mixture (90:10), then with methanol and finally conditioned with the
solvent selected for the polyphenols uptake assessment during 24 h. A final elution step with this same
solvent was performed before testing. Afterwards, cartridges were loaded with the solution containing
a specific phenolic compound at the desired concentration (or a mixture phenolic compounds in the
competitive testing), using a constant percolation flow rate [16]. After loading, the washing step was
performed by percolating the same solvent through the particles. At the end, the elution step was
carried out using pure MeOH. The collected fractions correspondent to loading, washing and elution
steps were monitored using batch UV–vis spectrometry or HPLC analysis also with UV detection (this
analysis was mainly used with SPE competitive polyphenols sorption). From these data, the retention
capabilities (1 − Cout/Cin) of the different materials were calculated. These SPE measurements were
performed at least in duplicate.
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2.7. Batch Sorption Measurements

Fixed amounts of the purified MIPs and NIPs in the dried state (e.g., 20 mg) were replicated and
first subjected to a conditioning process in SPE tubes (similar to above described the processes with
SPE measurements). Tubing ends were after sealed and the particles were mixed with the required
amount of the solution (e.g., 2 mL) containing the polyphenol at different concentrations. A blank
solution was also included in this procedure. The sorption systems were then equilibrated at room
temperature for 24 h under agitation using an orbital shaker. At the end, the supernatant was collected
by centrifugation and the concentration measured by UV–vis monitoring. From these absorbance
data, the adsorbed amount of polyphenol was calculated using the previously reported calculation
method [16,23].

2.8. Experiments with Continuous Sorption Processes

Different kinds of continuous sorption processes have also been considered in this research in
order to assess the performance of the synthesized materials for the retention and release of different
kinds of polyphenols. Generically, the polymer particles were packed in HPLC columns (different
column sizes were considered, ranging from 10 to 300 mm bed lengths and 4.6 to 8 mm of internal
diameter) and then submitted to saturation and cleaning steps with selected polyphenols, mixtures
of these molecules or natural extracts (red wine was used). A frontal analysis procedure was used in
these studies, considering an approach similar to that before described [16], but continuous sorption
with recycling was also here tried, as discussed below. Continuous sorption with the particles placed
in transparent syringe tubes was also carried out in order to visually observe the possible retention of
anthocyanins in the adsorbents. In-line and off-line UV measurements were both used for putting into
evidence the dynamics of retention and release of the polyphenols during these continuous processes.

2.9. HPLC Analysis for Polyphenols Identification and Quantification

HPLC analysis needed for polyphenols identification and quantification (e.g., with the competitive
polyphenols sorption/desorption runs) were performed using an Ascentis® C18 column, 5 μ particle
size and with dimensions L × ID = 25 cm × 4.6 mm. This column was assembled in a Viscotek GPC
pumping system—the module Viscotek TDA 305 and UV detection was used for these purposes.
HPLC analysis were performed in isocratic conditions, with H2O/ACN 70/30 (v/v) at pH = 3 (adjusted
with acetic acid), T = 45 ◦C and at a constant flow rate Q = 1 mL/min. Note that a straightforward
HPLC analysis of the solutions containing polyphenols was here considered. Improved separation
and identification of similar polyphenol molecules demand much more complex analysis conditions,
as reported in the literature; see e.g., [48,49] and references therein for the discussion of the complexities
involved in such kinds of protocols.

3. Results and Discussion

In this research, the polydatin molecule (also known as piceid) was selected as a template
polyphenol for the molecular imprinting studies. This choice was driven by the hybrid
hydrophilic/hydrophobic character of this molecule, namely in comparison with resveratrol, owing to
the presence of a glucoside group. Additionally, polydatin is a molecule with a relatively high
size. Besides the hydrophilic and hydrophobic interactions, molecular size is a parameter with an
important effect on molecular imprinting efficiency through the formation of specific cavities inside
the polymer network. Moreover, polydatin is a natural precursor of resveratrol, which is present in
many vegetable extracts (e.g., vineyard products, Polygonum cuspidatum extracts, etc.), with possible
important beneficial effects on human health, namely the protection against hemorrhagic shock,
ischemia/reperfusion, heart failure, endometriosis and cancer (e.g., see [50] and references therein).

Different kinds of MIPs were synthesized by changing the functional monomers (acrylic
acid, methacrylic acid, 4-vinylpyridine, acrylamide, 2-(dimethylamino)ethyl methacrylate and

249



Processes 2017, 5, 72

N-vinylpyrrolidone were alternatively used), the crosslinkers considered for the polymer network
generation (ethylene glycol dimethacrylate and trimethylolpropane triacrylate were chosen for that
purpose) and also the solvents (toluene, acetonitrile, methanol, dimethylformamide and water, or their
mixtures, were used). Diverse types of interactions between the template molecule and the functional
monomers were thence tried. The effect of hydrophilic/hydrophobic interactions on molecular
imprinting efficiency was also assessed. Precipitation and suspension polymerization were both
considered for MIP particles production using AIBN as free radical initiator.

