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Abstract

While previous studies have illuminated the behavior of poly(gallol methacrylate)-block-
poly(N-phenylmethacrylamide) copolymers (PM-b-PNP) in polar alcoholic mixtures, their
performance in non-polar environments remains an uncharted territory. In this study,
full-atomistic molecular dynamics (MD) simulations were first employed to investigate
the conformational behavior and aggregation of experimentally relevant homo- and block
copolymer architectures in heptane. The theoretical findings were subsequently supported
through experimental studies using polymers synthesized via controlled reversible addition
fragmentation chain transfer (RAFT) polymerization. Our results highlight the critical
role of intramolecular hydrogen bonding in stabilizing specific conformations and helix-
like structures of PNP homopolymers and the leading role of attractive van der Waals
interactions in the aggregation of block copolymers.

Keywords: gallol-containing block copolymers; RAFT polymerization; molecular dynamics
(MD) simulations; hydrogen bonding; self-assembly

1. Introduction
The rational design of functional polymeric materials relies fundamentally on a deep

understanding of the relationship between molecular architecture, conformational behavior,
and self-assembly mechanisms [1–4]. While synthetic strategies such as reversible addition
fragmentation chain transfer (RAFT) dispersion polymerization have revolutionized the
production of complex nano-architectures [5–9], the predictive power of these methods is
ultimately grounded in the physics governing how individual polymer chains fold and
organize in specific solvent environments. In our previous work [10], we successfully
developed an approach to prepare an array of hierarchical antioxidant polymeric nano-
architectures using gallol-functionalized stabilizers. We investigated the morphological
evolution of poly(gallol methacrylate)-block-poly(N-phenylmethacrylamide) copolymers
(PM-b-PNP) in polar alcoholic solvents, where the gallol-containing block acted as an
intramolecularly amphiphilic solvophilic stabilizer (the chemical structure of PM12-b-
PNPm block copolymer studied in [10] is shown in Figure 1). These materials belong to a
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new class of bioinspired, functional nano-architectures that offer significant potential for
diverse applications, ranging from advanced protective coatings and targeted biomedical
delivery systems to platforms designed for oxidative stress mitigation [11–16]. Through a
combination of synthesis, experimental investigations, and coarse-grained modeling, we
demonstrated that fine-tuning the degree of polymerization of the PNP block could drive
precise morphology transitions—from micelles to worms and vesicles—by altering the
delicate balance between solvophobic and solvophilic interactions. That study provided
critical theoretical validation for the role of structural heterogeneity in defining equilibrium
morphologies in alcoholic media.

Figure 1. Chemical structure of the poly(gallol methacrylate)-block-poly(N-phenylmethacrylamide)
copolymer (PM12-b-PNPm).

However, the conformational landscape of these sophisticated macromolecules shifts
dramatically when the solvent environment changes from polar to non-polar, a regime
that remains largely unexplored yet holds significant implications for applications in
hydrophobic drug delivery. In this work, we extend our investigation of the same PM-
b-PNP block copolymer series, previously characterized in polar mixtures, into a non-
polar solvent: heptane. This transition is not merely a change in medium but represents a
fundamental shift in the physical identity of the polymer components. In heptane, the gallol-
containing blocks, along with the N-phenylmethacrylamide (NP) segments of the second
block, behave as strongly dipole entities. The high density of oxygen atoms on the gallol
moiety and the polar amide groups in both the PM and PNP blocks generate substantial
permanent dipole moments. In a low-dielectric medium where electrostatic screening
is minimal, these dipoles engage in intense long-range interactions that dominate the
conformational behavior. Consequently, the hydrogen bonds that form within and between
chains can be interpreted as the local manifestation of strong dipole–dipole interactions,
driving the system toward compact, energy-minimizing states distinct from those observed
in polar solvents.

A pivotal factor influencing this new conformational behavior is expected to be the
solubility of the polymer’s main chain relative to its polar pendant groups. In our previous
studies in alcoholic solvents [7], the behavior was governed by the classic amphiphilic bal-
ance where the gallol block was solvophilic. In heptane, however, the scenario is inverted
and more complex: the hydrocarbon backbone is well-solvated and seeks to expand, while
both the gallol side chains and the NP-containing blocks possess significant polarity that
drives them to collapse or associate to minimize exposure to the non-polar environment.
This creates a unique tension where the chemical nature of the main chain acts as a struc-
tural scaffold that may resist the aggregation driven by the dipolar side chains and the
second block. Investigating this balance is crucial for deciphering the self-organization
mechanisms of these graft-like polymers. Key questions arise: Does the solvated backbone
force the chain into an extended coil despite strong dipolar attractions? Or do the collective
dipolar interactions of both the gallol and NP blocks overcome the entropic penalty to form
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dense, kinetically trapped globules? Furthermore, how do these single-chain conforma-
tions evolve into multi-chain aggregates when the solvophilic/solvophobic definition is
fundamentally altered?

