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Abstract

NIPAM (N-isopropyl acrylamide)-based polymers in water show many interesting
properties in experiments, including a lower critical solution temperature (LCST) at
305 K and a conformational transition of single chains at the same temperature. The
results of many simulation studies suggest that standard force—fields are able to describe
the conformational transition and the phase equilibrium well. We show by performing
long molecular dynamics simulations of the direct liquid—liquid phase equilibrium of
NIPAM trimers in water that there is no LCST in the expected temperature range for
any of the force—fields under study. The results show further that the relaxation times
of single—chain simulations are considerably longer than anticipated. Conformational
transitions of single polymers can therefore not necessarily be used as surrogates for a

real phase transition.



Introduction

Thermoresponsive materials are an interesting class of materials with wide—spread appli-
cations, e.g. in catalysis, sensors, enzyme encapsulation, and drug delivery.? One of the
best—studied materials of this class is poly-N—-isopropyl acryl amide (PNIPAM). This poly-
mer is completely soluble in water below 32°C but phase separates from water above this
lower critical solution temperature (LCST). Even more interestingly, PNIPAM is fully sol-
uble in pure methanol but PNIPAM in mixtures of water and methanol with 0-50 mol %
methanol exhibits a lower LCST than in pure water. This phenomenon is called conon-
solvency. The experimental, theoretical, and simulative work on PNIPAM solutions and
PNIPAM-based gels has been reviewed recently.?

Atomistic molecular dynamics (MD) simulations of PNIPAM (mostly the oligomeric ver-
sion which we refer to here as ONIPAM) have been performed frequently to gain a deeper
understanding of the mechanisms leading to phase separation or gel collapse using various in-
termolecular potentials. Due to computational limitations, often the conformational changes
of a single chain have been studied and used as a surrogate for the phase equilibrium which
clearly is a collaborative effect over many chains. After briefly reviewing the recent simula-
tion work, it is the purpose of the present work to show by explicit simulations of liquid-liquid
phase equilibria that the correlation between these phenomena is not as simple as generally
assumed in the literature.*” Walter et al. simulated a single PNIPAM 30mer in water using
the OPLS-AA,%? GROMOS-96 53A6 (G53A6)1%1! as well as GROMOS-87 (G87)!2 force
fields for the polymer and SPC/E!'® and TIP4P models for water.* The authors obtained
both a stretched conformation of the single chain below the LCST at 280 K and a collapsed
conformation above the LCST at 360 K within the simulation time of 40 ns but only with
the following two combinations of force-fields: OPLS-AA + SPC/E and G53A6 + TIP4P.
They concluded from these observations that these two combinations describe the studied
systems most reasonably.

It is noteworthy that they found a single—chain coil-globule transition which might or



might not be the same as a true phase separation and could change the interpretation of ear-
lier studies to some extent. More critically, however, simulations in the tens of nanoseconds
time range are likely too short to observe reliably either conformational or phase transi-
tions, as, e.g., for phase studies of phospholipids in water at similar temperatures regularly
hundreds of nanoseconds to several microseconds are needed. %16

Liu et al. studied systems with one or two 25mers starting from different conformations
for a short time and compare their data to thermodynamic phase data.!” Two further studies
investigated the effect of chain length on the single—chain transition and found that for the
OPLS-AA model (with TIP3P and TIP4P water) at least 11 monomers were needed to
obtain a conformational transition.'®! In these studies, the simulation times are unusually
long (100 — 400 ns) and 2 distinct states, a larger one and a more compact one, were observed
for a 30mer at 280 K. However, no information is given on the transition time between the
states nor any information that allows an assessment of the relative stability for the observed
states.

MD simulations of 12 Dreiding?® NIPAM chains grafted on a silica surface detected de—
swelling in F3C water?! above the experimental LCST within 15 ns but no change in water
content below that temperature® which led the authors to conclude that “below which [the
LCST] the P(NIPAAm) brush is associated with water molecules stably.” Alaghemandi and
Spohr studied a single 30mer as well as ten 30mer chains of OPLS-UA® PNIPAM in TIP3P-
water over 30 ns.® In the larger systems, structural indicators (end—to—end distance, number
of hydrogen bonds, coordination number) show a stronger dependence on temperature than
in the single chain system. They concluded that one 30mer may not be enough to detect
the LCST but “For the multiple—chain system, on the other hand, clear signatures of an
LCST are detectable in the simulation data.” Deshmukh et al. used the GROMOS96 force
field ! for simulations of NIPAM and SPC/E water'® below and above the experimental
LCST in ratios determined by experiment. Their results were based on very short simu-

lations (4 ns) at constant mole fractions. Their radial distribution functions changed with



temperature as expected from experiments, and from this they concluded that the critical
solution temperature was observed. In a follow—up study, they investigated the same system
using PCFF 2223 to simulate the coil-to-globule transition of 3mers to 30mers.” Francis et al.
studied the radius of gyration of a 50mer of PNIPAM in water for 4 ns using Amber942* and
TIP3P ' water.? The radius of gyration decreased above the experimental LCST within the
simulation time but not below.