The morphology of the products was studied by SEM and the chemical composition was
determined by FTIR. The assessment of the synthesized MIPs with respect to polyphenols uptake was
carried out using different techniques, namely batch sorption, individual/competitive solid phase
extraction and individual/competitive sorption/desorption in continuous processes (e.g., by packing
the MIP particles in HPLC columns). In these assays, solvents with different polarities were considered
in order to highlight the effect of the hydrophilic and hydrophobic interactions on the MIPs capability
to perform the selective uptake and release of different kinds of polyphenols. Finally, the usefulness of
the MIPs for the recovering, isolation and concentration of polyphenols present in natural extracts was
assessed through the analysis of sorption and desorption processes with red wine.

The above described strategy was aimed at elucidating possible links between the molecular
imprinting conditions (template, functional monomers, solvent, polymerization mechanisms),
the structure of the products (morphology, chemical composition) and their performance on
polyphenols retention, as thoroughly discussed in the next sections.

3.1. Rationale for MIP Synthesis

The molecular imprinting process is based on the promotion of specific interactions (e.g., hydrogen
bonding) between the template molecule and a functional monomer. Through the polymerization
with a crosslinker, stereo-specific three-dimensional cavities could form in the polymer network.
An example of such kinds of interactions in the framework of the present MIP research is presented in
Figure 1, with polydatin as the template (T) molecule and 4VP as a possible functional monomer (FM),
highlighting the plausible role of hydrogen bonding in this imprinting system.

 

Figure 1. Depiction of expected interactions between the template molecule (polydatin) and functional
monomers (interaction with pyridyl functional groups was here considered for illustration purposes).

However, the imprinting efficiency (effective formation of selective binding sites towards the
target molecule) strongly depends on many factors such as the strength of the interactions between the
template and the functional monomer (different functional monomers lead to MIPs with dissimilar
performance) or the solvent being used in the synthesis process [11–13,16]. For instance, many
solvents (e.g., water) can break the preferential assembly T/FM by hydrogen bonding, which justifies
the use solvents with poor H-bond capacity (e.g., ACN) in many imprinting systems [11–13,16].
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Additional kinds of intermolecular forces such as hydrophobic interactions, π-π stacking and others,
can also enhance or damage the imprinting process, depending on the particular chemical system
addressed [11–13]. Moreover, the common solubility of all the components within the reaction locus for
molecular imprinting is another issue with important impact on the performance of the produced MIPs.

The behavior of MIPs in molecular recognition is also affected by the morphology of the obtained
materials due to possible limitation of the involved mass transfer mechanisms (the size of the template
molecule plays here an important role) and the available surface areas, such as in other kinds of
adsorbents (e.g., activated carbons, etc.). The morphology of the MIPs can also be tailored (in principle)
by the choice of the polymerization conditions: nanoparticles, microparticles or macroscopic monoliths
can alternatively be synthesized. Finally, it should also be stressed that the performance of the MIPs in
selective uptake and release process is also strongly dependent on the working conditions and the
same material can show different capabilities at different environments. One of the most important
parameters in this context is the polarity of the solvent considered in the sorption/desorption processes.
Non-specific retention mechanisms are often inevitable due to hydrophilic/hydrophobic effects. Thus,
the design of amphiphilic MIPs and the change of their surface properties (e.g., inclusion of hydrophilic
grafted chains) are also important issues to tailor these materials.

Considering the above discussed effects of the synthesis conditions on MIPs performance, different
kinds of materials were produced in our research with polydatin as template, as described in Table 1.
MAA, 4VP, AAm, AA, DMAEMA and NVP were alternatively used as functional monomers in order
to explore possible differences in T/FM assembly and a concomitant effect on MIPs performance.
EGDMA and TMPTA were tried as crosslinkers leading to the formation of networks with dissimilar
crosslinking topology (bi and tri-functional, respectively). Assessment of the change of solvent
polarity on molecular imprinting was studied considering different mixtures, namely ACN/MeOH,
TOL/MeOH, MeOH/H2O and DMF. Note that a small amount of MeOH was generally needed in
order to obtain total solubility of polydatin in the reaction medium. Modification in the morphology
of the MIPs was tried considering precipitation (usually at a very low monomer concentration) and
suspension polymerization (higher concentrations can therefore be specified).

Table 1. Polymerization conditions used in the preparation of different MIPs.

MIP Polym. Technique Funct. Monomer Crosslinker Solvent YM YI YCL YFM/T YC/D

MIP1 Precipitation MAA EGDMA ACN/MeOH 1 5.0 3.5 79.7 6.1 -
MIP2 Precipitation 4VP EGDMA ACN/MeOH 1 5.1 3.5 80.0 6.0 -
MIP3 Precipitation AAm EGDMA ACN/MeOH 1 4.9 3.5 79.6 6.2 -
MIP4 Precipitation 4VP EGDMA TOL/MeOH 2 5.1 3.5 80.0 6.0 -
MIP5 Precipitation 4VP EGDMA MeOH/H2O 3 5.1 3.5 80.0 6.0 -
MIP6 Suspension 4VP EGDMA DMF 58.1 1.8 55.7 6.0 1.4 4

MIP7 Suspension 4VP EGDMA MeOH/H2O 3 62.4 1.8 55.7 6.0 3.1 4

MIP8 Precipitation AA TMPTA ACN/MeOH 1 4.6 3.8 65.6 8.2 -
MIP9 Precipitation DMAEMA TMPTA ACN/MeOH 1 4.9 3.8 65.3 8.0 -

MIP10 Precipitation NVP TMPTA ACN/MeOH 1 4.1 3.8 65.0 8.1 -
1 ACN/MeOH = 10/1 (v/v). 2 TOL/MeOH = 10/3.4 (v/v). 3 MeOH/H2O = 10/2.5 (v/v). 4 n-heptane containing 1%
(w/w) of Span80 was used as continuous phase. NIPs were prepared in parallel, following the same experimental
procedure as for MIPs, eliminating the presence of polydatin.