To address these fundamental questions, this work presents a comprehensive com-
putational investigation of the conformational behaviour and complexation of PM-b-PNP
block copolymers, as well as their constituent homopolymer blocks, in heptane using
full-atomistic molecular dynamics (MD) simulations. The experimentally synthesized
and structurally characterized polymers provide chemically realistic model systems for
the atomistic simulations, enabling direct correlation between polymer architecture and
aggregation behavior in non-polar media. Unlike coarse-grained (CG) approaches which
were sufficient to capture large-scale morphological transitions in polar media, the spe-
cific nature of dipole interactions and hydrogen bonding networks in non-polar solvents
requires the high chemical fidelity of atomistic modeling. Our methodology resolves the
intricate network of intramolecular and intermolecular hydrogen bonds and explicit dipole
interactions within single chains and small oligomers with precision. This allows for a
mechanistic understanding of how specific chemical groups dictate local folding, stability,
and the formation of helix-like or globular structures. We acknowledge that this choice
limits the accessible timescales and system sizes compared to CG methods, representing
a trade-off between chemical fidelity and scale that is appropriate for the mechanistic
questions addressed here. By systematically analyzing systems with individual blocks and
block copolymers, we aim to elucidate the specific influence of backbone solubility and
the dipole strength of both the gallol and PNP blocks on the overall architecture. This
study not only continues our exploration of these bioinspired nanomaterials by mapping
their behaviour across different solvent polarities but also provides rigorous atomic-level
insights into the physics of dipolar polymers, offering a theoretical foundation for pre-
dicting their self-assembly in non-aqueous applications. Beyond the specific chemical
system investigated, this work contributes to the fundamental understanding of dipolar
polymers [17–26] and graft architectures [27–32]. The conformational behavior of chains
bearing strong permanent dipoles in low-dielectric media remains a critical challenge in
soft matter physics, where electrostatic interactions often compete with entropic elasticity
and excluded volume interactions [26]. Furthermore, the dense arrangement of gallol
side groups presents a model system for graft-like polymers, where steric constraints
and side-chain interactions dictate the overall chain stiffness and solvation properties. By
elucidating the interplay between backbone solubility and dipolar side-chain association,
our study provides generalizable insights that extend to a broader class of functionalized
macromolecules, bridging the gap between specific chemical design and universal physical
principles governing polymer self-assembly.

2. Results
Our atomistic MD study proceeds in two stages. First, we examine the conformational

behavior of individual homopolymer chains (PM50 and PNP50) in heptane. Second, we
extend the analysis to PM10-b-PNP40 block copolymers, simulating systems containing one,
two, and four chains to probe concentration-dependent effects from the isolated-chain limit
up to semi-dilute conditions (25 wt%).

2.1. Single-Chain Conformations
2.1.1. Structure and Hydrogen Bonding of the PNP50 Polymer

In the case of the PNP50 polymer, the structural evolution presents a striking example
of stability driven by internal attractive forces both at 300 and 350 K. Time dependences of
the radius of gyration presented in Figure 2a, which remain relatively constant, indicating a
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lack of significant expansion or unfolding, demonstrate that the polymer retains a compact,
globular conformation throughout the simulation duration at both temperatures. The
only notable deviation occurs in one specific run, where the chain exhibits a slightly more
expanded conformation and increased fluctuation amplitude, suggesting that the chain
is rather in a coil state subjected to thermal fluctuations. This conclusion is confirmed
by visual inspection of the skeletal models, stripped of hydrogen atoms for clarity and
oriented along their maximum area projection as shown in Figure 2b.
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Figure 2. (a) Time dependence of the radius of gyration Rg for PNP50 in heptane at 300 K. The curves
correspond to the four independent simulation variants shown by different colors. (b) Typical final
structures of the PNP50 polymer for the simulation trajectories shown by blue (upper conformation)
and orange (bottom conformation) colors in (a). The polymers are displayed as skeletal models in
their maximum area projection; hydrogen atoms are omitted for clarity.

The primary mechanism responsible for this remarkable stability of different con-
formations is the formation of an extensive network of intramolecular hydrogen bonds,
specifically of the O· · ·H-N type, formed between the carbonyl oxygens and the amide
protons of the polymer. Although theoretical models might predict the presence of N· · ·H-
N interactions between different monomers, our analysis confirms that such bonds are
negligible in number and impact, appearing only sporadically between adjacent units
without influencing the global architecture.

A detailed quantitative analysis of the hydrogen bonding landscape in PNP50 reveals
that the number of these stabilizing interactions remains remarkably steady, averaging
between 25 and 31 bonds depending on the specific simulation trajectory, as illustrated in
Figure 3a. This high occupancy implies that the vast majority of monomeric units are en-
gaged in hydrogen bonding at any given instant. Temporal mapping of bond participation,
depicted in Figure 3b for one particular variant (bond participation maps calculated for
other variants and also for elevated temperature of 350 K are similar), further illustrates that
most monomers maintain these connections continuously over hundreds of nanoseconds,
with only minor fluctuations. While the dominant contribution comes from bonds between
adjacent monomers along the chain, the structural integrity of the globule is significantly re-
inforced by specific long-range interactions that act as molecular “staples.” Such long-range
contacts exhibited exceptional longevity, remaining intact for over 90% of the analyzed
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frames and reforming almost immediately upon transient breakage. The volumetric model
in Figure 4 provides a clear visualization of these critical contacts, highlighting how distant
parts of the chain are locked together. Furthermore, localized regions of the chain occa-
sionally organize into helix-like segments, where consecutive hydrogen bonds lock several
monomers into a rigid, spiral arrangement as shown in Figure 5, contributing further to the
overall compactness and reduced mobility of the PNP50 globule.
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Figure 3. (a) Time evolution of the total number of intramolecular hydrogen bonds in PNP50 for
the four simulation variants. The color coding matches the curves in Figure 2a. (b) A typical map
illustrating the participation of individual monomers (residues 1–50) in hydrogen bonding over time
(sampled every 2 ns) for PNP50 at 300 K. Dots indicate the presence of a hydrogen bond involving a
specific monomer at a given time.

Figure 4. (a) Volumetric representation of the PNP50 molecule at t = 200 ns and (b) a detailed view of
the atoms involved in hydrogen bonding. The backbone is shown as a green ball-and-stick model
(hydrogens omitted), while carbonyl (CO) and amide (NH) groups are highlighted. Specific long-
range hydrogen bonds (e.g., between monomers 2 and 24) are labeled, demonstrating how distant
chain segments are bridged to stabilize the globule.
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Figure 5. Examples of stable helix-like segments formed within the PNP50 chain: (a) an 8-monomer
segment (residues 3–10) and (b) a 6-monomer segment (residues 45–50). Oxygen and amide atoms
are rendered as space-filling models, while the rest of the chain is skeletal. These locally ordered
structures persist for tens of nanoseconds, adding rigidity to the overall conformation.