Even though the correspondence of the conformational transition to the phase transition
has been shown experimentally for long (1.3 x 10" g/mol) PNIPAM chains,?® we consider
some of the interpretations of short simulations of small systems in the literature at least
risky. Therefore, in this work we perform long simulations of a single 30mer chain to investi-
gate the required relaxation times and perform direct phase equilibrium simulations?” of 80
trimers in 3200 water molecules to test the performance of several potentials to reproduce

the experimental LCST behavior.

Methods

Molecular simulations using the OPLS-AA + SPCE and TIP3P, Amber94 + TIP3P, and
PCFF force fields have been performed using LAMMPS.?® All oligomers are syndiotactic.
The initial structure was prepared with Moltemplate?® and VMD tools.?® The 30mer was
placed in a cubic box with linear dimension of 80 A to ensure the absence of periodic image
interactions and solvated in 16900 water molecules at the experimental density with the
PACKMOL tool.3! The energy of the resulting system was minimised using the steepest
descent and conjugate gradient algorithms for a total of 5000 steps. After minimisation we
performed water equilibration in the NV'T ensemble at 300 K for at least 4 ns. The polymer
backbone was fully extended and kept rigid during the energy minimisation and subsequent
NVT run. After the equilibration phase, the simulations were continued for at least 200 ns

at temperatures between 280 and 320 K and 1 bar of pressure, employing the Nose-Hoover



thermostat and barostat with a relaxation time of 500 fs.?? The heteroatomic Lennard—
Jones parameters were determined using the geometric combining rule, and the cutoff for
the real-space component of the electrostatic portion of the potential and the van der Waals
forces was 10.0 A. The long-ranged electrostatic and van der Waals interactions were treated
using the particle-particle particle-mesh (PPPM)3? method with an RMS accuracy of 1074
The bond lengths and the angles of water molecules were constrained using the SHAKE3*
algorithm. The time step was set to 2 fs. During the production phase, the energy and
density fluctuations were monitored every 100 fs to ensure there were no energy drifts or
significant volume jumps.

The molecular simulations using GROMOS 45A33° + SPCE have been performed using
GROMACS 5.0.5.3% Meso and Racemo dimers of NIPAM were prepared with Moltemplate
and VMD tools. 125 dimers were placed in a cubic box with linear dimension of 74.45 A and
solvated using GROMACS. The energy of the resulting system was minimised using the steep-
est descent algorithms until the maximum force on any atom was less than 1000 kJ/mol/nm.
After minimisation we performed temperature equilibration in the NV'T ensemble at the de-
sired temperature of 280 K or 320 K for 100 ps, followed by NPT equilibration at 1 bar for
100 ps. The production run in the NPT ensemble extended for 20 ns. The velocity rescaling

thermostat 37

was used with a relaxation time constant of 0.1 ps. The Parrinello-Rahman
barostat® maintained the pressure at 1 bar with a relaxation time constant of 2 ps. The
cutoff for the real-space component of the electrostatic portion of the potential and the van
der Waals forces was 10.0 A. The long-range electrostatic and van der Waals interactions
were treated using the Smooth Particle Mesh Ewald method?® with an RMS accuracy of
10~*. The bond lengths and the angles of water molecules were constrained using the paral-
lel LINCS algorithm P-LINCS*® with 4" order expansion of the constraint coupling matrix.
The time step was set to 2 fs.

Direct phase equilibrium simulations of the liquid-liquid equilibria (LLE) were carried

out in a single cuboidal simulation box with a length in z direction that is three times as long



as in x and y direction. Initial minimisation and thermalization was performed as described
above. When the equilibrium density was reached, the simulation was continued as a NVT
simulation to produce density histograms along the z axis. We present densities averaged
over 3 bins for the polymer density to damp fluctuations. The position of the carbonyl C
atom of each monomer and that of the oxygen atom of water are used for the density profiles.
Some of the direct phase equilibrium simulations have been performed with a 1 fs time step,
e.g. those employing the OPLS-AA model for NIPAM in TIP3P water and all simulations
based on PCFF because of its flexible water model. Since the OPLS-AA simulations yielded
the same results as those with a 2 fs time step employing the same potential, all other
simulations with rigid water have been performed with a 2 fs time step.