Definitions for the composition parameters described in Table 1 are the following:

• YM—mass fraction of FM + crosslinker in the solution (%).
• YI—mole fraction of initiator comparatively to FM + crosslinker (%).
• YCL—mole fraction of crosslinker in the mixture FM + crosslinker (%).
• YFM/T —mole ratio between the FM and the template molecule.
• YC/D —mass ratio between the oil phase and the monomer phase in suspension polymerization.

Differences in the specified monomer concentrations for precipitation and suspension
polymerization become evident when the values for YM are compared (around 5% with precipitation
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polymerization and up to c.a. 60% with suspension polymerization). Besides their possible impact
on the imprinting process (e.g., due to the effect on products morphology), these differences
are also important when the large-scale production of MIPs is intended [16]. Note, however,
that thermodynamic solubility effects involving polymers, monomers and solvents present a critical
impact on the precipitation and suspension reaction mechanisms, as also below discussed in the
framework of the entropic and enthalpic phase segregation.

3.2. SEM Analysis

In Figure 2 are presented the SEM micrographs for some products obtained in this research,
highlighting the effect of the synthesis conditions on MIPs morphology (see also the Supplementary
Materials for additional SEM images). Particles with diameter smaller than 1 μm were formed with
MIP1 and MIP2 (MAA and 4VP as FM, respectively, both with ACN/MeOH as solvent) but a higher
agglomeration seems to have occurred in the latter case. Aggregates consisting of particles with particle
diameter ~2 μm were formed with MIP3 (AAm as FM in ACN/MeOH) and a moderate agglomeration
phenomena was observed. MIP4 shows a very different morphology (almost plain surface at the μm
scale) due to the effect of the solvent used (TOL/MeOH) with 4VP as FM. Conversely, individual
particles with particle diameter ~1 μm, without agglomeration effects, were formed with 4VP as FM
and MeOH/H2O as solvent (MIP5). Formation of similar particles was also possible with suspension
polymerization with 4VP as FM and DMF as solvent in the monomer phase (MIP6). Stronger
agglomeration effects should have occurred for MIP7, resulting also from suspension polymerization
with 4VP as FM but MeOH/H2O as solvent in the monomer phase. Aggregates consisting of particles
with diameter <1 μm, thus also exhibiting some degree of product agglomeration, have also been
observed with other imprinting systems, such as MIP8 (AA as FM in ACN/MeOH and TMPTA as
crosslinker). Note that, besides the concentration effect on particles agglomeration, other issues such
as the thermodynamics of phase segregation or even the stirring conditions can regulate the formation
of such aggregates.

Interesting features concerning the impact of polymerization conditions on products morphologies
were also observed with other reaction systems (see also the Supplementary Materials). A much
higher agglomeration extent is observed for MIP9 (DMAEMA as FM), namely comparatively to
MIP8, highlighting the important effect of the FM on products morphology, even at a low content
(YCL ∼ 65%). The SEM micrograph for NIP1, obtained with conditions similar to MIP1, but in the
absence of polydatin, shows the formation of individual particles with lower diameter and without
agglomeration effects. A possible impact of the template molecule on particles formation is thus
evidenced. The morphologies correspondent to EGDMA particles and MAA particles, respectively,
obtained with conditions similar to MIP1/NIP1, highlight the entropic and enthalpic precipitation
processes involved in the formation of such kind of polymer structures [51,52]. Indeed, in these kinds
of polymerization processes, the growing polymer chains can phase-separate from the continuous
medium by precipitation due to adverse enthalpic polymer-solvent interactions, such as in the case
of MAA polymerization in ACN/MeOH. Additionally, precipitation can also be a consequence of an
entropic effect due to the crosslinking action that prevents the mixing of solvent and polymer, such in
the case of EGDMA polymerization. Note, however, that in many cases, such as MIPs/NIPs formation,
both entropic and enthalpic precipitation mechanisms could be involved with concomitant effects
on products morphology. Important insights on these precipitation/dispersion processes can also
be obtained through polymer reaction engineering modeling studies (see e.g., [53–55] and references
therein) but these issues are beyond the scope of the present paper.
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(a) (b)

(c) (d)

(e) (f)

Figure 2. SEM images for different MIPs synthesized in this research: (a) MIP1 (prec.
MAA/ACN/MeOH); (b) MIP3 (prec. AAm/ACN/MeOH); (c) MIP5 (prec. 4VP/MeOH/H2O);
(d) MIP6 (susp. 4VP/DMF); (e) MIP7 (susp. 4VP/MeOH/H2O); (f) MIP8 (prec. AA/ACN/MeOH).
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3.3. FTIR Analysis

Important information concerning MIPs formation can be obtained through FTIR analysis, namely
the extent of carbon-carbon double bonds depletion, functionalization and the incorporation of both
the functional monomer and crosslinker in the final polymer network. Examples of such kinds of
analysis are presented in Figure 3 for two imprinting systems explored in this research (MIP1 and
MIP7 were selected for illustration purposes). Besides the FTIR spectra for the isolated and purified
MIPs, the spectra for the constitutive functional monomers (MAA or 4VP) and crosslinker (EGDMA)
are also included in the plots.