2.1.2. Conformational Behavior and Hydrogen Bonding of the PM50 Polymer

In stark contrast to the static nature of PNP50, the PM50 polymer displays a highly
dynamic conformational behavior characterized by a transition from a compact globule to
an expanded coil. This unfolding process is evident from time dependence of the radius of
gyration that shows a clear trend toward larger values over time, as plotted in Figure 6 and
in visual snapshots (an example is shown in Figure 6b). The transition mechanisms vary
between simulation runs, manifesting either as a smooth, gradual expansion or as abrupt,
cooperative jumps in dimensions, indicative of sudden structural rearrangements. This
behavioral difference stems from the unique chemical architecture of PM50, which incor-
porates gallol side groups containing ether oxygens capable of participating in hydrogen
bonding. Consequently, the PM50 system supports three distinct types of potential hydro-
gen bonds: the backbone O· · ·H-N interactions, side-chain mediated Os· · ·H-N bonds
involving the ether oxygens, and the negligible N· · ·H-N contacts. Statistical analysis
reveals that while the backbone O· · ·H-N bonds remain the most abundant, averaging 10
to 16 per frame as shown in Figures 7a and 8a, the involvement of side chains introduces
a layer of complexity and variability absent in PNP50. The Os· · ·H-N interactions are
significantly less frequent, typically numbering only one or two at any instant as seen in
Figures 7b and 8b, and generally exhibit a transient, “blinking” character.

Despite the generally fleeting nature of side-chain interactions in PM50, specific in-
stances of long-lived stability were observed, highlighting the potential for these groups to
act as conformational locks under certain conditions. In one notable case, a hydrogen bond
formed between the amide group of monomers and the ether oxygen of monomer persisted
for over 130 nanoseconds, demonstrating that side-chain interactions can occasionally
dominate the local dynamics. The h-bond maps in Figure 8 provide a comprehensive view
of this temporal behavior, distinguishing between the persistent backbone bonds and the
intermittent side-chain contacts. Similar to PNP50, the backbone hydrogen bonding in
PM50 is primarily local, occurring between neighboring monomers, yet long-range bridges
also play a critical role in modulating the unfolding pathway. Several persistent long-range
contacts were identified, which formed early in the simulation and remained stable until
the end. These enduring links suggest that even as the overall chain expands, specific
topological constraints imposed by distant interactions can temporarily trap the polymer in
intermediate states, slowing down the relaxation process. Figure 9 visualizes these critical
contacts, emphasizing how specific atomic arrangements can create kinetic traps within the
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rugged energy landscape of PM50, allowing for a rich variety of conformational states that
are sensitive to both thermal history and specific atomic arrangements.

0 50 100 150 200 250
time, ns

12

16

20

24

28

32

R
g,

A

 
(a) (b) 

Figure 6. (a) Time dependence of the radius of gyration Rg for PM50 in heptane across four inde-
pendent variants at 300 K shown by different colors. The plots reveal diverse unfolding pathways,
ranging from gradual expansion to sharp, step-like transitions, reflecting the complex energy land-
scape of the PM50 chain. (b) An example of a final (t = 240 ns) structure of the PM50 polymer is
displayed as skeletal models. Hydrogen atoms are omitted.
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Figure 7. Time evolution of the number of intramolecular hydrogen bonds in PM50, separated by type:
(a) backbone O· · ·H-N bonds and (b) side-chain Os· · ·H-N bonds. The curves represent running
averages over 1 ns (the curves for four variants are shown by different colors). While backbone
bonds are numerous (10 ÷ 16) and relatively stable, side-chain bonds are sparse (1 ÷ 2) and highly
fluctuating, indicating their transient nature.

The conformational behavior of the polymers investigated in this study is fundamen-
tally governed by the presence of chemical groups featuring separated charges, effectively
creating intrinsic electric dipoles along the chain. In this context, the extensive network of
intramolecular hydrogen bonds observed in our atomistic simulations can be physically
interpreted as the direct result of favorable dipole–dipole interactions, where the align-
ment of these local dipoles minimizes the system’s electrostatic energy. This perspective
aligns closely with previous coarse-grained studies [26,33–35], which demonstrated that
the conformational landscape of dipolar chains is dictated by a delicate balance between
electrostatic forces, which are strongly modulated by solvent polarity, chain stiffness, and
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van der Waals interactions. Those works highlighted that dipolar segments have a nat-
ural tendency to self-organize into linear aggregates to maximize electrostatic gain; in
our specific systems, this driving force manifests structurally as the formation of stable,
helix-like segments where consecutive monomers align their dipoles in a cooperative spiral
arrangement. Furthermore, the earlier research [26] established that for shorter chains, the
energy barrier between different compact states is often comparable to thermal energy,
allowing the polymer to access multiple metastable conformations and undergo transitions
between them driven by thermal fluctuations. This phenomenon provides a robust theo-
retical framework for understanding the behavior of our PM50 polymer, which samples
various expanded and collapsed states, while also explaining the exceptional stability of the
PNP50 globule, where the sheer density of dipolar interactions (hydrogen bonds) creates a
deep energy well that suppresses such thermally activated transitions, locking the chain
into a single, rigid equilibrium structure.

Figure 8. Maps showing the participation of individual monomers in hydrogen bonding for PM50,
sampled every 2 ns. Panel (a) displays backbone O· · ·H-N bonds, revealing that some monomers are
consistently bonded while others are intermittent. Panel (b) displays side-chain Os· · ·H-N bonds,
which appear as sparse, flickering dots, except for a distinct persistent trace corresponding to the
stable 21–24 interaction.

