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Preface to “Advances in NMR and MRI of Materials”

The development of science has led to the emergence of many new modern materials, which
also require more advanced tools for their characterization and analysis. NMR and MRI are certainly
among such tools, also due to their continuous development, which has made them more powerful,
versatile, and sensitive. With these advances, these two techniques have been able to address many
open problems associated with the emergence of new materials.

The aim of this Special Issue was to edit a collection of advanced NMR and MRI techniques
and methods, together with a demonstration of their application to the target materials for which
they were designed and optimized. In my humble opinion, I think this Special Issue has successfully
accomplished that task. The Special Issue comprises an impressive collection of articles, which in
this book are classified according to the following topics: MR methods in pharmaceutical research,
NMR in cement research, MR methods in wood research, diffusion in materials, characterization of
materials by NMR relaxometry, NMR spectroscopy of materials, and MRI of materials. I hope readers
enjoy reading this Special Issue as much as I enjoyed editing it.

I'would also like to thank all the authors who contributed to this Special Issue, all the reviewers
for their time, effort, and constructive criticism, which helped to improve the quality of the published
articles, and last but not least, the MDPI publisher and the editorial staff of the journal for their

dedication and support in producing this Special Issue.

Igor Sersa
Editor
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Abstract: In the past decades, nanosized drug delivery systems (DDS) have been extensively de-
veloped and studied as a promising way to improve the performance of a drug and reduce its
undesirable side effects. DDSs are usually very complex supramolecular assemblies made of a core
that contains the active substance(s) and ensures a controlled release, which is surrounded by a
corona that stabilizes the particles and ensures the delivery to the targeted cells. To optimize the
design of engineered DDSs, it is essential to gain a comprehensive understanding of these core-shell
assemblies at the atomic level. In this review, we illustrate how solid-state nuclear magnetic resonance
(ssNMR) spectroscopy has become an essential tool in DDS design.

Keywords: solid-state NMR spectroscopy; porous material; drug delivery system; heteronuclei

1. Introduction

A nanosized drug delivery system (DDS) is defined as a formulation or a device that
enables the introduction of a therapeutic substance in the body [1]. The major goals of DDS
are to improve the efficacy and safety of a given active pharmaceutical ingredient (API) by
controlling its rate, time, and place of release as well the compliance of the patient [2]. A
plethora of nanosized DDSs were developed, including liposomes, polymeric and inorganic
nanoparticles, dendrimers, carbon nanotubes, etc. However, there is no universal drug
nanocarrier, and for each medical target, a new system has to be designed. An ideal DDS
should have high colloidal stability, high drug loading capacity, be prepared without the
need for toxic solvents, be inert, biocompatible, mechanically resistant, biodegradable, well
tolerated by the patient, safe and simple to administer, and finally easy and cost-effective
to fabricate and sterilize [3]. Most DDSs are composed of complex core—shell supramolec-
ular structures where each component has different physicochemical characteristics and
functions (Figure 1). The core of the system accommodates the drug, protects, and releases
it in a controlled manner. It must ensure efficient drug release and degrade to avoid
accumulation in the body. The corona plays a role in increasing the colloidal stability of
the nanoparticles and governs their in vivo fate (confers “stealth” properties to evade the
immune system and/or to ensure specific delivery to the biological target). To guide the
design of complex core—shell particles, it is essential to have at hand analytical tools able
to yield information at the atomic scale about the structure of the DDS, the host-drug
interactions, dynamics, etc.

A variety of techniques have been used so far, such as thermal analysis [4] and nitrogen
sorption [5], which can both give qualitative and quantitative information about the bulk
structural and thermodynamic properties of the incorporated drugs. Unfortunately, they
do not provide any insight into the microscopic properties of the embedded drugs and
in particular about the crucial drug-drug and drug-host interactions. X-ray powder
diffraction (XRPD), which is the usual method of choice for the investigation of structural
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properties, is also often inapplicable because of the lack of long-range order of complex
DDSs. An alternative technique is solid-state nuclear magnetic resonance (ssNMR), which
through spectroscopy and relaxation measurements offers valuable information about the
structural and dynamical properties of the embedded compound and which is not limited
to the materials or forms that exhibit long-range order [6]. ssSNMR experiments probe
the local environment of the nucleus and short-range order. This gives rise to various
advantages, including the ability to provide detailed structural insights from polycrystalline
samples and to examine local defects and disorders [7].

Functional Coating Biodegradable Core

14y 130 27

H, 3¢, 27a)

Cooting-core interactions
Surfoce interactions

Matrix degradation

Figure 1. Scheme of a DDS nanoparticle containing a core, in which the drug is loaded, functional
coating, and specific ligand. The nuclei of interest in ssNMR and the information that can be extracted
from these measurements are indicated.

In the context of DDSs, because numerous NMR active nuclei are present in both the
core and the corona, ssNMR spectroscopy can provide information in many aspects ranging
from intramolecular and intermolecular interactions, localization, state and stability of
the drug, core—shell interactions, the matrix degradation, delivery/release of the drug, etc.
(Figure 1). These pieces of information can significantly contribute to guide the design
and development of new DDSs. Moreover, ssNMR is non-destructive; i.e., the DDS can
be studied intact without the need for dissolution/digestion (as it would be required
for solution-state NMR, fluorescence spectroscopy or other strategies involving chemical
modification).

In this review, we illustrate the versatility of ssSNMR spectroscopy for the investigation
of the supramolecular structure of DDSs. We focus this review on DDSs that are based
on inorganic or hybrid organic-inorganic particles, i.e., rather than on organic particles
such as liposomes or polymer-based ones. We first report ssNMR experiments based
on one-dimensional (1D) NMR spectroscopy, then two-dimensional (2D) NMR starting
from the simpler 'H-'H spin pair, then moving toward 'H-X pairs and finally to more
challenging pairs of heteronuclei. For each case, the advantages and limits of the ssNMR
technique are described.

2. A Few Notes on ssNMR Spectroscopy

An ssNMR spectrum, similarly to a solution-state NMR spectrum, contains informa-
tion about the chemical shift interaction, i.e., a line shift that gives indication about the
neighboring environment of a nucleus, and, when it can be observed or detected, about
scalar coupling, i.e., a line splitting, which represents the spin—spin interaction through
chemical bonds and gives information about the number and nature of neighboring nu-
clei [8,9]. In the solid state, two other interactions are expressed in the ssNMR spectra: the
dipolar interaction, that is a through-space interaction between nuclei, and the quadrupolar
interaction for atoms with nuclear spin quantum numbers larger than 1. The former is
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mostly responsible for an important homogeneous line broadening of ssNMR resonances
as compared to solution NMR resonances (for which this interaction is averaged to zero
due to fast molecular tumbling), the second can give rise to particularly broad NMR spec-
tra. Magic-angle spinning (MAS), i.e., spinning the sample at an angle of 54.7° about the
main—usually vertical—magnetic field is the most used method to remove the dipolar
interaction, that is the major source of resolution loss for solids. The faster the spinning,
the most efficient the removal of the interaction [10].

3. 1D 'H ssNMR Spectroscopy

In the world of DDSs, mesoporous silica nanoparticles (MSNs) are among the most
studied systems. Their long-range ordered pore structure with tailorable pore size (2-50 nm)
and geometry facilitates a homogenous incorporation of guest molecules with different
sizes and properties. Their surface can further be easily functionalized. Drug loading
is based on the adsorptive properties of MSNs and both hydrophilic and hydrophobic
cargos can be adsorbed into the pores. The release profile of drugs from MSNs mainly
depends on its diffusion from the pores, which can be tailored by modifying the surface
of the MSNs to suit the biological needs. The decisive factor responsible for controlling
the release is the interaction between the surface groups on pores and the drug molecules.
The two most widely explored materials for drug delivery are MCM-41 (Mobil Crystalline
Materials) and SBA-15 (Santa Barbara Amorphous type material) [11,12]. MSNs owing to
their modifiable surface chemistry can act as carriers for poorly soluble drugs and tackle
their solubility issues. 'H, >C, and 2°Si are the most used nuclei to study the interactions
between silica molecules and drugs and the influence in the environment of silicon atoms
in SBA-15 [13-16].

'H is indeed the most obvious nucleus that can be used for the characterization of
DDS as the majority of drugs are protonated, as are the drug carriers. 1D 'H MAS NMR
is a simple and fast experiment that gives information about the state of the drug in the
DDS and the formation of hydrogen bonds (that leads to high-frequency proton shifts),
thanks to a shift of the proton resonance. The spectra are known to be dominated by
large homonuclear dipolar interactions; hence, techniques based on fast MAS are usually
preferred to obtain high-resolution data [17]. Due to the small chemical shift dispersion of
'H NMR spectra (below 20 ppm in most diamagnetic systems), it is preferable to perform
measurements at high magnetic field to optimize the signal resolution.

Ukmar et al. [6] studied by ssNMR the composition and structure of nonfunctionalized
and functionalized SBA-15 mesoporous silica matrices in which were loaded different
amounts of indomethacin (IMC) molecules. From the 'H MAS NMR spectra (Figure 2),
a decrease in the signal intensity of the water resonance was detected when the amount
of the drug was increased. Furthermore, the appearance of a new resonance revealed the
formation of hydrogen bonds between the drug and the silica matrix. These were evidences
for drugs in close contact in the pores with the silica matrix.

However, in DDSs, most systems are complex and lacking long-range order; therefore
the resonances are strongly heterogeneous, and even using the fastest available MAS probes
and highest static magnets is not enough to obtain satisfactory resolution. This is exem-
plified in Figure 3 for a model DDS system consisting of an aluminum-based nanoscale
metal-organic framework (MOF). This MOF, MIL-100(Al) (MIL stands for Matériau In-
stitut Lavoisier), was analyzed pure, loaded with a drug and with surface covered by
B-cyclodextrin (CD) phosphates. The differences between all three samples are not easily
seen on the 1D MAS (60 kHz, 20.0 T) 'H NMR spectra, due to strong overlap between all the
components, each of them containing a fairly large number of protons. Two solutions might
be adopted to overcome this problem: performing a two-dimensional (2D) homonuclear
experiment (illustrated in the next section) or the use of deuterated molecules.
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Figure 2. 'H-3C CPMAS (a), 'H MAS (b), 'H MAS, and CRAMPS (c) experiments of SBA-15 in
which were loaded different amount of indomethacin [6]. (Reprinted with permission from T. Ukmar,
T. Cendak, M. Mazaj, V. Kau¢i¢, G. Mali, J. Phys. Chem. C 2012, 116, 2662. Copyright © 2012,
American Chemical Society).

MIL-100(Al)

P-OH

2018 16 141210 8 6 4 2 0 -2
'H dimension (ppm)

Figure 3. 'H MAS NMR spectra of (a) nanoMIL-100(Al), (b) ATP-loaded nanoMIL-100(Al) and (c)
CD-P coated ATP-loaded nanoMIL-100(Al).

4. 'H-'H 2D NMR

The amount of information from 1D NMR spectra is sometimes limited due to po-
tential overlap on the resonances. Therefore, 2D NMR spectroscopy is often used for
characterization in pharmaceutical analysis [17]. As an example, it was employed to
study flurbiprofen incorporated in 200-400 nm silica capsules filled with Pluronic P123
(polyethylene oxide-polypropylene oxide-polyethylene oxide triblock copolymer). 'H-'H
2D single-quantum single-quantum (5Q-SQ) NMR experiments (Figure 4) revealed the
close proximity between the protons of flurbiprofen molecules and those of polypropyle-
neoxide part of the P123 chains. This confirmed the solubilization of flurbiprofen inside
the core of the micelles composed of poly(propylene oxide), and its absence from the shells
made of poly(ethylene oxide) [18].
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Figure 4. 'H-'H 2D SQ-SQ MAS NMR of flurbiprofen incorporated in silica capsules filled with
Pluronic P123. As evidence (ringed), the cross-peaks presented between the protons of the drug and
the ones of the DDS [18].

Another important class of porous nanosized DDS are MOFs [19], which are based
on metal clusters linked to each other through organic linkers. They offer highly porous
structures that can accommodate, transport, and release drugs. The most promising MOFs
are based on non-toxic paramagnetic Fe** cations, which limits the NMR investigations [20].
Indeed, ssNMR offers more information when diamagnetic cations such as Ca?t, Zn%*, A3+,
or Zr** are used. As an example, UiO-66(Zr), where UiO stands for the University of Oslo,
has been tested as a carrier for caffeine [18]. The terephthalate linker can be functionalized
with different polar/apolar groups, which can allow tuning of the host/guest interactions.
'H and '3C ssNMR experiments were performed to investigate these interactions. The
interactions between the MOFs and the drug were studied by combining density functional
theory (DFT) calculations and 'H-'H double-quantum single-quantum (DQ-SQ) MAS
NMR experiments. To do so, different functionalized UiO-66(Zr) samples (-H, -NH,, -20H,
-Br) loaded with caffeine were used (Figure 5). Notably, they show that the functional
groups had little impact on the drug as no specific interaction between the caffeine and the
functional group was found on the NMR spectra [21].

Coming back to the example shown in the previous section (MIL-100(Al) coated
with cyclodextrin-phosphate and loaded with adenosine triphosphate (ATP), for which
no resolution was obtained on the 1D MAS NMR spectrum, one can notice a slightly
better resolution of the resonances on the 2D 'H-'H MAS NMR (Figure 6). In particular,
a correlation peak between the phosphate group of the drug and the proton of the MOF
linker is observed, confirming the incorporation of the drug in the pores of the MOF.
However, the overlap is still very strong, and it is difficult from this spectrum to extract
further unambiguous correlation patterns.
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Figure 5. (a) Schematic view of the tetrahedral (left) and octahedral (center) cages of the dehydrated UiO-66(Zr). Zirconium
polyhedra and carbon atoms are in orange and black, respectively. Hydrogen atoms are omitted for clarity. (b) 'H-'H
DQ-5Q MAS NMR experiments on different functionalized UiO-66(Zr) samples (-H (i), -NH; (ii), -20H (iii), -Br (iv)) loaded
with caffeine. The lines indicate the correlation between the protons of the linker of the MOF and the ones of the CHj3 group
of the caffeine [21].
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Figure 6. 2D 'H-'H spin diffusion NMR spectrum of CD-P coated ATP-loaded nanoMIL-100(Al).
The dash lines indicate the spatial proximity between a phosphate proton and a proton from the
linker of the MOF.
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5. TH-X NMR

An alternative solution to address the challenges of analyzing the structure DDSs is to
take advantage of the heteroatoms (i.e., non-hydrogen atoms) when they are present in the
drug or in the host. Hereafter, we illustrate applications of ' H-X ssNMR spectroscopy in
this context.

13C nucleus is the second most obvious nucleus to study by NMR, as most drugs
but also numerous DDSs contain carbon atoms, either in the grafted molecules or in the
host structure itself (e.g., organic DDSs, MOFs, or functionalized porous silica). Solid
dispersions can be analyzed by '3C ssNMR to probe the association between amorphous
drug and polymers through differences in NMR spectra that are not visible in the PXRD
pattern [22,23] or to provide a direct way to probe drug—carrier interactions [24-26] and
analyze the polymorphic forms of drugs [27], or to distinguish between the free and bound
steroid drug in a DDS [28]. For example, in solid dispersions formed by o-, 3-, and y-
CD in polyethylene glycol (PEG) 6000 g/mol with or without the addition of 5% w/w
indomethacin (IM), the 3C cross-polarization under MAS (CPMAS) NMR spectra of the o-
and (-CD solid dispersions gave spectra that were essentially superpositions of the spectra
of the pure components of the system. On the contrary, for the y-CD based dispersion,
the spectral resolution was somewhat better, and therefore, several chemical shift data
for C-1, C-4, and C-6 of the CDs were obtained. They concluded from these data that an
inclusion complex might have been formed where the PEG molecules or their hydroxyl end
groups interact with the CD cavity, chasing the bound water molecules from the cavities
and changing the chemical shift in a way similar to that obtained when water was present.
In the PEG/IM, PEG/ x-CD/IM, and PEG/3-CD/IM samples as in pure IM spectra, these
two peaks are of the same magnitude, while the C-10 peak has almost disappeared in
the y-CD dispersion (PEG/vy-CD/IM). For y-CD, C-1 and C-4 signals showed a shift of
1-4 ppm downfield, while C-2,3,5 signals showed a shift of 1 ppm in the opposite direction
compared to pure y-CD. The C-6 carbon located at the exterior of the torus also showed a
shift of 2 ppm upfield. These results indicate that IM may interact with y-CD not only at
the interior of the cavity but could also affect, directly or indirectly, the hydrogen bonds at
the top of the torus where C-6 is located [29].

The surface of MCM-41 was modified with silane or other organic or amino groups [14-17]
with the aim to better control the drug release. Azais et al. [30] reported a study on ibuprofen
(Ibu), loaded in MCM-41 with pore size ranging from 35 to 116 A (Figure 7a). Using 'H, 13C,
and 2°Si ssNMR experiments recorded at room or low temperature (—50 °C), the authors
clearly showed the local interactions between the drug and the MCM-41 host, which they
could further relate to the drug release profile. Figure 7b displays the '*C CPMAS NMR
spectra of Ibu-116 (Ibu loaded in MCM-41 with pore size of 116 A) and Ibu-35 (Ibu loaded
in MCM-41 with pore size of 35 A) recorded at —50 °C. The two spectra are very distinct;
in particular, if the spectrum of Ibu-116 is close to the one of the crystalline Ibu, the one of
Tbu-35 presents broader peaks. The pores with diameters of 116 A are large enough to allow
the nucleation of Ibu crystallites. In contrast, in narrow pores (35 A), a vitrification process
occurs as demonstrated in the '3C NMR spectrum (Figure 7b), in which the quaternary
carbons are now clearly detected [30].

[3-IM was loaded in the cavities of both MIL-101(Al)-NH; and a mesoporous silica SBA-
15 (Figure 8a). Detailed inspection of the 'H-13C CPMAS NMR spectrum of MIL-101(Al)-
NH,/IM (Figure 8b) leads to two interesting observations. First, unlike the spectrum
of SBA-15/1IM, the spectrum of MIL-101(Al)-NH,/IM clearly confirms the presence of
tetrahydrofuran (THF) within the pores. Second, the carboxylic carbon peak at 173 ppm
(named L2, L3 in the spectrum) narrows substantially. This suggests that the metal-organic
framework undergoes structural ordering when it is filled with IM molecules [31].
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Figure 7. (a) Adsorption of a molecule of ibuprofen within the MCM-41 channels by electrostatic interactions; (b) 13C
CPMAS NMR spectra of Ibu-116 and Ibu-35 [30]. The stars indicate the presence of spinning sidebands. (Reprinted with
permission from T. Azais, C. Tourné-Péteilh, F. Aussenac, N. Baccile, C. Coelho, J.-M. Devoisselle, F. Babonneau, Chem.
Mater. 2006, 18, 6382. Copyright © 2006, American Chemical Society).

(i)

IMC beta

‘/\A‘J SBA-15/IMC
Mﬁ MIL-101(Al)-NH,/IMC

Lyl
23 L,

grergerey T T [ B’ | T T T b |
200 180 160 140 120 100 80 60 40 20 O
chemical shift / ppm

(i)
MIL-101(Al)-NH, + SBA-15/IMC
MIL-101(Al)-NH,/IMC

| oo
_M‘ ‘ A
I T T T T T T T T T 1

200 180 160 140 120 100 80 60 40 20 O
chemical shift / ppm

(a) (b)

Figure 8. (a) Structure of MIL-101 viewed along the (101) direction. (b) (i) 'H—'3C CPMAS NMR
spectra of bulk crystalline 3- IMC, SBA-15/IMC, loaded and empty MIL-101(Al)-NH,. Peak labels
correspond to selected carbon atoms within the IMC molecule (I1—-16), THF molecule (T1, T2), and

BDC-NHj linker (L1—-L3). Vertical dotted lines enable an easier comparison of signal positions. (ii)
Comparison of the TH-13C CPMAS NMR spectrum of MIL-101(Al)-NH;, /IMC with the sum of the
spectra of SBA-15/IMC and MIL-101(Al)-NH,. Arrows indicate details where the differences are the
most pronounced [31]. (Reprinted with permission from T. Cendak, E. Zunkovi¢, T. Ukmar Godec, M.
Mazaj, N. Zabukovec Logar, G. Malj, J. Phys. Chem. C 2014, 118, 6140. Copyright © 2014, American
Chemical Society).
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Another interesting nucleus is 'F, as about 25% of APIs present on the market contain
a fluorine atom in their structure [32]. With a sensitivity close to that of proton, 1F is highly
attractive from an NMR point of view. It is usually present in little quantity in the API
(often less than two or three fluorine groups), leading to ’F MAS NMR spectra with a
limited number of resonances. Furthermore, the chemical shift dispersion (but also the
chemical shift anisotropy) is much larger than that of proton, leading to less signal overlap.
It can provide information also on the molecular orientation inside a DDS [33].