Observation of Figure 3a,b allows to conclude that a very high conversion of carbon-carbon
double bonds must have occurred since only a very small peak is observed for the final materials at
around 1630 cm−1 (a well-known C=C assignment). Moreover, the incorporation of the functional
monomer in the final MIP (an important issue in view of the molecular imprinting efficiency) is also
clearly put into evidence in these analyses. Indeed, peak assignments correspondent to the FM (e.g.,
aromatic C=C in 4VP at ~1550 cm−1 or ~1600 cm−1), which are not observed in the crosslinker, can be
indubitably identified in the synthesized MIPs.

(a) (b) 

Figure 3. (a) FTIR spectra collected for the MIP1 product (synthesized with MAA as functional
monomer and EGDMA as crosslinker); (b) FTIR spectra collected for the MIP7 product (synthesized
with 4VP as functional monomer and EGDMA as crosslinker).

3.4. SPE Testing

Due to its simplicity and the fast analysis procedure involved, solid phase extraction (SPE) was
considered as a starting point in screening studies regarding the performance of the different materials
synthesized (MIPs and NIPs) for different polyphenols uptake and release. In view of the expectable
influence of the work conditions in the retention and liberation of phenolic compounds, assays with
change on solvent polarity were also performed. Below are presented the most relevant results
obtained in the framework of these SPE assays.

3.4.1. Study of the MIPs Performance in Low Polarity Solvent

A common strategy for MIPs evaluation consists in using the same solvent of the molecular
imprinting step to measure their retention capability. Additionally, in order to avoid breaking possible
specific hydrogen bonding effects between the MIP and the target molecules, solvents lacking H-bond
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capacity, such as ACN, are often used. Thus, in Figure 4 are presented results for the SPE analysis
of different materials with ACN/MeOH as solvent together with different polyphenols (note that,
as above stated, the use of a small fraction of MeOH (e.g.,) is necessary due to solubility limitations of
many compounds). The obtained results show a clearly higher capacity of MIP4, MIP6 and MIP7 to
retain polyphenols such as polydatin, resveratrol, quercetin or gallic acid (see Figure 4a–d). However,
MIP7 show a superior performance for the uptake of these polyphenols. Also, the relatively high
retained amount of these molecules also after the washing process puts into evidence the plausible
benefits of the molecular imprinting mechanism. Nonetheless, these MIPs were produced with
polydatin as the template and these results show that non-specific retention of other polyphenols
in the solid sorbent is unavoidable, even with a favorable solvent. The fitting of small molecules in
cavities generated by molecular imprinting of polydatin is a possible explanation for such observations.
Additional molecular-imprinting experiments with other template molecules (e.g., gallic acid) and
considering the same polymerization conditions used in this work are needed to clarify these issues.
Moreover, NIP7 also presents a very high retention capability for these polyphenols, which seems
to indicate an enhancement of uptake properties when the polymerization process considered with
MIP7/NIP7 is used (suspension polymerization with 4VP as FM and MeOH/H2O as solvent), as will
be further discussed below.

 
(a) 

(b) 

 
(c) (d) 

 
(e) (f) 

Figure 4. Comparison of the SPE performance for different materials with different phenolic
compounds: (a) polydatin (b) resveratrol (c) quercetin (d) gallic acid (e) bisphenol A (f) caffeine.
In all experiments, loading step was performed with a 0.02 mM polyphenol solution in ACN/MeOH
(10/1), washing with the mixture ACN/MeOH (10/1) and elution with pure MeOH. Measurements
were performed at least in duplicate (n = 2).
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On the other hand, results presented in Figure 4e,f, concerning the retention of bisphenol A and
caffeine in these same materials, show that almost no affinity with these molecules is observed when
ACN/MeOH is used as solvent ; only a very small holding capacity is observed in these conditions for
these species. Therefore, some of the synthesized materials, especially MIP4, MIP6 and MIP7, present
a good selective ability for polyphenols uptake with working conditions leading to the total elution of
other kind of species (e.g., bisphenol A or caffeine).

3.4.2. Effect of the Solvent Polarity on MIPs Sorption Capabilities

As observed with many other sorbents, the retention capability of MIPs and their selectivity
are strongly dependent on the chosen operating conditions, namely the polarity of the solvent;
the temperature is also often used to tune the sorption capabilities. Indeed, due to hydrophilic
and/or hydrophobic interactions critical changes on the uptake of a target molecule by a MIP can be
observed, leading to possible impairing of the designed selectivity of the material (see e.g., the high
retention of caffeine in a 5-fluouracil MIP reported in [16] when water was used as solvent).

These issues are highlighted in Figure 5, where the SPE performance of different MIPs
for polydatin retention is compared considering two solvents with different polarities, namely
H2O/MeOH (9/1) and MeOH/H2O (4/1). A very high retention capability of polydatin in all
materials is observed with H2O/MeOH (9/1), namely when measurements presented in Figure 5a
are compared with the results shown in Figure 4a. This outcome is a consequence of the strong
hydrophobic interactions between the MIPs and the polydatin molecule arising when H2O/MeOH
(9/1) is used as solvent. Note that very high retention is observed in conditions similar to other
molecules (e.g., bisphenol A, namely in comparison with Figure 4e), due to hydrophobic interactions,
thus breaking a possible selectivity of the adsorbent.