Figure 9. Detailed view of the PM50 backbone atoms involved in long-range hydrogen bonds at
t = 240 ns. The image highlights specific pairs (monomers 3–20 and 4–20) that form stable bridges
between distant parts of the chain. These interactions act as topological constraints, influencing the
rate and pathway of the polymer’s unfolding.
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2.2. Aggregation of PM10-b-PNP40 Block Copolymers in Heptane

To systematically investigate the early stages of supramolecular organization, we
performed atomistic MD simulations of PM10-b-PNP40 block copolymers at increasing
concentrations: single-chains (15.4 wt%), two and four chains in the simulation box (25 wt%
for both of the systems). Although the concentration 15.4 wt% for the single chain system is
relatively high, the dimensions of the simulation cell were sufficient to prevent the polymer
from interacting with its periodic images. Consequently, the system effectively models a
polymer in a dilute solution regime, isolating intramolecular interactions from intermolecu-
lar aggregation. The intermolecular aggregation mechanisms are further elucidated from
two and four block copolymers systems at enhanced concentration.

2.2.1. Morphological Evolution and Percolation Behavior

Across all concentrations, the PM10-b-PNP40 copolymers exhibit a consistent structural
motif: extended, solvated gallol-containing PM10 blocks coupled with collapsed, associative
PNP40 blocks. However, the manner in which these building blocks organize into larger
assemblies depends critically on the number of block copolymer molecules in the simulation
box. Figure 10 presents a unified comparison of representative snapshots from single-chain,
two-chain, and four-chain systems after 100–120 ns of relaxation.

Figure 10. Comparative snapshots of PM10-b-PNP40 systems at different concentrations: (a) single
chain; (b) two chains at 25 wt%; (c) four chains at 25 wt%. The top row displays space-filling models,
while the bottom row shows skeletal models with the backbone highlighted. The PM10 blocks are
colored orange, and the PNP40 blocks are green.
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At the single-chain level, the copolymer adopts a compact globular conformation
stabilized by intramolecular interactions, with no intermolecular contacts possible by
definition. Upon doubling the number of chains at 25 wt%, the molecules begin to associate
through their PNP40 blocks, forming transient but persistent contacts that occasionally span
the simulation box via periodic boundaries. In the four-chain system (also 25 wt%), this
tendency culminates in the formation of stable percolating structures. All four independent
variants of the four-chain system exhibit percolation along the vertical axis of the simulation
box, with one variant additionally displaying horizontal connectivity, effectively forming a
two-dimensional network.

Detailed inspection of individual molecules within the two- and four-molecule com-
plexes (Figure 10) reveals that each chain retains its characteristic globular architecture, with
the PM10 blocks preferentially contacting the surface of PNP40 domains rather than pene-
trating their core. This structural arrangement suggests that the gallol-containing blocks,
while polar, remain partially exposed to the solvent even within aggregates, potentially
preserving their functional accessibility for antioxidant or metal-chelating applications.

The block copolymer size, characterized by the radius of gyration, for single-chain
system as well as for systems with two and four molecules fluctuates with relatively small
amplitudes around distinct mean values once the systems reach a stationary regime. The
realized Rg values lay in the interval from roughly 12 A till 15 Å independent from the
number of chains in the simulation box (Figure 11).
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Figure 11. Time dependence of the radius of gyration for the PM10-b-PNP40 copolymer (a) for
single chain system, (b) for two-chain system at 25 wt%, and (c) four-chain system at 25 wt%. Data
represents running averages over 2 ns. Different colors for single and two-chain systems panels (a,b)
correspond to the four independent initial configurations. For panel (c) different colors correspond to
different molecules for one of the variants of simulation runs.

2.2.2. Hydrogen Bonding Networks: Intra- vs. Intermolecular Contributions

The stability of both single-chain conformations and multi-chain aggregates is pro-
foundly influenced by hydrogen bonding. Remarkably, the average number of intramolec-
ular O· · ·H-N bonds per chain remains relatively constant (31 ÷ 38 bonds) regardless of
concentration, indicating that the internal folding of each copolymer is primarily governed
by local chemical preferences rather than intermolecular crowding.

The vast majority of these bonds occur between adjacent monomers, providing local
rigidity to the chain. However, a critical subset of 2 ÷ 4 long-range hydrogen bonds per
chain, which are formed between distant segments along the contour, acts as conformational
“staples” that lock the global architecture. These long-range contacts emerge stochastically
during the relaxation process and, once formed, exhibit exceptional persistence, often
lasting for the remainder of the trajectory. Thus, while the general globular morphology
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is conserved, the specific internal topology is unique to each trajectory, defined by the
stochastic formation of these critical long-range links. It should be noted that the amount
of interblock hydrogen bonds is also very small (2 ÷ 3 bonds between PM and PNP blocks
in single chain system, Figure 12a).

Figure 12. Maps illustrating (a) monomer participation in hydrogen bonding with a 2 ns sampling
interval specifically for hydrogen bonds formed between the PM10 and PNP40 blocks in single-
chain system; (b,c) chain participation in intermolecular hydrogen bonding in two (b) and four (c)
PM10-b-PNP40 copolymer systems.

In contrast to the robust intramolecular network, intermolecular hydrogen bonds are
notably scarce. Figure 12b,c illustrate that in the dimer and tetramer systems, only 2 ÷ 4
intermolecular H-bonds exist at any given time, connecting specific pairs of chains. While
quantitatively minor, these sporadic contacts may play a disproportionate role in nucleating
and stabilizing the early stages of aggregation by providing directional “guidance” for
chain association. The predominance of van der Waals interactions over hydrogen bonding
in driving aggregation is further supported by contact analysis, as discussed below.

2.2.3. Van Der Waals Contacts and the Mechanism of Aggregation

To quantify the non-specific interactions that drive aggregate formation, we analyzed
van der Waals contacts between atoms of different chains, defining a contact as any inter-
atomic distance below 4 Å. Table 1 presents the average number of van der Waals interchain
contacts per chain in two- and four-chain systems.

Table 1. Average number of van der Waals interchain contacts per chain in two- and four-chain
systems.