Pham et al. [22] performed 'H-F CP-HETCOR and Lee-Goldburg (LG) CP-HETCOR
experiments (Figure 9) on acetaminophen amorphous dispersions in poly(vinyl pyrroli-
done) (PVP) to confirm the formation of an amorphous glass solution. Note that to perform
this type of experiment, a particular HFX triple resonance probe design is required [34].
Correlations are observed between the fluorine signal and both the types of protons (aro-
matic and aliphatic). The aliphatic ones can only be associated with the polymer. Increasing
the contact time (2 ms), the correlation increases as expected from spin diffusion. To confirm
spin diffusion effects, the authors performed LGCP-HETCOR experiments, which greatly
reduces spin diffusion during the 'H spin lock period (Figure 9b). As shown by the relative
intensity of the correlations, the build-up of spin diffusion is eliminated; the remaining
correlation between the fluorine signals and aliphatic protons can then be assigned to a
direct through-space dipolar interaction.
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Figure 9. (a) 1H-1F CP-HETCOR spectra of a 30% w/w amorphous dispersion of diflunisal (VI) in
PVP; (b) 1H-1PF LGCP-HETCOR spectra obtained under the same conditions, except with the use of
LGCP to suppress spin diffusion. The difference in relative correlation intensity with a 2.0 ms contact
time between the two CP methods highlights the magnitude of the spin diffusion effects between VI
and PVP in the dispersion. The F2 projections are the ’F CP-MAS spectrum recorded at 15 kHz), and
the F1 projections are the 'H MAS spectrum recorded at 35 kHz) [22]. (Reprinted with permission
from T. N. Pham, S. A. Watson, A. J. Edwards, M. Chavda, J. S. Clawson, M. Strohmeier, F. G. Vogt,
Mol. Pharm. 2010, 7, 1667. Copyright © 2010, American Chemical Society).
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On a complex made by diflunisal and 3-CD (Figure 10a), a 2D 'H-'F CP-HETCOR
spectrum was performed to verify the incorporation of the drug in the cavities (Figure 10b).
In the spectrum, the two components representing the included and free diflunisal can
be clearly distinguished. A strong correlation arises between the aliphatic 3-CD protons
(3.5 ppm) and the more deshielded fluorine position at approximately —111 ppm. Within
the included diflunisal, the expected correlation between aromatic proton positions and
fluorine positions is more difficult to observe in the 2D contour plot because of a combina-
tion of the low concentration of this component and the loss of signal from spin diffusion
to aliphatic 3-CD protons. However, the presence of this expected correlation is evidenced
by a deshielded shoulder between —105 and —110 ppm in the 1D row extraction shown
for the free component [35].

:'O««Aﬁwb‘;n-b'_
'H chemical shift (ppm from TMS)

-

100 105 -110 -115 -120 -125
'®F chemical shift (ppm from CFCl,)
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Figure 10. (a) Structure of diflunisal and 3-CD complex; (b) 'H—19F CPHETCOR spectrum showing
a mixture of bound and unbound diflunisal. In the F2 axis dimension is plotted the 'F CP-MAS
spectrum (at 14 kHz), and the IH MAS spectrum (at 35 kHz) is plotted along the F1 axis dimension.
Extracted rows are shown [35]. (Reprinted with permission from F. G. Vogt, M. Strohmeier, Mol.
Pharm. 2012, 9, 3357. Copyright © 2012, American Chemical Society).

9F nucleus was also used as a spy to get insights into the interactions of a drug
(lansoprazole, LPZ, which contains a single CF3 group) loaded in a CD-based MOF, namely
v-CD-MOF. 'H-"F-13C double CP experiments provided the selection of the carbon atoms
in the proximity of the fluorine atom. The resulting '3C NMR spectrum is compared to the
IH-13C CP NMR spectrum, in which all 1*C atoms are present (since both the drug and the
CD have protons to transfer magnetization to the carbon atoms); the spectra are normalized
to the CD peak at 73 ppm. In the F-13C CPMAS, one can notice higher intensity, as
expected, as these are the closest C atoms to the °F nuclei. There is also a significant signal
for the 13C nuclei of the CD, indicating its close spatial proximity to the drug. Among the
13C of the CD, the one labeled C6 (which corresponds to the CH,OH) has higher intensity
than the other CD carbons. This indicates that the CF3 group is in close contact to the
CH,OH; hence, it is located outside the CD. In combination with DFT simulation, the data
indicated the formation of a 2:1 y-CD:lansoprazole complex [36].

9F nucleus was also used to try to distinguish between outer and inner surface inter-
actions. This investigation was made on MIL-100(Al) nanoparticles, which were selected
because they are the diamagnetic analogues of MIL-100(Fe). The nanoMIL-100(Al) was
impregnated with two different F-labeled lipid conjugates: methyl perfluorooctanoate
(FO), which is supposedly small enough to enter in the pores of the MOF, and 1-palmitoyl-
2-(16-fluoropalmitoyl)-sn-glycero-3-phosphocholine (FP), which is supposedly too large
to enter in the pores of the MOF (Figure 11a,b). 'H-1F CPMAS 2D correlation experi-
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ments were performed on the two fluorinated-lipid nanoMIL-100(Al) materials to provide
unambiguous localization of the F-lipids inside and outside the MOF. Figure 12a shows
the 1F-'H 2D NMR spectrum of FO@nanoMIL-100(Al). One can see correlation peaks of
strong intensity between all fluorine atoms of the lipid and the trimesate protons. This
unambiguously confirms the presence of the FO lipids in the bulk of the particles, i.e., in the
pores of the MOF. In the F-'H 2D NMR spectrum of FP@nanoMIL-100(Al) (Figure 12b),
cross-peaks of strong intensity are observed between the CFH, group and its neighboring
CH; groups from the lipid. The cross-peak between the CFH, of the lipid and the proton
of the trimesate has very low intensity compared to the ones of the first sample, confirming
its localization on the surface of the particle, and not inside the pores. The fact that these
cross-peaks are observed shows that the F-Hyimesate distance is not very long, which in
turn could indicate that the FP is folded on the nanoparticle surface (Figure 11d) and does
not stand in a brush-like manner as was initially expected (Figure 11c) [37].

(a)

methyl perfluorooctanoate 1-palmitoyl-2-(16-fluoropalmitoyl)-sn-glycero-3-phosphocholine
(FO) (FP)

)oj\ MVV\WLO/X\O’E‘
CF3(CF2)sCF;~ "OCHg F P?\/\/\/\/\/\/\/\l(d H O I~
(b)

BTC linker

-0 0
”Yé\r“

MIL-100(Al)

Pore Windows

0 0O

nanoMIL-100(Al) FO@nanoMIL-100(Al) FP@nanoMIL-100(Al)

Figure 11. (a) Chemical structure of methyl perfluorooctanoate FO (middle) and 1-palmitoyl-2-(16-
fluoropalmitoyl)-sn-glycero-3-phosphocholine FP (right). (b): Structure of MIL-100 (Al) based on
the association of BTC linker and Al triclusters. The pore openings are shown on the right part. (c):
Schematic structure of nanoMIL-100(Al) (left) and hypothesized localization of FO (middle) and FP
(right) inside and outside the nanoMOFs, respectively. (d) Schematic structure of nanoMIL-100 (left)
and localization of FO (middle) and FP (right) inside and outside the nanoMOFs, respectively, as
deduced from the NMR data [37].
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Figure 12. F-'H 2D CPMAS NMR spectra of (a) FO@nanoMIL-100(Al) and (b) FP@nanoMIL-100(Al). The lines are
assigned. The red dash line indicates the spatial proximity between the 1°F resonances and the 'H of the MOF [37].

For mesoporous silicas, 2Si proves an interesting nucleus. It is quite useful to study the
influence of mesoporous structure on the uptake of the drug [38], on the interactions drug-
silica [39,40], on the drug delivery properties [41] and to study the different connectivity in
the silica network [42] and explore the proton chemical environments around the silica [43].

Zeolites are also potential drug carriers; a 'H-?Si HETCOR spectrum of a zeolite
beta-based drug formulation containing Ag and sulfadiazine (SD) gives details into the
incorporation of the drug within the zeolite matrix. The strong correlation peak detected
between the Si(OAl) sites and SD aromatic and NH protons evidences the localization of
the drug near the Q* structures. A second correlation peak with lower intensity, is observed
between the aromatic protons of SD and the signal, corresponding to [Si(1OH) + Si(1Al)]
sites, at 103 ppm [44].

Numerous drugs contain a phosphorous atom in the form of phosphonate, phosphi-
nate, or phosphate groups. 3'P NMR spectroscopy proves very sensitive to hydrogen
bonds [45]. MCM-41 containing phosphorous atoms (P-MCM-41) was used as bioactive
material. The 3'P MAS-NMR experiment (Figure 13) was performed to evaluate the amount
of phosphorous and its impact in the structure of the material. In the spectrum, two groups
of signals around 0 and -11 ppm are shown. Despite the low amount of phosphorus (<1%),
they could be assigned, according to phosphate units PO4 not bonded to silicon (called Qg
species) or bonded to one silicon atom (called Q; species) through one P-O-Si bond. The
relative intensities between both signals give a Qp/Q;m molar ratio = 1:2, which indicates
that at least 66% of the P atoms are bonded to the silica framework [46].

'P04

P-O-Si

20 0 -20 -40
31p dimension (ppm)

Figure 13. 3'P MAS-NMR spectrum of MCM-41 phosphate [46].
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6. X-Y NMR

If all the examples reported in the previous sections show the potential of the 'H
nucleus in the study of DDS, this nucleus still sometimes leads to such complicated NMR
spectra that it becomes difficult to extract information from them. In that case, although it
is more demanding, it might be interesting to use pairs of heteronuclei X-Y.

6.1. 27 Al-31p

These two nuclei happened to be present in Al-based MOFs loaded with phosphate
drugs, or which had a surface covered with phosphate molecules (Figure 14a). These MOF
carriers were selected because of the known affinity between aluminum and phosphorus
(e.g., as in aluminophosphates), which could lead to strongly anchored drug/covering
moieties. From an NMR point of view, the numerous methods have been developed for
this pair of nuclei, and the required triple resonance 'H-3'P-?” Al probes are nowadays
available in most labs [47].
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Figure 14. (a) Schematic representation of the highly porous MIL-100 (Al) nanoparticles loaded with ATP and then coated
with CD-P; (b) ¥ Al{31P} MAS D-HMQC NMR spectra of CD-P coated (i), ATP loaded (ii), and CD-P coated ATP loaded
nanoMIL100(Al) (iii). The top blue spectra are the full projections on the horizontal dimension for the surface sites, the
black spectra are the full projection for the interphase sites, while the red spectra are the MAS NMR spectra shown for

comparison [48].
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In the nanoMIL100(Al) coated with CD-P, the surface aluminum species of the nanopar-
ticles (NPs), i.e., those in interaction with the covering groups, could be detected by em-
ploying the through-space dipolar-based version of the solution-NMR experiments HMQC
(D-HMQC) and keeping the recoupling time short enough to ensure that only the Al in
very close proximity to the 3!P were selected. The 2D %’ Al-3'P MAS NMR spectrum of
a CD-P-coated nanoMIL-100(Al) (Figure 14b(i)) showed a ? Al NMR signal at —5 ppm,
i.e., at a chemical shift that is close to the one observed in aluminophosphate species. This
indicated the formation of an Al-O-P bond between the Al surface sites of the nanoMOF
and the terminal phosphate groups of the CD-P, which very likely replace a water molecule.
The same experiment was made for the ATP loaded nanoMIL-100 (Al) (Figure 14b(ii)).
A six-fold coordinated %’ Al resonance around —7 ppm was identified and suggested a
close proximity (formation of an Al-O-P chemical bond) between Al species of the MOF
framework and the terminal phosphate of the drug. This % Al resonance is the signature
of the grafted aluminum sites inside the pores of the MOF. Finally, the similarity of the
spectra of ATP loaded nanoMIL-100(Al) and the target CD-P coated nanoMIL-100(Al)
loaded with ATP (Figure 14b(iii)) clearly confirms that the CD-P coating on the external
surface of the ATP loaded nanoMOF did not affect the AI-O-ATP bond formed inside the
MOF cavities [48]. These experiments confirmed the assumption of strong affinity between
aluminum and phosphorus species.

6.2. 27 AI-13C

13C-27 A1 2D MAS NMR experiments were performed to study drug carrier interactions
and obtain information about the localization of the drug [49]. Oligomers based on CD
cross-linked with citric acid (CD-CO) were shown to interact strongly with the anticancer
drug, Doxorubicin (DOX) [50,51]. DOX was also shown to enter in the pores of nanoMIL-
100 (Al) [46]. Therefore, this CD-CO water soluble oligomer was considered as a versatile
coating to promote DOX incorporation and control its release. To study the interactions
taking place in this system and have selectivity between the bulk and the surface, the
coating was synthesized using a '3C label citric acid (1,5-13C; citric acid). The obtained
CD-13CO oligomer was used to cover the surface of the nanoMIL-100(Al) after loading of
DOX drug in the pores (Figure 15) [49]. To understand the interaction between the CD-CO
coating and the MOF nanoparticles, 2D 13C-?” Al MAS correlation NMR experiments were
performed (Figure 16), showing the spatial proximity between carbon and aluminum
atoms. On the 2D NMR spectrum of CD-'3CO@nanoMIL-100(Al) (Figure 16b), correlation
peaks of strong intensity were observed between the COO of the citric acid (**C resonance
at 180 ppm) and the surface Al sites, confirming that the CD-CO oligomer has high affinity
with the NP surface. Note that the '3C resonance at 175 ppm contains both the carboxylic
group of the trimesate linker of the MOF (not labeled but present in large quantity) and
the COO-CD of the CD-13CO coating. The same experiment was performed on the DOX
loaded CD-13CO@nanoMII-100(Al) (Figure 16¢) and shows that the coating is still in strong
interaction with the NP surface. One can notice a change of the relative intensity between
the two carbon resonances. This indicates that in addition to going in the pores of the MOF,
the DOX molecules also interact significantly with the CD-CO coating. Notably, since the
intensity of 13C resonance at 180 ppm has decreased, it very likely indicates that part of
the 13COO-Al bonds formed between the citric acid moieties and the surface Al sites have
been broken, probably in favor of the interaction of the citric acid with the DOX drug.
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Figure 15. (a) Synthesis of yCD-!3citrate polymers (CD-!3CO); (b) Schematic representation of the highly porous MIL-100(Al)
nanoparticles loaded with DOX and then coated with CD-13CO [48].
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Figure 16. 2D 13C-? Al D-HMQC 2D of (b) CD-'*CO@nanoMIL-100(Al) and (c) DOX loaded CD-'3CO@nanoMIL-100(Al).
The spectrum recorded on pure (a) nanoMIL-100(Al) is shown for comparison [49].

7. Conclusions

In this review, we have illustrated different approaches used during the years to
analyze the supramolecular structures of DDS by ssNMR spectroscopy. This technique
proves very useful to study the confinement of the drug in the nanoparticulate system,
its interaction with the host matrix, and its release. Moreover, ssNMR spectroscopy gave
invaluable information on the location of the shell, possible penetration inside the nanopar-
ticles” pores, and its interaction with the core. The easiest and most analyzed nucleus is 'H,
but sometimes, the systems are so complex that the 'H 1D NMR spectra result in a broad
signal without any information available. Several strategies can be adopted in that case.
The first one is to perform 'H-'H 2D NMR experiments, increasing the resolution and hav-
ing more information thanks to the non-direct dimension. As an alternative, heteronuclei
(X) NMR, such as 13C, 2%Si, 27 Al, 3P, and 1°F present on the drug or the delivery system can
be used in conjunction with proton NMR in 'H-X NMR experiments. Finally, when proton
NMR is not informative at all, NMR of pairs of heteronuclei X-Y can be used. With this
complete set of NMR tools and methods, the supramolecular structures of a large variety
of DDSs, as illustrated in this review, have been studied. This deep characterization step is
essential to guide the design of more performant DDSs. Although not shown here, ssNMR,
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in complement with solution state NMR, can also be used to study both the degradation of
the particles and drug release.
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Abstract: Hydrophilic matrix tablets with controlled drug release have been used extensively as one
of the most successful oral drug delivery systems for optimizing therapeutic efficacy. In this work,
magnetic resonance imaging (MRI) is used to study the influence of various pHs and mechanical
stresses caused by medium flow (at rest, 80, or 150 mL/min) on swelling and on pentoxifylline release
from xanthan (Xan) tablets. Moreover, a bimodal MRI system with simultaneous release testing
enables measurements of hydrogel thickness and drug release, both under the same experimental
conditions and at the same time. The results show that in water, the hydrogel structure is weaker and
less resistant to erosion than the Xan structure in the acid medium. Different hydrogel structures
affect drug release with erosion controlled release in water and diffusion controlled release in the
acid medium. Mechanical stress simulating gastrointestinal contraction has no effect on the hard
hydrogel in the acid medium where the release is independent of the tested stress, while it affects the
release from the weak hydrogel in water with faster release under high stress. Our findings suggest
that simultaneous MR imaging and drug release from matrix tablets together provide a valuable
prognostic tool for prolonged drug delivery design.

Keywords: hydrophilic matrix tablets; magnetic resonance; hydrogel; drug release; biorelevant
dynamic conditions

1. Introduction

Matrix tablets are considered as a dosage form that may maximize the bioavailability of drugs and
enable good adjustment of the doses, patient friendly administration, and relatively low manufacturing
cost and are, therefore, attractive delivery systems, which are not fully understood yet. The principal
objective of dosage form design is to achieve a predictable release and therapeutic response of a drug
included in a formulation that is capable of large-scale manufacture with reproducible product quality.
The goal of drug administration is to achieve and maintain a plasma drug concentration within the
therapeutic window. With conventional oral drug delivery systems, the drug level in the plasma rises
after each administration of the tablet and then decreases until the next administration; therefore,
frequent dosing is required. However, drug delivery is not easily controlled. In order to avoid the
“peaks and valleys” of standard dosage forms, innovative drug delivery systems have been formulated
by testing a wide array of hydrophilic polymers and production strategies to prolong drug release and
for safe and efficient use. Additionally, matrix tablets with prolonged release are well accepted by
patients due to their reduced frequency of administration.

Although the sustained release system was first described in 1952, intensive development is still
taking place in this field [1]. Among different types of prolonged drug delivery systems, the most
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used ones are hydrophilic matrix tablets that are formulated by using a hydrophilic polymer as a
material that directs the release kinetics. Basically, these tablets are composed of two major components,
a polymer matrix carrier that swells upon exposure to the solvent or physiological environment and
the embedded drug molecules that are gradually released [2]. Among hydrophilic polymers, non-ionic
polymers of semi-synthetic origin such as hydrophilic derivatives of cellulose ethers [3-5] and high
molecular weight polyethylene oxides (PEOs) [6] have been extensively studied. Polymers of a natural
origin, such as agar—agar, alginate, carrageenan, or xanthan (Xan), are becoming more important in
the development of matrix tablets [7,8]. Xan is a well-known and already widely used biopolymer
produced by the bacterium Xanthomonas campestris biotechnologically [9]. It is a polysaccharide
consisting of a cellulose backbone and trisaccharide side chains containing glucuronic acids and a
pyruvate group, which are mainly responsible for its anionic polyelectrolyte character. The native
ordered and rigid conformation of Xan chains has been reported to exist as a double-stranded helix [10].
In water, the rigid helix-coil structure transforms into the flexible coils, whose stability and physical
properties are strongly influenced by the pH and the ionic environment [7,11].

To achieve the optimal performance of the hydrophilic matrix tablets, knowledge of the
physicochemical, technological, and physiological parameters that influence the release kinetics
is essential for their design [1,12]. One of the key factors for drug release kinetics are the hydrogel
properties governed by the hydration of the matrix, mainly defined at the microscopic level by the
pore size (i.e., mean linear distance between crossed polymer chains) and their distribution, which are
determined by the polymer chain dynamics. These also define the hydrogel swelling kinetics and
structure, thus the diffusion of drug through the hydrogel layer [13]. In addition to the hydrodynamic
ratio of the drug volume and pore size in the hydrogel, the amount of free water in the network is also
responsible for drug diffusion, since the drug has to dissolve before it can diffuse through the hydrogel.
Therefore, detailed studies of the amount of free medium within hydrophilic network systems available
for drug dissolution are essential to optimize and predict the release kinetics. Methods available for
studying the type of water (free water among polymeric chains and water bound to the hydrophilic
groups of the polymer) are differential dynamic calorimetry, nuclear magnetic resonance, and Fourier
transform infrared spectroscopy [14-17]. To follow the swelling and the thickness of the hydrogel layers,
which also determine drug release, methods such as rheology, gravimetric methods, texture analyzer,
optical imaging, ultrasound, microcomputed tomography (micro CT), or magnetic resonance imaging
(MRI) are used [4,5,16,18-28]. While the light-based techniques provide high spatial resolution and
also enable the spectroscopic characterization of superficial layers of the tablet that are limited by the
light penetration depth, MRI enables non-invasive tomographic characterization of the entire hydrogel
structure, however with a comparatively larger voxel size. Therefore, experimental studies of tablet
swelling that employ various complementary techniques to cover different spatio-temporal scales are
commonly combined with a number of different mathematical modelling approaches [29-32]. On the
other hand, also biorelevant conditions may not be neglected.

Drug formulations administered orally pass through a series of gastrointestinal (GI) compartments
with varied contraction forces [33]. It is reasonable to know if the gastrointestinal contraction forces
affecthydrogel structure and drug release during Gl transit [34]. Anapproach to distinguish between the
role of hydrodynamics and mechanical stresses similar to the contraction forces of the GI tract on drug
release from modified release dosage forms was presented by Takieddin’s group [35]. Measuring the
effects of these forces in an in vitro setting paves the way for future improvements to drug delivery
systems and methods that are more representative of in vivo conditions.

In this work, magnetic resonance imaging (MRI) is used to study hydrogel thickness and drug
release from matrix tablets composed of Xan polymer and a non-ionic, highly water soluble drug,
pentoxifylline (PF). More precisely, the swelling dynamics of the Xan matrix tablets during hydration
and PF release influenced by pH, ionic strength, and mechanical stress caused by medium flow
(without flow and with 80 or 150 mL/min flow) are analyzed. To follow the swelling and release
under the same experimental conditions and simultaneously, an MRI flow-through system is designed.
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For these two media differing in pH and ionic strength, the values where the largest differences in Xan
swelling and drug release kinetics have been observed in previous studies [18,22] are used: pure water
(i.e., with pH 5.7 and ionic strength of 0 M) and an acid medium (i.e., HCl with pH 1.2 and ionic
strength of 0.28 M). To show the whole picture of the effectiveness of MR methods in the research on
hydrophilic matrix tablets, the results of this study are combined with our previous MR studies of Xan
tablets [18,22,36].

