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38 Abstract

We present a computational framework that integrates coarse-grained (CG) molecular dynamics
43 (MD) simulations and a data-driven machine-learning (ML) method to gain insights on the
45 conformations of polymers in solutions. We employ this framework to study conformational
47 transition of a model thermosensitive polymer, poly(N-isopropylacrylamide) (PNIPAM). Here, we
have developed first of its kind, a temperature-independent CG model of PNIPAM that can
52 accurately predict its experimental lower critical solution temperature (LCST) while retaining the

54 tacticity in the presence of explicit water model. The CG model was extensively validated by
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performing CG MD simulations with different initial conformations, varying the radius of gyration
of chain, the chain length, and the angle between the adjacent monomers of the initial configuration
of PNIPAM (total simulation time = 90 us). Moreover, for the first time, we utilize the non-metric
multidimensional scaling (NMDS) method, a data-driven ML approach, to gain further insights
into the mechanisms and pathways of this coil-to-globule transition by analyzing CG MD
simulation trajectories. NMDS analysis provides entirely new insights and shows multiple

metastable states of PNIPAM during its coil-to-globule transition above the LCST.
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The coarse-grained (CG) molecular dynamics (MD) simulations have emerged as powerful
technique to model polymers, biomolecules, and various architectures of these materials.*® CG
models that represent a group of atoms as beads allow the use of higher timestep (5 to 50 fs) as
compared to the all-atom (AA) MD simulations (1 to 2 fs). This enables us to reach the time- and
length-scales of several 10s of microseconds (us) and 10s of nanometer (nm), respectively.®?
Various methods like force-matching, iterative Boltzmann approach etc. have been utilized to
develop CG models of these macromolecules and solvents.!1*17 Recently, we have developed a
novel approach that integrates artificial neural network (ANN) based machine-learning model and
particle swarm optimization (PSO) algorithm with MD simulations to accelerate the development
of CG models (ANN-assisted PSO method).'® Despite of all these advancements, developing CG
models of any stimuli-sensitive polymers that can accurately capture their conformational
transitions has been a grand challenge. This is mainly because capturing the delicate changes in
the inter- and intra-molecular interactions between polymer and solvent, in response to change in

the surrounding environment, is very difficult.'®> A CG model that can capture these interactions,

ACS Paragon Plus Environment

Page 2 of 20



Page 3 of 20

oNOYTULT D WN =

The Journal of Physical Chemistry Letters

if developed, can be used to study the architectures and self-assembly processes in stimuli-
sensitive polymers. Indeed, there have been a few recent efforts made to develop CG models of

thermosensitive polymers such as Poly(N-isopropylacrylamide), poly(ethylene glycol) etc.?%-2

In recent years, a range of different machine-learning (ML) methods such as deep learning,
manifold learning etc. have been utilized to gain insights on crystal structures, folding pathways
for biomolecules, and aggregation of small organic molecules.?®>-% A non-linear manifold learning
is related to the algorithmic techniques of dimensionality reduction and it consists of different
methods including diffusion maps, non-metric multidimensional scaling (NMDS) method,
isomaps, Hessian Eigen maps etc.?’ The NMDS is a data-driven ML scheme and it has been
employed to reduce the high-dimensions in the MD trajectories of protein folding while preserving
the crucial features.?® Use of such manifold learning method to analyze the CG MD simulation
trajectories of stimuli-sensitive polymers may allow one to capture the rare events, if any,
occurring during their conformational transitions. Thus, it can provide insights on the mechanism

and pathways of conformational transition.