System PM–PM PNP–PNP PM–PNP Intrachain

Two-chain (25 wt%) 307 ± 50 216 ± 50 36 ± 30 597 ± 80
Four-chain (25 wt%) 35 ± 30 320 ± 30 213 ± 30 782 ± 80

For four-chain system, the analysis reveals a clear hierarchy: PNP-PNP contacts
dominate the intermolecular interaction landscape, followed by PM-PNP contacts, while
PM-PM contacts are virtually absent. This pattern is consistent across all four independent
variants and aligns with the chemical intuition that the more polar PNP40 blocks, being
poorly solvated in heptane, seek to minimize their exposure to the non-polar solvent by
associating with one another. The PM10 blocks, while also polar, appear to act primarily as
“linkers” that bridge PNP40 domains rather than forming extensive homotypic contacts.
The somewhat distinct distribution of contact numbers observed in the two-chain system
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appears to be associated with the specific architecture of the percolating cluster and reflects
finite-size effects.

2.2.4. Solvation Shell Analysis: Concentration-Dependent Desolvation

A complementary perspective on aggregation is provided by analyzing the solvation
shells of the polymers. We define a heptane molecule as belonging to the solvation shell of
a polymer if its center of mass lies within 4 Å of any polymer atom. Table 2 summarizes
the average number of solvent molecules per polymer (and per monomer) across the three
concentration regimes.

Table 2. Solvation shell analysis for PM10-b-PNP40 systems at increasing concentration. Values
represent averages ± standard deviation over the production trajectory.

System Total Heptane
per Chain

Heptane per
Monomer

PM10 Block
(per Monomer)

PNP40 Block
(per Monomer)

Single-chain 55.9 ± 2.0 1.12 ± 0.04 1.95 ± 0.10 0.98 ± 0.05
Two-chain (25 wt%) 50.8 ± 0.7 1.02 ± 0.01 1.74 ± 0.05 0.90 ± 0.03
Four-chain (25 wt%) 41.1 ± 1.0 0.82 ± 0.02 1.41 ± 0.05 0.72 ± 0.02

The data reveal a systematic decrease in solvation with increasing polymer concentra-
tion, reflecting the progressive burial of polymer surface area within aggregates. Notably,
the PM10 blocks retain a higher degree of solvation than PNP40 blocks across all concen-
trations, consistent with their more extended, solvent-exposed conformation. The fact
that the sum of solvation numbers for isolated PM10 and PNP40 blocks exceeds that of the
intact copolymer indicates significant overlap in their solvation shells, i.e., some heptane
molecules simultaneously solvate both blocks at the interface.

This concentration-dependent desolvation provides a thermodynamic driving force
for aggregation: as polymer concentration increases, the system can lower its free energy
by reducing the total polymer–solvent interfacial area through chain association. The
preferential desolvation of PNP40 blocks further explains why these domains serve as the
primary “sticky” patches that nucleate aggregate formation.

Taken together, these results construct a coherent picture of concentration-dependent
self-assembly in PM10-b-PNP40/heptane systems. At low concentration (single chain),
intramolecular hydrogen bonding and dipole interactions dominate, yielding stable, com-
pact globules with exposed PM10 blocks. As concentration increases, the intermolecular
association takes place, primarily through PNP-PNP contacts that minimize unfavorable
polymer–solvent interfaces. The resulting aggregates retain the internal architecture of
their constituent chains while establishing new intermolecular contacts that can span the
simulation box via periodic boundaries.

The scarcity of intermolecular hydrogen bonds suggests that aggregation is driven
primarily by non-specific van der Waals interactions and solvophobic effects rather than
directional H-bonding. This has important implications for the dynamics of the system:
aggregates are likely to be fluid and reconfigurable on experimental timescales, rather than
kinetically trapped in rigid architectures. The persistent solvation of PM10 blocks within
aggregates further suggests that the functional gallol groups may remain accessible for
interactions with external species in precipitate.

These atomistic insights provide a mechanistic foundation for interpreting experimen-
tal observations of precipitation and gelation in heptane.
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2.3. Macroscopic Aggregation Behaviour of PM10-b-PNP40 Block Copolymers in Heptane

To experimentally examine the aggregation behaviour of the synthesized polymers
in a non-polar environment, the polymers were first dissolved in a minimum amount
of THF and subsequently added dropwise into heptane under continuous stirring. The
resulting dispersion was stirred for 5–6 h, followed by gradual evaporation of THF by
keeping the Eppendorf tube cap open at room temperature for 24 h. Upon removal
of THF, the polymers gradually formed visible precipitates in heptane, indicating poor
solubility and strong intermolecular association in the non-polar medium (Figure 13).
The precipitation behavior suggests that the highly dipolar gallol and PNP segments are
thermodynamically incompatible with the non-polar solvent environment, promoting
polymer–polymer interactions over polymer–solvent interactions.

Figure 13. Visual observation of polymer aggregation in heptane.

The observed aggregation behaviour is consistent with the molecular dynamics sim-
ulation results, which revealed dominant intermolecular van der Waals interactions and
hydrogen-bond-driven association among polymer chains in heptane. These interactions
facilitate chain collapse and aggregation, ultimately leading to precipitation in the non-
polar medium. Direct morphological characterization of the precipitated aggregates by
small-angle X-ray scattering (SAXS), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), or atomic force microscopy (AFM) could provide complemen-
tary information on aggregate size and morphology. However, such analyses were beyond
the scope of the present study.

3. Discussion
The comprehensive molecular dynamics study of PM50 and PNP50 polymers, along-

side experimental observations and simulations of PM10-b-PNP40 block copolymers in
heptane, leads to several fundamental conclusions regarding the conformational behaviour
and self-organization of these systems in non-polar media. The experimentally synthesized
polymers and their precipitation behaviour in heptane provide important macroscopic
validation for the aggregation tendencies and intermolecular interactions predicted by the
atomistic simulations.

