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A coarse-grained (CG) model is developed for the thermoresponsive polymer poly(N-
isopropylacrylamide) (PNIPAM), using a hybrid top-down and bottom-up approach.
Nonbonded parameters are fit to experimental thermodynamic data following the
procedures of the SDK (Shinoda, DeVane, and Klein) CG force field, with minor ad-
justments to provide better agreement with radial distribution functions from atom-
istic simulations. Bonded parameters are fit to probability distributions from atom-
istic simulations using multi-centered Gaussian-based potentials. The temperature-
dependent potentials derived for the PNIPAM CG model in this work properly cap-
ture the coil-globule transition of PNIPAM single chains and yield a chain-length

dependence consistent with atomistic simulations.
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I. INTRODUCTION

Poly(N-isopropylacrylamide) (PNIPAM) is an amphiphilic polymer that undergoes a
coil-globule transition at its lower critical solution temperature (LCST) near 32°C.13 As
such, it is useful for many devices and applications, including drug delivery,*” cell adhe-

1011 and catalysts.'?1? The thermoresponsive behavior of

sion and detachment,®? actuators,
PNIPAM is the result of competing forces of the hydrophilic amide groups and hydrophobic
backbone and isopropyl groups interacting with water. During the coil-globule transition,
the hydrophobic groups are dehydrated, many hydrophilic groups are partially dehydrated,
and some polymer—water hydrogen bonds are replaced with polymer—polymer hydrogen
bonds.>14 16 Below the LCST, the polymer-water hydrogen bonds nucleate the formation
of a hydrogen bond network around the polymer,'” which hinders the motion of the water
molecules in the hydration shell'!® and stabilizes the extended state. Above the LCST, the

water molecules become more mobile,'® triggering the cooperative dehydration and collapse

of the chain.

Atomistic molecular dynamics (MD) simulations have been effective in the study of the
single-chain behavior of PNIPAM in water.!%?* Results have shown that the presence and
extent of the coil-globule transition of a single chain are dependent on the chain length.?"24
The dehydration of the polymer in the collapsed state has been quantified by fewer water
molecules in the hydration layer and fewer polymer-water contacts above the LCST.19:20:22.24
In addition, the simulations have elucidated the behavior of the water molecules in the
hydration shell, showing an increase in polymer—polymer hydrogen bonds and a decrease in
polymer-water hydrogen bonds above the LCST, 4 less order and faster dynamics above
the LCST,'?% and the formation of hydrogen bond cages around hydrophobic groups and
bridges between hydrophilic groups of the PNIPAM monomers.?? Although these atomistic
simulations have gained important insight into the single-chain behavior of PNIPAM, the
large computational cost associated with full atomistic detail and explicit solvent has limited
the simulations to short oligomers (fewer than 50 monomers) and short times (less than
1pus). In fact, only a couple of these studies had simulations longer than 100ns,?*?* which

is fairly short considering the slow cooperative dynamics of the polymer chain dictated by

the hydrogen bonds in this polymer—water system.

Even though atomistic simulations also have been used to study a few multi-chain



PNIPAM systems,?> 2 these examples are limited in what they can achieve at the atomistic
scale. For simulations to address more experimentally accessible and application-relevant
aspects of PNIPAM-based systems, it is necessary to reach longer length- and time-scales.
Coarse-grained (CG) simulations are well suited in this regard, since they provide reduced

29-32 For instance, generic bead-spring mod-

degrees of freedom and effective interactions.
els have been used to study fundamental aspects of the coil-globule transition by relating
bead interactions to solvent quality.?>3® Although correlations often can be drawn with real
systems like PNIPAM, these types of models lack chemical specificity.??4° Alternatively, a
recent study developed a chemically specific CG model for PNIPAM /PEO polymer brushes
by fitting parameters to experimental data, which qualitatively captured the behavior of
PNIPAM brushes.*! In this model, computational efficiency was obtained by using soft
interactions and an implicit solvent, while the thermoresponsive behavior of the system was
captured by the incorporation of temperature-dependent interaction parameters.

29-32

There are many methods for generating chemically specific CG models. Bottom-up

approaches derive CG models by matching to properties from atomistic simulations, such

3

as structure (e.g., iterative Boltzmann inversion),*? force,*® or entropy.** Alternatively, the

15 adopts a top-down approach to develop a CG force field with transfer-

Martini mode
able bead types. Nonbonded Lennard—Jones potentials are parameterized to experimental
thermodynamic data, such as hydration, vaporization, and partitioning free energies, while
bonded potentials are parameterized to match distributions from atomistic models. A simi-
lar approach is used for the SDK CG force field introduced by Shinoda, DeVane, and Klein, 6
where again nonbonded parameters are fit to experimental thermodynamic data and bonded
parameters to reference atomistic simulations. By parameterizing to surface and interfacial
tension data, this methodology is useful for simulating self-assembling systems (e.g., sur-
factants and lipids), as these processes are driven by interfacial properties.®” For example,
simulations of zwitterionic lipids with the SDK CG force field showed much closer agreement

to experimental surface pressure data than simulations using either the Martini model or
structure-matching potentials.*®

In this work, we develop a CG model for PNIPAM that properly captures the coil-globule
transition using temperature-dependent potentials parameterized using a hybrid top-down
and bottom-up approach. In Section II, the CG model and simulation details are outlined.

Nonbonded parameters were initially matched to experimental thermodynamic properties



TABLE 1. Bead types.