Detailed geometry and potential parameter information can be found in the SI.

Voronoi tessellation divides the volume of a system into polyhedral cells, with one cell for
each atom. The volume of a cell is defined as all points which are closest to a given atom.
For a system with atoms of different sizes, the distance between a point in space and an

atom is weighted. Radical weighted tessellation*! was used, where the distance is defined as

d=/(2c—2)2+ (Ye — y)2 + (2. — 2)% — Thg (1)

where z., y., and z. denote the center of the atoms, z, y, and z denote the point in space,
and 7.,y denotes the atom radius. The cells are all in contact, and adjacent cells share one
common planar face. The surface area of the contact between adjacent atoms is defined as the
area of the common face. Voronoi tessellation was used to examine the contact statistics of
the system. The program voro++%? was used to perform the tessellation for 2000 snapshots
of the MD trajectory at 50 ps intervals. The probability of an atom type having contact

with another atom type in the system is

) = (0 2)




where (.) denotes a time average, Ay, denotes the sum of the surface area of the faces shared
between atom types a and b, and A" denotes the total surface area of the cells of atom
type a. The atom types in this system are backbone carbon, backbone hydrogen, isopropyl
carbon, isopropyl hydrogen, amide carbon, amide oxygen, amide nitrogen, amide hydrogen,
and water. The set of atoms types for b included all 9 types listed above, and the set of
atom types for a included the set above except water. The data for p, is therefore an 8 x 9
grid. This is called the full Voronoi analysis. A set of data was also created by grouping
atom types as backbone atoms (backbone carbon and backbone hydrogen), residue atoms
(isopropyl carbon, isopropyl hydrogen, amide carbon, amide oxygen, amide nitrogen, and
amide hydrogen), or water. This grouped scheme has for b all three types and for a only
backbone atoms and residue atoms, leaving a 2 x 3 grid. This is called the backbone-residue-
water (BRW) Voronoi analysis.

The radii of the particles r,.,q were defined as half the Lennard—Jones o values. Since the
SPC/E water model has no excluded volume for the hydrogen atoms, water molecules were
treated as a single interaction site centered around the oxygen atom. During the calculation
of the surface areas for each atom, the faces between first, second, and third bonded neighbors

were excluded.

Results and Discussion

Figure 1 shows the dependence of the radius of gyration, R, of a single PNIPAM 30mer
chain in pure water on simulation time for three different temperatures. We find a collapse
with a conformational transition time at about 20 ns at 320 K but only at more than 100 ns
at 290 K. At 280 K the chain does not collapse in over 300 ns. In previous studies, this
has been interpreted as having passed the conformational transition temperature. Strictly
speaking, since neither the coil nor the globule change their conformation within 300 ns,

no unambiguous conclusion regarding the coil-to—globule transition can be made from these
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Figure 1: Radius of gyration, R,, of an OPLS-AA PNIPAM 30mer chain in aqueous solution
(16900 SPC/E water molecules) at three temperatures as function of time. Red line: 320 K,
black line: 290 K, green and blue lines: 280 K. The simulation shown by the green line
started from the conformation of the collapsed chain at 290 K; all others started from the
same extended conformation.

data. Therefore, we study further descriptors of the conformational and solvation state of a
30mer first and then the direct phase equilibrium simulations of shorter oligomers. All these
results indicate that the temperatures where the coil is the most stable state have not yet
been reached, the simulations are just too short to observe a collapse.

Since the radius of gyration does not characterize the solvation state fully, we investigate
additional means for its description. As a second means, the contact statistics were analyzed
using Voronoi tesselation to reveal information on their solvation states.*' The atoms groups
were defined according to Figure 2. The contact statistics of chemical groups of the 30mers
with their environment are shown in Figure 3 for the various states and temperatures. This is
the full Voronoi analysis. The analysis creates an 8 x 9 grid, however Figure 3 shows p,;, only
for b = {backbone hydrogen, isopropyl hydrogen, water} to highlight the ab atom pairs with

the largest changes in contact over the simulated states. Rather than presenting absolute
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Figure 2: One NIPAM repeat unit with atom group definition for the Voronoi tesselation.

values for py,, we present the differences between solvation states. The trajectory for the
chain in an extended state at 280 K was used as a baseline. The verticle axis of these plots
shows A(pg) = (057 — (p20) where (pl*™) represents the average contact statistics
between atom type a and atom type b at temperature 7" and conformation conf. A positive
value of A(py,) means that in the respective simulation we have more contacts of the ab type
than at 280 K extended conformation. For the full 8 x 9 plots of A(p,), see Figure S1 in SI.