First, the conformational behavior of a polymer chain in a good solvent for its back-
bone is not dictated solely by solvent quality but is profoundly governed by the specific
architecture of side chains and the resulting intramolecular hydrogen bonding networks.
The PNP50 polymer demonstrates exceptional structural stability, maintaining a compact
globular state even at elevated temperatures (350 K). This rigidity is directly attributed to
O· · ·H-N hydrogen bonds, involving nearly every monomer unit. Crucially, the PNP50
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conformations are stabilized by long-range “staple” interactions between distant segments
of the chain and the formation of transient helix-like motifs, which collectively create a
high energy barrier against unfolding. In contrast, the PM50 polymer, despite possessing a
similar backbone, exhibits significant conformational plasticity, transitioning from a globule
to an expanded coil. This difference arises from the presence of bulky gallol side groups,
which introduce steric hindrance and compete for hydrogen bonding partners, thereby
disrupting the continuity of the hydrogen bond aggregates and lowering the stability of
the collapsed state.

Second, the nature and lifetime of hydrogen bonds play a decisive role in defining the
dynamic landscape of these macromolecules. While backbone-mediated O· · ·H-N bonds
serve as the primary structural scaffold in both systems, their population and persistence
differ markedly: PNP50 maintains a high, constant count of ~25 ÷ 30 bonds, whereas PM50

sustains a lower, fluctuating count of ~10 ÷ 16 bonds. Furthermore, the introduction of
ether oxygens in the PM50 side chains adds a layer of complexity through transient Os· · ·H-
N interactions. Although generally short-lived, these side-chain bonds can occasionally
form remarkably stable, long-duration locks (persisting for over 100 ns), acting as kinetic
traps that modulate the unfolding pathway. This suggests that side-chain chemistry does
not merely act as a passive steric bulk but actively participates in the conformational
kinetics, creating a rugged energy landscape characterized by multiple metastable states.

Third, the transition from single-chain behavior to multi-chain aggregation reveals the
early stages of supramolecular organization driven by block incompatibility. In the case of
PM10-b-PNP40 block copolymers, the PNP blocks act as associative domains, driving the
formation of dynamic, fluid clusters even in a dilute regime. The observation of emerging
percolating structures indicates that these fleeting contacts are sufficient to initiate network
formation. This implies that while individual aggregates lack long-term stability, the
collective system possesses an inherent tendency toward gelation or phase separation,
driven by the microphase separation of the solvophobic blocks. The atomistic insights
gained here will inform the parameterization of system-specific coarse-grained models for
studying larger-scale assembly in future work.

Finally, the ability to reproduce experimental observations—such as the precipitation
of these polymers in heptane—through the careful analysis of hydrogen bonds and aggre-
gate morphologies provides a robust mechanistic explanation for macroscopic behavior.
These findings offer valuable guidelines for the rational design of graft-like block copoly-
mers, suggesting that tuning the balance between backbone hydrogen bonding potential
and side-chain steric/electronic properties allows for precise control over material stiffness,
solubility, and self-assembly capabilities in non-polar environments.

4. Materials and Methods
4.1. Simulation Technique
4.1.1. Polymer Chain Assembly Strategy

We developed comprehensive all-atom models for individual blocks and the complete
block copolymers which take into account bond stretching, bond bending, and dihedral
angle rotation around the equilibrium values as well as non-bonded van der Waals and
electrostatic interactions. Individual monomer structures (Figure 1) were generated using
standard molecular building tools. However, constructing polymer chains from these
monomers presented a significant challenge due to their bulky side groups. Attempting
to align monomers linearly to form a chain resulted in severe steric clashes that could not
be resolved even through standard energy minimization algorithms. To overcome this,
we developed a custom utility script employing a “step-wise assembly” protocol. First,
monomers were placed sequentially along a central axis. Instead of positioning them at
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standard bond lengths, they were initially separated by a larger distance (5–7 Å). Then, each
subsequent monomer was rotated around this axis by a fixed angle (e.g., 90◦) to further
minimize initial steric overlap. This pre-organized structure served as the input for an MD
relaxation phase. The simulation began with a reduced integration time step and strong
kinetic energy dissipation to gently guide the atoms into place. Once the system stabilized,
the time step was increased to the standard value (h = 0.001 ps). During this process,
bond lengths converged to the values defined by the force field, and the conformational
properties of the chain relaxed to stationary states.

A similar protocol was employed to covalently link two distinct polymer blocks,
facilitating the construction of the final block copolymer architectures.

4.1.2. Solvation and System Preparation

To model isolated polymer molecules in heptane, we first prepared a condensed
solvent phase using a standard equilibration procedure. Namely, heptane molecules
were initially arranged on a simple cubic lattice with sufficient spacing to prevent atomic
overlap. An MD simulation was performed while dynamically adjusting the simulation
box dimensions to achieve the target experimental density. The relaxed polymer chain
was then inserted into the center of the solvent box. Any solvent molecules overlapping
sterically with the polymer were removed to eliminate high-energy contacts. The resulting
configuration served as the starting point for final equilibration under an NPT ensemble
until thermodynamic equilibrium was reached.

For the single-chain conformational study, four independent computational experi-
ments were conducted for each polymer type (PM50 and PNP50) under periodic boundary
conditions, utilizing a simulation box populated with 1500 heptane molecules to mimic
a dilute solution regime. These runs were evenly distributed across two distinct thermal
conditions, 300 K and 350 K. The systems were initially equilibrated to their target density
using an NPT ensemble before transitioning to production molecular dynamics runs lasting
between 220 and 250 ns under an NVT ensemble. By maintaining polymer concentrations
at low levels (5.1 wt% for PM50 and 8.1 wt% for PNP50), we effectively isolated individual
chains, preventing interactions with periodic images. All simulations originated from
initial configurations resembling loose globules, generated through the partial relaxation of
extended linear chains in a vacuum.

For block copolymer systems, simulations were conducted with varying numbers
of chains (1, 2, and 4 molecules) to investigate concentration effects ranging from dilute
(single chain) to semi-dilute (25 wt%) regimes. Specifically, we analyzed PM10-b-PNP40

copolymers to understand the interplay between the distinct blocks during aggregation.