Poly(N-isopropylacrylamide) (PNIPAM), a model thermosensitive polymer, exhibits a
coil-to-globule conformational transition above its lower critical solution temperature (LCST) of
305 K.2 As this coil-to-globule transition alters its physicochemical properties, it finds
applications in the field of biomedicine, energy, coating etc.?*3! Developing a CG model of
PNIPAM that accurately predicts its LCST is very challenging, as the model should precisely
capture both the polymer-polymer and polymer-water interactions. To the best of our knowledge,
only three CG models of PNIPAM have been reported in literature.>>* However, they have one
or more of the following drawbacks: (i) Although they show a coil-like and a globule-like state
below and above the LCST of PNIPAM, respectively. The exact LCST of these models is not
reported.®? (i) They are temperature-dependent models i.e. a set of FF parameters used to define
the interactions between polymer and water, below and above the LCST are different.? (iii) These
models could not retain the chain tacticity. Note, the tacticity of PNIPAM is known to play an
important role in determining the LCST of PNIPAM.** and (iv) The CG MD simulations utilized
the implicit water model.3* Hence, none of these models can capture the polymer-water and

polymer-polymer interactions accurately.®®
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Here, we present a novel computational framework that integrates CG MD simulations and
data-driven machine-learning methods to gain insights into conformations of polymers in solution.
We employ this framework to study the coil-to-globule transition in PNIPAM. We began by
developing first of its kind temperature-independent, chemically and structurally accurate,
transferable CG model of PNIPAM by coupling MD simulations with the PSO algorithm, 8353
We show that the PNIPAM CG model retains its tacticity and is able to reproduce its
experimentally reported LCST behavior. Then, we employ NMDS method to analyze the CG MD
simulation trajectories and to explore the mechanism and pathways of coil-to-globule transition in
PNIPAM.? The NMDS analysis shows multiple metastable states of PNIPAM, which has not been
reported for any thermosensitive polymer.

The first step of CG model development of PNIPAM involved the force-field (FF)
optimization of its monomer, N-isoprolylacrylamide (NIPAM). The FF parameters were optimized
to reproduce the properties obtained from the AA MD simulations. The development of NIPAM
CG model was based on the features and properties obtained from the AA NIPAM simulations
that are modelled using CHARMM FF parameters.®® The AA MD simulations of NIPAM
molecules was carried out at 300 K (See Supplementary Information Section 1.1). The CG NIPAM
model was mapped on its functional groups, which resulted in a model with three beads, namely
C2M, AMP, and ISP that encompass the CH2-CH>, H-N-C=0, and isopropyl groups of a NIPAM
monomer (Figure 1a). Beads connected with bonds interact with harmonic bond potentials (See
Supplementary Information Section 1.2). Beads separated by two bonds interact via harmonic
angle potential as well as through nonbonded interactions. All three CG beads in NIPAM are
chargeless and interact with each other via 12-6 Lennard-Jones (LJ) nonbonded potential. The AA
simulation trajectory was converted into CG trajectory based on the mapping scheme illustrated in
Figure 1a. The equilibrium bonds and angle between different CG beads were determined based
on the mean value of the distributions obtained from the mapped AA trajectories. The values of &
for AMP and ISP beads were chosen based on the radial distribution functions (RDF) obtained
from mapped AA trajectory. Nonbonded interaction parameters of C2M were adopted from our
recently developed CG hydrocarbon model.*® Thus, to develop a CG model of NIPAM, we had to
optimize the following five FF parameters: ko (for C2M-AMP; AMP-ISP), ke (C2M-AMP-ISP),
eamp, and gisp. These FF parameters were optimized to reproduce the bonded distributions, RDFs

obtained from the mapped trajectory and its properties such as density, surface tension, and heat
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of vaporization obtained from NIPAM AA MD simulations. The optimization of FF parameters
was performed by coupling PSO method with MD simulations. The timestep of 15 fs was used to
perform the CG MD simulations at 300 K by using NAMD simulation package.*® The optimized
FF parameters for NIPAM CG model are listed in Table S1 of the Supporting Information. The
properties obtained by using this CG model were in good agreement with those obtained from AA

MD simulations (see Table S2 of Supporting Information).