2. Hydrophilic Matrix Tablets

In their simplest form, hydrophilic matrix tablets are prepared by the compression of a powdered
mixture of the drug, a hydrophilic polymer, and other excipients [37]. They do not decompose in
contact with body fluids (medium), but a hydrated polymer layer is formed on the surface, which slows
the further penetration of the medium and controls the release of the drug. During slow tablet swelling,
water diffuses into the tablet, where it is locally taken up by the dry polymer matrix. The medium uptake
results in a medium-mediated glassy-to-rubbery phase transition of the polymer matrix. The transition
is microscopically manifested by disentangling of individual polymer chains and their cross-linking
via medium-mediated intermolecular bridges, while macroscopically, the process is associated with
the formation of a hydrogel layer around the tablet core in the glassy state that represents the drug
reservoir [38]. The hydrogel layer slows down the penetration of the medium into the tablet and thus
the dissolution and diffusion of the drug from the tablet. On the surface of the matrix, the polymer
chains disentangle, erode and pass into the surrounding medium.

The tablet swelling is associated with the formation of four characteristic fronts established in the
tablet’s interior during its exposure to the medium [39]. These fronts are: the penetration front that is
determined with the maximal reach of the diffusing medium into the tablet interior, i.e., the border
between dry and hydrated polymer that is still in a glassy state; the swelling front at the interface
between the hydrated glassy polymer and the polymer in a rubbery state (polymer that has taken up a
sufficient amount of medium to lower the glass transition temperature Tg below the experimental
temperature); the diffusion front at the interface between undissolved and dissolved drug in the
hydrogel layer and the erosion front that contains completely swollen polymer matrix layers in a
rubbery state and is in a contact with the bulk medium (Figure 1). As the tablet, immersed in the
medium, is subjected to a time-dependent ingress of water molecules into its interior, the positions of
these four fronts also become time dependent and determine the efficacy of a controlled drug release.
Initially, when the swelling process predominates, the penetration and swelling fronts move toward
the center of the tablet and the diffusion and erosion fronts outward. When the concentration of the
medium exceeds the critical value, the polymer chains on the hydrogel surface begin to disentangle,
and the diffusion and erosion fronts gradually move towards the center of the tablet until the entire
tablet disintegrates.

Drug release from polymer matrix tablets is a very complex process determined by different factors,
such as hydrogel layer properties and thickness, polymer-medium and polymer-drug interaction,
drug solubility, etc. These factors result in different drug release mechanisms from the hydrophilic
matrix tablets [40], such as swelling and erosion controlled release of the drug [1]. In swelling controlled
systems, the drug diffuses through the hydrogel layer, while in the erosion controlled systems, the pores
in the hydrogel layer are too small to enable drug diffusion. Often, however, the processes of diffusion
and erosion occur simultaneously [25].
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Figure 1. Schematic representation of swelling and drug release from the hydrophilic matrix tablets

with different layers and fronts.

3. Results

The MRI studies using flow-through cells showed some different characteristics of swelling under
mechanical stress than in conditions without it. The water profiles in the tablet (polymer matrix) as
a function of position and swelling time were obtained through the magnitude of the MRI signal.
The signal intensity of 2D MRI depends on the physical state of water in the sample and the chosen
experimental conditions. Therefore, it varied through the sample (Figure 2a, upper row). In the MR
image, the dry tablet core was black (zero signal), since there was only a small amount of water, and T,
was too short to give any MRI signal. As the amount of water increased in the hydrogel layer, the signal
intensity first increased (from dark grey to white) and, at very high water content, decreased again
(from white to grey) due to the long T7 and short repetition time used in the MRI sequence. Therefore,
the brightness of the hydrogel was dependent on the Xan concentration. The signal intensity in the
region of pure medium was grey under no flow conditions. The medium flow during MR signal
acquisition caused the motional artefacts in the area where only the medium was present (Figure 2a,
second and third rows: black regions above the grey hydrogel layer). On the other hand, no artefacts
were observed in the hydrogel region. In order to confirm that the MRI signal in the hydrogel region was
not affected by the flow, two consecutive images were compared, first without flow and immediately
after with the flow. The same hydrogel thicknesses were determined from both images with and
without the flow. At the end of the experiment at 150 mL/min flow, it was stopped, and another image
without flow was acquired. In water, the MR signal intensity was uniform through the whole sample
indicating that after 24 h, no hydrogel layer existed anymore, and disentangled polymer chains were
uniformly distributed over the whole cell. The situation was different in acid medium where, after 24 h,
the signal intensity still varied through the sample, showing that the hydrogel layer still existed even
after 24 h, despite the strong flow.

Moving front positions and the hydrogel thicknesses for Xan tablets swelling in water and in the
acid medium at no-flow and at flow rates of 80 mL/min and 150 mL/min were determined from 1D
single point imaging (SPI), T, values, and 2D images and are shown in Figure 2b. The results show
that the thickness of the hydrated hydrogel layers was influenced by the type of medium, flow rate,
and swelling time. The hydrated hydrogel layer in water was 1.5 times thicker than in the acid
medium. Within the same medium, the flow rate of 80 mL/min did not affect the hydrogel thickness.
The situation was different in water at 150 mL/min, where the hydrogel was significantly thinner,
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and the tablet fully disintegrated at 15 h of swelling. On the other hand, the hydrogel thicknesses were
the same for all tested mechanical stresses in the acid medium (Figure 2b).

The drug release profiles at different swelling times were obtained by medium withdrawal during
the MRI measurements. Drug release kinetics at both flow rates were compared for Xan tablets swelling
in both media (Figure 2b). In water, drug release was significantly faster at higher flow, while the same
drug release kinetics were observed at both flow rates in the acid medium. The results of drug release
kinetics were compared with Equation (1), and the results of the fitting obtained for each medium are
shown in Table 1. In water, the value of the exponent n > 1 indicates that drug release was controlled
by polymer erosion, and the kinetic constant k was higher at a higher flow rate where drug release was
faster. The exponent n = 0.6 in the acid medium indicates that drug diffusion through the hydrogel
layer was the prevailing mechanism for drug release in the acid medium.

H,O (p = 0M) HCIpH 1.2 (= 0.28 M)

Min

12k 24 h 24 h 12h 24h 24 h
without flow without flow
(b)

[ Mo woipHiz]

no flaw 0= 0=
= yelemre e e
> 50 mimin } 10 =
£ o® t./‘aﬂ!B" -
2 g 98 ®
@ °
= - 06
=2 %
= € 04
@ 2
g & 02
S
T 0.0

0 5 10 15 20 25
t(h)

Figure 2. (a) 2D MR images of xanthan tablets during swelling at different flow rates in water and
in the acid medium and (b) corresponding hydrogel layer thicknesses and fractions of the released
pentoxifylline drug at different swelling times and mechanical stresses.

Table 1. Values of the fitting parameters determined from drug release data measured at two different
flow rates and fit by Equation (1) in water and in the acid medium.

H,O (u=0M) HCl pH1.2 (u = 0.28 M)
Flow Rate k(h™) n k(h™) n
80 mL/min 0.012 1 0.055 0.6
150 mL/min 0.025 1.2 0.048 0.6

Thus, the results indicate that the mechanical stress of the medium flow up to 150 mL/min
reduced hydrogel thickness in water and had no effect on the hydrogel thickness in the acid medium,
which represents the formation of a remarkably stronger hydrogel in the acid medium. The results
agree with the drug release studies, which showed that the release of highly soluble PF drug was
significantly increased at higher mechanical forces in water (the rate constant k increased from 0.012 h~!
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at 80 mL/min to 0.025 h™1?2 at a flow rate of 150 mL/min) where the main release mechanism was
polymer erosion, owing to the weaker hydrogel layer being more susceptible to mechanical forces.
In the acid medium, where the main release mechanism was drug diffusion through the hydrogel,
the effect of the mechanical stress on the rate constant was negligible.

4. Discussion

7

MR provides information about the hydrogel properties and enables following the moving fronts
(penetration, swelling, and erosion fronts) positions and the hydrogel’s properties in situ. The spin-spin
(T7) and spin-lattice (T1) relaxation times measured at the Larmor frequency in the MHz range together
with the measurements of the frequency dependent T; in the kHz range using the fast field-cycling
NMR relaxometry technique provide information about the molecular dynamics over a very wide
frequency range. The ability to measure dynamics over a wide frequency range is very important in
hydrogels where the molecular dynamics are particularly complicated and can range from the very
fast free water dynamics, to slower bound water dynamics, as well as different types of polymer-chain
dynamics (fast fluctuations of side groups, different types of backbone motions). The information
about medium and polymer dynamics is important for the design of matrix tablets with the desired
drug release kinetics since the dynamics determine the diffusion pathways for the drug in the hydrogel
layer. By using the MR imaging techniques, the positions of the moving fronts and the hydrogel
layer thickness together with polymer concentration profiles across the hydrogel layer during the
swelling of the polymer tablets can be determined. MRI experiments using a flow through cell enable
simultaneous measurements of the swelling and drug release kinetics, as well as determining the effect
of mechanical stress caused by the flow on the hydrogel layer behavior. To better understand the
hydrogel impact on drug release, a mathematical model that combines the polymer swelling kinetics
and drug release can be applied.

The ability of MR in the research of hydrophilic matrix tablets and the information that the method
can provide are shown in the case of xanthan matrix tablets (Figure 3). Different MR modalities were
used to determine and understand the behavior of Xan tablets in media differing in pH and ionic
strengths. Besides, the influence of the addition of the highly soluble model drug pentoxifylline on
the hydrogel properties was also investigated (Figure 3). Xan is a natural polymer widely used in
pharmacy. Due to its polyelectrolyte nature with a pKa of 3.1, its swelling depends on the pH and
ionic strength of the medium. In our previous studies, six media that mimic gastric conditions were
used [18,22]. It has been shown that the largest differences in Xan swelling and drug release are between
a medium with pH 1.2 and pH 3.0; between pH 3.0 and water with pH 5.7, the differences are extremely
small. No differences were observed between water and the medium with pH 7.4, so this medium
was not included in further investigation with Xan. Therefore, the results of Xan where the largest
differences were observed, HCl medium with pH 1.2 and ionic strength u = 0.28 M and purified water
with pH 5.7 and p = 0 M, will be discussed. By measuring the spin-spin and spin-lattice relaxation
times of hydrogels with a known Xan concentration, we found that the high frequency dynamics
(measured by T at 100 MHz) were the same in both media, while the dynamics at low frequencies
depended on the medium properties [18,36]. The effect of medium pH and ionic strength resulted in
slower medium and polymer-chain dynamics with a higher amount of free water available for drug
dissolution in the hydrogels prepared with the acid medium than in the hydrogels prepared with water.
No impact on the dynamics was observed after the addition of the PF drug in Xan hydrogels with
a Xan to PF ratio of 1:1. To determine how the medium properties affect the swelling kinetics of the
Xan tablets, MR imaging was used. By knowing how the NMR relaxations change with the polymer
concentrations (concentration dependencies of T and T, measured at 100 MHz), the MR imaging
parameters (TE and TR), which provide the best contrast between the bulk medium, hydrogel, and dry
tablet, can be determined. In addition, the polymer concentration profiles across the formed hydrogel
can also be calculated for different swelling times. MRI showed that the pH and ionic strength of
the media significantly influenced hydrogel layer thickness, i.e., by decreasing the pH or increasing
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the ionic strength of the medium, the hydrogel layer thickness decreased. Different hydrogel layer
thicknesses were the result of different erosion front positions, while the positions of the penetration
and swelling fronts were independent of the medium properties [18,22]. These can also be seen
from the concentration profiles where the concentration of Xan in the acid medium decreased much
faster at low polymer concentrations than in water (Figure 3). The influence of the mechanical stress
on the hydrogel layer formation showed that the hydrogel layer was weaker in water, where the
hydrogel layer was significantly thinner at a high flow rate, and the tablet disintegrated after 15 h
(e.g., the hydrogel thickness was 7.4 mm at 80 mL/min and 5.3 mm at a 150 mL/min flow rate after 5 h
and 10.7 mm at 80 mL/min and 6 mm at a 150 mL/min flow rate after 10 h of swelling), than in the
acid medium where the flow up to 150 mL/min did not affect the hydrogel layer (e.g., the hydrogel
thickness was 3.4 mm after 5 h and 4.4 mm after 10 h of swelling for both flow rates). The addition of
PF drug in the Xan tablets showed that at a high drug amount (Xan:PF = 1:1), the hydrogel layer was
thinner in media with a low pH or increased ionic strength than in the empty Xan tablets with no PF
influence observed in water [22].

By using a mathematical model, which combines the polymer swelling kinetics and drug release
that account for the superposition of Fickian diffusion and polymer erosion processes, the results of
Xan swelling and the PF release kinetics can be better understood [22]. The obtained model parameters
showed that in water, the fraction of dissolved drug was lower, and the main release mechanism was
erosion; whereas in the acid medium, the amount of medium in the tablet that was available for PF
dissolution was higher, and the main mechanism was drug diffusion. The parameters also clarify the
reason for the unexpected behavior; i.e., the same hydrogel thickness and slightly faster drug release
in water, on the one hand, and the thinner hydrogel and the same drug release kinetics in the acid
medium for high (Xan:PF = 1:1) compared to low (Xan:PF = 3:1) drug loading, on the other hand.
In water, more medium was available for drug dissolution and, consequently, for drug release in tablets
with high drug loading, causing faster drug release despite the same hydrogel layer thickness. In acid
medium, the smaller diffusion contribution led to a thinner hydrogel in the tablets with high drug
loading; despite the slower drug diffusion, drug release was the same for both drug loadings owing to
the higher amount of dissolved drug and the thinner hydrogel layer in tablets with high drug loading
compared to the tablets with low drug loading.

Different MR measurements thus showed that more restricted mobility in the acid medium
resulted in a thinner hydrogel layer, which was more resistant to erosion, with the drug release mainly
governed by drug diffusion through the hydrogel layer. In water, the higher water and polymer-chain
mobility resulted in a weaker and homogeneous hydrogel layer that was less resistant to erosion,
leading to erosion controlled drug release. At low mechanical stress, the release was faster in the case
of the diffusion controlled mechanism (acid medium) than in the erosion mechanism (water): at an
80 mL/min flow rate, the fraction of released drug was 0.06 in water and 0.11 in the acid medium
after 4 h and 0.13 in water and 0.16 in the acid medium after 8 h of swelling. At longer times when
the hydrogel was more diluted and, consequently, weaker, the erosion controlled release in water
became faster than the diffusion controlled release in the acid medium (after 24 h, the fraction of
released drug was 0.46 in water and 0.28 in the acid medium). When strong mechanical forces were
applied, causing more pronounced hydrogel erosion in the weaker hydrogel in water, drug release was
accelerated. This led to faster drug release in water than in the acid medium (e.g., at a 150 mL/min flow
rate, the fraction of released drug was 0.15 in water and 0.11 in the acid medium after 4 h of swelling
and 0.32 in water and 0.16 in the acid medium after 8 h of swelling), where the hydrogel was so robust
that the flow up to 150 mL/min did not affect the hydrogel layer, and the main release mechanism
remained drug diffusion.
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Figure 3. The use of MR methods in the study of the matrix tablets of the xanthan (Xan) polymer.

5. Materials and Methods

5.1. Materials

Xanthan with a MW of 2 X 10 was obtained from Sigma-Aldrich Chemie, Munich, Germany.
A model drug, pentoxifylline (PF) (MW = 278.31) with a solubility in water at 25 °C of 77 mg/mL,
was supplied by Krka, d.d. Novo mesto, Slovenia. For swelling and release experiments, two different
media were used: purified HyO with pH 5.7 and ionic strength of 0 M and HCl at pH 1.2 with increased
ionic strength (11.7 g of NaCl per 1000 mL of HCl medium) resulted in ionic strength p = 0.28 M.

5.2. Preparation of Xanthan Matrix Tablets

Xan and the drug (PF) were mixed homogeneously using a laboratory model drum blender
(Electric Inversina Tumbler Mixer, Paul Schatz principle, BioComponents Inversina 2L, Bioengineering
AG, Wald, Switzerland), and cylindrical flat-faced tablets with composition of Xan:PF = 1:1 (200 mg of
Xan and 200 mg of PF) were prepared by direct compression (SP 300, Kilian and Co., Cologne, Germany)
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to form tablets with a diameter of 12 mm and a crushing strength of 100 N + 10 N (Tablet hardness
tester, Vanderkamp, VK 200, USA).

5.3. MRI of Xanthan Tablets during Swelling

The MRI experiments were performed at room temperature with a superconducting 2.35 T
(*H NMR frequency of 100 MHz) horizontal bore magnet (Oxford Instruments, Oxon, U.K.) equipped
with gradients and RF coils for MR macroscopy (Bruker, Ettlingen, Germany) using a TecMag Apollo
(Tecmag, Houston, TX, USA) MRI spectrometer.

To follow the swelling and release of the drug from Xan tablets under the same experimental
conditions and simultaneously, a flow-through system was designed. The tablet was inserted in a
small MRI flow-through cell so that only one circular cylinder surface was exposed for the medium
penetration. The flow-through cell was connected with the container with 900 mL of medium using
plastic tubes. To determine drug release from the same Xan tablets and at the same time as MRI,
five milliliter samples were withdrawn at predetermined time intervals. This means that the MRI
scan and dissolution medium withdrawing were performed simultaneously. Gastrointestinal tract
(GIT) mechanical stress was simulated with different flow rates of the dissolution medium, which was
driven by a peristaltic pump (Anko, Bradenton, FL, USA) and controlled at two different flow rates:
80 £ 2 mL/min and 150 + 2 mL/min. To determine the influence of the stress on hydrogel thickness
and drug release, the experiments were also performed without flow. The first MR image was taken
approximately 10 min after the tablet came in contact with the medium and then every 30 min for 24 h.
The experiments were performed at room temperature (=22 °C).

To follow the moving (penetration, swelling, and erosion) front positions, two different MRI
methods were used as described in our previous paper [18]: a 2D multi-echo pulse sequence to
determine the erosion front and a 1D SPI T, mapping sequence to determine the position of the
swelling and penetration fronts. Imaging parameters for the 2D multi-echo pulse sequence were:
an echo time (TE) of 6.2 ms, a repetition time (TR) of 200 ms, a field of view of 50 mm with an in-plane
resolution of 200 pm, and a slice thickness of 3 mm. For the 1D SP], a single point on the free induction
decay was sampled at the encoding time ¢, of 0.17 ms after the radiofrequency detection pulse & of
20° with TR = 200 ms, and the inter-echo time was varied from 0.3 ms to 10 ms. The field of view
was 45 mm with an in-plane resolution of 350 pm. The position of the erosion front was obtained
from the one-dimensional signal intensity profiles of the 2D MR images; the position of the swelling
front was determined from 1D SPI T, maps at T, = 2.7 ms; and the position of the penetration front
was determined from the signal intensity profiles from SPI measurements at an inter-echo time of
0.3 ms (Figure 4).

1D SPI 1D SPI T, mapping 2D spin-echo
6 [

15 PENETRATION SWELLING 1.5
= FRONT = g o) SrONT s
g 10 E | @
205 -2 " S 05 f
»n 2 . » °°| ERoSION
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4 2 0 -2 -4 4 2 0 -2 -4 4 2 0 -2 -4
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Figure 4. Determination of the moving fronts: the penetration front was determined from 1D SPI
normalized signal intensity; the swelling front was determined from the T, profile; and the erosion front
was obtained from the one-dimensional signal intensity profile along the horizontal direction of the 2D
MR image. Zero on the x axis represents the surface of the tablet at the beginning of the experiment.

5.4. Drug Release from Xanthan Tablets

To determine drug release from the Xan tablets, the collected samples of the outflow medium
from the MRI flow-through cell were filtered through a filter with 0.45 um pores. Drug release was
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monitored as a function of time using the HP Agilent 8453 Diode Array UV-Vis Spectrophotometer,
Waldbronn, Germany, to measure the absorbance of PF at 274 nm.
Drug release profiles were analyzed using the Korsmeyer-Peppas equation [41,42]:

M (t)
M (o)

k-1, (1)

where M(t)/M(0) is the fraction of the released drug at time ¢, k is the rate constant, and 7 is the
diffusion exponent, which indicates the general release mechanism: n = 0.5 indicates Fickian diffusion
controlled drug release (Case I), and n = 1.0 indicates Case II transport (erosion controlled drug
release). Case I release occurs by molecular diffusion of the drug due to a chemical potential gradient,
whereas the mechanism driving Case II drug release is the swelling or relaxation of polymeric chains.
Values between 0.5 < n < 1.0 indicate an anomalous (non-Fickian or both diffusion/erosion) controlled
drug release. Equation (1) is the short time approximation, which is valid only up to the fraction of 0.6
of released drug.

6. Conclusions

NMR can be used to determine the structure of the hydrogel layer and MR imaging as a
non-destructive and fast enough method, which allows monitoring the swelling of hydrophilic matrix
tablets in situ. Here, matrix tablets composed of xanthan polymer and a non-ionic, highly water soluble
drug pentoxifylline are investigated using the MRI flow-through cell with simultaneous drug release
testing. Inclusion of in vitro mechanical stress simulating GI contraction forces during dissolution
testing allows for better in vivo prediction.

The swelling dynamics of the Xan matrix tablets during hydration and PF release influenced by
the medium properties and mechanical stress caused by medium flow (without flow and with 80 or
150 mL/min flow) were analyzed. The results of this study together with the previous MR studies of
Xan tablets show the more restricted mobility of Xan polymer chains and water molecules in the acid
medium than in water, which results in a thinner hydrogel layer more resistant to erosion. Xan matrix
in the acid medium releases PF mainly by drug diffusion through the strong hydrogel layer. Xan in
water swells faster due to the higher water and polymer-chain mobility, resulting in a weaker hydrogel,
less resistant to erosion, which causes the erosion controlled drug release. High mechanical stress
affects the release from the soft hydrogel in water, while the release of the harder hydrogel in the acid
medium remains the same, independent of mechanical stress.