Figure 3a is the difference between extended and compact conformational states of the
chain at the same temperature, 280 K. Many atom types have more contact with the nonpolar
hydrogens and less contact with water. Figure 3b compares the extended chain at 280 K
to the early portion of the trajectory at 290 K when the chain is extended and reveals only
slight differences. At the extended state at 290 K the polymer has not significantly shielded
itself from water, i.e., there are still significant water—polymer contacts. The extended chain
at 290 K collapses after 100-150 ns as characterized by a change in R, as well as the contact
statistics showing a decrease in contacts, Figure 3c, between polymer and water and an
increase in hydrophobic group self-interaction contact statistics. The collapsed state at
280 K is more similar to the collapsed state at higher temperatures than to the extended
state at 290 K. The difference from 280 K to 320 K, Figure 3d, is more dramatic than from
280 K to 290 K, indicating a more complete collapse and shielding of all atoms especially
the hydrophobic groups from water. Contact probabilities between all atom types and water

show significant decrease between 280 K and 320 K. Between 280 K and 320K, the contact
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Figure 3: Highlighted portions of the full Voronoi analysis. a: A{pg,), 280 K compact - 280 K
extended. b: A(pa), 290 K extended - 280 K extended. ¢: A(pg), 290 K compact - 280 K
extended. d: A(pu), 320 K compact - 280 K extended. Each bar is the A(p,,) between the
extended chain at 280 K and the other states. The rows ranging from left to right represent
the a atoms and the columns extending into the page represent the b atoms. Blue indicates a
positive A(pq). Red indicates a negative A(p,). The dark bars are statistically significant
changes. Atom types are abbreviated according to Figure 2: BC is backbone carbon, IC is
isopropyl carbon, BH is backbone hydrogen, IH is isopropyl hydrogen, AC is amide carbon,
AQ is amide oxygen, AN is amide nitrogen, AH is amide hydrogen, and W is water.

probabilities increase between most atom types and hydrophobic hydrogens. The interactions
between the amide atoms and water decrease more strongly between 290 K and 320 K
than between 280 K and 290 K, especially amide hydrogen and water indicating that they
dehydrate only in the later stages of the transition.

To investigate the amide group interactions with water in further detail, we examine the
intermolecular hydrogen bonds, i.e between amide groups and water. Hydrogen bonds are
measured using standard geometric criteria of d < 3.0 A and 6 > 130°, with d being the
donor—acceptor distance and 6 — donor—hydrogen—acceptor angle, respectively. The number

of hydrogen bonds, Nyg, for the entire polymer chain is calculated throughout the simula-
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tions, the per monomer contributions of amide group acting both as donor and acceptor are
shown at 3 temperatures for different oligomer conformations in Figure S2 in the SI. Figure
S2 shows that extended polymer configurations have higher Ny and higher contact prob-
abilities with water than collapsed states from the BRW Voronoi analysis. Backbone-water
contacts are more sensitive to the swelling state compared to the residue-water contacts.

There is a notable difference between the different hydrogen bond contact statistics, amide
oxygen—water and amide hydrogen—water, during the transition: data from the full Voronoi
analysis shows 76.0% of the total (280 K - 320 K) drop in contact probability between amide
hydrogen and water occurs between 290 K and 320 K, compared to 34.4% for amide oxygen
and water. This correlates with the hydrogen bonds: 68.1% of the total (280 K - 320 K) drop
in hydrogen bonds between amide hydrogen and water occurs between 290 K and 320 K,
compared to 41.6% between 290 K and 320 K (See Figure S2 in SI). Analysis of the number
of water molecules in the first solvation shell and of the solvent—accessible surface area show
similar results (See Figure S3).

In summary, the extended state at 280 K is similarly well hydrated as the extended
state at 290 K. This good solvation is a further indication of the existence of a long-lived
metastable state: a free—energy barrier to de—solvation has to be overcome before the free
energy can be lowered when reaching a collapsed state. An unambiguous determination
of the globally stable state is therefore not possible based on these atomistic simulations.
Clearly either coarse—grained simulations or a free energy technique would be necessary.
This means that many, if not all, simulations for conformational transitions reported in the
literature have likely been too short to obtain the conclusions that have been stated.