The second step involved the development of intramolecular interactions for a PNIPAM
chain and intermolecular interactions between PNIPAM and water to reproduce its LCST
behavior. The chemically and structurally accurate NIPAM model was utilized to generate a
PNIPAM chain with 30 monomer units (30-mer), which was obtained by placing adjacent
monomers at a random angle. A 30-mer PNIPAM chain has been successfully studied to
investigate the mechanism of coil-to-globule transition in many AA MD simulations by employing
various FF parameters.194%41 The 30-mer CG PNIPAM chain was solvated with 8434 beads of 1-
site CG water model (see Figure 1b).>® Note, the 1-site CG model can reproduce several properties
of water at various temperatures from 280 K to 370 K.3® The bonded and nonbonded interaction
parameters for the backbone of PNIPAM, represented by -C2M-C2M- beads, were adopted from
recently developed hydrocarbon CG model.®® The dihedral potentials were incorporated into the
FF form with the goal of retaining the tacticity of PNIPAM chains (see Supporting Information
Section 2 for more details).*?** Equilibrium angle (C2M-C2M-AMP) and equilibrium dihedral
angles were chosen based on the distributions obtained from mapped AA trajectory of PNIPAM
simulations. During the FF parameterization, angle force constants involved with backbone atoms
and dihedral force constants are set to 15 kcal/mol/radian? and 1.0 kcal/mol, respectively. The
nonbonded interactions between PNIPAM chain and water molecules were represented by 12-6
Lennard-Jones (LJ) potentials. The values of €, the strength of interactions, between C2M-W1,
AMP-W1 and ISP-W1 beads were optimized to reproduce the coil-like and globule-like
conformation of PNIPAM at 290 K (below LCST) and 320 K (above LCST) (See Section 2 of
Supporting Information). The value of &, the finite distance at which the intermolecular potential
between two beads becomes zero, were obtained by Lorentz-Berthelot (LB) mixing rule. Previous
AA MD simulations of PNIPAM have reported, radius of gyration (Rg) value of ~16 A and ~10 A
for PNIPAM 30-mer at ~290 K and ~320 K, respectively.!® The Rq value of ~16 A and ~10 A

represent a coil-like and a globule-like state of PNIPAM 30-mer. In the present study, to optimize
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the FF parameters of PNIPAM, by using the PSO method, we set its Rgs to ~16 A (at 290 K) and
~10 A (320 K) as target values.'® The FF parameters were optimized by performing simulations at
290 K and 320 K temperatures simultaneously. The optimized FF parameters for PNIPAM CG
model are listed in Table S3 of Supporting Information. The robustness of these FF parameters
was evaluated by performing five independent simulations for 1 ps at 290 K and 320 K. The
distribution of Ry obtained by averaging the last 850 ns simulation trajectory from each of these
simulations (850 ns x 5 = 4250 ns) is shown in Figure 1c. This figure clearly shows a coil-like (Rq
~16 A) and globule-like conformations (Rg ~11 A) of 30-mer of PNIPAM below and above its
LCST, respectively. Furthermore, to evaluate the ability of the new PNIPAM CG model in
capturing the dependence of LCST on the PNIPAM chain length, we have generated PNIPAM
chains with 5-, 18-, and 100-mers. Note, both AA MD and experiments have shown that the
PNIPAM chains below 10-mers do not exhibit a coil-to-globule transition due to their short chain
length.1®44-46 Two different initial configurations were generated for each chain length to perform
simulations in the presence of 1-site CG water model. The simulations were carried out for 1 ps at
290 K and 320 K, which is below and above the LCST of PNIPAM, respectively. Average Rq
distributions obtained from both the simulations of different lengths are given in Figures 1d to 1g.
Consistent with previous reported literature, PNIPAM 5-mer does not exhibit a coil-to-globule
transition above its LCST.94446 The peak position at both temperatures fluctuates at ~5 A. As the
chain length is increased from 5-mer to 18-mer, the PNIPAM chains exhibit a coil-like and
globule-like state, below and above its LCST, respectively (Figure 1e). In the case of 30-mer and
100-mer at 290 K, there is a clear evidence of a coil-like state of PNIPAM with Rq spreading across
13 A to 19 A and 30 A to 60 A, respectively. At 320 K, the peaks in Rq distributions for 30-mer
and 100-mer were observed at ~11 A and ~18 A, respectively. Thus, the new CG PNIPAM model