The combination of the obtained results together with the results of other analytical methods
and applied mathematical models enables the understanding of polymer systems at the molecular,
microscopic, and macroscopic levels and therefore contributes to the development of efficient systems
with the desired drug release kinetics.
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Abstract: The authors developed four variants of the gNMR technique (*H or 13C nucleus, DMSO-d6
or CDClj3 solvent) for identification and quantification by NMR of 22R and 225 epimers in budesonide
active pharmaceutical ingredient and budesonide drugs (sprays, capsules, tablets). The choice of
the gNMR technique version depends on the drug excipients. The correlation of 'H and '3C spectra
signals to molecules of different budesonide epimers was carried out on the basis of a comprehensive
analysis of experimental spectral NMR data (‘H-'H gCOSY, 'H-13C gHSQC, 'H-13C gHMBC, 'H-'H
ROESY). This technique makes it possible to identify budesonide epimers and determine their weight
ratio directly, without constructing a calibration curve and using any standards. The results of
measuring the 225 epimer content by gNMR are comparable with the results of measurements using
the reference HPLC method.

Keywords: budesonide; 22R and 22S epimers; identification; quantification; qQNMR; HPLC

1. Introduction

Budesonide [Bud; 22(R,S)-(11f3,16x)-16,17-Butylidenebis(oxy)-11,21-dihydroxypregna-
1,4-diene-3,20-dione] is a synthetic compound of the glucocorticoid family with anti-
inflammatory, anti-allergic, and immunosuppressive effects. Bud is actively used for the
topical treatment of asthma, rhinitis, and inflammatory bowel disease [1-5] and included
in the WHO list of essential medicines.

Bud is a racemic mixture of two epimers (22R and 225, Figure 1). The epimers ratio
in the mixture is determined by the synthesis method [6]. Although they have similar
qualitative pharmacological effects, the Bud-22R is several times more potent than Bud-
225 [7,8]. Therefore, the content of the less active epimer in the Bud active pharmaceutical
ingredient (API) and Bud drug products is strictly normalized.

The identification and quantification of the Bud-22R and Bud-225 are carried out by
capillary gas chromatography [6], high performance liquid chromatography (HPLC) [9,10],
and sensitive ultra-high-performance liquid chromatography—tandem mass spectrometry
method (HPLC-MS) [11,12]. These methods identify Bud epimers indirectly by comparing
test samples with reference standards. Quantitative measurements by GC, HPLC, and
HPLC-MS methods are relative and include the step of building a calibration function
using a reference standard of the measured compound. It is important to use absolute and
direct methods to identify and quantify Bud epimers. Absolute and direct methods (for
example, qNMR) do not require the use of reference standards and the construction of
calibration functions. The aim of this article is to develop the technique of the identification
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and quantification using gqNMR of Bud-22R and Bud-22S in APIs and Bud drugs. The
developed technique will allow selective identification of Bud-epimers and quantitative
evaluation of its weight ratio directly by recording the characteristic signals of Bud-22R
and Bud-225 in the NMR spectra and measuring their integral intensities.

22R-Bud 225-Bud

Figure 1. Chemical structures of Bud-22R and Bud-22S.

2. Results and Discussion

The simplest option for structural interpretation is the Bud-API spectrum, since it
does not contain excipient signals. The comprehensive analysis of spectral data from 2D
experiments (‘H-'H gCOSY, 'H-13C gHSQC, H-13C gHMBC, 'H-'H ROESY) allowed us
to correlate the 'H and '3C signals to different epimer molecules (Table 1).

Table 1. Spectral characteristics of 22R-Bud and 225-Bud.

22R 22S
No. 5, ppm 5, ppm
lH 13C lH 13C
DMSO-dé6

1 7.31d (J =10.0) 156.40 7.30d (J =10.0) 156.43

2 6.16 dd (J = 10.0; 1.9) 127.11 6.16 d (J = 10.0; 1.9) 127.08

3 185.08 185.06
4 5.91br.s 121.67 5.91br.s 121.62
5 170.09 170.16

6 229m;2.52m 31.17 229 m;2.52m 31.15

1.07dd ( = 12.3; 4.7); 1.11dd ( = 12.3; 4.7);

7 200 m 33.84 196 m 33.51

8 2.07m 29.97 2.0l m 30.58
9 0.99dd (J =11.2;3.5) 55.01 094 dd (J=11.2;3.5) 54.99
10 43.64 43.66
11 4.30m 68.17 4.28 m 68.13
12 1.73m 39.34 1.78 m 39.57
13 45.14 46.26
14 1.51m 49.39 1.52m 51.96
15 1.52m; 1.59 m 32.93 1.58m; 1.72m 32.38
16 475d (J = 4.3) 80.83 5.05d (J = 7.3) 81.90
17 97.17 97.92
18 0.81s 16.84 0.85s 17.50
19 1.38 s 20.76 137 s 20.74
20 209.11 207.71

413d(J=19.4);439d 4.06d (J=19.2);445d

21 0= 194 66.00 (=192 65.60
22 452t (] = 4.5) 103.42 517t ( = 4.8) 107.04
23 1.53m 34.46 1.39 m 36.50
24 1.33m 16.42 1.26 m 16.75
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Table 1. Cont.

22R 228
No. S, ppm 5, ppm
lH 13C lH 13C
25 0.85t (] = 7.4) 13.79 0.85t (] = 7.4) 13.79
11-OH 4.74 br.s 4.74 br.s
CDCl3
1 7.25d (J = 10.1) 156.01 7.24d (J =10.1) 156.04
2 6.28 dd (J =10.1; 1.8) 128.14 6.27 dd (J =10.1; 1.8) 128.14
3 186.63 186.58
4 6.03 br.s 122.71 6.02 br.s 122.71
5 169.88 169.75
235ddd (J = 13.7; 4.5; 2.35ddd (] = 13.7; 4.5;
1.8) 1.8)
6 256 ddd (] = 13.7: 13.5; 3202 256 ddd (] = 13.7: 13.5; 32.00
5.5) 5.5)
7 1.17 m; 2.07 m 34.14 1.17 m; 2.07 m 34.11
8 2.16 m 30.54 211m 31.19
9 1.12m 55.31 1.12m 55.41
10 44.14 44.14
11 450brd (J=3.3) 70.16 449 brd (J=3.3) 70.08
12 1.63 m; 2.07 m 41.17 1.63 m; 2.07 m 41.51
13 46.09 47 51
14 1.61m 49.90 1.57 m 52.92
15 1.61 m; 1.78 m 33.58 1.75m; 1.82 m 33.13
16 490d (J=47) 82.26 517d (] = 6.8) 83.53
17 97.31 97.99
18 092s 17.56 098 s 17.85
19 1.44s 21.23 1.45s 21.22
20 210.26 209.17
424d (J =19.8); 450 d 419d (J = 19.8); 461 d
21 0198 67.41 0=195 67.31
22 454t (J=4.5) 104.80 516t (J=5.1) 108.54
23 1.62m 35.13 1.48 m 37.22
24 1.39 m 17.25 1.35m 17.56
25 092t(J=7.5) 14.09 090t(J=7.5) 14.06

The C22-H bond direction (S or R) in each of the two epimers was determined by
the technique 'H-'H ROESY. Only Bud-22R has protons C16-H and C22-H on the same
side of the 1,3-dioxolane ring (Figure 1). This is the reason for the appearance of cross-
peaks between these valence unbound protons in the ROESY spectrum. Figure 2 shows
a fragment of the ROESY spectrum of Bud-API in DMSO-d6, containing the C16-H and
C22-H proton signals (6 4.75 and 4.52 ppm for one epimer and 5.05 and 5.17 ppm for
the other). Only the proton pair 4.75-4.52 ppm had cross-peaks. This fact indicates that
protons 4.75 and 4.52 ppm belong to the Bud-22R. The proton pair 5.05-5.17 ppm is part of
the Bud-225.

It should be noted that the Bud NMR spectral data presented in the literature [13,14]
lack structural correlation of Bud NMR spectra signals to specific 22R and 225 epimers.

The spectra analysis of Bud-API solutions in DMSO-d6 and CDCly (Figures 3-6,
Table 1) allowed to determine isolate signals for each epimer (characteristic signals). There
are following characteristic signals for Bud-22R:

(1) 'H (DMSO-d6), 5, ppm: 4.13 d (C21-H), 4.39 d (C21-H), 4.52 t (C22-H);

(2) 'H (CDCl3), 5, ppm: 4.24 d (C21-H), 4.54 t (C22-H), 4.89 d (C16-H);

(3) 13C (DMSO-d6), 8, ppm: 66.00 (C21), 80.83 (C16), 97.17(C17); 103.42 (C22);

(4) 13C (CDCl3), 5, ppm: 46.09 (C13); 49.90 (C14), 82.26 (C16), 97.31 (C17), 104.80 (C22).

There are the following characteristic signals for Bud-225:

33



Molecules 2022, 27, 2262

(1) 'H (DMSO-d6), 5, ppm: 4.06 d (C21-H), 4.45 d (C21-H), 5.05 d (C16-H), 5.17 t (C22-H);
(2) 'H (CDCl3), 8, ppm: 4.19 d (C21-H), 4.61 d (C21-H);

(3) 13C (DMSO-d6), 8, ppm: 65.60 (C21), 81.90 (C16), 97.92(C17); 107.04 (C22);

(4) 13C (CDCl), 5, ppm: 47.51 (C13); 52.92 (C14), 83.52 (C16), 97.99 (C17), 108.54 (C22).

5_3 4.75;4.52
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E ] 4.52;4.75
RS
L 4
.9 “
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1 =
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5.2 5.1 5.0 4.9 4.8 4.7 4.6 4.5
F2 (ppm)
Figure 2. '"H-'H ROESY spectrum fragment of the Bud-API solution in DMSO-d6.
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Figure 3. 'H spectrum of the Bud-API solution in DMSO-d6.
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Figure 4. 'H spectrum of the Bud-API solution in CDCl;.
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Figure 5. 13C spectrum of the Bud-API solution in DMSO-d6.
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Figure 6. 13C spectrum of the Bud-API solution in CDCl3.

It should be noted that the use of DMSO-d6 provides a better separation of the
characteristic signals of the Bud-22R and Bud-22S epimers in the proton spectrum. CDCl3
provides better '3C spectrum resolution.

The characteristic signals can be spectral markers of these epimers in the analyzed
sample. Their normalized integral intensities are equal to the fraction of each epimer in
the racemate mixture. It should be noted that gqNMR is considered in the literature as an
absolute and direct method for measuring the molar ratio of the analytes in a test sample,
as well as the weight content of one component relative to another component, because the
functional relationships between the analytes and the measurands (integrated intensities)
are well-known: the molar ratio of the components in a mixture is equal to the ratio of
the normalized integrated intensities of the signals of these components. Uncertainty of
the measuring result by qNMR relies only on the uncertainty of the integral intensities
ratio measurement [15]. The results of measurements by HPLC (pharmacopeial method)
are relative and indirect by nature. Determination of Bud-22R and Bud-22S epimers by
HPLC requires generation of a calibration curve using their pharmacopeial reference
standards (the relative nature of measurements). The measurement by the HPLC method
has a combined uncertainty (the indirect nature of measurements). Sources of the total
uncertainty are the peak area measurement in the chromatogram, weighing of the test
and standard samples, and solvent volume measurements. Therefore, the accuracy of
measurement of Bud epimeric composition by direct and absolute method qNMR is higher
than by indirect and relative method HPLC. Moreover, both normalized integral intensities
of a selected individual pair of 22R and 22S epimeric signals and the average value of
pairwise normalized integral intensities of all observed pairs of characteristic signals can
be taken as a result of measuring the epimeric composition of the Bud sample. Averaging
the measurement results reduces its uncertainty. In chromatographic methods, averaging
is only possible with a series of experiments.

Bud drugs of different manufacturers have in their content a nonequal set of excipitents.
The solubility of excipients influences the choice of solvent (DMSO-d6 or CDCls) For
example, a nasal spray is an aqueous suspension of Bud. The excipitents of this suspension
are DMSO-soluble sodium methylparaben, carboxymethylcellulose and sodium carmellose,
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polysorbate 80, sucrose, polypropylene glycol and disodium edetate. Obviously, it is
appropriate to use CDCI;3 rather than DMSO-d6 when analyzing this drug. The sample
extraction with chloroform will concentrate Bud and remove excipients that do not pass into
the extractant. In the 'H (CDCl3) spectrum of the Bud nasal spray, all characteristic signals
of the Bud-22R and Bud-22S are observed (Figure 7a). For quantitative measurements, it is
reasonable to use the most isolated signals 4.89 d (22R) and 4.61 d (225). In the 13C (CDCl,)
spectrum of this preparation, all characteristic signals are also present (Figure 7b).
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Figure 7. 'H (a) and '3C (b) spectra fragments of the Bud nasal spray solution in CDCl3 with
characteristic signals of 22R and 22S epimers.

Bud capsules contain chloroform-insoluble lactose monohydrate; therefore, it is also
advisable to use CDCl; for this drug. The characteristic signals 'H and 13C of the Bud-22R
and Bud-225 for capsule solutions in CDClj3 are shown in Figure 8.

Bud tablets contain excipients with different solubility in DMSO-d6 and CDCl;: stearic
acid, soy lecithin, cellulose, hydroxypropylcellulose, lactose monohydrate, and magnesium
stearate. The characteristic signals of Bud epimers partially overlap with the signals of
excipients in H spectra of Bud tablets solution in DMSO-d6 and CDCl; (Figure 9). For
this reason, precise quantitative measurements are not possible. When selecting the >C
nucleus, isolated characteristic signals are observed for each solvent (DMSO-d6 and CDCls;
Figure 10).

Table 2 shows the results of quantitative measurements of the 225 and 22R epimers con-
tent in the Bud-API and Bud drugs, obtained using different versions of the
developed technique.
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Figure 8. 'H (a) and 13C (b) spectra fragments of the Bud capsules solution in CDCl3 with character-
istic signals of 22R and 225 epimers.
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Figure 9. H spectra fragments of the Bud tablets solutions in DMSO-d6 (a) and CDCl; (b) with
characteristic signals of 22R and 22S epimers.
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Figure 10. '3C spectra fragments of the Bud tablets solutions in DMSO-dé6 (a) and CDCl3 (b) with
characteristic signals of 22R and 22S epimers.
Table 2. The quantitative measurements results of the content of 225 and 22R epimers in the Bud-API
and Bud drugs.
Content of 225 (22R), %
Bud DMSO-dé6 CDCl;
Mean Volume
1H 13C 1 13C
API 47.45 (52.55) 47.60 (52.40) 47.47 (52.53) 47.56 (52.44) 47.52 (52.48)
Nasal spray - - 46.67 (53.33) 46.53 (53.47) 46.60 (53.40)
Capsules - - 47.82 (52.18) 47.67 (52.33) 47.75 (52.25)
Tablets - 48.60 (51.40) - 48.81 (51.19) 48.71 (51.29)

In the 13C spectra, characteristic signals of Bud-22R, Bud-22S, and excipients are lo-
cated at a considerable distance from each other. Therefore, the signal >C can be integrated
using the general rule for choosing the integration limit (the integration limit is equal to
64 times the half-width of a Lorentzian shape NMR signal [15]). In the 'H spectra of Bud
drugs, there is a partial overlap of the signals of Bud and excipients in this frequency range.
Therefore, the integration limit of the Bud epimer signals in the 'H spectra were narrowed
to 20 times the half-width of a Lorentzian shape. It should be noted that variation in the
solvent and nucleus does not affect the result of quantitative measurement of the Bud
epimers content. For example, the RSD of the measurement results of Bud-22S content in
Bud-API is 0.15% (mean volume is 47.52%).

The results of measurement of 225 epimer content using qNMR are comparable with
the results of the HPLC reference method. Thus, the content of Bud-22S in the API and nasal
spray, measured by HPLC, was 47.3 and 46.8% (47.52 and 46.60% by gNMR). The similarity
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of the measurement results, obtained by gNMR and HPLC methods, is an additional proof
of the correctness of the proposed technique.

3. Materials and Methods
3.1. Materials

The following materials were used in the gNMR technique development: Bud-API
by Farmabios S.p.A., Italy (A), nasal spray «Tafen Nasal» by Lek d.d., Slovenia (B), Bud
capsules «Respinid» by Sava Healthcare Limited, India (C), tablets «Kortiment» by Cosmo
S.p.A,, Italy (D). Deuterated dimethylsulfoxide (DMSO-d6, 99.90% D) and chloroform
(99.8% D) by Cambridge Isotope Laboratories, Inc. (St. Louis, MO, USA) were used in the
NMR experiments.

HPLC measurements were carried out using the certified reference standard for Bud,
manufactured by the European Pharmacopoeia, glacial acetic acid, potassium hydroxide
(Sigma-Aldrich, Saint Louis, MO, USA). HPLC grade acetonitrile was purchased from
Fisher Scientific (Fairlawn, NJ, USA). HPLC ready 18 M() water was obtained, in-house,
from a Milli-Q Integral 3 water purification system, Merck Millipore Corp. (Burlington,
MA, USA). Duran filter funnels (porosity 3) were used for filtration.

3.2. NMR Spectroscopy Method
3.2.1. Sample Preparation

API: About 20 mg of the Bud-API (exact mount is optional) were placed in an NMR
tube, 0.5 mL of solvent (DMSO-dé6 or CDCl3) was added, shaken vigorously until the
sample was completely dissolved.

Nasal spray: The contents of 1 vial was transferred to a separating funnel, 2 mL of
CDCl3 were added and thoroughly shaken for 5 min; then, the bottom organic layer was
separated and transferred to the NMR tube.

Capsules: 10 mL of CHCl3 were added to the contents of 30 capsules, thoroughly mixed
and filtered; then, the filtrate was centrifuged. The supernatant was separated and dried
by air. The resulting dry residue was dissolved in 0.6 mL. CDCl3 and transferred to an
NMR tube.

Tablets DMSO-d6: 3 mL of DMSO-d6 were added to the two powdered tablets, thor-
oughly mixed and filtered; then, the filtrate was centrifuged. A total of 0.6 mL of the
supernatant was separated and transferred to the NMR tube.

Tablets, CDCl3: 10 mL of CHCl; were added to the 2 tablets crushed into a powder,
thoroughly mixed and filtered; then, the filtrate was centrifuged. The supernatant was
separated and dried by air. The resulting dry residue was dissolved in 0.6 mL of CDCl;3
and transferred to an NMR tube.

3.2.2. Instrumentation and Experiment Conditions

NMR spectra were collected on the Agilent DD2 NMR System 600 NMR spectrom-
eter equipped with a 5 mm broadband probe and a gradient coil (VNMR] 4.2 software).
Parameters of 1D experiments: temperature—27 °C; spectral width—6009.6 Hz ('H) and
37,878.8 Hz (13C); observed pulse 90° (*H) and 45° (*3C); acquisition time—5.325 s (‘H)
and 0.865 s (13C); relaxation delay—10 s (*H) and 1 s (3C); number of scans—256 ('H)
and 10,000 (*C); the number of analog-to-digital conversion points—64 K; exponential
multiplication—0.3 Hz (*H) and 3 Hz (**C); zero filling—64 K; automatic linear correc-
tion of the spectrum baseline, manual phase adjustment, calibration of the b scale under
DMSO (8 = 2.50 ppm for 'H and 39.52 ppm for *C) or CHCl; (5 = 7.26 ppm for 'H and
77.16 ppm for *C) [16]. The manual mode was also used for the signal integration. The
integration limit was equal to 20 (*H) and 64 (3C) times the half-width of a Lorentzian
shape NMR signal. The relaxation delay value was estimated using an inversion-recovery
experiment: T1 is equal to 1.55 s. The ROESY experimental parameters: the relaxation
time—1 s; the number of free induction signal accumulation per increment—16; the num-
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References

ber of analog-to-digital conversion points—2K x 256; the mixing time—0.2 s; the pulse
duration—0.15s.

3.3. Reference Measurement with HPLC Method
3.3.1. Preparation of Solution

System suitability test solution, buffer solution, test solution of samples A-D, reference
solutions, and mobile phase were prepared according to USP methods [9,10].

3.3.2. Instrumentation and Chromatographic Conditions

The HPLC system consists of an Agilent Infinity 1260 series (Agilent Technologies,
Wilmington, DE). Data collection and analysis were performed using ChemStation soft-
ware. Chromatographic conditions: column—Zorbax RX-C-18 250 mm X 4.6 mm X 5 um
(Agilent Technologies, Santa-Clara, CA, USA); column temperature—50 °C; mobile phase—
acetonitrile and buffer pH 3.9 (45:55) for sample A and acetonitrile and water (70:30) for
sample B; flow rate—1 mL/min; detector—UYV 240 nm for sample A and 245 nm for sample
B; injection volume—20 puL for sample A and 50 uL for sample B; run time—mno less 40 min.

4. Conclusions

Different versions of the gNMR technique for identification and quantification Bud-
22R and Bud-22S epimers (*H or 13C core, DMSO-d6 or CDCl; solvent) were developed for
Bud APIs and Bud drugs. This technique does not need Bud-epimers reference standards.
The choice of the gNMR technique version depends on the drug excipients in Bud drugs.
Application of this technique will reduce the uncertainty of the measurement result, since
the experimental procedure does not contain the stages of taking accurate weights, volumes,
and constructing a calibration curve. This technique can be used for carrying out GP APIs
and drug analyses.
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Abstract: An NMR method based on the gradient-based broadening fingerprint using line shape
enhancement (PROFILE) is put forward to precisely and sensitively study hydrogel swelling under
restricted conditions. This approach achieves a match between the resonance frequency and spatial
position of the sample. A three-component hydrogel with salt ions was designed and synthesized to
show the monitoring more clearly. The relationship between the hydrogel swelling and the frequency
signal is revealed through the one-dimensional imaging. This method enables real-time monitoring
and avoids changing the swelling environment of the hydrogel during contact. The accuracy of
this method may reach the micron order. This finding provides an approach to the rapid and non-
destructive detection of swelling, especially one-dimensional swelling, and may show the material
exchange between the hydrogel and swelling medium.