Still, results presented in Figure 5b show that a strong elution effect is observed when MeOH/H2O
(4/1) is used as solvent (see also Figure 4a). However, even with these unfavorable conditions for
sorption, a significant uptake capability is observed with MIP7 (c.a. 50% retention of polydatin),
indicating an indisputable ability of this material for polyphenols retention.

 
(a)  

(b) 

Figure 5. Comparison of the SPE performance for different materials in polydatin sorption with
different solvents: (a) H2O/MeOH (9/1) with n = 5; (b) MeOH/H2O (4/1) with n = 3. Loading steps
were performed with a 0.02 mM polydatin solution in the selected solvent, washing with the same
solvent and elution with pure MeOH.

3.5. Batch Sorption

Batch sorption is a technique regularly considered for MIPs evaluation and some correspondent
results for polydatin retention in different materials with ACN/MeOH 10/1 as solvent are presented
in Figures 6 and 7. Globally, these results confirm the superior ability of MIP7 for the retention of
polydatin (and other polyphenols, as presented in Figure 4), namely in comparison with remaining
prepared materials. With the working conditions used, a maximum retention capability qmax ∼
300 μmol/g is estimated for MIP7, which is much higher than the sorption capabilities reported in the
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bibliography for related systems. Indeed, qmax ∼ 116 μmol/g [26], qmax ∼ 20 μmol/g [27], qmax ∼
83 μmol/g [33] and qmax ∼ 30 μmol/g [39] are examples of reported values for the maximum binding
capacity of resveratrol in different MIPs, considering ACN as solvent (contribution of non-specific
sites is included in these values). As expected, a smaller value qmax ∼ 3 μmol/g was measured for the
retention of resveratrol in a MIP choosing ethanol as solvent [32].
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Figure 6. Measured equilibrium binding isotherms of polydatin in different MIPs synthesized in this
work. Measurements were performed with ACN/MeOH (10/1 v/v) as solvent.
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Figure 7. Measured equilibrium binding isotherms of polydatin in the MIP7 and NIP7 materials.
Measurements were performed with ACN/MeOH (10/1 v/v) as solvent.

In Figure 8 it is presented a possible explanation for the very high sorption capability for
polyphenols measured with MIP7. Indeed, the hybrid hydrophilic/hydrophobic (amphiphilic)
character of polydatin (a glucoside moiety is present in this molecule in contrast with resveratrol),
can lead to its simultaneous interaction with the hydrophobic and the hydrophilic phases in a
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suspension polymerization process, as depicted in Figure 8. The hydrophilic part of polydatin should
interact preferentially with the aqueous phase containing water, MeOH, monomer 4VP (the FM) and
EGDMA. Note that these three later species have affinity with the hydrophobic phase and should also
be distributed along the interface layer. Conversely, the hydrophobic moieties of polydatin tend to
shun water, thus migrating to the hydrophobic phase containing n-heptane. Moreover, Span 80 should
also be located at the interface layer between the two phases (see Figure 8), with the correspondent
water-liking group interacting with hydrophilic moieties (e.g., water, glucoside group of polydatin,
MeOH). After polymerization of this assembly and removal of the template (and also Span 80),
the resulting polymer network particles should bear surface cavities with high affinity for polydatin
and related polyphenols. Mass transfer mechanisms should also be enhanced owing to these surface
binding sites, contributing to the higher performance observed with MIP7.

 

Figure 8. Depiction of a plausible surface-molecular imprinting process taking place when polydatin is
used as template in a suspension polymerization with n-heptane in the oil phase, Span 80 as surfactant,
4VP as FM, EGDMA as crosslinker and MeOH/H2O as solvent in the monomer phase.

Note that a close association between polydatin and functional monomer should occur with
chosen MIP7 synthesis conditions, due to the higher mass fraction used in the suspended phase,
leading to an expected increase of molecular imprinting efficiency. Moreover, polydatin is c.a. 50 times
more soluble in DMF than in water/methanol, which is likely to avoid the above depicted surface
molecular imprinting process in MIP6.

The relatively high capability of NIP7 (non-imprinted material) for retention of polyphenols
(see Figures 4 and 7), should also be a consequence of an interfacial phenomena similar to the above
depicted surface-molecular imprinting process. Actually, NIP7 was produced in the absence of
polydatin but in the presence of Span 80. Therefore, it is also likely the formation of surface cavities
owing to the hydrophilic moiety of Span 80 (containing OH groups) that should be effective (at a lower
extent comparatively to MIP7) for polyphenols retention.

3.6. Competitive Sorption with SPE

Considering the superior performance of MIP7 concerning polyphenols retention, this material
was selected for the main further characterization studies, having in view final applications with
natural extracts. At a first stage, the competitive sorption in SPE of a mixture containing gallic acid +
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polydatin + resveratrol was chosen to provide information concerning the selectivity of this material
and correspondent non-imprinted analogue, with different polyphenols. Results presented in Figure 9
confirm the previous findings with individual sorption assays, namely the high ability of MIP7 and
NIP7 to uptake different kinds of polyphenols (eventually present in natural extracts). However,
these results also highlight the benefits of molecular imprinting for polyphenols retention because a
much higher and stronger uptake ability is shown for MIP7 comparatively to NIP7 (see the results for
the washing step).