is able to capture the coil-to-globule transition for PNIPAM chains with different lengths.
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Figure 1: (a) Mapping scheme of CG NIPAM model, (b) Schematic of CG models of PNIPAM
and 1-site water,® (c) Distribution of Ry, averaged over five independent simulations, for 30-mer
at 290 K (below LCST, black lines) and 320 K (above LCST, red lines). Each CG MD simulation
was performed for 1 ps in NPT ensemble and the histograms were determined for the last 850 ns
(850 ns x 5 = 4250 ns). Inset shows the representative snapshots for the coil-like (black chain) and
globule-like (red chain) conformations. Distribution of Rg for PNIPAM chains with (d) 5-mer, (e)
18-mer, (f) 30-mer, and (g) 100-mer at 290 K and 320 K.

To evaluate the structure of water near PNIPAM chains, we calculated the radial
distribution function (RDF) between 30-mer or 5-mer of PNIPAM and water beads, at two
temperatures (see Supporting Information Figure S5). The PNIPAM chain with 30-mer dehydrate
above the LCST which can be attributed to its globule-like state, consistent with AA results.**8
Ahmed et. al. have predicted the dehydration time for water within 1 ps using Kinetic studies on
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the PNIPAM collapse and our CG MD simulations of PNIPAM chains (see Figure S6 of
Supporting Information) suggest comparable time-scales with these study.*®

Experimentally, the coil-to-globule transition exhibited by PNIPAM is reversible i.e. when
temperature is decreased from above its LCST to below the LCST, PNIPAM undergoes a globule-
to-coil transition. However, Kang et al. have shown that the tightly collapsed initial configurations
(a globule-like state) remain in the globule-like state below its LCST during 1 pus AA MD
simulations, which suggests that these timescales could be short to observe its globule-to-coil
transition.*! To further explore the robustness of our new CG model of PNIPAM in predicting such
a behavior, 40 different configurations of PNIPAM with initial Rgranging from 10 A to 18 A were
generated. These 40 structures were binned based on their Rgs such that every 10 configurations
fall in following sets: 10-12 A (complete globule-like state) (S-1), 12-14 A (partial globule-like
state) (S-11), 14-16 A (partial coil-like state) (S-111), and 16-18 A (extended coil-like state) (S-1V).
MD simulations of all the PNIPAM structures were carried out for 1 pus in NPT ensemble at 290
K (below LCST) and 320 K (above LCST). The Rq value for an individual conformation was
determined over the last 850 ns of the total trajectory. The data obtained for individual
conformations is shown in the Figure S6 of the Supporting Information. Figure 2 (a-d) shows the
average distribution of Rq obtained from each set. Overall, we find that with increase in the initial
Rg values, more number of PNIPAM chains showed a coil-like and a globule-like state, below and
above the LCST of PNIPAM, respectively. In Figure 2 (a-d), at 290 K, the distributions are
bimodal in nature since they represent the average data for 10 configurations irrespective of they
were in a coil-like or a globule-like state. For S-1 and S-11, the average Ry values suggest presence
of PNIPAM chains in a globule-like state both below and above the LCST. In contrary, the
distributions suggests that the conformations of S-111 and S-1V demonstrate a clear coil-like and a
globule-like state below and above the LCST of PNIPAM, respectively. These results are
consistent with AA simulations reported by Kang et al.** This further suggests that the CG model
of PNIPAM, developed in this study, can accurately capture the behavior reported for AA models
of PNIPAM.
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Figure 2: Distribution of Rq profiles obtained by averaging the 10 different initial configurations
39 at two temperatures: 290 K (below LCST, black lines) and 320 K (above LCST, red lines). All
41 these ten configurations are selected based on their similar initial Rg values ranging from (a) 10-
43 12 A (complete globule-like state) (S-1), (b) 12-14 A (partial globule-like state) (S-11), (c) 14-16
a4 A (partial coil-like state) (S-111), and (d) 16-18 A (extended coil-like state) (S-1V). Representative

46 snapshots for each set are shown as inset to each figure.