Keywords: gradient broadening; profile; hydrogel; swelling

1. Introduction

At present, nuclear magnetic resonance (NMR), including magnetic resonance imaging
(MRI), has become one of the most important technologies in scientific research, and is
extensively used in chemistry, biology, materials science and medical imaging [1]. NMR
spectroscopy is widely used to identify the structure of organic natural products [2], to
identify the chemical composition distribution and fracture mode of random and block
copolymers [3], to screen drug targets corresponding to proteins [4], to predict protein
torsion angle by chemical shift [5], to characterize the technology and water content in food
processing [6], to measure the diffusion of oil in rubber [7], and to determine the internal
microstructure of wood [8]. Although MRI is widely accepted as a powerful medical
imaging modality, it has also been recently used for analytical measurements in materials
systems [9,10]. Under MRI mode, the spin position is searched and radiofrequency (RF)
pulses are scanned in the presence of a magnetic field gradient. When the spin signal is
properly reunited through the gradient field, a time-domain signal is produced to reflect
the spatial distribution of the spin of the whole sample at that amplitude. High-resolution
spectral data and high-definition imaging can be provided, even in the presence of an
obviously nonuniform magnetic field. In addition, spectral imaging can be measured
without complex conditions by relying on multidimensional experiments. With the help
of the auxiliary field gradient, the spin coordinates are converted into offsets in a one-to-
one manner and mapped into frequencies. Although the resolution of the NMR peaks is
sacrificed, the spatial positions are imprinted on the NMR line shapes [10].

A hydrogel is a hydrophilic polymer material with a three-dimensional polymer net-
work, and chemically synthesized hydrogels are polymerized by monomers containing
functional groups, such as hydroxyl and carbon double bonds [11]. The hydrophilicity,

43



Molecules 2023, 28, 3116

thermal stability, mechanical stability, biocompatibility, and responsiveness the material
possesses are different in the swelling state. These properties make it useful for a num-
ber of applications in chemical engineering, drug delivery, tissue engineering, food and
agriculture [12]. For example, silicone hydrogel is used in contact lenses. Polyacrylamide
hydrogel is used as an absorbent for wound dressing [13]. PVA hydrogel is used in drug
delivery applications and as a soft tissue replacement. [14]. The hydrogel swelling behavior
in fluids is a special characteristic, and the diffusion of loose macromolecules in the swelling
state plays an important role in these applications [15]. Polymer swelling includes the
penetration of small molecules into the interior of larger polymer molecules, which leads to
changes in polymer volume [16]. When the molecular weight and the degree of polymer
crosslinking are higher, such as in chemicals with crosslinked hydrogels in contact with
water or other solvents, the solvent cannot disperse further because the chemical bonds in
the polymer chains have a binding effect on the small molecules of the solvent. Therefore,
the polymer remains in the swelling process [17]. The degree and speed of swelling are
important indices for investigation. For example, the swelling speed of resin absorbing
water in diapers needs to be large enough to ensure there is no side leakage. However,
the gasket of the mechanical seal rubber needs only a tiny degree of expansion or even no
expansion to ensure dimensional stability.

The most common methods in the swelling test include the mass method, volume
method, and length method. Taking the length method as an example, the swelling degree
can be obtained by evaluating the ratio of the change in the height (or length) of a hydrogel
sample before and after swelling:

Q= (h = ho)/hg )

where Q is the degree of swelling, hy is the height before swelling, and h is the height after
swelling. Similarly, the principles of the mass method and volumetric method are similar to
those of the length method (Supplementary S1). There are also some tests based on altered
masses, such as centrifugation, filtration, tea bagging, and Prudential dextrin methods [18].

Although these traditional methods can easily test the degree of swelling, crosslinking
density, and swelling curve of the polymer, they still have some disadvantages, such
as low accuracy, cumbersome operation, and lack of continuous measurement. Usually,
during the measuring process, the samples are always separated from the solvent for
weighing or measurement. This process changes the gel’s environment and is very time-
consuming. The low mechanical strength of some highly swellable hydrogels may result in
their structural destruction during the weight measurement, which may result in significant
errors. Thus, these methods are unable to precisely monitor the dynamic swelling process
of specimens without contact [19]. In addition, the relationship between swelling rates and
experimental temperature, time, and various other factors cannot be used to monitor these
sensitive details [20].

To solve these problems, some improved methods have been put forward, such as
the linear variable differential transformer (LVDT) [21], fluid-dynamic gauging [22] and
nonintrusive inductance swelling instruments using a dynamic mechanical analyzer [23].
A customized sample cell and time-varying attenuated total reflection Fourier transform
infrared spectroscopy were used to track the swelling processes in polymer films [24]. On
the basis of the length method, researchers from the University of Cambridge used an
opposed laser displacement sensor to measure the swelling, but the actual measurement
range was limited by the length of the laser beam and severe warping [25]. The most
recent method, proposed by Tang and colleagues, employed an aggregation-induced emis-
sion approach to suggest a new technique for the measurement of swelling properties in
hydrogels [26]. The one-dimensional swelling of NMR has been less reported in exam-
inations of the swelling of hydrogels. Lee reported that NMR imaging requires a three-
dimensional gradient [27]. The proposed technique significantly enhanced the traditional
method of swelling measurement during observations of the swelling process. However,
the initial weight and size of the hydrogel should be carefully selected to avoid over-
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swelling. Due to the difficulties in managing the subtle changes in the hydrogel during the
swelling process, it is not easy to investigate the influence of various other factors, such as
temperature and time, on swelling.

To meet the demand for continuous noncontact measurements and detect the restricted
swelling behavior, we present an NMR technique based on spin-space encoding and the
gradient-broadening method (PROFILE), which can lead to the real-time detection of
swelling behavior at the micron scale. By applying PROFILE, the relationship between
proton density and signal intensity was obtained using one-dimensional imaging, and the
height of the whole gel sample could be expanded in the frequency domain. Thus, the
change in the height of the swelling gel corresponds to the change in frequency.

A three-component hydrogel containing barium chloride was designed and successfully
synthesized to demonstrate the detection process. By using very dilute Na;SO4 solution as
the solvent, the barium ions in the hydrogel react with NaySOy, creating a precipitation
layer on the interface between the gel and liquid. Because the precipitation layer contains
far fewer hydrogen protons than the hydrogel and the solvent, the NMR signal intensity
sharply decreases at the interface, forming a deep trough in the NMR spectra, which makes
the interface position and the corresponding frequency in the spectra more obvious. With
the swelling of the hydrogel, the interface moves and the frequency of the trough also
moves. By continuously tracing the trough (the NMR spectra can be obtained by a single
scan of up to 4 s), the position of the interface was obtained; therefore, the change in the
length of the swelled hydrogel can be detected in real-time. The accuracy of this method
could be on the micron order, which is much better than that of traditional methods. This
method provides a new strategy for investigating the degree of swelling and swelling
dynamics of hydrogels or other crosslinked polymer systems, especially tiny swelling
systems. It may also have many potential applications in other correlating fields.

2. Result and Discussion
2.1. The Synthesis and Characterization of Hydrogels

In the absence of Ba*, the PMAB gel can be synthesized by following the mechanism
of radical polymerization, with PEGA, MEA, and AM as polymeric monomers in an
aqueous solution and APS as initiators. The 'H-NMR spectra of the monomer and the
synthesized gel are given in 52-S5. The monomer showed obvious double-bond peaks
in the range of = 5.5 — 6.5, while the double bond disappeared in the polymer, and the
state changed from liquid to solid, indicating that the gel was successfully synthesized.
Although the three-component gel was successfully synthesized, the polymerization effect
cannot be achieved in the presence of higher concentrations of ions, and the resulting
gel is extremely uneven. There are two possible reasons for this phenomenon: one is ion
inhibition and the other is the impact of APS. In the presence of higher concentrations of
inorganic metal ions, the ions will have an effect on the initiator, which, in turn, will inhibit
polymerization. To verify this, we attempted to reduce the ion concentration, but the lower
ion concentration still could not form the gel. The second reason is that the persulfate in
the APS at the early stage of the reaction initiates the reaction, producing a primary radical
with a sulfate-like structure, which binds to Ba?* and loses the initiation effect. Therefore,
this reaction used azodiisobutyronitrile (AIBN) instead of APS as the initiator and used a
smaller amount of the initiator at a lower temperature. This was carefully protected from
light agitation, and gradient heating was used at later stages of gel formation to reduce
bursting and bubble formation. The dosage ratio of the initiator and monomer, adjusted
to the substance, was n(AIBN):n(MEA):n(PEGA):n(AM) = 1:133:100:270 (optimal ratio),
which can be completely dissolved into a clear system before polymerization, and can be
polymerized at a suitable rate to obtain a homogeneous gel without bubbles.
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2.2. Gradient-Based Broadening Fingerprint Obtained by Line Shape Enhancement (PROFILE)

The resonance frequency w of protons in the static magnetic field By can be expressed as:

wo =vBg (2)

where vy is the 'H gyromagnetic ratio. The resonance frequency wy of the protons is constant
and independent of the spatial position of the protons.
When the gradient field is applied in the direction of By, the effective field Beg of the
protons can be written as:
Bett = By + Gz ®3)

where G, is the amplitude of the gradient pulse; and z is the spatial position of the protons.
Here, the effective field B is not uniform and changes linearly with the space position z.
The effective resonance frequency of protons wes can be modified as:

wWefr = Y(Bg + G,2) 4)

Therefore, the proton signal will be detected with a wide bandwidth while the gradient
field is active and transformed in the magnitude mode; the NMR spectrum is a square-
shaped spread. In the spectrum, the intensity of the spread signal is correlated with the
spatial distribution of the proton density. The broadening range Af of the signal can be
written as:

Af=v x Gz x Az (5)

Figure 1 shows the 1D NMR spin-echo imaging sequence, which is used to measure
the profile of an object. The radiofrequency (RF) pulses 90y and 180« were used to excite
and refocus the NMR signals, respectively. The gradient pulse g; was used to dephase the
NMR signal, and the magnetic field gradient g, was turned on for spatial encoding during
acquisition. The profile of the object can be obtained by a Fourier transform of the temporal
signal. The following sequence parameters were used in the studies: echo time (TE) = 8 ms;
average number = 4; repetition time (TR) = 4 s; acquisition time = 6 ms; dy = 4 ms; and
ds =1 ms. A 10% maximum gradient strength G, was used in all experiments.

90y 180,

H

ANRAa :

V\]\/EV\/V

. I
g1 82

Figure 1. 1D NMR spin-echo imaging sequence. The blue- and black-filled rectangles repre-
sent the hard pulses and gradient pulses, respectively. (90y: 90 degree hard pulse in y direction,
180y: 180 degree hard pulse in x direction, dy: the duration of gradient pulse g;, d3: the duration
of gradient pulse gy, Aq: acquisition time )In order to collect a complete echo signal and avoid
redundant noise, the durations can be set to: d, = (d3 + aq)/2.

v

The Shigemi tube (see Figure 2a,c), constructed as two solid glass sections with no
NMR signal at the top and bottom, was used to measure the maximum gradient field
strength. Using deionized water as the standard sample, by applying PROFILE, the square-
shaped spectrum was obtained and is shown in Figure 2b,d. For each experiment, the
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bottom interface was placed in the center of the probe, following Bruker’s NMR tube
measuring cylinder. When water is added, the lower part of the tube is water and the upper
part is solid (no proton). Thus, in the corresponding spectrum, the left part is water, and
the right part is solid (no signal). The spectra of Sample 1 (220 uL; 2 cm high) are shown in
Figure 2b; the frequency length A f; of the profile at half the height of the gradient profile
was about 45,780 Hz. According to Equation (5), we have

Afi =v-G-z = 42.58 x 10° x 10% X Gy X 2 x 1072 (6)

where z; is the height of the water in Sample 1. The gradient that was applied is 10 percent
of the maximum gradient.

(a) The diagram of the Sample 1 (b) One dimensional pulsed field gradient profile of Sample 1

Solid

H,0

Solid

2 cm

Resonance Frequency/KHz

(¢) The diagram of the Sample 2 (d) One dimensional pulsed field gradient profile of Sample 2

Solid

H,0
Solid

1 cm s Lt ety Lt b st el s Lt Ui sy
35 25 15 5 -5 -15 -25

Resonance Frequency/KHz

Figure 2. One—dimensional, pulsed—field gradient, nuclear magnetic resonance (1D NMR) profiles
of deionized water in Shigemi tubes obtained by changing the sample height (Samples 1 and 2) while
maintaining the same strength of the gradient pulses. (a) The diagram (Blue represents water and
black represents a glass solid) of Sample 1 (220 pL deionized water; 2 cm height). (b) The gradient
profile of sample 1 (10% maximum gradient strength Gjax (c) The diagram (Blue represents water
and black represents a glass solid) of Sample 2 (110 uL deionized water; 1 cm height). (d) The gradient
profile of sample 2 (10% maximum gradient strength). All profiles were obtained with 1 scan.

From Equation (6), the maximum gradient strength Gx could be calculated as
53.8 Gauss/cm.

Similarly, the spectra of Sample 2 (110 pL; 1 cm high) are shown in Figure 2d; the
frequency length f, of the profile at half the height of the gradient profile was about
22,800 Hz, which is exactly half that of Af;. According to Equation (5), we also have

Afy =v-G-zp = 42.58 x 10° x 10% X Gpayx X 1 x 1072 (7)

where z; is the height of the water in Sample 2. The gradient that was applied is 10 percent
of the maximum gradient.

From Equation (7), the Gy;ax could be calculated as 53.7 Gauss/cm, which is very
similar to the result of Sample 1, and both results are in agreement with the data in the
Bruker protocol. This result shows the reliability of this method.
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2.3. Swelling Behavior of PMAB

After verifying the feasibility of the method, the swelling behavior of PMAB gel was
studied using the PROFILE method. The interface was placed in the center of the probe, as
described in the previous experiment. The schematic diagram is shown in Figure 3.

I
~3

A A
— Frequency/KHz h/cm
] L 2.0
60
- 1.0
Hzo _30_
=
.é BaSO, .
a o
S P 4___.0 0
o
Hydrogel 30 -
- —1.0
60 _
L -2.0

Figure 3. The spatial position of the NMR tube corresponds to the gradient profile. The brown
represents the RF coil, and in the left NMR tube schematic diagram, the gel represents pink, the
barium sulfate precipitate is black, and the water is blue from the bottom up.

The NMR—spectra—based PROFILE can be obtained by a single scan (a scan takes up
to 4 s) and is not sensitive to the field inhomogeneity. Each scan obtains a spectrum. Thus,
the dynamic swelling behavior can be studied by continuous NMR scans or according to a
designed time schedule. When there is only gel before adding the solvent, the spectra have
a square-shaped profile (see Supplementary S7).

As mentioned above, the PMAB gel contains Ba?*, and diluted Na,SOy solution was
used as a swelling solvent. Both Ba>* and Na* are diamagnetic metal ions and have little
effect on the NMR signal. The PMAB gel was directly synthesized in the NMR tube. When
the NaySOy solution was added to the gel, barium sulfate was formed, and a precipitation
layer was formed at the interface between the gel and solvent. Because barium sulfate has
no hydrogen, the precipitation layer contains much less hydrogen than both the gel and
solvent. When PROFILE pulse sequences are performed, the profile of the system can be
reflected in the frequency domain. A deep trough appears at the position corresponding
to the precipitation layer, which can serve as a sign to trace the swelling of the gel. As the
swelling continues, the precipitation layer moves upwards, and the corresponding trough
moves downwards.

If there is only a gel before the addition of solvent, the spectral line shows an approxi-
mate rectangle. The slight distortion on the right side may be caused by the slight surface
irregularities in the gel (see Supplementary S7). Figure 4 shows the spectra of swelling
PMAB at different time points. The experimental parameters were the same as those in the
verifying experiments. Compared with the spectra of pure gel, when the solvent was added,
the profile of the spectra became a large square, with a deep trough at the interface. It is
clear that as the swelling continued, the trough shifted toward the negative direction, which
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means that the PMAB gel swelled, and the interface moved upwards. In the verifying
experiments, the relationship between the length change (Ah) and the frequency change
(Af) was calculated to be 4.36 um /10 Hz.

200 min

rrrrrrrry

rrr
60 30 0 =30 —60
Resonance Frequency/KHz

Figure 4. The NMR profile spectra of PMAB gels at different swelling times (25 °C). The black line
represents 1 min, the red line represents 10 min, the blue line represents 50 min, and the pink line
represents 200 min.

Each profile spectrum on the left side is aligned and the frequency value is 52,400 Hz.

Then, the frequency value of the trough of the PMAB swelling spectrum after 1 min
is 2759 Hz; the f values for 10 min, 50 min and 200 min of swelling are 1254 Hz, 167 Hz
and —2174 Hz, respectively. If we set the frequency value of the trough of the PMAB
swelling spectrum at 1 min as the standard, the Af values (compared to 1 min) for swelling
periods of 10 min, 50 min and 200 min are —1505 Hz, —2592 Hz and —4933 Hz, respectively.
Thus, the Ah at different time points can be calculated as 656 um, 1130 um and 2151 um,
respectively, and the swelling at different time points can be obtained. The swelling degree
of PMAB is quite low, making it difficult to detect with other traditional methods.

To obtain a higher resolution for the spectral characterization of hydrogen and in-
vestigate the material transfer, the PGAB gel was designed to be partially deuterated (to
lock and shim the field); thus, the intensity of the spectra of the gel part is lower than
that of the solvent part. When swelling began, the water diffused into the gel and made
a ridge at the top of the gel. As the swelling continued, the ridge became broader, as the
water diffused deeper into the gel. This shows that this method could be used to study
substance exchange.

The influence of temperature on the swelling was also studied. Figure 5 shows the
NMR profile spectra of PMAB gels swelling for 80 min at different temperatures. The
frequency values f of that swelling for 10 °C, 25 °C and 40 °C were 1288 Hz, —1889 Hz
and —5238 Hz, respectively. Compared to 10 °C, the Af values of that swelling for 25 °C
and 40 °C were —3177 Hz and —6526 Hz, respectively. Thus, compared to 10 °C, the Ak
at different temperatures can be calculated as 1385 um and 2845 pum, respectively, and the
difference in swelling height at different temperatures can be obtained.
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40 °C

25 %G

Resonance Frequency/KHz

Figure 5. The NMR profile spectra of PMAB gels swelling at different temperatures but for the same
amount of time (80 min). The blue line represents 10 °C, the black line represents 25 °C, and the red
line represents 40 °C.

When the temperature was higher, the Af became higher for the same amount of
swelling time, which means that the swelling speed is higher at higher temperatures. As
the temperature rises, the gradual bulge on the left side of the curve indicates that the
upper part of the water enters the gel faster, and the hydrogen signal further increases. A
faster decline on the right side (height different from that of the baseline) also indicates that
deuterium water from the gel enters the upper water layer.

By transferring the Af into Ah, the relationship between Ah and swelling time can be
observed, as shown in Figure 6, and the plot can be simulated by a logarithmic function:

Ah(t) = a-log(t) + b-t (8)

where Al represents the height compared to the initial increase in the gel,  stands for time,
and the units are microns and minutes, respectively. When the temperature is 25 °C, the
resulting formula is Ah(t) = 121.4-log(t) + 2.338-t and the fitting degree R is greater than 0.99.
At other temperatures, the experimental data can also be simulated by Equation (8), as
shown in Figure 6, and the simulated parameters are shown in Table 1.

Table 1. Influencing factors during swelling and fitting (with 95% confidence bounds) at different

temperatures.
Fitting Formula Ah(t) = a-log(t) + b-t
T/°C a b R
10 56.33 (£3.03) 1.142 (£0.058) 0.9961
25 121.4 (£15.1) 2.338 (£0.273) 0.9920
40 164.3 (£25.5) 4.159 (£0.585) 0.9753
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Figure 6. The relationship between gel height and swelling time at different temperatures. (a): 10 °C
(b): 25 °C (c): 40 °C (the black dots are experiment data, and the red curves are simulated curves).

The swelling process can be roughly divided into two phases: one segment is more of
a logarithmic function and the remaining segment is more of a linear function. For example,
at 40 °C, the portion that is closer to 200 min is closer to logarithmic expansion, and at
25 °C, the portion that is closer to 150 min is closer to logarithmic expansion. Finally, at
10 °C, the fraction that is closer to 100 min is closer to logarithmic expansion. The simulated
function is similar to that previously reported by Luo [28].

3. Materials and Methods
3.1. Materials

2-Methoxyethyl acrylate (MEA, 98%), polyethylene glycol acrylate (PEGA, Mn = 480),
and D,0 (99.9% deuterated) were purchased from Sigma Aldrich, USA; acrylamide (AM,
99%) was purchased from Greagent; azodiisobutyronitrile (AIBN) (98%), and BaCl,-2H,0
(99%) were purchased from Adamas; and ammonium persulfate (APS, 98%) was purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Other reagents were of
analytical grade purity. The above reagents were used directly without treatment.

3.2. Experiment
3.2.1. The Synthesis of PEGA-MEA-AM Multi Component Gel

2-Methoxyethyl acrylate (1.20 g, 9.22 mmol) was added to the solvent of PEGA (3.0 g,
6.25 mmol), dissolved in water (10.40 g, 577.78 mmol) and mixed for 30 min to ensure that
the compounds were completely dissolved. Acrylamide and a small amount of APS were
then added to the solution and the mixture was stirred at 60 °C for 6 h. The hydrogel was
cooled to room temperature. The synthetic pathway is shown in Figure 7.
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Figure 7. The synthesis of PEGA-MEA-AM multi-component gel. Red molecules represent the MEA
fraction, blue molecules represent the PEGA fraction, and black molecules represent the AM fraction.

3.2.2. The Synthesis of PEGA-MEA-AM Gel with Salt

A small amount of 2-methoxyethyl acrylate (1.20 g, 9.22 mmol) was added to AIBN;
the mixture was stirred at 15 °C for 30 min in the absence of light until the white solid
was totally dissolved. PEGA (3.0 g, 6.25 mmol) was stirred in water (1.44 g, 80.00 mmol)
for 30 min to completely dissolve the monomers. The mixture of MEA and AIBN was
then added to the solution of PEGA. Next, BaCl,-2H,0 (2.44 g, 10 mmol) was dissolved
in water (7 g, 388.89 mmol), and AM (1.2 g, 16.88 mmol) was dissolved in water (2.0 g,
111.11 mmol). These were successively added to the mixture of MEA, AIBN and PEGA.
The above solution was injected into the NMR tube and heated at 70 °C, then heated in a
water bath by gradient heating for 8 h while remaining upright. The hydrogel was then
allowed to cool to room temperature.