Bead Composition Molecule
AM —CONH- formamide
CM2 —CH,—CH< ethane
CT2 CH;—CH< or —CH,—CH,— ethane
IPR —CH—(CH,), propane
W (Hy,0)4 water

for analogous chemical compounds and then adjusted to better match radial distribution
functions (RDF's) from target atomistic simulations of PNIPAM, which is described in Sec-
tion III. Bonded potentials were fit to probability distributions from target atomistic simula-
tions of PNIPAM, as discussed in Section IV. Results are then given in Section V comparing
the coil-globule transition in PNIPAM single chains of different lengths using our CG model

with the corresponding atomistic simulations.

II. COMPUTATIONAL METHODS

A schematic of the PNIPAM CG model used in this work is given in Fig. 1 with the
corresponding bead types listed in Table I. In the SDK CG force field, alkanes are represented
by CM and CT bead types for the middle and terminal beads, respectively, which use a three-
carbon-per-bead definition, as well as a terminal CT2 bead type using a two-carbon-per-
bead definition for greater flexibility in chain lengths.%® As a two-carbon-per-bead definition
is necessary in our model to allow for a single backbone bead per PNIPAM monomer, we
have created an analogous middle CM2 bead type to use with the terminal CT2 bead type
already available. Two new bead types were required for the PNIPAM side chain, including
an AM bead type for the hydrophilic amide group and an IPR bead type for the hydrophobic
isopropyl group. The W bead type represents three water molecules and is also taken from
the SDK CG force field.*® In the CG mapping, the bead center and total mass are given as
the center of mass and sum of masses of the constituent atoms, respectively.

Nonbonded interactions are described by Lennard—Jones potentials following the SDK

CG force field,* which uses a 12-4 functional form for any pair involving a water bead and
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FIG. 1. (a) Schematic of the PNIPAM CG model. (b) Transparent CG beads overlaid over the

corresponding atomistic structure of a PNIPAM trimer.
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With the given prefactors, €;; is the depth of the potential well and o;; corresponds to
the distance at which the potential is 0. In this work, initial parameters were derived to
match experimental thermodynamic data, including density, surface tension, and interfacial
tension, for analogous chemical compounds, when available. Cross terms were determined
explicitly when possible; in some cases, they were calculated using the Lorentz-Berthelot
mixing rules:

Oii -+ O'jj

O =5 G = /- (2)
After bonded interactions were parameterized, the initial nonbonded parameters were ad-

justed for the PNIPAM CG model to yield better agreement with RDFs from the target



atomistic simulations. Further details of the parameterization of the nonbonded interactions
are discussed in Section III.

It is common for CG models to implement harmonic potentials for bonded interactions,
as is done in the SDK CG force field. We found that harmonic potentials, however, were not
adequate to describe the bonded interactions within the more complicated PNITPAM model.
Therefore, we have elected to employ multi-centered Gaussian-based potentials*® to more
accurately capture the PNIPAM bonds and angles. Initial guesses for the potentials were
obtained using pseudo bond and angle distributions, P(r;;) and P(6;;;), calculated from the
atomistic simulations?* by applying the CG mapping scheme. Sums of Gaussian functions
were fit to the normalized distributions, P(r;)/ry; and P(6;)/ sin 6y, which were then

converted to potentials via Boltzmann inversion:
Ubond (135, T') = ¢y — kBTangn(rij)a (3a)
Uangle (eijka T) = Cq — kBTan gn(ez]k) <3b)

Here, g,(z) = kyexp[—(z — x,)?/2w?2], where 2 = r;; or 0, and k,, z,, and w, describe
the height, center, and width of the nth Gaussian, kg is the Boltzmann constant, T is
the temperature, and ¢, and ¢, are constants to shift the potential minimum to 0. The
Gaussian parameters, k,, x,, and w,, were adjusted iteratively until the distributions from
CG simulations were in good agreement with the target atomistic simulations. In addition
to bonds and angles, 1-4 bonds were also included to properly capture the local structure
of the side chains. Further details of the parameterization of the bonded interactions are
discussed in Section IV.

CG simulations were performed with the HOOMD-blue simulation toolkit®**! on NVIDIA
GeForce GTX 780 GPUs. The nonstandard 12-4 and 9-6 Lennard—Jones potentials
(pair.cgcmm) of the SDK CG force field were implemented by Levine et al.?? Nonbonded
interactions were computed with a cutoff of 15 A and were not shifted or smoothed to zero.
Interactions were excluded for pairs of atoms within the same bonded interaction, which
includes all 1-2 and 1-3 pair interactions, as well as 1-4 pair interactions for beads in 1-4
bonds in our PNIPAM model. Bond and angle interactions were described by harmonic po-
tentials initially during nonbonded parameterization, then using tabulated potentials when
implementing a Gaussian-based form. Energy minimizations were performed on initial sys-

tems with the FIRE algorithm®® using a maximum time step of 0.5 fs. MD simulations were



performed in the NVT and NPT ensembles using a Nosé-Hoover thermostat and barostat,
implemented by the MTK equations,®® with coupling constants of 0.5ps. A time step of
5fs was used during the initial nonbonded parameterization, and 10fs thereafter. Periodic
boundary conditions were employed in all three dimensions.