51 Furthermore, to investigate the ability of the CG model in predicting the LCST of
53 PNIPAM, we randomly selected three configurations (P1, P2, and P3) that showed an LCST

55 transition and whose Rq was ranging from 14-18 A (sets S-111 and S-1V). If the interactions between
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PNIPAM and water are captured accurately then the LCST predicted by the new CG model should
fall within the range observed in experiments.*® Note, it has been reported that the tacticity of
PNIPAM plays an important role in determining its LCST and based on its tacticity the LCST can
vary from 290 K to 305 K.*° For example, the PNIPAM chains with meso-diad content of ~45 %
and ~66 % were known to show LCST at ~305 K and ~290 K, respectively.!®*° Here, the CG MD
simulations were performed for 1 us for temperatures ranging from 285 K to 320 K with an interval
of 5 K. Figure 3 a-c shows the mean Rqvalue over last 850 ns and its standard deviation at each
temperature for the PNIPAM with three different initial conformations. The LCST predicted by
the three different models is ~300 K (P1), ~307 K (P2), and ~312 K (P3), which is in the
comparable to the experimentally reported LCST of PNIPAM (290 K to 305 K). The differences
in these LCSTs suggest that the three chains may have different tacticities. Therefore, the three
simulated chains can be attributed to a meso-diad content of ~57 % (Plicst = ~300 K), ~45 %
(P2Lcst = ~307 K), and less than 45 % (P3Lcst = ~312 K) based on the experimental study.*?

Recently, Botan et. al. have used an autocorrelation function (ACF) of dihedral angle
(ACF= <cos(0(t) - O(t+dt))>, O being the dihedral angle at time t) to demonstrate that for an AA
model of PNIPAM chain the tacticity is retained.>* Moreover, they also show that retaining such
tacticity in a CG model is a very challenging task. To evaluate the ability of the newly developed
PNIPAM CG model in retaining its tacticity and to further explain the differences observed in the
LCST of PNIPAM, we used the ACF defined by Botan et. al. The tacticity of the backbone dihedral
angle (AMP-C2M-C2M-AMP) (See Figure 1b) for the three CG PNIPAM chains, P1, P2, and P3
at two temperatures, 290 K and 320 K was determined. As shown in Figure 3d, the dihedral
angles in our CG models are highly correlated in long times, which suggests that the tacticity of
PNIPAM chains is retained, similar to that of AA models and experiments.®* To the best of our
knowledge, this is the first temperature-independent CG model of PNIPAM, a thermosensitive
polymer, that can maintain its tacticity. This can be attributed to the presence of dihedral angles
and stiffer angle force constants for C2M-C2M-C2M and C2M-C2M-AMP beads in the PNIPAM
backbone. In addition, as can be seen from Figure 3d the ACF decays faster above the LCST as
compared to below the LCST. This can be attributed to the coil-to-globule transition of PNIPAM
chains. Similar behavior for the ACF of the dihedral angle C2M-C2M-C2M-C2M beads, that
represent only the backbone, was observed (See Figure S7 of Supporting Information). We find

that retaining the tacticity maintains the distance between the ISP beads present PNIPAM side-