 
(a) (b) 

Figure 9. HPLC analysis for different steps involved in the SPE testing of MIP7 and NIP7 with the
competitive sorption of gallic acid, polydatin and resveratrol. Chromatograms correspondent to the
initial mixture (0.02 mM in each component) and to the liquid phases collected after loading, washing
and elution are presented. Loading was performed with the polyphenols mixture in H2O/ACN 50/50
(v/v), washing with the same solvent and elution with MeOH. HPLC analysis were performed in
H2O/ACN 70/30 (v/v) at pH = 3 with UV detection at 273 nm. (a) Results with MIP7; (b) Results
with NIP7.

In Figure 10a are presented additional results concerning the competitive sorption of different
polyphenols in MIP7 and tannic acid, a plausible compound in many natural extracts, which was
now included in the mixture. These results show again the likely ability of this material to uptake
polyphenols eventually present in more complex natural matrices. Note that the peak appearing at
about 11 mL should be due to some component of tannic acid, which is not a well-defined compound.
Elution of other impurities present in the used polyphenols (e.g., in gallic acid, polydatin, resveratrol)
is another possible cause for those unexpected peaks.

Previously (see Figures 4a and 5), it was put into evidence the influence of solvent polarity
on MIPs performance, namely owing to the interference of hydrophilic and hydrophobic effects.
Results presented in Figure 10b–d show similar outcomes with competitive sorption in three solvents
with different polarities (H2O/ACN 50/50, H2O/ACN 90/10 and ACN/MeOH 10/1). Note, again,
the superior retention in MIP7 comparatively to NIP7 in all the solvents and the noticeable influence
of the hydrophobic effects when a polar solvent in used (total retention for the three polyphenols in
MIP7 when H2O/ACN 90/10 is considered). These results also show that the tuning of the polarity of
the solvent is a critical issue if these materials are intended to separate different kinds of polyphenols
because the non-specific retention is inevitable owing to the hydrophobic interactions. The use of some
gradient of solvent composition is a possible way to address this issue, as discussed below.
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(a) (b) 

 
(c) 

 
(d) 

Figure 10. (a) HPLC analysis for the competitive retention of gallic acid + tannic acid + polydatin +
resveratrol in MIP7; (b) Comparative competitive retention of gallic acid, polydatin and resveratrol
in MIP7 and NIP7 with loading in H2O/ACN 50/50; (c) Similar analysis with loading in H2O/ACN
90/10; (d) Similar analysis with loading in ACN/MeOH 10/1.

3.7. Continuous Sorption Processes

Continuous sorption processes are important if industrial applications are sought. They also
make easier the study of many fundamental mechanisms, such as mass transfer phenomena and
equilibrium conditions. This approach was also considered in the present research and two different
kinds of operating conditions we used (with/without recycling) are depicted in the Supplementary
Materials file. In these experimental systems, the dynamics of polyphenols retention/release was
measured using in-line, off-line UV detection or HPLC analysis of collected samples. Note that
much more elaborated continuous processes for the isolation of polyphenols from plant extracts
were recently reported in the literature, namely concerning the recovery of oleuropein from olive
leaf extracts with MIPs [47]. In that work, besides a sophisticated experimental set-up, contour
plots were used for the selection of the solvent and adsorbent (ethyl acetate and a MIP based on
1-(4-vinylphenyl)-3-(3,5-bis(trifluoromethyl)phenyl)urea/styrene with q ~ 228 μmol/g and IF ~ 12.2
were chosen) [47]. Here, we only present first assessment studies concerning the performance of MIP7
in continuous processes.

Typical profiles measured for the dynamics of sorption in MIP7 of individual polydatin or a
mixture of gallic acid + polydatin + resveratrol are presented in Figure 11a,b, respectively. Note the
saturation of the MIP adsorbent that it is attained in both situations. For the individual polydatin
sorption, equilibrium is reached with q ~ 19 μmol/g (with H2O/MeOH 50/50 as solvent), while the
global UV absorbance is used to show the column saturation with the polyphenols mixture.
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The potential use of MIP7 as adsorbent in a continuous process for a natural extract containing
polyphenols is showed in Figure 12. Red wine (Portuguese red wine from the Douro region) was
directly diluted in H2O/ACN 70/30 at 6% (v/v) and the solution was percolated through MIP7. Results
for the dynamics of sorption are presented in Figure 12 with UV detection at 273 nm and also at 515 nm.
The ability of the material to retain compounds with response at both wavelengths is shown.

Gallic acid, tannic acid, polydatin or resveratrol are examples of compounds probably present
in the red wine with response at 273 nm, while anthocyanins are the likely molecules in red wine
with absorbance at 515 nm. Indeed, the high ability of MIP7 to retain anthocyanins (compounds with
important applications in bioprocesses) was visually confirmed through the elution of the red wine
solution with the adsorbent placed in a transparent syringe tube. An obvious coloration of the polymer
particles and discoloration of the solution was thus observed.