3.2.3. The Synthesis of Deuterated Hydrogel

On the basis of the above reaction conditions and method, the deuterated hydrogel
can be obtained by changing the water in the reaction into a mixture of deuterated water
and water at a certain ratio. However, only some of the water was changed to a mixture
of water (1.08 g, 60.00 mmol) and deuterated water (0.4 g, 60.00 mmol). The resulting
hydrogel was named PMAB gel.

3.3. Characterization

One-dimensional 'H and '*C NMR spectra of the monomers and hydrogel samples
were acquired with a Bruker 500 MHz AVANCE III NMR spectrometer. All the experiments
were performed at 298 K and had no spin. 'H NMR experiments were acquired using
the Bruker sequence “zg”. The acquisition parameters were as follows: time domain
(number of data points), 39,998; dummy scans, 0; number of scans, 16; acquisition time,
1.99 s; delay time, 5 s; pulse width, 10 ps; spectral width, 19.99 ppm (10,000 Hz); FID
resolution 0.500025 Hz; and digitization mode, digital. The total acquisition time was
1 min and 20 s. '3C NMR experiments were performed by optimizing a sequence that was
modified to reduce the ringing effect and completely avoid 'H-'3C coupling and NOE
during relaxation. After measuring each carbon Ty, a delay time (D) equal to 5 x T{MAX
(the longest relaxation time) was set to assure the complete relaxation of 13C nuclei. All these
experimental conditions were used to make the carbon integral suitable for quantitative
purposes. The experiments were acquired using the Bruker sequence “zgdc” (details are
provided in the Supporting Information), and the acquisition parameters were consequently
modified and set as follows: time domain (number of data points), 22,722; dummy scans, 0;
number of scans, 64; acquisition time, 0.98 s; delay time, 10 s; spectral width, 301.16 ppm
(37,878.789 Hz); FID resolution, 3.334 Hz; and digitization mode, digital.

4. Conclusions

In summary, a non-destructive testing method based on the NMR gradient-broadening
profile was put forward. Using this method, gel swelling can be continuously observed
at the micron level with high sensitivity and spatial resolution, and without requiring
contact. By using PROFILE, the sample profile can be extended to the frequency domain.
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Under these experimental conditions, a 20 mm sample was extended to 45,780 Hz. Due
to the high accuracy of NMR in the frequency domain (normally on the order of Hz), the
hydrogel detection accuracy of this method should be at the micron scale, which is much
higher than that of most other methods. A three-component hydrogel containing salt
ions was synthesized. By choosing the proper swelling medium, the produced precipitate
can be used to show the position of the interface between gel and liquid. By performing
continuous NMR scans, the swelling behavior can be studied in real time. Thus, this method
has obvious advantages when small swelling occurs and in real-time studies. Although the
PROFILE was confirmed to be a powerful technique, it still has some restrictions. The RF
coil length of the NMR instrument is limited and the maximal swelling height should not
exceed that of the coil; thus, the initial sample length should be properly selected.

As an additional advantage, the diffusion of water into the gel was observed, which
provides further possibilities to use this method in gel studies, such as in studies of the
material exchange between the gel and solvent, dynamics of the solvent molecules, etc. A
related investigation is ongoing.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/molecules28073116/s1, Supplementary S1, The princi-
ple of the volumetric method. Supplementary S2, The 'H NMR spectrum of PEGA: Figure S1. The
'H NMR spectrum of PEGA. Supplementary S3, The TH NMR spectrum of AM: Figure S2. The
'H NMR spectrum of AM. Supplementary S4, The TH NMR spectrum of MEA: Figure S3. The H
NMR spectrum of MEA. Supplementary S5, The TH NMR spectrum of PMAB gel: Figure S4. The
1H NMR spectrum of PMAB gel. Supplementary S6, The *C and DEPT-135° NMR spectrum of gel:
Figure S5. The 13C and DEPT-135° NMR spectra of PMAB gel. Supplementary S7, The NMR profile
sperctra of pure PMAB gel without solvent: Figure S6. The NMR profile spectra of pure PMAB gel
without solvent.
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Abstract: Nuclear Magnetic Resonance (NMR) relaxometry is a valuable tool for investigating
cement-based materials. It allows monitoring of pore evolution and water consumption even during
the hydration process. The approach relies on the proportionality between the relaxation time and
the pore size. Note, however, that this approach inherently assumes that the pores are saturated
with water during the hydration process. In the present work, this assumption is eliminated, and
the pore evolution is discussed on a more general basis. The new approach is implemented here to
extract information on surface evolution of capillary pores in a simple cement paste and a cement
paste containing calcium nitrate as accelerator. The experiments revealed an increase of the pore
surface even during the dormant stage for both samples with a faster evolution in the presence of the
accelerator. Moreover, water consumption arises from the beginning of the hydration process for the
sample containing the accelerator while no water is consumed during dormant stage in the case of
simple cement paste. It was also observed that the pore volume fractal dimension is higher in the
case of cement paste containing the accelerator.

Keywords: NMR relaxometry; cement hydration; accelerators; pore evolution; partially saturated;
fractal dimension

1. Introduction

Reducing the carbon footprint associated with cement production is an important
objective nowadays, and it can be achieved by a better exploitation of the cement com-
posites, for instance, using 3D printing technology [1]. Building without formworks has
the advantage of saving cost, time and materials associated with formwork construction.
However, it also implies some significant materials engineering challenges to substitute all
the requirements which are typically fulfilled by the formwork. One of the most impor-
tant characteristics of concrete extrusion, opposite to castable concrete, is that it requires
fast-setting and low slump [2]. These requirements must be fulfilled because the material
is unsupported after leaving the print nozzle. That is why the cement-based materials
for 3D printing applications are designed to exhibit fast build-up process. Moreover, it is
necessary that the mix energy used to break the bounds inside the material should be low
to enable delivery by normal pumps [1].

The speed of strength development of cement mixtures is controlled by adding ac-
celerators [3-5] or retarders [5-7] but also admixtures such as silica fume [8] or carbon
nanotubes [9]. Note, however, that choosing the correct type and amount of accelerator,
retarder or admixture is a difficult task. On the one hand, the rapid strength development
allows building of more layers on top of one another, and on the other hand, it reduces
the building time. Moreover, long setting times would be necessary to keep the surface of
the layers chemically active to form interfaces between layers of which behavior is close
to the bulk material [2,5,10,11]. Consequently, hydration kinetics must be controlled in an
accurate manner so that the material does not set during the printing process but, instead,
right after deposition to support its own weight and that of subsequently deposited layers
of material. There is a so-called “open time” [5,10] during which a specified volume of
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material must be extruded in the 3D printing process. In practice, the open time overlaps
with the dormant stage of the hydration process [5]. The open time is influenced by the
cement sample constituents and the temperature [12]. Controlling the open time for cement
mixtures is essential for successful 3D printing applications. That is why the development
of new approaches to monitor the hydration process is an important issue.

Low-field nuclear magnetic resonance (NMR) relaxometry techniques are valuable
instruments for monitoring the cement hydration under the influence of different additives
and admixtures [6-8,13-19]. They are completely noninvasive, do not require any special
sample preparation and can be applied even during the hydration process. By using NMR
relaxometry techniques it is possible to monitor the pore evolution and water consumption
during the hydration process. Note, however, that when applying NMR relaxometry to
cement-based materials, during the hydration, it is arbitrarily assumed that the pores are
fully saturated with liquid, an assumption which was never demonstrated but continues
to be used in the literature. Here, this assumption will be disregarded, and the data will
be analyzed in a more general manner. The results of the new approach will be compared
with those based on the pore volume fractal dimension analysis [20-24].

2. Theoretical Background
2.1. The Process of Cement Hydration

The cement hydration process starts immediately after mixing the cement grains
with water molecules [25]. It produces not only a simple neutral colloidal gel where the
cement grains are dispersed in water, but also some internal organization arises [25]. This
is because some amount of water almost instantly combines with the cement grains pro-
ducing micro-organized systems such as flocculation of cement grains, chemical reactions,
ettringitic pores and so on [25]. Water inside these pores was called “embedded water”
and is characterized by a shorter transverse relaxation time in NMR relaxometry [19]. The
remaining water, filling in the empty space between these microstructures, represents the
“capillary water” and has a longer relaxation time [19]. Note that in the present work, the
cement chemistry abbreviations are used, where C = CaO, S = 5i0;, A = Al,O3, F = Fe;O3
and H = H,O [25].

It is customary to separate the hydration process of cement paste into five stages: the
initial stage, the dormant stage, the hardening stage, the cooling stage and the densification
stage [12,19,26]. These hydration stages were extensively discussed in the literature both
with respect of their duration and the influences introduced by different experimental
parameters [6,19,25]. Here, we will only shortly describe them to understand the pore
development. Thus, during the initial stage (less than 15 min) the C3A component of the
clinker reacts with water and releases heat. The ettringite formation starts immediately
creating a layer around the cement grains that isolates the paramagnetic relaxation centers
(Fe3*) on the surface of cement grains from the bulk water thus reducing the relaxation
rate [6,15,27]. During the dormant stage (between 15 min and 2 h), the silicates (C3S and
C2S) dissolve in water and the calcium and hydroxide ions are slowly released into the
solution. No changes in the porosity and no increase of the ettringite layer are expected
during this stage. During the hardening stage (between 2 h and 12 h), the hydroxide and
calcium ions reach a critical concentration and the calcium silicate hydrate (C-5-H) and
calcium hydroxide (CH) begin the crystallization process. Furthermore, during this period
the development of the ettringite layer continues. In the cooling period (between 12 h and
20 h), the reaction of C3S is much slower because the C-S-H and CH restricts the contact
between water and unhydrated cement grains. However, the porosity reduces, and the
relaxation time decreases accordingly. The densification stage lasts from 20 h to the end of
the cement hydration (conventionally considered 28 days). During this period C-5-H and
CH form a solid mass; this produces an increase in the strength and durability of cement
paste and, at the same time, a decrease in the permeability. The slow formation of hydrate
products occurs and continues providing that water and unhydrated silicates are present.
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2.2. NMR Relaxation in Partially Saturated Pores

In the NMR relaxometry of porous materials it is routinely considered that the pores
are saturated with the filling liquid and the observed transverse relaxation rate of confined
molecules is a weighted average between the bulk relaxation rate and the surface relaxation
rate of molecules confined inside a thin layer of few molecular diameters, uniformly
covering the internal surface of the pores [16,28]. However, there are many situations
when the pores are only partially saturated with the liquid. In that case, the relaxation
rate depends on the pore filling and the liquid distribution on the pore surface [16,28-30].
Assuming that the confined molecules wet the surface of the pores, the relaxation rate can
be expressed as a weighted average between the relaxation rate of the remaining bulk-like
liquid and the surface relaxation rate. In the case of cement-based materials, the bulk-like
contribution can be neglected, and the relaxation rate can be approximated as

1 Sp
AT 1
where S, is the pore surface and V; is the liquid volume inside the pores, under partially
saturated conditions. The constant p is called relaxivity and depends on pore surface proper-
ties, filling molecules and the intensity of the magnetic field of the experiment [15,18,27,30].
In the case of saturated pores, V; = V), where V), is the pore volume. Provided that relax-
ivity of the surface is known, for saturated pores it is possible to determine the pore size
distribution from relaxation time distribution measurements. Note that in all the investi-
gations reported in the literature related to relaxation studies on cement hydration, it is a
priori assumed that V; = V. In the present work, this assumption is eliminated, and the
data are evaluated based on Equation (1) where only the volume of the confined liquid is
considered. Consequently, by representing the ratio V;/T; as a function of hydration time,
information on surface evolution during the hydration can be extracted. This approach
will be exploited here to monitor the surface evolution of the capillary pores in cement
paste during the first hours of hydration (dormant and hardening stage).

2.3. The Transverse Relaxation Time and the Fractal Dimension

Starting with the introduction of fractals by Mandelbrot in 1977 [31], the geometrical
structure of pores and the pore surface could be described based on fractal dimension [20-22].
The concept of fractal dimension can be used also for analyzing a volume distribution of
pores [22]. Thus, a uniform pore size distribution corresponds to the topological dimension
of three while a variation in the pore size distribution can be described by a fractal volume
dimension D ¢ < 3. From the practical side, it was demonstrated that, in the case of fiber
recycled concrete, there is a linear relationship between the pore volume fractal dimension
and the strength [21].

The basic theory that relates the fractal geometry of the porous structure to the NMR
relaxation data is comprehensively described by Zhang and Weller [22]. They have shown
that the transverse relaxation time of molecules confined inside porous structures can be
related to the pore volume fractal dimension, D £, in accordance with the work in [22]:

log(Ve) = (3 - Df) log(T») — (3 - Df) 1og(T5“axD> )

where V; is the cumulative volume fraction of the wetting fluid in the pore space, with
the relaxation time smaller than T,. It is defined as the ratio between the volume of
pores characterized by a relaxation time smaller than T, and the total pore volume. The
cumulative volume can be calculated from NMR relaxation time distribution by dividing
the area under the curve, obtained for relaxation times smaller than T, to the total area
of the distribution [22]. Ti“aXD represents the maximum detectable relaxation time in
the relaxation time distribution. Note that the above formula was derived under the
condition T, >> T;ninD , where TéninD is the minimum relaxation time detected in the
distribution. That is why fitting of cumulative volumes with a linear curve to extract the
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slope and thus to determine the pore volume fractal dimension is only possible under such
circumstances [22]. Consequently, the data will be fitted here only for relaxation values
close to the TI"™P. The above Equation (2) originates in the assumption that the pore
dimension is proportional with the relaxation time. In the case of partially saturated pores,
the above equation is still valid, but the probed dimension refers there to the liquid volume
inside the pore space.

3. Results and Discussion

The samples under investigation were the simple cement paste (CP) prepared with
a water-to-cement ratio of 0.4 and a cement paste additionally containing 3% by cement
weight of Ca(NOs3),, as accelerator. The echo trains recorded in the Carr—Purcell-Meiboom—
Gill (CPMG) [32,33] experiments, performed at 15 min intervals, during the first 6 h of
hydration are shown in Figure 1. Comparing the time evolution of the two samples it is
observed a faster increase in the slope of the echo trains recorded for the sample containing
the accelerator (Figure 1b). This effect arises as calcium nitrate increases the concentration
of calcium ions leading to a faster supersaturation with respect to the silicate hydrates [5].
This in turn produces a faster development of the C-S-H phase and faster consumption of
the capillary water in the hydration process (see Section 2.1 above).
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Figure 1. CPMG echo trains recorded for the two samples, at different hydration times, as indicated
in the legend: (a) Cement paste sample prepared at a water-to-cement ratio of 0.4; (b) Cement paste
prepared at 0.4 water-to-cement ratio which additionally contains 3% accelerator (Ca(NO3),).

To monitor the effects of water consumption and the evolution of capillary pores the
curves depicted in Figure 1 can be analyzed using a numerical Laplace inversion [34,35].
The numerical analysis provides the relaxation time distributions shown in Figure 2.
One can observe three peaks corresponding to different water reservoirs inside the sam-
ple: two peaks of smaller area and one peak of larger area. The first and the second
peak (from the left) can be attributed to the water inside intra- and inter C-S-H pores,
respectively [14-16,27]. They arise immediately after mixing the cement grains with water
molecules and remain constant during the dormancy stage. The shift in the position of
the second peak to smaller values can be attributed to a denser inter C-S-H phase [19].
Beginning with the acceleration stage, the area of the two peaks starts to increase showing
that more and more intra and inter C-S-H pores are formed inside the sample.
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Probab. density {a.u.)

(a) (b)

Figure 2. Relaxation time distributions for the two samples, at different hydration times, as indicated in the legend:

(a) Cement paste sample prepared at a water-to-cement ratio of 0.4; (b) Cement paste prepared at 0.4 water-to-cement ratio
which additionally contains 3% accelerator (Ca(NO3);), by cement mass.

The third peak (the largest one) in the relaxation time distributions, shown in Figure 2,
corresponds to the capillary water contained between the cement grains during the first
stage of hydration and will be monitored here in more detail. The area of the peak
is proportional with the amount of water inside the capillary pores. Figure 3 shows
the dependence of the peak area (Figure 3a) and of the position of the peak maximum
(Figure 3b) on the hydration time in the case of the simple cement paste (CP) and the
cement paste containing the accelerator (CP + 3% Ca(NOs3);). One can observe faster
decay of the peak area and of T7;"®* in the case of sample containing the accelerator as
compared with the simple cement paste. The faster evolution demonstrates accelerated
hydration dynamics introduced by the calcium nitrate. This observation is consistent
with the previous reports that calcium nitrate increases the concentration of calcium ions,
leading to a faster supersaturation with respect to the silicate hydrates and thus producing
a faster development of the C-S-H phase and faster consumption of the capillary water in
the hydration process [5].
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Figure 3. (a) The peak area evolution during hydration for the capillary pores of the two samples; (b) Evolution of the

relaxation time corresponding to the peak maximum during the hydration.

Comparing the area evolution of the capillary water peak for the two samples (Figure 3a)
it is observed that the area of CP peak remains constant up to 3 h of hydration, but a continu-
ous decrease arises in the case of cement paste containing the accelerator (CP + 3% Ca(NO3)»).

59



Molecules 2021, 26, 5328

The relatively constant peak area of the CP capillary pores indicates that the pore volume
does not change during the dormancy stage and water is not consumed to form hydration
products. Consequently, the reduction of the relaxation time observed in Figure 3b during
the dormant stage can only be attributed to the changes in the pore surface. To demonstrate
this conclusion, we notice from Equation (1) that if we represent the ratio V;/T7" as a
function of hydration time, this ratio will describe the pore surface evolution. Note that V;
is proportional with the peak area, consequently Area/T,™®* is represented in Figure 4 as
a function of hydration time. According to Equation (1), this representation is independent
of the assumption that the pores are saturated with water and provides information of
pore surface evolution during the hydration. As one can observe, the surface of capillary
pores increases for both samples, but the process is faster for the sample containing the
accelerator (circles).
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Figure 4. Ratio between the peak area and the peak maximum in the relaxation time distributions
shown in Figure 2 for the capillary water component of the two samples, as indicated in the legend.
In the case of sample containing the accelerator, the evaluation was restricted to shorter relaxation
times due to the overlapping of the capillary peak with the signal corresponding to the C-S-H pores.

The changes in the pore morphology can be also described by monitoring the volume
fractal dimension Dy. This quantity can be evaluated based on the log-log representation
suggested by Equation (2). The log(V;) versus log(T,) curves are shown in Figure 5 for
the two samples during the first six hours of hydration. A decrease in the slope for both
samples is obtained during the hydration which is equivalent, based on Equation (2),
with an increase in the fractal dimension. As can be observed from the figure, the fractal
dimension varies from 2.237 to 2.663 in the case of simple cement paste (Figure 5a), and
from 2.356 to 2.723 in the case of cement paste containing the accelerator (Figure 5b). This
variation in fractal dimension is continuous (see the slopes in Figure 5c,d, respectively)
and correlated with the change in the surface size revealed in Figure 4. Note that, the
increase in the fractal dimension of cement based materials was associated with an increase
in their strength [21]. Here, the increase in fractal dimension could be again correlated with
the increase in strength during the hydration. However, establishing a direct relationship
between compressive strength and pore volume fractal dimension, determined by NMR,
requires supplemental investigations.
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Figure 5. Versus log(T;) at different hydration times for the capillary water peak in Figure 2 in the case of cement paste

sample (a) and the cement paste containing the accelerator (b). T, was considered here in milliseconds. The linear fits with

Equation (2) for the two samples were performed after shifting the data on the abscissa axis, for a direct comparison. The

same region, between —0.08 and 0.00 on the abscissa axis, was used for all fits. A continuous change in the slope is observed

both for the simple cement paste (c) and the sample containing the accelerator (d). The coefficients of determination R? in

all fits were bigger than 0.93, indicating a good linear approximation.

4. Materials and Methods
4.1. Sample Preparation

Two samples, with the same water-to-cement ratio of 0.4, were prepared and compar-
atively investigated in the present study. One sample is a pure cement paste (CP) obtained
by mixing Portland cement with water and the other additionally contains 3% Ca(NO3);
by cement mass. The two samples were prepared with white Portland cement CEM I
52.5 R (Holcim, Bucuresti, Romania), fulfilling the European Standard BS EN 197-1. The
white cement was chosen here on purpose due to its low content of iron oxide (<0.5%), in
order to reduce internal gradients that can be induced by susceptibility difference between
the solid matrix and filling liquid [13,36]. The Ca(NO3), accelerator was acquired from
NORDIC Chemicals SRL, Cluj-Napoca, Romania. Before mixing with cement powder,
the accelerator was dissolved in water. The ingredients were then mixed for 5 min using
a mixer, at 100 rpm. The resulting paste was poured into 10 mm glass tubes and then
introduced inside the probe head. The tubes were sealed to prevent water evaporation. The
first NMR measurements were always performed at 15 min counting from the initiation of
the mixing process and the last after 6 h of hydration.

4.2. NMR Measurements

Transverse relaxation measurements of fluids confined inside the cement paste pores
were performed using the well-known Carr-Purcell-Meiboom-Gill (CPMG) technique [32,33].
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In the CPMG pulse sequence, an initial 90° radiofrequency pulse around the y-axis is fol-
lowed by a train of 180° pulses around the x-axis at time instants T, 31, 51, ... The attenua-
tion of the echo train recorded at the time instants 27, 47, 671, ... contains information about
the transverse relaxation time distribution inside the sample. If the sample is heterogeneous
and the echo train attenuation is multiexponential, a numerical Laplace inversion [34,35]
of the echo train provides the relaxation time distribution. In the case of liquids confined
inside porous media, the relaxation time distribution mimics the pore size distribution and
a quantitative description of the pore sizes can be obtained provided that the relaxivity
of the pore surface is known from independent measurements. The main advantage of
such a multiple echo technique for the determination of the transverse relaxation time is
that it allows fast multiple accumulations of the echo train signal—an important issue in
increasing the detection sensitivity. Furthermore, due to the short echo times implemented
it reduces diffusion effects on transverse relaxation measurements [13,36].