ACS Paragon Plus Environment

10

Page 10 of 20



Page 11 of 20

oNOYTULT D WN =

The Journal of Physical Chemistry Letters

chain. As shown in Figure 3e, the distance distribution between the alternate ISP beads shows
that the ISP beads are farther in P3 conformation (whose LCST is ~312 K) than the other two
conformations, namely, P1 (LCST ~300 K) and P2 (LCST ~307 K) . Decrease in the distance
between ISP beads may enhance the interactions between side-chains, allowing a PNIPAM chain

to undergo a coil-to-globule transition at lower temperature.
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Figure 3: Evaluation of the LCST of three selected conformations from the initial Rq ranging
between 14-18 A: (a) Plicst = ~300 K, (b) P2icst = ~307 K, () P3icst = ~312 K. (d)
Autocorrelation of the dihedral angle (AMP-C2M-C2M-AMP), averaged over all the dihedrals
except the edge ones. Simulation trajectories that corresponds to 290 K and 320 K are shown with
solid and dashed lines, respectively. (e) Distance distribution between the alternate ISP beads for
the three conformations. Color scheme used to represent the data for P1, P2, and P3 are black, red,

blue, respectively.
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Further, we have evaluated the effect of the ability of the CG model in retaining its tacticity
on its predictability of the coil-to-globule transition of PNIPAM. Specifically, we generated
PNIPAM chains by placing the adjacent monomers at a certain angle ranging from 0° to 180° with
an interval of 30°. The snapshots describing the different angles between the side chains are shown
as insets in the Figures 4 a-g. Three initial configurations of PNIPAM chains with different
backbone structures were generated to perform CG MD simulations at 290 K and 320 K for 1 ps.
The 1-site CG water model was used to solvate a PNIPAM chain. The Rq for each chain was
evaluated for final 850 ns of the simulation trajectory. As shown in Figures 4 a-g, a coil-to-globule
transition is observed for PNIPAM chains with initial angles of 90°, 120°, and 150°. The mean
values of Rq are ~18 A and ~11 A at 290 K and 320 K, respectively. For structures with an angle
of 0°, 30°, 60°, and 180°, the PNIPAM chains were in globule-like conformation (mean Rg= ~12
A) at both the temperatures. To gain more insights on the observed behavior, distance between
the ISP beads of alternate monomers were determined for the first 150 ns from the simulation
trajectories. Figure 4h illustrates the distance distribution (averaged over three different
simulations) between the ISP beads of alternate monomers for the LCST (90°, 120°, and 150°)
and non-LCST (0°, 30°, 60°, and 180°) PNIPAM conformations. Overall, for the conformations
that showed an LCST behavior, the peak height at ~5 A and ~11.5 A, increases and decreases,
respectively as compared to the non-LCST conformations. This may enhance the polymer-polymer
interactions for non-LCST conformations and thereby PNIPAM chains form a globule-like
structure below and above the LCST. Structure of water around the AMP beads of PNIPAM chains
for the LCST ones (90°, 120°, and 150°) were determined at two temperatures (See Figure S8 of
Supporting Information). RDF profiles suggest that the dehydration timescales for amide groups

(< 1 ps) are in a reasonable agreement with the study by Ahmed et. al.®
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shows the one of the initial configuration. (h) Distribution of the distance between the alternate
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monomers.

Next, to develop the qualitative picture of the coil-to-globule transition process, we have
employed non-metric multidimensional scaling (NMDS) method, a data-driven machine-learning
(ML) scheme, that reduces the dimensionality while preserving the inter-relationships of the data
points (See Supplementary Information Section 5).25°%°1 A 27-dimensional vector space
comprising of all the backbone dihedral angles between C2M-C2M-C2M-C2M beads of a 30-mer
PNIPAM chain was utilized to understand the pathway complexity associated with the coil-to-
globule transition. Note, this dihedral space was utilized because it showed differences in the ACF
at two temperatures (see Figure S7 of Supporting Information). The 1 ps simulation trajectories,
generated during the exploration of angle dependence between the NIPAM monomers, was

considered for the NMDS analysis. Similar to other dimension reduction schemes, the axes of the
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NMDS data can not be simply mapped back on to the original high dimensional space. We have
used symbols y and y to represent the reduced dimensions from the NMDS analysis, where vertical

and horizontal axes represent 2" and 3" dimensions respectively.