For nonbonded parameterization, bulk liquids were constructed in cubic boxes of roughly
40 A in length. NPT MD simulations were performed for a total of 10° steps, from which
the average density was calculated over the last 8 x 10° steps. These short simulations
yielded small standard deviations in the density less than 10kgm™2. A slab of the liquid
was created by taking the last frame of the NPT MD simulations and extending the box
in the z-direction to 400 A, resulting in two non-interacting vacuum /liquid interfaces. NVT
MD simulations were performed for a total of 107 steps, from which the average surface

tension was calculated over the last 9 x 10° steps using the equation:

P, + P,
7:7[132,2—7%}, (4)

where L, is the length of the box in the z-direction, and P,,, P, and P,, are the components
of the average pressure tensor. These long MD simulations are required to achieve a precision
of ~ TmNm™! in the surface tension calculations.?® A liquid/liquid system was constructed
using a rectangular box of L, = L, = 40 A and L, ~ 80 A with both liquids of roughly equal
size, resulting in two liquid/liquid interfaces. This phase separated system was equilibrated
using NVT MD simulations performed for 10° steps. The length of the box, L., was adjusted
as necessary so that the densities of each phase were approximately equal to their respective
bulk densities. To determine the density of each phase, density profiles®® were calculated in
VMD,?%°7 averaged over NVT MD simulations performed for a total of 10* steps, then fit

to the following expression:®

p(z) = % (p1+p2) + % (p1 — pa) erf (z\/_ij) : (5)

Here p; and ps are the bulk densities of the two phases, z. is the position of the interface,

and o relates to the interfacial width. Longer NVT MD simulations were then performed
for a total of 107 steps, from which the average interfacial tension was calculated over the
last 9 x 10° steps using Eq. (4).

For further nonbonded and bonded parameterization, a single chain system of a N = 30
PNIPAM oligomer with water in a 90 A cubic box was constructed in the CG represen-

tation (90 polymer beads and 8018 water beads) for comparison with the target atomistic
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simulations.?* Long NPT MD simulations were performed for a total of 107 steps, from which
average bond and angle distributions and RDFs were calculated over the last 6 x 10° steps.
These CG probability distributions were compared to analogous distributions calculated
from the target atomistic simulations. Adjustments were made to nonbonded and bonded
parameters in iterations until reasonable agreement was observed between the atomistic and
CG distributions. Separate potentials were derived at the two temperatures of interest,
280K and 330 K. To test the potentials for different chain lengths and temperatures, long
NPT MD simulations were performed for a total of 2 x 107 steps, from which the radius of
gyration was calculated over the last 1.5 x 107 steps. In addition to the N = 30 oligomer,
CG simulations were also performed for a N = 8 oligomer in a 40 A cubic box (24 polymer
beads and 724 water beads) and a N = 18 oligomer in a 60 A cubic box (54 polymer beads
and 2329 water beads) at 280 K and 330 K for comparison with the atomistic simulations.

A summary of the steps involved in the CG parameterization is provided here:

1. Initial nonbonded parameters were derived for bead types by matching to experimental

thermodynamic data for analogous chemical compounds at 300 K.

2. Bonded parameters were fit to atomistic probability distribution functions for PNIPAM
single chains at 280 K and 330 K.

3. Nonbonded parameters (from step 1) were adjusted to yield better agreement with

RDFs for PNIPAM single chains at 280 K and 330 K.

Further details of the nonbonded and bonded parameterization are given in the following

sections.

III. NONBONDED PARAMETERIZATION

In this work, a top-down approach was used for initial parameterization of the nonbonded
interactions for the PNIPAM CG model by fitting parameters to experimental thermody-
namic data following the procedures of the SDK CG force field.* Even though we are
interested in simulating PNIPAM over a broader temperature range to study its thermo-
responsive behavior (e.g., at 280 K and 330 K), the initial parameterization was performed

at 300 K. This was done for a couple of important reasons. First, we were interested in
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building on the existing parameters of the SDK CG force field, which were fit at 303 K. Sec-
ond, most of the experimental data needed for parameterization is available at temperatures
near room temperature only, while very little data exists over a broader temperature range.
Therefore, we elected to perform the nonbonded parameterization at 300 K and adjust as
needed for the temperatures of interest here, namely 280 K and 330 K. Analogous chemical
compounds were chosen for each bead type (Table I), which enabled parameterization of the
nonbonded interactions by fitting to available experimental thermodynamic data, including

density, surface tension, and interfacial tension.

The self-interaction nonbonded parameters, €; and o in Eq. (1), for the CT2, IPR, and
W bead types were taken from the existing SDK CG force field,* where the IPR bead type is
given as a duplicate of the CT bead type. For the new bead types, AM and CM2, parameters
were obtained following similar procedures by matching to experimental thermodynamic
data for their analogous chemical compounds (Table I), in particular the density and surface
tension (p and ), as given in Table II. Although the CM2, CT2, and IPR (CT) bead types
correspond to shorter alkanes (ethane and propane), they were parameterized against longer
alkanes, which are liquids at room temperature, by forming bonded chains of the CG beads.
The alkane chain compositions using the two-carbon-per-bead definition given in this work,
CT2—-CM2,—CT2, were compared to the compositions utilizing the three-carbon-per-bead
definitions from the SDK CG force field, CT—CM,,—CT and CT2—CM,,—CT2.

The cross-interaction parameters, €;; and o;; (i # j), were determined differently based on
the hydrophobicity /hydrophilicity of the pair. If both beads were hydrophobic (including
CM2, CT2, and IPR) or both beads were hydrophilic (including AM and W), then the
parameters were calculated using Eq. (2). For hydrophobic-hydrophilic bead pairs, ¢;; was
calculated by Eq. (2) and ¢;; was fit to experimental alkane/water and alkane/formamide
interfacial tension data (7 and 7¢), which are compared in Table II. Existing parameters
were already available from the SDK CG force field*® for CT2-W and IPR-W (CT-W),
which were derived following the described procedures. Parameters for all other pairs were
calculated explicitly in this work. The resulting nonbonded parameters are summarized for

all pair types in Table SI.%4

Overall, comparisons of the thermodynamic data (Table II)
show that the two-carbon-per-bead definitions for the alkane chains used here are in good
agreement with previous results from the SDK CG force field with the biggest differences

observed at the shortest chain lengths. It is important to note that the alkane bead types
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TABLE II. Density, surface tension, and interfacial tension.