 
(a) 

 
(b) 

Figure 11. (a) Dynamics of sorption of polydatin in MIP7 considering a continuous process with
recycling (the adsorbed amount of polyphenol in μmol per gram of adsorbent is here showed).
Process performed with a flow rate Q = 0.25 mL/min, H2O/MeOH 50/50 (v/v) as solvent, initial
polydatin concentration C0 = 0.05 mM and solution volume V = 200 mL; (b) Dynamics of sorption of
a mixture of gallic acid + polydatin + resveratrol in MIP7 considering a continuous process without
recycling (the UV absorption of the column eluent is here presented). Process performed with a
flow rate Q = 0.35 mL/min, H2O/ACN 70/30 (v/v) as solvent and concentration C0 = 0.02 mM in
each component.

(a) (b) 

Figure 12. Dynamics of sorption of a solution of red wine in MIP7 considering a continuous process
performed with a flow rate Q = 0.35 mL/min and H2O/ACN 70/30 (v/v) as solvent. Red wine was
directly diluted in H2O/ACN at 6% (v/v). (a) Global UV absorption of the solution at column outlet
measured at 273 nm; (b) Similar measurement at 515 nm.
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Having demonstrated the good performance of MIP7 on the global retention of polyphenols
present in composed mixtures, or eventually in natural extracts, it is important to get insights on the
selectivity of the uptake process and the subsequent release from the adsorbent. Actually, these issues
are critical if the application of the materials is also aimed at the identification, separation and
purification of the individual molecules.

Some results obtained in this context for the composed mixture gallic acid + polydatin + resveratrol
are presented in Figure 13. Information concerning the individual amounts of each molecule in the
collected samples was obtained by HPLC analysis. The dynamics for the composition of the eluent
stream in a continuous process, with H2O/ACN 70/30 as solvent (see also Figure 11b), is shown in
Figure 13a. A preferential initial retention of resveratrol (probably due to hydrophobic interactions)
and gallic acid seems to occur but close to saturation the retention order appears to be polydatin >
resveratrol > gallic acid and some selectivity of the material through the three components is observed.

 
(a) (b) 

Figure 13. (a) Composition of the eluent stream in a continuous sorption process for the mixture of
gallic acid + polydatin + resveratrol in MIP7 (conditions specified in Figure 11b); (b) Composition of
different fractions released from the pre-saturated column described in (a). H2O was used as release
eluent in fractions 1/2, H2O/ACN 50/50 in fractions 3/4/5 and ACN/MeOH 10/1 in fractions 6/7.

After saturation, the selectivity on the release of the three components was assessed and a kind
of gradient of solvents with different polarities was considered, owing to the expected effect of the
hydrophobic interactions on the release of the individual species. Measurements for the composition
of the successive fractions obtained are presented in Figure 13b. Fractions 1/2 were obtained with
water as eluent and only gallic acid was recovered. With fractions 3/4/5, H2O/ACN 50/50 was used
as eluent and products with mixed compositions were recovered, but with prevalence to resveratrol +
polydatin. Finally, with fractions 6/7, ACN/MeOH 10/1 was considered and almost only resveratrol
was recovered.

The results above presented confirm the usefulness of the MIP7 adsorbent in the uptake and
subsequent release of polyphenols, having in mind the concentration, separation and purification
of such kinds of compounds. However, the effect of concomitant hydrophilic and hydrophobic
interactions is inevitable in these processes and the tuning of the solvents polarity is a critical issue to
achieve good separation of the individual species when complex mixtures are targeted.

3.8. Application to Polyphenols Identification and Separation in Natural Extracts

The above described strategy for the synthetic mixtures of polyphenols was also tried with natural
extracts, namely a diluted solution of red wine (6% v/v) in H2O/ACN 70/30 (see also Figure 12).
The dynamics of sorption of such solution of red wine in MIP7 is further put into evidence in Figure 14,
through HPLC analysis of samples collected at the column outlet at different operation times. Note the
clear change of the UV absorbance for the samples collected at the column end, namely when compared
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with the feeding solution, showing the sorption of species with UV response at 273 nm (e.g., gallic acid,
tannic acid, polydatin, resveratrol, etc.) and also at 306 nm (resveratrol and polydatin have stronger
absorbance at this wavelength).

After column saturation, the release of the adsorbed species was studied by collecting fractions
with solvents of different polarities, as above described for the mixture gallic acid + polydatin +
resveratrol. Some of the results thus obtained are presented in Figure 15, considering again the HPLC
analysis of the fractions collected. In Figure 15a are compared the chromatograms correspondent to
the initial red wine solution and to a fraction collected with H2O/ACN 50/50. Differences observed
for the two chromatograms are indicative of composition changes achieved with the sorption process.
Among other differences, a new peak at around 6.5 mL retention volume is clearly identified in
the chromatogram of the eluted fraction but not in the original extract. This outcome is a plausible
consequence of the concentration process achieved with the MIP for some specie present in the
original red wine. Indeed, a third chromatogram presented in Figure 15a shows that the concentrated
species should be resveratrol. This third chromatogram concerns the same eluted fraction spiked
with resveratrol. The matching of the new peak identified in the collected fraction with the one
correspondent to the spike of resveratrol is indicative of the likely concentration process achieved for
this polyphenol. Similar results are presented in Figure 15b, considering detection at 306 nm and also a
sample spiked with polydatin + resveratrol. Besides the clear peak arising at 6.5 mL retention volume,
consistent with resveratrol concentration, comparison of the three chromatograms is also indicative
of polydatin (or similar species) concentration in consequence of the sorption process performed in
the MIP (see change in the chromatogram of the original red wine extract at around 4 mL, that is the
region correspondent to polydatin).