To understand the mechanisms and intermediates formed during a coil-to-globule
transition of PNIPAM, we have presented NMDS data in Figure 5 a, b along with the
representative snapshots of PNIPAM chains. The configurations shown in Figure 5a correspond
to structures with an angle of 90° between adjacent NIPAM monomers. At 320 K, Figure 5a
illustrates that the PNIPAM chain goes through several metastable states, indicated by the
clustering of points, before going to a globule-like state. Even below the LCST (at 290 K),
PNIPAM chain exhibits several metastable coil-like states during the 1 us simulation. Figure 5b
shows the NMDS analysis of the trajectories obtained for the PNIPAM structures with different
backbone configurations and an angle of 90° between adjacent NIPAM monomers. This figure
suggests that a coil-to-globule transition in PNIPAM can have multiple pathways. Similar behavior

has been reported for various biomolecules and hydrocarbons.?>523

To further understand the dependence of the LCST on the angles between adjacent
monomers, we selected one trajectory of PNIPAM configuration with angle ranging from 0° to
180° for the NMDS analysis. These analyses of dihedral space suggest that the PNIPAM chains
with angles 0°, 30°, 60°, and 180° transform from a coil-like to a globule-like state with 1 to 3
intermediate metastable states. On the other hand, PNIPAM conformations with 90°, 120°, and
150° angles exhibit multiple metastable states (> 3) during its coil-to-globule transition (See
Supporting Information Section 5 and Figure S9). This may allow them to retain a coil-like

conformation below LCST and undergo a coil-to-globule transition above the LCST.
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Figure 5: NMDS analysis showing the clustering, based on the similarity between structures in
the dihedral space. (a) Evolution of a PNIPAM chain with an angle of 90° between adjacent
NIPAM monomers, at two temperatures (290 K and 320 K), illustrating the LCST behavior. (b)
Different pathways opted by PNIPAM chains in reaching the globule-like state at 320 K are shown
for a PNIPAM chain with different backbone configurations and an angle of 90° between adjacent
NIPAM monomers. Color of the points indicate the Rg value in accordance to the provided scale
bar. Black and red color chains represent the snapshots that corresponds to the simulations of 290
K and 320 K, respectively. Initial PNIPAM conformation is shown in green color. Time evolution

is indicated by dashed line with arrow to guide the eye.

In summary, we present a novel computational framework that integrates coarse-grained
(CG) molecular dynamics (MD) simulations with a data-driven machine-learning (ML) method,
which we use to study a classic thermosensitive polymer, poly(N-isopropylacrylamide)
(PNIPAM). We have developed an accurate temperature-independent CG model of PNIPAM by
integrating the particle swarm optimization (PSO) method with MD simulations. This is a first of
its kind CG model of PNIPAM that can retain its tacticity and accurately reproduce the dependence
of LCST of its tacticity. This model was thoroughly validated by predicting the LCST of PNIPAM
chains with different initial conformations of the chain (different Rqas well as different angle

between the adjacent monomers), varied chain length in the presence of 1-site CG water model.
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The analyses of 90 us simulation trajectories clearly suggest that the new CG model could
accurately reproduce the experimentally reported value of the LCST of ~305 K. Moreover, to gain
insights on the pathways of the coil-to-globule transition of PNIPAM, we have utilized non-metric
multidimensional scaling (NMDS) method, a data-driven ML approach, to analyze these
simulation trajectories. To the best of our knowledge, this is the first study that uses a ML method
to analyze the CG MD simulation trajectories of a thermosensitive polymer. This analysis reveals
that the PNIPAM chains exhibiting a coil-like and a globule-like state, below and above the LCST,
respectively, go through multiple metastable states. Also, a coil-to-globule transition can occur
through several different pathways. This knowledge can be utilized to systematically develop a
thermosensitive polymer with a desired LCST temperature and transition pathways. Moreover, the
use of ML methods to unravel pathways of coil-to-globule transition demonstrates their use in
studying complex systems of stimuli-sensitive polymers. This new computational framework is
general and can be utilized to study complex processes like self-assembly and conformational

transitions in the architectures of stimuli-sensitive polymers.
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