P 0 Ve %
System, CG structure Exp.© Sim. Exp.® Sim. Exp.9 Sim. Exp.® Sim.
Hexane, CT—-CT 653.08 652.69 1775 17.55 50.11 50.58 28.57 28.42

Hexane, CT2—-CM2—-CT2 653.08 660.41 17.75 18.38 50.11 49.67 28.57 27.57
Heptane, CT2—CM—-CT2 678.03 681.48 19.83 19.52 50.47 50.80 27.74 27.08
Octane, CT2—-CM2,—-CT2 696.78 700.20 20.98 21.47 51.00 ©51.21 27.94 27.88
Nonane, CT-CM—-CT 712.63 715.08 22.25 2233 51.48 51.38 28.47 28.24
Decane, CT2—CM,—CT2 725.09 726.04 23.19 2298 51.77 50.95 28.33 28.16
Decane, CT2—-CM2;—-CT2 725.09 724.96 23.19 2331 51.77 51.57 28.33 27.96
Dodecane, CT—CM,—CT 744.36 744.05 24,75 24.68 52.34 52.37 28.22 28.58
Dodecane, CT2-CM2,—-CT2 744.36 742.28 24.75 25.50 52.34 52.03 28.22 28.12
Water, W 996.56  997.00 71.69 7137 n/a n/a n/a nj/a

Formamide, AM 1128.80F 1128.22 57.03%8 57.06 n/a n/a n/a n/a

2 Units of kgm™=3.
> Units of mNm~!.
¢ At 300K from Ref. 59, unless otherwise noted.

d At 300.65 K from Ref. 60.
¢ At 293.15K from Ref. 61.

f At 298.15 K from Ref. 62.
8 At 298.15 K from Ref. 63.

were parameterized to a specific chain length, although they do transfer reasonably well to

other chain lengths.

Since the initial nonbonded parameterization described above was carried out at tem-
peratures near 300 K, we considered the temperature transferability of the parameters at
temperatures of interest in the work (e.g., 280 K and 330 K) for systems with available ex-
perimental data near these temperatures. In Fig. 2, the thermodynamic properties of water
are compared for the CG model and experiment at 280 K and 330 K. Although the trends
in the density were upheld by the CG model, the values deviated significantly from the
experimental data, yielding an overestimated thermal expansion. This is not surprising as

the density of water is difficult to match over a broad temperature range due to its hydro-
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FIG. 2. Density, p, and surface tension, -, for water as a function of the temperature. The CG

model (filled diamonds) is shown in comparison to experimental data (open circles).

gen bonding characteristics, the temperature dependence of which is not captured correctly
using the potentials in Eq. (1). The surface tension of water, on the other hand, showed
excellent transferability across the temperature range considered. A similar comparison of
the thermodynamic properties of dodecane is given in Fig. 3 using both our two-carbon-per-
bead definition, CT2—CM2,—CT2, and the three-carbon-per-bead definition of the SDK
CG force field, CT-CM,—CT. Good agreement was observed between the CG models and
the experimental densities and surface tensions in these cases. Since the van der Waals
interactions are primary in the alkanes, the potentials in Eq. (1) describe these systems well.
The largest discrepancies were found for the dodecane/water interfacial tension at 280 K.
Thus, even though the nonbonded parameters show reasonable temperature transferabil-
ity, some modifications in the polymer/water interactions will be necessary to capture the

temperature-responsive behavior in our PNIPAM CG model.

In using the nonbonded parameters derived above in our PNIPAM CG model, we must
consider two factors: (i) the chemical transferability of the generic bead types to the
PNIPAM model, and (ii) the temperature transferability of the parameters derived at 300 K
to 280 K and 330 K. It is important to clarify that temperature-dependent bonded poten-
tials are included in the PNIPAM CG model in this work, as described in Section IV, which
affects also the temperature dependence of the nonbonded potentials. These bonded param-

eters were derived before adjustments were made to the nonbonded parameters, as discussed
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FIG. 3. Density, p, and surface tension, -y, for dodecane and the dodecane/water interfacial tension,
Yw, as a function of the temperature. The CG models with chain compositions using the two-
carbon-per-bead definition in this work (filled squares), CT2—CM2,—CT?2, and the three-carbon-
per-bead definition of the SDK CG force field (filled diamonds), CT—CM,—CT, are shown in

comparison to experimental data (open circles).

here. The adequacy of the nonbonded parameters in the PNIPAM CG model was assessed
by comparing RDF's from the CG and atomistic simulations of a single chain of the N = 30
oligomer at both temperatures, given in Figs. S1 and S2.5* Some deviations in the peak
positions were observed at both temperatures, which likely indicates instances in which the
generic bead types do not transfer perfectly to the PNIPAM model or using the mixing rules
may not be adequate. Adjustments were made to the potentials in these cases to yield better
agreement. For example, the largest deviation was observed in the position of the first peak
of the IPR-IPR RDFs (Fig. S1, f), so orpr1pr Was increased until the peak location was
matched more closely. All corresponding cross-interaction parameters, opr x (where X is
AM, CM2, CT2, or W), were recalculated according to Eq. (2). Deviations were also found
in the peak positions of the AM—CM2 and AM-IPR RDFs (Fig. S1, b and ¢). Given that

oav-am would reflect a bead size assuming hydrogen bond formation, oy x was readjusted

12



to larger sizes for all hydrophobic pairs (i.e., where X is CM2, CT2, or IPR) to provide the
correct peak positions in these cases. We note that, on increasing €;; in these cases, 0;; was

decreased to maintain the same interaction strength at long distances.