The experiments were performed using a Bruker Minispec MQ20 instrument (Bruker
BioSpin GmbH, Rheinstetten, Germany), operating at a proton resonance frequency of
20 MHz. The CPMG echo trains consisting of 1000 echoes were recorded after 32 scans,
with an echo time of 80 us and a recycle delay of 0.5 s. With these parameters, the record-
ing duration of one echo train was short enough to prevent sample changes during the
experiment. The measurements were performed at 35 °C, the working temperature of the
Bruker Minispec MQ20 instrument, without using the external temperature control unit.

5. Conclusions

Monitoring the evolution of NMR relaxation time under the influence of different
parameters can be used as a tool in determining the pore evolution of cement-based
materials. Here, the influence of an accelerator on the surface evolution of capillary pores
was studied using a low-field NMR instrument. The approach employed here removes
the generally used assumption that the capillary pores are saturated with water during
the early hydration. Based on the new approach, it was shown that the surface of capillary
pores increases during the early hydration (less than 6 h) even during the dormant stage
and this effect is higher in the presence of an accelerator. However, in the case of simple
cement paste, the pore volume sems to be constant during the dormant stage, and a clear
identification of the dormant stage is possible by plotting the area of the peak versus
hydration time. In the presence of an accelerator there is a continuous consumption of
water in capillary pores, and one cannot clearly identify the dormant stage, at least for the
accelerator content and hydration temperature used in the experiments. The volume fractal
dimension of capillary pores increases during the hydration in the case of both samples,
with higher values in the case of cement paste containing the accelerator. This indicates a
more uniform pore distribution in the case of the sample containing the accelerator.
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Abstract: Titanium dioxide (TiO,) is an excellent photocatalytic material that imparts biocidal,
self-cleaning and smog-abating functionalities when added to cement-based materials. The presence
of TiO, influences the hydration process of cement and the development of its internal structure.
In this article, the hydration process and development of a pore network of cement pastes containing
different ratios of TiO, were studied using two noninvasive techniques (ultrasonic and NMR).
Ultrasonic results show that the addition of TiO, enhances the mechanical properties of cement
paste during early-age hydration, while an opposite behavior is observed at later hydration stages.
Calorimetry and NMR spin-lattice relaxation time T results indicated an enhancement of the early
hydration reaction. Two pore size distributions were identified to evolve separately from each other
during hydration: small gel pores exhibiting short T; values and large capillary pores with long T;
values. During early hydration times, TiO, is shown to accelerate the formation of cement gel and
reduce capillary porosity. At late hydration times, TiO, appears to hamper hydration, presumably
by hindering the transfer of water molecules to access unhydrated cement grains. The percolation
thresholds were calculated from both NMR and ultrasonic data with a good agreement between
both results.

Keywords: cement hydration; titanium dioxide TiO,; NMR; ultrasonic; calorimetry

1. Introduction

Titanium dioxide (TiO,) has been studied for potential applications, notably as a white pigment
and in hydrolysis [1] and electricity production [2], as well as an additive in construction materials
(cement, concrete, tiles and windows) for its sterilizing, deodorizing and antifouling properties [3-8].
TiO, integrated into construction materials effectively decomposes or deactivates volatile organic
compounds, removing bacteria and other harmful agents. Cement-based, self-cleaning construction
materials can play a major role in achieving clean air conditions in modern urban environments.
Accordingly, it is of critical importance to characterize the structural properties and hydration kinetics
of these materials to improve their mechanical performance.

Different, nondestructive methods are used to investigate the hydration of cement-based materials.
The authors of [9,10] provide an overall view of these techniques. NMR has the advantage of
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nuclear-spin selectivity, where only one nuclear-spin isotope is detected at a time. The resulting
resonances provide information on the local structure and dynamic effects. NMR allows studying
the development of cement microstructures and kinetics in real-time during cement hydration, even
at the earliest hydration times. Until now, several NMR techniques have been reported to provide
valuable information on the porosity, pore size distribution and hydration kinetics of cement pastes.
Such techniques include NMR cryoporometry [11,12], imaging [13-15] and diffusion studies [16-19].
The most widely used technique to study the porosity and hydration of cement pastes is proton
(*H) NMR relaxometry [20-23]. In this method, the molecular motion and chemical and physical
environments of water molecules are probed continuously by measuring the 'H nuclear-spin-lattice
and spin-spin relaxation times of hydrogen nuclei. Ultrasonic wave velocity measurements similarly
provide an excellent nondestructive tool to continuously monitor the evolution of the solid matrix as
cement hydrates from the initial fluid state to the final solid configuration [24,25]. Measuring the speed
of ultrasonic waves propagating through the cement slurry allows for in situ monitoring of hydration
dynamics and determination of elastic properties [26-28].

When additives with hydrophilic properties, such as TiO,, are added to a cement paste,
the hydration process and pore size development are affected in multiple ways [29,30]. It is known
that the surface of fine fillers provides additional sites for the nucleation of C-5-H, accelerating
the hydration reaction by reducing the energy barrier [31]. The effectiveness of this catalytic effect
depends on the dosage and fineness of the nanoparticles. For TiO, nanoparticles, their addition
to cement can result in decreased water permeability and improved durability properties, such as
chloride penetration and capillary adsorption [29]. It has been reported that the addition of TiO,
nanoparticles to ordinary Portland cement results in an accelerating effect of early cement hydration,
directly proportional to particle/agglomerate size [32]. TiO, nanoparticles acquire a negatively charged
surface in the early-stage “ionic soup” of hydrating cement, balanced by increasing Ca*? concentrations.
Agglomeration is promoted via ion-ion correlations, also observed in C-S-H gel particles [33]. It is
known that adding TiO, to cementitious materials enhances the mechanical properties of the cement
in the early age of hydration. Enhanced mechanical properties for cementitious materials doped with
TiO, are also reported at the late stage of hydration [32,34-39]. In a recent review by Rashad [40],
the optimum percentages of TiO, in cementitious materials at which mechanical properties enhanced
were summarized as 1-4% for concrete, 2-10% in mortars and up to 10% in pastes. Other studies
reported opposite results, where the mechanical properties of cementitious materials doped with
TiO, decreased at later stages of hydration [41-43]. The effect of adding TiO; in cement hydration
and hardening, as well as the effect on the mechanical properties at late hydration times, are not
fully clarified. This is considerably important for the development of new construction materials that
incorporate TiO; for its sterilizing effects but less likely for its photocatalytic properties where a more
practical approach would be the application of coatings to the exterior surface of the structures.

In this article, results from both NMR and ultrasonic velocity measurements on the effect of TiO,
on the hydration of Portland cement are presented. NMR 'H spin-lattice relaxation and diffusion data
are recorded. These measurements monitor the dynamics of water molecules confined in cement pores
and their interaction with the pore surface.

2. Experimental

2.1. Ultrasonic Section

In bulk solid materials, ultrasonic waves propagate mainly in two modes: shear and longitudinal
waves. In cement, shear waves are expected to propagate only after C-S-H cement gel first percolates
(i.e., at cement setting time) [24]. On the other hand, longitudinal waves propagate through the initial
suspension. As the hydration procedure continues, the system becomes increasingly rigid and develops
a solid matrix of pores filled with water. The longitudinal V1, and shear Vs wave velocities increase as
both the bulk and shear moduli increase rapidly in value. V| is related to the constrained modulus [44],
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M = p V1.2, where p is the density of the sample. By monitoring the evolution of Vi during the
hydration process and the evolution of the cement paste density, it is possible to deduce the evolution
of the M modulus of the cement paste as a function of the hydration time. During the propagation of
the signal through a material, its spectrum deforms and experiences high damping [25,26,45,46].

2.2. NMR Section: Spin-Lattice Relaxation Time

In this study, 'H-NMR spin-lattice relaxation time T1 measurements are used to obtain information
on the hydration process in a nondestructive manner. T; is determined by the water/solid interface of
the cement system and the development of the pore network. The relaxation rate, 1/T, of mobile water
molecules increases near a liquid-solid interface due to the exchange between the free and bonded water
and the presence of paramagnetic sites on the solid surface [13]. In the fast-exchange approximation:

1 1 1
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where the subscripts b and f refer to the “bonded” water near the pore surface and “free” water,
respectively; p is the fraction of bonded water molecules at pore surfaces [22,47]. For spherical pores
with mean radius r, assuming bonded water molecules form a layer of thickness ¢ [23],

3¢ é

P=—=7 2)

where 5/V is the pore surface area to volume ratio. As % < T%b’ due to the presence of paramagnetic
sites on the solid surface, the overall relaxation rate depends linearly on the S/V of the pores.
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In cement and other complex porous materials, T; spreads over a wide distribution of relaxation
times due to the existence of pore sizes ranging from nanometers to micrometers. During cement
hydration, pore networks develop within the cement matrix. The nuclear magnetization in a saturation
recovery experiment can be expressed as [23]:

Ry = MM | T (Tﬂexp( —Til) ary @

where R(t) is the proton magnetization recovery function, My is the magnitude of the magnetization
at equilibrium and M(t) is the observed magnetization as a function of time ¢. Here, g(T1) is the T
distribution function, which can be resolved by means of an inverse Laplace transform [23], unveiling
important information on the porous microstructure in the hardened material.

There are mainly three different “water groups” in hydrating cement pastes, which can be
monitored by T; 'H-NMR relaxometry. First, water chemically bound to OH groups (portlandite,
gypsum and ettringite) exhibits a restricted motion, characterized by long T7 (> 100 ms) and very
short spin-spin T, (%10 us) relaxation times. In this study, this water group is intentionally excluded
from the data acquisition by setting the experimental time window for the NMR measurements
accordingly. Second, mobile water is incorporated into the C-S5-H phase and located in the restricted
volume of the gel pores. The relaxation is dominated by the pore-surface interactions, resulting in
short T1 and T, values (0.5-1.0 ms). Monitoring the gel pore water is of primary importance, as it
controls the viscoelastic response of C-S5-H gel to mechanical loading and relative humidity changes
(drying shrinkage). Third, water is trapped inside capillary pores (3-50 nm) and microcracks of the
hydrating cement pastes, with considerably higher relaxation times (~5-10 ms) [48,49], albeit lower
compared to bulk water (~2 s).
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2.3. NMR Section: Spin-Spin Relaxation Time and Diffusion Measurements

Measuring the water self-diffusion coefficient (D) is important in studying cement, as it is
directly related to hydration and the development of the gel matrix. D is directly connected to water
permeability and thus to the durability and aging properties of cement. The conventional NMR method
for measuring D is to monitor the 'H-NMR spin echo decay in a constant linear magnetic field gradient.
For the isotropic diffusion, the NMR data can be fitted to the relation [19]:

M(2t) =M, exp(z—T - % v* D G? T3) (5)

where y = 26.7522 x 107 rad s'T~! is the gyromagnetic ratio for proton, and G is the magnetic field
gradient. The linearly exponential part of the decay corresponds to T, and the cubic exponential decay
corresponds to dephasing due to the presence of the magnetic field gradient. However, water molecules
in porous systems do not diffuse freely due to pore confinements. Therefore, the dephasing part of
the spin echo deviates from the previous equation [18,19,50]. To describe the dephasing behavior,
two length scales need to be compared [50,51]: structural length I (=V/S, for spherical pores) and
dephasing length [, i.e., the distance a particle must travel to dephase by a full cycle in the magnetic
field gradient. If the diffusion length Ip(= +/6D7) < Is or < I, water molecules diffuse freely in the
porous matrix and Equation (5) is valid. However, if Is < Ip, the magnetization decay is in the so-called
motional averaging regime [50,51], and the dephasing part of the spin echo decay is characterized by a
single exponential law. For the case of spherical pores [52,53]:

M((2t) =M, exp[—(175 D

(6)
On the other hand, if I < Is and < Ip, the magnetization decay is in the so-called localization
regime [50], and the following expression applies:

M(27) = M, exp[—1.02((y G)3 D%) 2 ] @)

The above is applicable when the magnetic field gradient is very strong and water molecules have
already dephased significantly before they reach the pore walls.

2.4. Materials

White cement (CEM 11-42.5) was provided by Lafarge-Heracles (Greece) and TiO, (P-25 Aeroxide)
was purchased from Degussa. White cement was selected because of its low iron oxide content,
which causes line shape broadening in NMR experiments due to magnetic susceptibility effects.
According to the manufacturer, P-25 TiO, contains 70% anatase and 30% rutile (w/w), with average
grain sizes of 21 nm and a specific surface area of 50 m?/g. Four cement paste mixtures were prepared,
namely C100, C97T3, C93T7 and C85T15. The number at the end of the doped sample names refers to
the weight percentage of TiO; that replaced equal amounts of cement (3, 7 and 15% w/w, respectively).
The water-to-cement ratio (w/c) was kept constant for all samples at w/c = 0.40. The percentages were
chosen based on expansion measurements by Flow Table. The sample with 15% titania (C85T15) has
a w/c ratio of 0.40, which is also its normal plasticity water, thus ensuring its workability. All other
percentages are roughly selected by dividing the percentage of titania. Regarding sample preparation,
cement and TiO, were initially mixed together at the appropriate weight ratio of each specimen and
stirred at a low mixer speed for 10 min to ensure excellent dispersion of TiO, in cement. Mixing with
distilled water was performed according to the procedure described in the EN 196-1 standard [54].
For the ultrasonic experiments, each sample was cast in a Plexiglas cubic mold (10 X 10 X 10 cm)
immediately after mixing with water. The thickness of the Plexiglas wall at the position of contact
with the ultrasonic transducers was 0.25 cm. Care was taken to ensure constant pressure on the
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transducers attached on opposite sides of the mold by the use of springs. The quality of the contact was
assured by the application of lubricant between the transducers and the Plexiglas mold. Samples were
saturated with distilled water after 6 h of casting and the open top of the molds was membrane-sealed.
With this procedure, shrinkage was minimized, and good contact between the Plexiglas wall and the
curing cement was ensured to avoid sound attenuation and signal loss. Ultrasonic measurements
were conducted with a commercial ultrasonic pulse generator (GE USM 23) driving two identical
transducers of nominal frequency (500 kHz). The waveforms were recorded with an A/D converter
using LabView home-built software. All experiments were performed at room temperature for a
minimum time period of 80 days and conducted four times. The values of the ultrasonic velocity
measurements provided here are the mean values of the four experiments. The estimated uncertainty
for the ultrasonic velocity measurements was + 30 m/s (calculated as % (Vmax — Vmin), where Vax and
Vmin are the maximum and minimum velocity values as measured from the experiments). For the
NMR experiments, samples were taken from the same mixtures used in the ultrasonic measurements
to ensure identical preparation conditions. Immediately after mixing with water, the samples were
sealed into NMR glass tubes (9 mm in diameter and 30 mm in length) using a Parafilm® membrane to
minimize the evaporation of water. ! H-T; experiments were conducted using a home-built circular
Halbach array magnet, suitable for low-field NMR measurements [55]. The field at the magnet center
was 0.29 T, corresponding to a proton resonance frequency. The magnet was coupled to a broadband
spectrometer operating in the frequency range of 5-800 MHz. T; was measured using a standard
saturation recovery technique ((1/2) — t — (71/2) — T — (7)) with the interpulse delay, ¢, ranging between
100 ps and 6 s on a logarithmic scale. The signal was detected by the common Hahn echo pulse
sequence with a 7 value of 60 ps. All experiments were performed at room temperature and the
hydration process for each sample was monitored for 28 days. Time intervals between successive
experiments ranged from minutes and several hours in the initial hydration stage up to full days at the
later hydration stages. At the early stage of hydration, T; was characterized by a single exponential
function. However, with progressive hydration, a multiexponential behavior 12.1718 developed,
which was resolved by means of an inverse Laplace transform [55]. The numerical Laplace inversion
of the 'H- of 12.1718 MHz NMR saturation recovery curves was obtained using a modified CONTIN
algorithm [56], which was constrained to a positive output for 30 logarithmically distributed points
between Tqpmin = 0.01 ms and Tymax = 10.000 ms.

Water diffusion experiments were also conducted in the same Halbach magnet with a magnetic
field gradient of 1.03 T m~!. Measurements were carried out using the Hahn echo pulse sequence
((1/2) = T = (1) — 7 — echo) with the interpulse delay, T, ranging from 20 to 8 ms. All experiments
were performed at room temperature and the hydration process for each sample was monitored for
300 h with time intervals between successive experiments ranging from minutes to several hours.
The uncertainty in the T; values was estimated at +0.01 ms.

From the same batch mixtures that were used for ultrasonic and NMR analyses, an additional set
of cement-TiO, specimens were prepared to measure microstructural properties during hydration.
Each specimen was set in prismatic molds (20 x 20 x 80 mm) and left to hydrate at a relative humidity
of 98 + 2% and a temperature of 21 + 1 °C inside a curing chamber. The molds were membrane-sealed
and covered with glass sheets to avoid water evaporation. After two days, the specimens were
removed from the molds. These prismatic specimens were used to measure density at progressing
hydration ages using the standard Archimedes method with water. All specimens were examined
during the first 28 days of hydration with scanning electron microscopy (SEM) using a FEI Quanta
Inspect coupled with an energy-dispersive spectroscopy (EDS) unit. Specimens were vacuum dried
using ethanol and diethyl ether prior to analysis and gold-coated. Standard Vicat measurements
were performed and isothermal calorimetry measurements were carried out in an I-CAL 2000 HPC,
Calmetrix at 20.0 + 0.5 °C. The hydration of the mixtures was monitored by simultaneous differential
thermal analysis and thermogravimetry (DTA/TG) in a Perkin Elmer Pyris 2000 thermal analyzer [57].
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3. Results and Discussion

3.1. Vicat, Isothermal Calorimetry and DTA/TG Measurements

Figure 1 exhibits the normalized rate of hydration (per gram of cement + TiO;) for all mixtures,
according to isothermal calorimetry measurements performed for the first seven days. Note that the
wy/c ratio is the same for all mixtures.
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Figure 1. Isothermal calorimetry measurement. Power versus hydration time and heat release versus
hydration time divided by the total solid mass.

These calorimetry data show that the peak heights were increased with the addition of the inert
TiO, nanoparticles, thus the addition of TiO, greatly affects the early-age hydration. The TiO,-doped
samples’ heat release curves around 5 h are shifted to the left, indicating the early-age acceleration
effect of TiO,. Although Titania is inert, the rate of reaction of the clinker component is enhanced.
The main peak is higher for the samples with 7% titania, while for all doped samples, it is higher than
the reference sample, and the acceleration slope is steeper for all the doped samples compared to the
reference sample. The cumulative heat of the C85T15 sample falls lower than the reference sample
after approximately 24 h. Considering that ] in Figure 1 is referred to as the extent of the hydration
process, the differentiation of mixture C85T15 is attributed to the sorter retardation/deceleration period
and the beginning of the long-term reactions at earlier stages. Overall, the full curve of C85T15 is
shifted to the left.

Standard Vicat measurements were performed in all mixtures for determining the initial and final
setting time (see Table 1 in Section 3.5), using the same amount of water.

Table 1. Percolation parameters (p.) obtained from fitting NMR and ultrasonic data to Equations (8)
and (9) and weighted standard deviation. Vicat measurements with uncertainty values.

Sample Percolation Threshold, p. Vicat Setting Times (h)

Ultrasonic/h NMR/h Initial Final
C100 4.7 £ 0.08 3.6+0.1 4.18 + 0.02 4.88 +0.02
C97T3 43+0.1 33+0.1 3.66 +0.02 4.26 +0.02
C93T7 37+02 2.8+0.2 3.35+0.02 3.80 = 0.02
C85T15 32+04 22+0.3 2.78 £ 0.02 3.15+0.02

The setting time determined by different methods and the hydration process are presented and
discussed in Table 2 (Section 3.5).
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Table 2. Periods of the hydration process for all four samples.

Samples C100 C97T3 C93T7 C85T15
NMR Start of acceleration (h) 1.63 1.57 1.20 1.08
Formation of “shoulder” (h) 4.88 4.71 - -
Start of diffusion (h) 89.0 43.0 29.0 23.0
UltraSounic Initial detection of signal (h) 2.75 2.73 222 2.20
End of acceleration (h) 8.8 6.0 49 3.9
End of deceleration (h) 692 570 490 306
Calorimetry Start of acceleration (h) 1.67 1.37 1.26 1.06

End of acceleration/start of deceleration (h)  9.04 6.48 5.66 4.87

Based on the peaks appeared in the DTA curves, the total amount of chemically bound water
(attributed to the hydrated C-S-H and C-A-H phases) was calculated gravimetrically (TG%) at
different setting periods in the range of 75-320 °C [58,59]. Samples were heated in an air atmosphere
in three steps: from 25 to 60 °C, using a heating rate of 5 °C/min; a hold-step at 60 °C for 1 h (aiming to
remove any physically adsorbed water; and heating up to 400 °C with a rate of 10 °C/min. The amount
of chemically bound water was compared to that calculated in a reference cement specimen (C100R)
after setting for two years at the same curing conditions.

The hydration rate (Ry) of each different cement-TiO, mixture was calculated (Figure 2) by
dividing the amount of bound water at different setting periods by the amount of bound water in the
fully hydrated cement (C100R) [60].
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Figure 2. Normalized hydration rates of the four samples with respect to the fully hydrated
C100R sample.