4.1.3. Simulation Details and Computational Resources

All simulations were carried out using the AMBER99 force field [36,37] employing the
PARM99 parameter set. This parameter set has been previously validated and demonstrated
reliable performance in our earlier work [10]. Non-bonded van der Waals interactions
were modeled using the conventional 12–6 Lennard-Jones (LJ) potential. Bond stretching,
bond angle bending, and dihedral torsion potentials as well as electrostatic interactions
between partial atomic charges were included. Partial atomic charges for the polymer
atoms, which are not available in the standard AMBER library for these specific monomers,
were assigned using the bond increment rules of the PCFF force field. A cutoff distance of
10.5 Å was applied to both LJ and Coulombic interactions. Periodic boundary conditions
were employed in all three spatial dimensions (X, Y, and Z). Initial system equilibration
was carried out at an elevated temperature of 600 K to ensure thorough mixing. During this
stage, the simulation box size was gradually reduced until the equilibrium solution density
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was achieved. Further relaxation was performed in the NPT ensemble at temperatures
of 300 and 350 K and atmospheric pressure until steady-state conditions were achieved.
Subsequently, production simulations were performed in the NVT ensemble at T = 300 K
and 350 K and atmospheric pressure. Temperature control was maintained using a collision-
based thermostat [38] with a virtual particle mass of 1 amu and a collision frequency of
10 ps−1, while pressure was regulated via the Berendsen barostat [39].

The equations of motion were integrated with a time step of 0.001 ps. The total
equilibration phase lasted approximately 50 ns, followed by a production run exceeding
150 ns. Equilibration and convergence to a steady state were verified by monitoring the
time evolution of the system density, radius of gyration of single polymer molecules, and
all contributions to the energy of the system.

Hydrogen bonds were identified based on standard geometric criteria. A bond was
defined when both of the following conditions were met: (i) the donor–acceptor distance
was less than 0.35 nm, and (ii) the hydrogen–acceptor distance was less than 0.25 nm.

Computations were carried out using the PUMA and PUMA-CUDA accelerated
by NVIDIA CUDA graphics processor [40,41], specifically designed for the molecular
dynamics simulation of polymers and biopolymers.

4.2. Experimental
4.2.1. Materials and Characterization

Triethylamine (Et3N, Sigma), methacryloyl chloride (AVRA), aniline (Sigma), sodium
chloride (NaCl, Merck), and 3,4,5-trimethoxybenzylamine (Sigma) were used as received.
The detailed synthetic procedures for N-(3,4,5-trimethoxybenzyl)methacrylamide (M)
and N-phenylmethacrylamide (NP) are explained in our previous work [10,42]. The 4-
cyano-(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid (CDP), used as a chain transfer
agent (CTA), was purchased from BLD Pharmatech Pvt. Ltd. (Bangalore, India). 2,2′-
Azobis(isobutyronitrile) (AIBN, 98%) was purchased from SRL, recrystallized in methanol
(MeOH), and used as an initiator during the RAFT polymerization reactions. The solvents
used for 1H nuclear magnetic resonance (1H NMR) spectroscopy, such as DMSO-d6 (99.9%,
D) and CDCl3 (99.8%, D), were purchased from Cambridge Isotope Laboratories, Inc., USA.
The commonly used organic solvents, including dichloromethane (DCM), hexane (mixture
of isomers), heptane, ethyl acetate, diethyl ether, HPLC grade dimethylformamide (DMF),
and tetrahydrofuran (THF), were acquired from Merck and used as received. The 1H NMR
spectroscopic characterization of polymers was carried out on a JEOL ECS 400 MHz or
Bruker Avance 500 MHz spectrometer at 25 ◦C. The molar mass and dispersity (Ð) of the
polymers were determined by size exclusion chromatography (SEC) at 40 ◦C using DMF
as the eluent, operated at a flow rate of 0.8 mL min−1. The SEC system consisted of a
Waters 1515 HPLC pump, a Waters 2414 refractive index (RI) detector, one PolarGel-M
guard column (50 × 7.5 mm), and two PolarGel-M analytical columns (300 × 7.5 mm). The
instrument was calibrated with poly(methyl methacrylate) (PMMA) standards.

4.2.2. Synthesis of a Homopolymer PM50, a Homopolymer PNP50 and Block Copolymer
(PM10-b-PNP40)

To synthesize a gallol-functionalized homopolymer (PM50), M (1.0 g, 3.77 mmol), CDP
(0.028 g, 0.07 mmol), and AIBN (2.29 mg, 0.014 mmol) were taken in DMF (3.5 mL) in a 20 mL
septa-sealed glass vial (Scheme 1). Similarly, for the synthesis of the NP homopolymer,
NP (1.0 g, 6.20 mmol), CDP (0.046 g, 0.115 mmol), and AIBN (3.78 mg, 0.023 mmol) were
taken in DMF (3.5 mL) in another 20 mL septa-sealed glass vial. Both reaction mixtures
were purged with N2 for 10 min and subsequently stirred in a polymerization block at
70 ◦C for 7 h. After completion of the polymerization, the vials were rapidly cooled in
an ice-water bath and exposed to air. The resulting polymer solutions were precipitated
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into 60 mL of diethyl ether, affording sticky polymeric precipitates. The polymers were
purified using standard procedures following previously reported methods [43,44]. The
synthesized polymers were characterized by 1H NMR spectroscopy and SEC analysis
(Figures 14 and 15).

Scheme 1. Synthesis strategy of homopolymers and block copolymer.

Figure 14. 1H NMR spectra of (a) PM50 and (b) PNP50.

Figure 15. 1H NMR spectrum of (a) PM10-b-PNP40 and (b) SEC chromatogram of synthesized
polymers.