Because of the notably very long equilibration times necessary, we performed direct
phase equilibrium simulations as discussed by Gubbins?® and Kéddermann et al. for poly-
meric systems.?” To make this feasible in an atomistic model, we studied short ONIPAM
chains (trimers) in water. Experimentally, short oligomers have a higher LCST than longer

chains. % Recently, this trend was confirmed by studying NIPAM oligomers as short as
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Figure 4: Top: Snapshot of the simulation box of 80 Amber94 NIPAM trimers in 3200 TIP3P
water molecules at 280 K after 200 ns. Hydrogen atoms are depicted in grey, oxygen ones in
red, carbon ones in iceblue and nitrogen ones in blue. Bottom: density profiles of NIPAM
units and water (the latter divided by 5) in a mixture of NIPAM trimers and water at 280 K
started from an already inhomogeneous density distribution.

Table 1: List of potential models evaluated and the systems that have been
studied with them. X: used, —: not used.

Potential model(s) Used for the simulaiton of

1 30mer 72 10mers 80 3mers 20 3mers 125 2mers

in water in water in water in water in water
OPLS-AA®Y and SPC/E® X X X X —
OPLS-AA® and TIP3P* — — X X —
amber942* and TIP3P 4 — — X X —
G45A33% and SPC/E!? — — — — X
PCFF22.23 . - — X —

10 monomers.*® Therefore, if trimers exhibit a phase separation at a given temperature, it
is safe to assume that longer chains modeled with the same potential phase separate from
water at the same T as well. Initial simulations of 20 trimers distributed randomly in 800
water molecules develop inhomogeneities within 5-10 ns for all potential combinations stud-

ied (OPLS-AA + SPC/E and TIP3P; Amber94 + TIP3P; Gromos45A3 + SPC/E; PCFF,
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cf. Table 1) at 280 K. OPLS-AA + SPC/E was also studied at 260 K and shows the same
results, albeit with much slower kinetics. However, often more than one NIPAM cluster
forms and the clusters remain separated and stable for over 100 ns, i.e. they neither dissolve
nor unite to a clearly separated polymer phase indicating again that either longer or larger
simulations are needed. Therefore, we investigated larger systems with 80 trimers and 3200
water starting from an inhomogeneous density distribution. In Figure 4 one can see that the
ONIPAM-rich phase dehydrates further within the first 25 ns of the simulations and that
in the last 175 ns, there is a pure water phase in equilibrium with a pure NIPAM phase at
280 K. The other systems studied (OPLS-AA + SPCE and TIP3P) exhibit similar dehy-
dration but the polymer-rich phase still contains some water after 200 — 250 ns (see SI) such
that a complete phase separation is not realized. For OPLS-AA + SPC/E simulations with
larger systems using 72 decamers distributed homogeneously in 25584 water molecules have

been performed and yield a pure water phase and aggregated chains as well within 200 ns

(see Figure S4).

Conclusion

Our simulation results show that the conformational transition of a 30mer of NIPAM can
take much longer than anticipated in literature. For most systems, except very short oligomer
chains at low concentration, the observation of such a transition is out of reach of atomistic
MD and free energy techniques and/or coarse-graining are needed.

On the other hand, all studied combinations of potentials (cf. Table 1) produce a sepa-
ration of NIPAM oligomers and water into phases with low mutual miscibility at 280 K (or
even 260 K) and 320 K. We see clear dehydration of the chains with increasing temperature.
Simulations at lower temperatures are not possible because of prohibitively slow kinetics.
That means the potentials either do not lead to an LCST at all or do so only at much

lower temperatures than observed experimentally (305 K). The results demonstrate a clear
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need for a force field that can describe the NIPAM water system correctly. It is possible
that simple two-body potentials with standard combining rules are not able to reproduce
this system reliably and special interactions between hetero—atoms which are not directly
an average of the homo interaction have to be taken into account. We have preliminary
indications that such an approach could be successful. As alternatives more involved models
including three-body interactions, polarizability or quantum—effects could to be used.
Because of the slow kinetics, no final conclusion can be obtained on whether the confor-
mational transition of a 30mer is indicative of the LCST of a macroscopic system but many

studies from the literature clearly used too short simulation times.
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