In addition to the deviations in the peak positions, the intensities of the RDF's also varied
from the atomistic simulations (Figs. S1 and S26%). Overall, the polymer—polymer contacts
were overestimated and little temperature-dependence in the structure was observed, which
led to collapsed states at both temperatures. This likely resulted from the inability of a
single set of nonbonbed parameters derived at 300 K to properly capture the phase transi-
tion that occurs in PNIPAM between the temperatures of interest in this work, 280 K and
330 K. To introduce the proper temperature dependence into the potentials, the interaction
strength was adjusted for water with all hydrophobic pairs (i.e., ew x, where X is CM2,
CT2, or IPR). At 330K, the strength of attraction was decreased slightly, while a larger
increase in the attraction strength was necessary at 280 K. These adjustments were made
based on the deviations observed in the CG simulations for the dodecane/water interfacial
tension discussed above (Fig. 3, bottom). The overestimated interfacial tension at 280 K,
for example, would be corrected by increasing the attraction strength between dodecane
and water. We emphasize here that the CM2-W, CT2-W, and IPR-W pairs have the only
temperature-dependent nonbonded potentials. All other pair potentials are the same at

both temperatures.

The modifications described above, which were chosen to yield better agreement with
the RDFs from the atomistic simulations of PNIPAM single chains, resulted in the final
nonbonded parameters listed in Table SI.% A comparison of the main RDFs for the CG
model using these modified parameters with the atomistic simulations at both temperatures
is given in Fig. 4. Note that the RDFs for pair types involving CT2 had poorer statistics,
since only two CT2 beads exist in the PNIPAM chain, but were similar to the corresponding
pair types with CM2, as shown in Fig. S3.4 With these modifications to the nonbonded
parameters, the polymer—polymer RDFs (Fig. 4, a—f) were matched reasonably well by the
CG model overall, with the largest discrepancies in the AM-IPR RDFs (Fig. 4, ¢). The
polymer—water RDF's (Fig. 4, g-i) also showed differences, but are not directly comparable,
since the CG water beads contain three water molecules, while the atomistic RDFs were
calculated for single water molecules. As such, in these cases, emphasis was placed on

matching intensities at longer ranges, while ignoring the oscillations due to single molecules
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FIG. 4. Potentials, U(r), and radial distribution functions, g(r), at 280 K and 330K for pair
types (a) AM—AM, (b) AM-CM2, (c) AM-IPR, (d) CM2-CM2, (¢) CM2-IPR, (f) IPR-IPR, (g)
AM-W, (h) CM2-W, and (i) IPR-W from the CG simulations (lines) of the N = 30 PNIPAM
oligomer. Radial distribution functions are also given for the target atomistic simulations?* (AA,
filled circles). The potentials are only different at 280 K and 330 K for CM2-W and IPR-W (h and

i) and CT2-W (Fig. S3, e). U(r) is in units of kcal mol .
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at shorter ranges. Overall, the agreement with the atomistic RDFs is impressive given the

simple Lennard—Jones functions used in the model.

IV. BONDED PARAMETERIZATION

In this work, parameterization of the bonded interactions for the PNIPAM CG model
was performed using a bottom-up approach by fitting parameters to match probability dis-
tribution functions from target atomistic simulations®* of a syndiotactic N = 30 oligomer.
The model includes five bond types, AM—CM2, AM-CT2, AM-IPR, CM2-CM2, and CM2—
CT2; seven angle types, AM-CM2-CM2, AM-CM2-CT2, AM-CT2-CM2, CM2-AM-IPR,
CT2-AM-IPR, CM2-CM2-CM2, and CM2-CM2-CT2; and three distinct 1-4 bond types,
AM-AM, AM-CM2, and CM2-IPR. Given the multiple peaks present in the probability
distribution functions for these bonded interactions (see Fig. 5 and discussion below), we
have elected to employ multi-centered Gaussian-based potentials*® to describe the interac-
tions more accurately, instead of harmonic potentials, which are used in the SDK CG force
field, for example. Additionally, temperature-dependent parameters were derived to prop-
erly capture the significant deviations in the probability distributions from the atomistic
simulations at 280 K and 330 K, where the parameters for each interaction were adjusted to
achieve good agreement with the corresponding probability distribution function. All bond,
angle, and 1-4 bond parameters are listed in Tables SII, SIII, and SIV,%* respectively.

In Fig. 5, the CG potentials and probability distributions at 280 K and 330 K are given
for the main bond types (a—c) and angle types (d—f) in comparison to the target distribu-
tions from the atomistic simulations.?* Note that, as for the RDFs above, the probability
distributions for bond and angle types involving CT2 had poorer statistics, but were similar
to the corresponding types with CM2, as illustrated in Fig. S4.% Interestingly, the bond
potentials showed little temperature dependence, such that very similar potentials at 280 K
and 330K yielded the correct bond distributions. The most notable deviations in the po-
tentials were observed for the AM—CM2 bond type (Fig. 5, a). Unlike the bond potentials,
the angle potentials were more significantly different between the two temperatures. For ex-
ample, the differences in potentials were largest for the CM2-CM2-CM2 angle type (Fig. 5,
f), which describes the bending of the backbone in the CG model. This suggests that the
degree of chain stiffness of PNIPAM is influenced greatly by the temperature and, as such,
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U(f) are in units of kcal mol~*.
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is important in determining whether the chain conformation is extended or collapsed.