3.2. Ultrasonic Experiments

The hydration process for all samples was monitored by means of continuously measuring the
longitudinal ultrasonic wave velocity as a function of hydration time. Figure 3 demonstrates the
longitudinal ultrasonic velocity V1 as a function of hydration time. As seen from Figure 3, the hydration
periods of cement [27,61,62] are distinguished in the time evolution of V1, except for the “dormant
period”, which occurs at the early time (below 2 h) of hydration, where cement paste behaves as a
liquid suspension of particles. In our measurements, no longitudinal velocity signals were observed at
the dormant period (left region of the dashed line A, Figure 3) as entrapped air led to strong attenuation
of the longitudinal waves [25,26,62]. Air bubbles within the binder blocked the higher frequencies at
the early-age, allowing them to transmit at a later-age [26,45,63-65]. The evolution of the frequency
follows the evolution of the ultrasonic velocity and asymptotically reaches the carrier frequency at later
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times. Between ~2 and 3 h of hydration (dashed lines A and B), ultrasonic waves become detectable
and V7, increases rapidly with hydration time.
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Figure 3. Ultrasonic longitudinal velocity versus hydration time for the samples used in this study.
The inset presents the data during the first ten hours of hydration time. The vertical dashed lines are
presented for clarification and to indicate the different hydration periods as discussed within the text.

Samples with higher TiO, content exhibited higher Vi values. The Vi value of the sample
with the highest TiO, content, C85T15, was recorded approximately 40 min earlier compared to
the reference sample, C100 (notice the signal between the two blue lines in the inset of the figure).
This indicates that substituting cement with TiO, causes a strong acceleration of the early hydration.
In the “acceleration period” (~3-0 h, lines B and C), an increased hydration rate is observed for all
the samples with the lowest V1, values for the reference sample. The rapid growth of cement gel in
this period facilitates solid pathways, which enables the transmission and detection of longitudinal
waves [28,45]. After approximately 10 h of hydration, the “deceleration period” began with a slower
increase in V1, for all samples compared to the acceleration period. This period lasted for up to
~300 h of hydration for the TiO,-containing samples (between lines C and D) and up to ~700 h for the
reference sample (between lines C and E). The data show a nonlinear behavior for the TiO,-containing
specimens and a linear behavior for the reference sample, a characteristic of adding fine aggregates to
cement [66-70]. The addition of fine aggregates accelerates the evolution of the microstructure [51].
Therefore, additives such as TiO, caused a reduction of the distances among solid particles, and smaller
amounts of hydration products are needed to form the first connection path for the ultrasonic signal to
transmit. This “filler effect” is also observed in the SEM images of the samples and presented later in
this section (Figure 8). A further observation of the data at the end of this period indicates that the
V1 value of the reference sample overpassed the V1 values of the other samples, indicating its solid
paths became fully developed. This is opposite to what was observed at the early stage of hydration
(between the two blue lines).

Furthermore, all samples reach a saturation value in their ultrasound velocity after 1000 h.
The saturation values from Figure 3 are calculated as 3018 m/s for sample C85T15, 3123 m/s for sample
C93T7, 3169 m/s for sample C97T3 and 3207 m/s for sample C100.

These values are inversely proportional to the amount of TiO; in the sample, indicating the
reduction of the constrained modulus with increasing TiO, content in cement. In this connection,
the constrained modulus (M = pVLz) of the samples is calculated, and the results are presented in
Figure 4.
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Figure 4. Evolution of constrained modulus M for the samples versus hydration time.

The saturation values of Ms,t are 15.2,16.4, 17.7 and 17.8 Gpa for C85T15, C93T7, C100 and C97T3,
respectively. It is known that TiO; is added to construction materials (cement, concrete, tiles and
windows) for its sterilizing, deodorizing and antifouling properties [3-8]. The results of Figure 4
show that if too much TiO, (15%, as in C85T15) is used, the mechanical properties of the material will
be affected.

3.3. 1H-Spin-Lattice Relaxation Time (T;) Measurements

The hydration process for the samples was monitored by measuring ! H-T;, which is less liable
to artifacts caused by water molecule diffusion in magnetic field in-homogeneities. Figure 5 shows
T, distribution profiles, obtained by the inverse Laplace transform [55], as a function of hydration
time. For all samples and at early hours of hydration, the magnetization of water protons relaxes
uniformly due to the fast exchange between water spins in the various environments, represented by a
single T1 component [20,71,72]. T for this peak is ~ 100 ms. With proceeding hydration, a growing
number of hydration products develop and the paste becomes rigid. The surface area of the pore
network increases, which causes a reduction of T, as predicted by Equation (3). Monitoring the change
in T7 allows the observation of the evolution of hydration and the growth of the pore structure of
cement. At approximately 12 h of hydration, T; distribution splits into two components. The short
and long T peaks are attributed to water in gel pores and large capillary pores, respectively [55,73].
The observation of these two components indicates the formation of both gel and capillary pores,
with different pore geometries reflected by their T; values. At longer hydration times, the cement
paste hardens and a further reduction of T; is observed, as a result of increasing pore surface areas
according to Equation (3). Beyond 12 h of hydration, the peak assigned to the gel pore (short T1) grew
larger in area while the capillary peak (long T7) decreased slightly, providing a measure of the change
of the two pore populations. The two T7 peaks are visible over different time intervals depending
on the percentage of the TiO, in each sample (with the reference sample lasting longer). The two Ty
peaks are visible from 12 h for all samples and retain until 18 h, 1 day, 3 days and 14 days for C85T15,
C93T7, C97T3 and C100, respectively. Beyond these times, both peaks merge into one. This behavior
can be related to the deceleration period of the samples, as deduced from ultrasonic results (Figure 3),
where the deceleration period lasted longer for the reference sample. Another observation on the two
peaks of T7 in Figure 5 is that the gel pore peak (short T1) attains relatively higher initial values in the
TiO,-containing samples compared to the reference sample, while it subsequently shifts to lower T4
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values with progressing hydration. This might be due to the creation of an initial “more open” gel
pore structure.
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Figure 5. NMR spin-lattice relaxation T; distribution profile versus hydration time obtained from the
inverse Laplace transform of the NMR data for (a) C100, (b) C97T3, (c) C93T7 and (d) C85T15, samples.
Note the change of the T; profile from one, two, to one component at short, intermediate and long
hydration times, respectively.

Figure 6 shows the evolution of the average T; as a function of hydration time for the four cement
samples. A formation of a “shoulder” in the T1 versus hydration time curve is observed at about 5 h for
both C97T3 and C100 samples but is more visible in the C100 sample. The formation of this shoulder
is known to relate with the w/c ratio and is more pronounced at a higher w/c ratio [12], related to a
second water release originating from the melting of solid substructures, mainly ettringite crystals into
monosulfate [41,42]. Although the samples used in this study have the same wyc ratios, C93T7 and
C85T15 do not exhibit such a shoulder contrary to C100 and C97T3 samples. This behavior can only be
attributed to the role of titania in withholding water, making the samples with a larger titian content
not exhibit such a shoulder curve.
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Figure 6. 'H-T; NMR measurements for all four samples versus hydration time.

1

The ratios of the mean relaxation rates (1/T1),,pp, = <T11> versus hydration time are obtained

1/max

using the procedure described in [55]. This quantity is the average relaxation rate and is a measure of
the development of the fine porous system by the increase of the total surface area of the porous system.
The increase of the total surface area is related to the formation of hydration products and follows the
hydration rate of the samples [17,39,40], regarded as a well-defined parameter for a heterogeneous
multiphase system such as cement (gel and capillary pores) [59]. Figure 7 shows the connection
between the hydration rates derived from DTA/TG measurements and the normalized NMR 1/T rates.
For the samples C100 and C97T3, there is a significant deviation between DGA/TA and NMR results.
This deviation is related to the formation of the shoulder in the T; measurements in those samples
(Figure 6). This behavior could be explained by the hydrophilicity of TiO, nanoadditives and the
consequent stronger van der Waals forces between water and titania. This has a consequent effect
on the water molecules’ mobility (considerably reduced by increasing the amount of TiO;) and the
resulting 'H T; NMR measurements. The TG measurements are affected, since the fast heating rate
(10 °C/min) cannot overcome the strong hydrophilic forces between water molecules, resulting in a
decrease of the hydration related water and a better fit to NMR results. On the other hand, T NMR
monitors all mobile water molecules both in gel and capillary pores. For the samples C93T7 and
C85T15, which do not manifest a shoulder in the T; results, a very good coherence between these two
techniques is shown.

An increase in relaxation rates is observed for the higher-doped samples. Increasing relaxation
rates correspond to an increase in the pore surface areas, as expected by Equation (3). The enhancement
is believed to be due to two reasons: (1) TiO;, grains promotes C-S-H gel production and the grains
act as nucleation centers for cement gel growth, causing an increase in the short Ty peak area versus
hydration time (Figure 5); (2) TiO, speeds up the rupture of the gelatinous coating created around
cement grains [31,74], therefore the dormant period is shorter for the doped samples, as seen at the
beginning of the hydration time of Figure 6.

For the SEM images, the specimens were cast on freshly cleaved flat mica surfaces and left to
cure for two days at 21 °C and 95% RH. Samples were then placed on SEM aluminum stubs and
the mica surface was removed. Images were collected from the surface of each specimen exposed
to mica. Figure 8 shows the SEM images of the reference sample, C100, and the 7% TiO, sample,
C93T7. The latter appears to have a denser and more packed structure compared to C100 due to the
high production of early hydration products. This can also be related to the NMR results (shown in
Figure 5; Figure 6), which revealed (from 1/T1) an increased production of cement gel in doped samples
compared to those in the reference sample.
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Figure 7. Hydration rates and normalized mean relaxation rates [Tll]norm versus hydration time for all
four samples calculated by DTA/TG measurements.

Figure 8. Scanning electron microscopy (SEM) images for specimens C100 (left) and C93T7 (right)
after two days of hydration. The 7% TiO; (right image) sample exhibits a significantly denser internal
structure compared to the reference sample (left image).

3.4. 'H-NMR Diffusion Measurements

Water mobility inside the porous system of hardening cement was monitored through the
evaluation of self-diffusion coefficient, Deg, as determined from the NMR diffusion data using
Equations (5)-(7). The results are shown in Figure 9. At the beginning of the dormant period,
D remains practically unchanged, with the TiO,-containing specimens exhibiting higher values.
Going more into this period, a sharp decrease is seen in the coefficient value for all specimens.
This indicates a restriction of water mobility as the pore system develops due to the increased
production of cement gel. The decrease in D¢ directly corresponds to an increase in the pore size area.
It is interesting to note that the aforementioned decrease in D, takes place after an amount of time
proportional to TiO, content, as depicted by the dotted lines in Figure 9 (at approximately 8, 9 and 14 h
for C100, C93T7 and C85T15, respectively).
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Figure 9. Self-diffusion coefficient, D,y versus hydration time obtained from NMR data by using
Equations (5)-(7). The time at which D,y has decreased depends on the TiO; concentration. For the
15% TiO, sample, this started at a longer time compared to the other samples.

3.5. Correlation between NMR and Ultrasonic Results

Ultrasonic longitudinal velocity Vi, evolves with hydration time and is closely related to the
formation of the pore network. On the other hand, NMR relaxation rate 1/T; is proportional to the
pore sizes through Equation (3) and provides a measure of the development of the fine pore system.
Therefore, a correlation between these two properties can be made. Figure 9 presents the normalized V7,
values versus the normalized 1/T; values, considering hydration time as an implicit parameter. The 1/T4
values were normalized with respect to the 1/T; value measured for the reference sample after a setting
period of two years. V1, values were normalized with respect to the saturation values obtained from
Figure 3. In Figure 9, two distinct regions of linear correlations between V; and 1/I'; can be observed.
The first linear correlation appears immediately after the initial setting and continues for 7 to 10 h of
hydration time. The second linear region appears directly after this period and continues for the entire
time of the analysis (28 days). The steeper slope observed in the first region indicates that the ultrasonic
technique is more sensitive than NMR during early hydration. V increases rapidly when the first solid
pathways are formed, but water is still unhindered and pore size distributions (measured through
1/T) are not yet distinguishable on the NMR time scale. With progressing hydration, water either
reacts with cement or becomes confined within the porous system, resulting in an observable change
in the NMR signal. In Figure 10, the slope of the second linear region is shifted toward the NMR 1/T;
axis, indicating that the NMR technique is more sensitive at later hydration times in detecting the
development of the porous network. Accordingly, both techniques monitor the formation of hydration
products through different yet complementary mechanisms.
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Figure 10. Correlation between ultrasonic longitudinal velocity and NMR relaxation rates. Both are
normalized and the hydration times are taken as implicit parameters. Two distinct regions of linear
correlations between Vi and 1/T; are observed from the starting time until ~7-10 h and ~7-10 h until
28 days.

As discussed previously, 'H-NMR experiments define the evolution of cement microstructure
and the formation of a pore network over time by probing the water molecules and their interaction
with the solid surface of the pores. 'H 1/T; rates are a measure of hydration by probing the
development and evolution of the pore network of the cement paste during the hydration process,
as described by Equation (3). Ultrasonic measurements probe the development of the solid matrix by
monitoring changes in the elastic modulus and density of the system through the transmitted ultrasonic
waves. Percolation is a critical element in defining the performance of cement-based materials.
To quantitatively characterize phase percolation, a complete understanding of microstructural changes
in three dimensions is necessary. Experimentally, this can be challenging because commonly used
techniques such as scanning electron microscopy or mercury intrusion porosimetry provide partial
information or demand a significant amount of time to perform or to analyze [75]. On the other hand,
the two techniques used in this study can be used to define percolation during cement hydration.
In this context, each method defines the percolation of cement hydration in a different manner. As per
ultrasonic methods, the percolation threshold can be defined as the point in time upon when the
connectivity of the solid hydration products in the cement paste reaches a critical content, allowing
for enhanced propagation of ultrasonic waves from that point onwards (acoustic percolation) [61,76].
From the NMR T; relaxation perspective, the percolation threshold can be defined as the point in
time when the interconnectivity of the pore network reaches a low critical value, following which T;
relaxation is controlled mostly by gel porosity (NMR relaxation percolation) [21,55,77]. By extending
the power law equation used previously by Scherer et al. [76] (in ultrasonic, similar to Equation (8))
and NMR (Equation (9)), the percolation thresholds for V1, and 1/T; can be calculated as:

(V2= V) (p—pe) 8)

(Tll)— (Tim) « (p=pe) ©)

where Vj and Tjg are the initial values of V|, and Ty, respectively. In order to determine the critical
exponent y and the percolation threshold, p., ultrasonic and NMR data were fitted to the above
equations, and a sample of the results is shown in Figure 11. From the fitted curves, the percolation
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parameters were obtained for all samples and presented in Table 1. The initial and final setting times
are also presented in Table 1. These are obtained by Vicat measurements.
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Figure 11. Fit of Equations (8) and (9) to the NMR data (black circles) and ultrasonic data (white circles)
for the reference specimen C100 to obtain the percolation parameters p. as described in the text.

The threshold values obtained with ultrasonic, NMR and Vicat techniques (Table 1) are inversely
proportional to the concentration of TiO; in the samples. The ultrasonic parameters, p., indicate a
formation of solid pathways after ~5 h of hydration for the reference sample C100 and after ~3.5 h for
the samples containing TiO,. Similarly, from the NMR part, the percolation threshold, p, for pore
critical low interconnectivity is reached after ~4 h for the reference sample and after ~3 h for the TiO,
samples. The initial setting times from the Vicat measurements correlate with the NMR percolation
times (Columns 2 and 3 of Table 1), while the final setting times correlate with the ultrasonic percolation
times (Columns 1 and 4 of Table 1).

Furthermore, in the following table, all the important hydration periods are presented, as detected
from all the methods used. The start of the acceleration derived from the NMR measurements coincides
excellently with the start of acceleration derived from the isothermal calorimetry measurements (Rows 2
and 8 of Table 2, bold). The end of the acceleration, as detected from the ultrasonic measurements,
is verified from the main peak position of the isothermal calorimetry measurements (Rows 6 and 9 of
Table 2, shaded).

4. Conclusions

The effect of titanium dioxide TiO, in cement hydration has been demonstrated, using two
noninvasive techniques (NMR and ultrasonic). Spin-lattice relaxation times T; and diffusion
measurements were used to monitor the dynamics of water molecules confined in cement pores
and their interaction with the pore surface. Critical information on the role of TiO, on the pore
developments during hydration of cement paste was obtained. Ultrasonic wave velocity measurements
provided information on bulk mechanical properties of cement in the presence of TiO, and the evolution
of the cement-solid matrix.

An acceleration of early hydration kinetics in TiO,-containing samples was observed with NMR,
specifically as an enhancement in early hydration and C-S-H gel production. The existence of
two pore reservoirs was also revealed: a small gel pore reservoir (short T; component) and a large
capillary pore reservoir (long T; component), evolving separately from each other with the progress
of hydration. The presence of TiO, appeared to favor the formation of gel pores more than capillary
pores, providing further proof of its role as a nanofiller.
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Hydration rates derived from DTA/TG measurements and the normalized NMR 1/T; rate were
well correlated for the highly doped samples. Ultrasonic results showed that TiO, enhances the
mechanical properties of cement paste during early hydration. The ultrasonic signal was detected
in earlier hydration time for samples with TiO;, an indication that the additive improved cement
paste consistency. On the other hand, opposite behavior was observed at later hydration times, as the
elastic properties (defined by the saturation values of the ultrasonic velocities) and the constrained
modulus M of cement pastes (after 28 days of hydration) were inversely proportional to TiO, content.
At later stages, TiO, appears to hamper hydration, presumably by hindering the transfer of water
molecules to access unhydrated cement grains. Isothermal calorimetry measurements further support
our conclusions.

The percolation threshold parameters were calculated using data of both techniques.
These parameters are inversely proportional to the concentration of TiO, in the samples. Using the
ultrasonic methodology, the acoustic percolation threshold can be identified as the moment when
solid pathways are first formed and sound propagation is enhanced. NMR detected the percolation
threshold as the point when the interconnectivity of the pore network reaches a low critical value,
after which T; relaxation is controlled mostly by gel porosity. These values were well correlated with
initial and final setting times determined by the Vicat method.
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Abstract: The hydration process of Portland cement is still not completely understood. For instance,
it is not clear what produces the induction period, which follows the initial period of fast reaction, and
is characterized by a reduced reactivity. To contribute to such understanding, we compare here the
hydration process of two cement samples, the simple cement paste and the cement paste containing
calcium nitrate as an accelerator. The hydration of these samples is monitored during the induction
period using two different low-field nuclear magnetic resonance (NMR) relaxometry techniques. The
transverse relaxation measurements of the 'H nuclei at 20 MHz resonance frequency show that the
capillary pore water is not consumed during the induction period and that this stage is shortened in
the presence of calcium nitrate. The longitudinal relaxation measurements, performed at variable
Larmor frequency of the TH nuclei, reveal a continuous increase in the surface-to-volume ratio of
the capillary pores, even during the induction period, and this increase is faster in the presence of
calcium nitrate. The desorption time of water molecules from the surface was also evaluated, and it
increases in the presence of calcium nitrate.

Keywords: cement hydration; induction period; accelerator; NMR relaxometry; Fast Field Cycling;
3-Tau model

1. Introduction

There are various applications of cement-based materials where the process of cement
hydration requires acceleration. Some examples include urgent repair works, an increase in
the productivity of precast concrete elements, or 3D printing technology [1]. An accelerated
hydration process can be obtained by raising the curing temperature [2] using a cement
powder of higher fineness [3] by introducing calcium silicate hydrate seeds [4] or by adding
different types of accelerators [5,6]. One such accelerator is calcium nitrate (Ca(NOs3),),
which is used for its corrosion inhibitor properties as a substitute for calcium chloride in
steel-reinforced concrete structures [7].

The hydration of Portland cement is a complicated chemical reaction that starts im-
mediately after mixing the cement grains with water molecules and is characterized by
five evolution intervals: initial period, induction period, acceleration period, deceleration
period, and continuous slow hydration period [8]. A comprehensive description of cement
hydration, containing also the cement chemistry terminology and abbreviations, can be
found in Refs. [8,9]. The duration of these evolution intervals is strongly influenced by
the composition and the size of the cement grains, the amount of water in the mixture,
and by the curing temperature [2,3]. Although it has been investigated for a long time,
the hydration process is still not fully understood [10,11]. For instance, it is not clear what
produces the induction period, which is characterized by a reduced reactivity [12]. There
are two main hypotheses used to explain the low reactivity of cement grains during the
induction period, the so called protective membrane theory [13,14] and the dissolution
theory [11,15], but none of them are fully accepted by the cement research community.

85



Molecules 2023, 28, 476

The protective membrane theory [10] assumes that a layer of monosulfoaluminoferrite
hydrates (AFm) [8,16] and metastable calcium silicate hydrate (C-S-H) [13] forms on the
surface of cement grains during the initial period (first minutes of hydration) and this layer
covers the reacting surface, thus preventing the fast dissolution and the appearance of the
induction period. At the end of the induction period, a stable but permeable C-S-H forms
from the precipitation of the solution, and the metastable layer disappears; thus, water
access to the surface is improved, and the hydration process is accelerated. The existence of
such a layer is questioned by some authors, especially because it has not yet been directly
visualized despite the progress of microscopic techniques [10].

Dissolution theory assumes that the dissolution rate of a crystalline material is in-
fluenced by its interfacial properties and the surrounding solution [15]. The interfacial
properties of the crystalline material depend on chemical composition, type of bond, im-
purities, and lattice defects. The solution properties depend on the nature of the solvent,
ionic composition, or temperature and are characterized by the so called undersatura-
tion, which reflects deviation from equilibrium [15]. In the case of the cement clinker, the
dissolution rate of alite (C3S), the most abundant component of the clinker, decreases as
undersaturation of the system decreases by moving toward equilibrium [11,15]. Thus, at
very high undersaturation levels, immediately after placing water molecules in contact
with C35, vacancy islands nucleate on the surface of C3S. As undersaturation decreases it is
not possible to create etch pits on plain surfaces but only on defects such as dislocations. At
lower levels of undersaturation, etch pits can be created only at a lower rate, and the slow
dissolution occurs, thus the system is in the induction period. According to this model, the
onset of the acceleration period occurs when a high enough concentration of Ca?* ions is
present in solution, and portlandite (CH) can precipitate. Portlandite precipitation increases
the degree of undersaturation and thus determines an accelerated C-S-H precipitation [15].

The presence of an accelerator compli