To synthesize block copolymer (PM10-b-PNP40), PM10 was first synthesized in a
similar way to PM50. Then, PM10 (100 mg, 0.0377 mmol), NP (303.8 mg, 1.70 mmol), and
AIBN (1.24 mg, 0.007 mmol) were taken in DMF (1.5 mL) in a 20 mL septa-sealed glass
vial. After purging with N2 for 10 min, the reaction mixture was stirred at 70 ◦C in a
polymerization block for 7 h. Upon completion of the polymerization, the reaction vials
were rapidly cooled in an ice-water bath and exposed to air. The resulting polymer solution
was precipitated into 60 mL of diethyl ether to afford a sticky polymeric material.
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For purification, the precipitated polymer was dissolved in a minimum amount of
acetone and reprecipitated into excess diethyl ether. This reprecipitation process was
repeated four times, followed by vacuum drying to obtain the purified polymer. The
synthesized polymers were characterized by 1H NMR spectroscopy and SEC analysis
(Figure 15).

RAFT polymerization was performed using CDP as CTA and AIBN as the initiator in
anhydrous DMF at 70 ◦C with a feed ratio of M:CDP = 54:1, to synthesize the gallol-pendant
homopolymer (PM50, Scheme 1). The successful formation of PM50 was confirmed by 1H
NMR spectroscopy (Figure 14a), and SEC analysis revealed a number-average molecular
weight (Mn,SEC) of 13,200 g/mol (Ð = 1.28) (Figure 15b). Number-average molecular
weight from 1H NMR spectroscopy (Mn,NMR = 13,660 g/mol) was calculated using the
equation: Mn,NMR = (DPn of M × molar mass of M + molar mass of CDP); where DPn

is the degree of polymerization, and DPn value of 50 was estimated by comparing the
terminal aliphatic -CH2(CH2)9CH3 protons of the CDP group (1.2–1.3 ppm) with those of
the -OCH3 (3.8 ppm) protons of the gallol unit from M. The theoretical molecular weight
obtained from gravimetric monomer conversion data was calculated using the following
equation: Mn,theo = (([M]/[CDP]× molar mass of M × Conv.) + (molar mass of CDP)).
The calculated theoretical molecular weight (Mn,theo) for PM50 was 13,400 g/mol. The
close agreement among Mn,SEC, Mn,NMR and Mn,theo values indicates good control over the
RAFT polymerization process.

Similarly, RAFT polymerization of NP was carried out using CDP as the CTA and
AIBN as the initiator in anhydrous DMF at 70 ◦C with a feed ratio of NP:CDP = 54:1
to afford the aniline-pendant homopolymer PNP50 (Scheme 1). The structure of PNP50

was confirmed by 1H NMR spectroscopy (Figure 14b). SEC analysis showed an Mn,SEC

value of 9200 g/mol with a low Ð of 1.12 (Figure 15b). The molecular weight determined
from 1H NMR spectroscopy (Mn,NMR = 8460 g/mol) was calculated using the equation:
Mn,NMR = (DPn of NP × molar mass of NP + molar mass of CDP). The DPn value of 50 was
determined by comparing the terminal aliphatic -CH2(CH2)9CH3 protons of the CDP end
group (1.2–1.3 ppm) with the aromatic phenyl protons (7.2 ppm) of the NP repeating unit.
Based on monomer conversion obtained by gravimetric analysis, the theoretical molecular
weight was calculated using Mn,theo = (([NP]/[CDP]× molar mass of NP × Conv.) +
(molar mass of CDP)). The theoretical molecular weight of PNP50 was calculated to be
8600 g/mol, which showed good agreement with the experimentally determined values.
For the synthesis of the block copolymer, PM10 was employed as the macro-CTA, and chain
extension with NP was carried out at a feed ratio of PM10:NP = 1:45 to obtain PM10-b-PNP40

(Scheme 1). The structure of the block copolymer was confirmed by 1H NMR spectroscopy
(Figure 15a). SEC analysis showed an Mn,SEC value of 8500 g/mol with a narrow Ð of
1.01 (Figure 15b). The number-average molecular weight determined from 1H NMR
spectroscopy (Mn,NMR = 9100 g/mol) was calculated using the equation: Mn,NMR = (DPn

of NP × molecular weight of NP) + molecular weight of PM10. The DPn value of 40 was
estimated by comparing the gallol aromatic protons of PM10 (6.9 ppm) with the aromatic
phenyl protons of the NP unit (7.2 ppm). The theoretical molecular weight determined
from monomer conversion data was calculated using: Mn,theo = ([NP]/[PM10] × molecular
weight of NP × conversion) + molecular weight of PM10. The theoretical molecular weight
of PM10-b-PNP40 was determined to be 8900 g/mol. The close correspondence among
Mn,SEC, Mn,NMR, and Mn,theo values further confirms the controlled nature of the RAFT
polymerization. All molecular weight data are compiled in Table 3.
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Table 3. Summary of the results obtained from the synthesis of homo and block copolymers and their
physiochemical characterizations.

Composition a Conv. b

(%)
Mn,theo

b

(g/mol)
Mn,NMR

a

(g/mol)
Mn,SEC

c

(g/mol) Ð c

PM50 90 13,400 13,660 13,200 1.28
PNP50 92 8600 8460 9200 1.12

PM10-b-PNP40 86 8900 9100 8500 1.01
a Determined by 1H NMR spectroscopy, b Calculated gravimetrically, c Obtained from the SEC.

5. Conclusions
This atomistic MD study, supported by experimental validation, elucidates the confor-

mational behavior and self-assembly of gallol-containing block copolymers in the non-polar
solvent heptane. We demonstrate that intramolecular hydrogen bonding and dipolar in-
teractions govern single-chain conformations, with PNP50 forming stable globules and
PM50 exhibiting dynamic unfolding due to side-chain steric restrictions. At higher con-
centrations, PNP-driven intermolecular contacts promote percolation and aggregation,
providing a mechanistic basis for the experimentally observed precipitation. These insights
offer a molecular-level framework for tuning the self-organization of functional graft-like
polymers in non-aqueous media.
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