Although bonds and angles were adequate in describing the overall backbone confor-
mation and stiffness, we found it necessary to include 1-4 interactions between beads on
neighboring side chains to help capture the local structure (e.g., tacticity) more properly. In
the CG model developed here, a syndiotactic conformation is assumed to match the target
atomistic simulations. These 1-4 bonds were included for AM-AM and CM2-IPR pairs on
adjacent monomers and AM—-CM?2 pairs on 1-3 monomers. The potentials and probability
distributions at 280 K and 330 K are shown in Fig. 5 (g-i). Like the angle types, the 1-4 bond
types required significantly different potentials at each temperature to adequately match the
atomistic distributions. For example, a deeper potential well near 5.5 A was required for the
AM-AM 1-4 bond type at 280K (Fig. 5, g), which suggests that consecutive side chains
tend to be further apart in the extended state. We note that the inclusion of these 1-4
bond types improved the peak positions in the corresponding RDFs, and were therefore
important for correctly describing the local structure of the side chains in the CG model.
The additional 1-4 interaction between CM2-CM2 pairs on 1-4 monomers was captured
well at both temperatures without including a potential, as illustrated by the probability
distributions in Fig. S5, so it is not included in the CG model in this work.

V. COIL-GLOBULE TRANSITION

The model parameterization described in Sections III and IV was carried out for a N = 30
PNIPAM oligomer, fitting to experimental thermodynamic data and probability distribution
functions from atomistic simulations. To test the CG model derived here, simulations were
performed at 280 K and 330 K for PNIPAM single chains, including the N = 30 oligomer used
in the parameterization, as well as NV = 8 and N = 18 oligomers. The single-chain behavior
of these three systems is illustrated by the distributions of the radius of gyration, Ry, at both
temperatures in Fig. 6 in comparison to the atomistic simulations.?* Example snapshots for
the N = 18 and N = 30 oligomers at both temperatures in the CG simulations are also
shown. The radius of gyration of the single chain provides a description of the size and
conformation of the oligomer during the simulations; larger Iz, values correspond to extended
states, while smaller R, values indicate collapsed states. The R, distributions for the CG

simulations of the N = 30 PNIPAM oligomer (Fig. 6, bottom) were in good agreement with
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oligomers at both temperatures for the CG simulations (only the backbone beads) are shown next

to their respective distributions.

those from the atomistic simulations, where the chain was mainly extended at 280 K and
collapsed at 330 K. These results demonstrate that the PNIPAM CG model displays the

correct coil-globule transition for the longer N = 30 oligomer used for parameterization.

The N = 8 and N = 18 oligomers are interesting tests for the CG potentials, since
they were not included in the parameterization. The R, distributions for the N = 18
oligomer (Fig. 6, middle) were similar to that of the N = 30 oligomer, where the chain
adopted an extended state at 280 K and a collapsed state at 330 K. This behavior deviated
somewhat from the atomistic simulations, however, since the N = 18 oligomer adopted both
extended and collapsed conformations at 280 K in the atomistic simulations. We note that
the single-chain behavior observed in the atomistic simulations is dependent on the force
field used (OPLS%% in this case), which affects whether or not the coil-globule transition
is captured. Unlike the longer oligomers, the R, distributions for the N = 8 oligomer

(Fig. 6, top) were very similar at 280 K and 330K, suggesting that the chain remained
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in an extended state at both temperatures. As was noted for the atomistic simulations,?*
the N = 8 oligomer was too short to fold over on itself, and therefore did not display
a coil-globule transition. Furthermore, despite the chain-length dependence of the chain
conformations, the bonded interactions derived for the N = 30 oligomer extended well
to the other chain lengths, as illustrated by the probability distributions in Figs. S6 to
S9.%4 Given the quantitative agreement of the R, distributions for the three chain lengths
considered here, the CG potentials derived in this work accurately capture the temperature-

and length-dependent behavior of PNIPAM single chains in water.

VI. CONCLUSIONS

In this work, we have developed a CG model for the thermoresponsive polymer PNITPAM.
Following the top-down approach of the SDK CG force field, nonbonded parameters ini-
tially were fit to experimental thermodynamic data, including density, surface tension, and
interfacial tension. To this end, the CG bead types were matched to analogous chemical
compounds for parameterization at temperatures near 300 K. It was necessary to make some
adjustments to the nonbonded parameters for the PNIPAM model to yield better structural
agreement with the atomistic simulations, matching the peak positions and intensities of the
RDFs. Although the nonbonded parameters showed some temperature transferability, the
strength of attraction between the hydrophobic polymer beads and water were adjusted at
each temperature, 280 K and 330 K, to provide the proper temperature-dependent behavior.
In a bottom-up approach, bonded parameters were fit to probability distribution functions
from the atomistic simulations. Multi-centered Gaussian-based potentials were used for the
bonds, angles, and 1-4 bonds to more accurately describe the complex bonded interactions.
It was necessary to derive different potentials at both temperatures, 280 K and 330K, to
capture the correct temperature-dependence of the interactions.