(a) (b) 

Figure 14. HPLC analysis of the liquid phase, correspondent to different sorption time instants, in
a continuous process. MIP7 was used as adsorbent with a solution of red wine in H2O/ACN 70/30
(red wine was directly diluted in H2O/ACN at 6% (v/v)). (a) UV measurements at 273 nm; (b) UV
measurements at 306 nm.

As described in Section 2.9, a simple isocratic HPLC analysis was here considered and some
changes in peak positions are possible due to eluent composition variations (see e.g., resveratrol in
Figures 10a and 15). Injection of the pure components and spiking studies were used to identify
individual molecules in more complex mixtures. However, improved results for the identification and
quantification of such compounds can be achieved using more elaborated HPLC gradient strategies,
as reported in the literature (see e.g., [48,49] and references therein).

Results here presented are indisputable evidence for the usefulness of the tested MIP for the
uptake, identification and separation of polyphenols present in natural extracts. However, many
process upgrades are possible in order to improve the results obtained with complex natural extracts
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where a huge number of different species can be present. A possible strategy is the designing of
different MIPs to target diverse polyphenols and consider a train of columns in a continuous sorption
process (see also [31]). Indeed, a MIP such as MIP9 can undoubtedly be used to selectively retain acidic
species present in natural extracts, such as gallic acid and tannic acid, due to ionic interactions with
the functional monomer DMAEMA (see also [56], where additional characterization data for some
materials here addressed are also available). Other tailored materials can in principle be synthesized
with expected outcomes in the simplification of these complex mixtures. The long-term stability and
reusability of these MIPs is also an important issue to assure the reliability and economic viability of
the continuous sorption processes [57].

(a) (b) 

Figure 15. (a) HPLC analysis of an eluted fraction collected after the sorption of a red wine solution
in MIP7 (the third eluted fraction with H2O/ACN 50/50 is here considered). The chromatograms for
initial red wine solution and the eluted fraction spiked with resveratrol are also presented. The plausible
concentration enhancement of resveratrol in the MIP is here evidenced with UV measurements at
273 nm; (b) Similar analysis with spiking of polydatin and resveratrol and UV measurements at 306 nm.

4. Conclusions

This work was devoted to the development of molecularly imprinted polymers to target
polyphenols present in vegetable extracts. Polydatin was selected as a template polyphenol due
to the relatively high size of the molecule and its hybrid hydrophilic/hydrophobic character. Different
kinds of MIPs were synthesized in order to explore preferential interactions between the functional
monomers (methacrylic acid, 4-vinylpyridine or 2-(dimethylamino)ethyl methacrylate, among others,
were alternatively used) and the template molecule. The role of the polarity of the selected solvent
on the molecular imprinting efficiency, namely owing to hydrophobic interactions, was also assessed.
Precipitation and suspension polymerization were also considered in order to change the products
morphology with potential effects on MIPs performance. Different techniques (SPE, batch sorption,
continuous sorption processes) were used to measure the ability of the prepared MIPs to uptake and
release polyphenols. Individual and competitive assays (e.g., with composed mixtures of gallic acid +
tannic acid + polydatin + resveratrol) were both considered.

Among all prepared MIPs, a material resulting from a suspension polymerization process, with
4VP as functional monomer, EGDMA as crosslinker, water/methanol as solvent, n-heptane as oil
and Span 80 as surfactant showed a superior performance on polyphenols uptake. A maximum
retention capability qmax ∼ 300 μmol/g is estimated for this MIP, which is much higher than sorption
capabilities reported in the literature for related systems. The origin of such significant outcome is
the likely surface imprinting process caused by the amphiphilic properties of polydatin. The better
performances observed with this suspension product comparatively to the precipitation particles
should also rely on these interfacial phenomena. The uptake and release of polyphenols present
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in natural extracts, considering a red wine solution as a case study, was also assessed using this
material as sorbent. The ability of the MIP to uptake polyphenols present in the red wine was put
into evidence and the subsequent selective release of the adsorbed species was also demonstrated.
However, hydrophilic/hydrophobic interactions are inevitable in such processes, especially with
complex natural extracts and the tuning of the polarity of the solvents used (eventually in a gradient
process) is an important issue to achieve the improved isolation of the different polyphenols.

Despite the promising results obtained with the above-described MIP, further studies are needed
to confirm the likely surface imprinting process. New synthesis tasks with similar suspension processes,
but involving other template molecules (changing the amphiphilic interactions) and the measurement
of the surface area and pore size distribution (e.g., using BET) for such products and analogues
(e.g., correspondent NIPs) are some issues to be addressed in the future. Additionally, many other
developments are possible to tailor materials and processes devoted to polyphenols targeting. Tuning
of the hydrophilic/hydrophobic balance of the MIPs by changing the polymerization conditions (e.g.,
composition) or designing more complex architectures (e.g., MIP particles with RAFT surface—grafted
hydrophilic chains) are strategies being explored. Use of a train of different MIPs in continuous
sorption processes in order to address complex natural extracts or the designing of solvent gradient
formulations are other ongoing studies in this context. Valorization of different kinds of agriculture
and forest residues is the final goal of this research line.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/5/4/
72/s1, Figure S1: Supplementary SEM images for different kinds of products synthesized in this research,
Figure S2: Depiction of the continuous processes considered for the sorption of polyphenols and natural extracts
in the prepared MIPs.
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