The PNIPAM CG model derived in this work was tested for N =8, N = 18, and N = 30
oligomers in water to compare the single-chain behavior with the atomistic simulations.
The coil-globule transition was observed in the longer N = 18 and N = 30 oligomers,
while only extended conformations were found for the N = 8 oligomer. In particular, the
distributions of the radius of gyration calculated from the CG simulations at 280 K and

330K were in quantitative agreement with those from the atomistic simulations, showing
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the correct temperature and chain-length dependence. Given that the CG model presented
in this work displays the correct temperature-responsive behavior of PNIPAM single chains,
we will be using it to the study of larger and more complicated PNIPAM-based system,

which are currently inaccessible to atomistic simulations.
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TABLE SI. Nonbond parameters.

Initial, 300 K® Adjusted, 280 K Adjusted, 330 K"

Pair, i—j Form €i;°¢ G'»L'jd €i;° O'ijd €i5° Uijd

AM-AM 9-6 0.8650 3.8560 0.8650 3.8560 0.8650 3.8560
AM-CM2 9-6 0.3370 4.1080 0.2800 4.2800 0.2800 4.2800
AM-CT2 9-6 0.4030 4.0385 0.3300 4.2105 0.3300 4.2105
AM-IPR 9-6 0.4800 4.2205 0.2800 4.7000 0.2800 4.7000
AM-W 12-4 0.8799 4.1135 0.8799 4.1135 0.8799 4.1135
CM2-CM2 9-6 0.2120 4.3600 0.2120 4.3600 0.2120 4.3600
CM2-CT?2 9-6 0.2572 4.2905 0.2572 4.2905 0.2572 4.2905
CM2-IPR 9-6 0.3153 4.4725 0.2300 4.7800 0.2300 4.7800
CM2-W 12-4 0.2370 4.3655 0.2600 4.3655 0.2200 4.3655
CT2-CT?2 9-6 0.3120° 4.2210° 0.3120 4.2210 0.3120 4.2210
CT2-IPR 9-6 0.3825 4.4030 0.2700 4.7105 0.2700 4.7105
CT2-W 12-4 0.2900° 4.2960° 0.3200 4.2960 0.2700 4.2960
IPR-IPR 9-6 0.4690° 4.5850° 0.4500 5.2000 0.4500 5.2000
IPR-W 12-4 0.3600° 4.4780° 0.3300 4.7855 0.2600 4.7855
W-W 12-4 0.8950° 4.3710° 0.8950 4.3710 0.8950 4.3710

@ Initial parameters matched to experimental data for analogous chemical compounds near 300 K.
b Final parameters adjusted to match structural distributions for PNIPAM at 280 K and 330 K.
¢ Units of kcal mol~!.

d Units of A.
¢ From Ref. 1.
TABLE SII. Bond parameters.
280 K 330 K
Bond, i—j n kn® TnP Wn"° kn® Tn® wy,"
AM-CM2 1 1.000 2.42 0.057 1.000 2.42 0.059
AM-CT2 1 1.000 2.42 0.054 1.000 2.42 0.057
AM-TPR 1 0.007 2.41 0.057 0.015 2.41 0.061
2 1.000 2.70 0.054 1.000 2.70 0.058
CM2-CM2 1 0.095 2.35 0.066 0.125 2.35 0.071
2 1.000 2.61 0.056 1.000 2.61 0.060
CM2-CT2 1 0.175 2.37 0.066 0.215 2.37 0.070
2 1.000 2.64 0.058 1.000 2.64 0.062

a Units of kecal mol~t A—2.
b Units of A.



TABLE SIII. Angle parameters.

280 K 330 K
Angle, i—j—k n Fon® 6," w,” ky® 0," w,”
AM-CM2-CM2 1 0.150 1.345 0.058 0.240 1.345 0.064
2 0.062 1.635 0.085 0.080 1.640 0.165
3 0.310 1.945 0.100 0.350 1.965 0.112
4 1.000 2.765 0.220 1.000 2.785 0.225
AM-CM2-CT2 1 0.170 1.360 0.073 0.270 1.355 0.075
2 0.095 1.685 0.075 0.180 1.685 0.075
3 0.260 1.950 0.102 0.400 1.950 0.102
4 1.000 2.695 0.195 1.000 2.695 0.190
AM-CT2-CM2 1 0.250 1.340 0.065 0.350 1.340 0.065
2 0.095 1.655 0.080 0.075 1.655 0.080
3 0.185 1.975 0.155 0.145 1.980 0.155
4 1.000 2.868 0.145 1.000 2.868 0.150
CM2-AM-IPR 1 0.416 2.385 0.118 0.480 2.380 0.148
2 1.000 2.530 0.102 1.000 2.525 0.108
3 0.011 2.878 0.052 0.025 2.878 0.056
CT2-AM-IPR 1 0.650 2.480 0.156 0.970 2.480 0.170
2 1.000 2.620 0.075 1.000 2.620 0.075
3 0.030 2.909 0.040 0.040 2.909 0.040
CM2-CM2-CM2 1 0.007 2.000 0.125 0.019 1.950 0.152
2 0.024 2.420 0.115 0.016 2.390 0.175
3 0.160 2.698 0.080 0.145 2.693 0.092
4 1.000 3.041 0.114 1.000 3.041 0.116
CM2-CM2-CT2 1 0.017 2.000 0.155 0.028 1.915 0.175
2 0.017 2.400 0.165 0.030 2.375 0.170
3 0.230 2.660 0.082 0.305 2.668 0.082
4 1.000 3.030 0.090 1.000 3.034 0.100
a Units of kcal mol~1 rad—2.
b Units of rad.
TABLE SIV. 1-4 bond parameters.
280 K 330 K
Bond, i~ n kn® TP WP kn® Tn wn?
AM-AM 1 0.075 3.65 0.150 0.145 3.68 0.150
2 1.000 4.24 0.190 1.000 4.25 0.220
3 0.230 5.00 0.150 0.240 5.02 0.190
4 0.580 5.55 0.135 0.330 5.63 0.160
AM-CM2 1 0.950 4.18 0.205 0.350 4.33 0.260
2 1.000 5.13 0.250 1.000 5.23 0.305
3 0.360 6.12 0.450 0.320 6.38 0.420
4 0.620 6.98 0.250 0.430 6.92 0.300
CM2-IPR 1 0.950 5.27 0.265 0.875 5.30 0.315
2 0.800 5.98 0.250 0.800 6.05 0.250
3 1.000 6.55 0.320 1.000 6.65 0.320
4 0.010 7.46 0.100 0.040 7.42 0.120

a Units of kecal mol~ A—2.
b Units of A.
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FIG. S1. Potentials, U(r), and radial distribution functions, g(r), at 280 K and 330 K for pair types (a) AM-AM, (b) AM-CM2,
(c) AM-IPR, (d) CM2-CM2, (e) CM2-IPR, (f) IPR-IPR, (g) AM-W, (h) CM2-W, and (i) IPR-W from CG simulations (lines)
of the N = 30 PNIPAM oligomer using the initial parameterization. Radial distribution functions are also given for the target
atomistic simulations? (AA, filled circles). The initial parameters for the potentials derived at 300 K are shown in black (top
plots), which were used in these CG simulations. The resulting adjustments to the potentials at 280 K and 330 K are shown in
blue and red, respectively. U(r) is in units of kcal mol~*.
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FIG. S2. Potentials, U(r), and radial distribution functions, g(r), at 280 K and 330K for pair types (a) AM-CT2, (b) CM2-
CT2, (¢) CT2-CT2, (d) CT2-IPR, (e) CT2-W, and (f) W-W from CG simulations (lines) of the N = 30 PNIPAM oligomer
using the initial parameterization. Radial distribution functions are also given for the target atomistic simulations® (AA, filled
circles). The initial parameters for the potentials derived at 300 K are shown in black (top plots), which were used in these CG
simulations. The resulting adjustments to the potentials at 280 K and 330K are shown in blue and red, respectively. U(r) is
in units of kcal mol™*.
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FIG. S3. Potentials, U(r), and radial distribution functions, g(r), at 280 K and 330K for pair types (a) AM-CT2, (b) CM2-
CT2, (¢c) CT2-CT2, (d) CT2-IPR, (e) CT2-W, and (f) W-W from the CG simulations (lines) of the N = 30 PNIPAM oligomer
using the final parameterization. Radial distribution functions are also given for the target atomistic simulations® (AA, filled
circles). The potentials are only different at 280 K and 330 K for CT2-W (e). U(r) is in units of keal mol™".
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FIG. S4. Potentials, U(r) and U (), and probability distributions, P(r) and P(6), at 280 K and 330 K for bond types (a) AM-
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are also given for the target atomistic simulations® (AA, filled circles). U(r) and U(6) are in units of kcal mol™".

6 S

CG, 280 K

— CG, 330K

©w 41 e AA 280K

X | ®AA 330K
& of

0 PAPNPS
3 4 5

FIG. S5. Probability distributions, P(r), at 280 K and 330K for 1-4 bond type CM2-CM2 from the CG simulations (lines) of
the N = 30 PNIPAM oligomer using the final parameterization. Probability distributions are also given for the target atomistic

simulations® (AA, filled circles). The CG model includes no potential for this 1-4 interaction.
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FIG. S6. Probability distributions, P(r) and P(6), at 280K and 330K for bond types (a) AM-CM2, (b) AM-CT2, (c)
AM-IPR, (d) CM2-CM2, and (e) CM2-CT?2; and angle types (f) AM-CM2-CM2, (g) AM-CM2-CT?2, (h) AM-CT2-CM2,
(i) CM2-AM-IPR, (j) CT2-AM-IPR, (k) CM2-CM2-CM2, and (1) CM2-CM2-CT2 from the CG simulations (lines) of the
N = 8 PNIPAM oligomer using the final parameterization. Probability distributions are also given for the target atomistic
simulations® (AA, filled circles).
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FIG. S7. Probability distributions, P(r) and P(6), at 280K and 330K for bond types (a) AM-CM2, (b) AM-CT2, (c)
AM-IPR, (d) CM2-CM2, and (e) CM2-CT?2; and angle types (f) AM-CM2-CM2, (g) AM-CM2-CT?2, (h) AM-CT2-CM2,
(i) CM2-AM-IPR, (j) CT2-AM-IPR, (k) CM2-CM2-CM2, and (1) CM2-CM2-CT2 from the CG simulations (lines) of the
N = 18 PNIPAM oligomer using the final parameterization. Probability distributions are also given for the target atomistic
simulations® (AA, filled circles).
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FIG. S8. Probability distributions, P(r), at 280 K and 330 K for 1-4 bond types (a) AM-AM, (b) AM-CM2, (c) CM2-CM2, and
(d) CM2-IPR from the CG simulations (lines) of the N = 8 PNIPAM oligomer using the final parameterization. Probability
distributions are also given for the target atomistic simulations® (AA, filled circles).
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FIG. S9. Probability distributions, P(r), at 280 K and 330 K for 1-4 bond types (a) AM-AM, (b) AM-CM2, (¢) CM2-CM2, and
(d) CM2-IPR from the CG simulations (lines) of the N = 18 PNIPAM oligomer using the final parameterization. Probability
distributions are also given for the target atomistic simulations® (AA, filled circles).
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