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Abstract

The conformation change of Poly(N-isopropylacrylamide) (PNIPAAm)
hydrogel as a function of temperature is studied both experimentally and by
molecular simulation. The experiments show a theta-temperature of approx-
imately 305 K and a width of the transition region of approximately 20 K,
independent of the amount of cross-linker. The conformation change of the
hydrogel is caused by a conformation change of the single polymer chains
in its backbone. The latter was studied by massively parallel molecular dy-
namics simulations with GROMACS 4. Different force fields for describing
the hydrogel backbone (GROMOS-87, GROMOS-96 53A6, and OPLS-AA)
as well as the water molecule (TIP4P and SPC/E) were investigated. In the

simulations the mean radius of gyration of the polymer chains was monitored.

*Corresponding author: Hans Hasse
Technische Universitat Kaiserslautern, Lehrstuhl fiir Thermodynamik, Erwin-Schrodinger-
Strafle 44, 67663 Kaiserslautern, Germany, phone +49 631 205 3464, fax +49 631 205 3835
Email address: hans.hasse@mv.uni-k1.de (Hans Hasse)
URL: thermo.mv.uni-k1.de (Hans Hasse)

Preprint submitted to Fluid Phase FEquilibria March 16, 2010


http://ees.elsevier.com/fpe/viewRCResults.aspx?pdf=1&docID=3293&rev=1&fileID=80029&msid={D8194B2B-D35A-4EE9-B1C6-C971DFC27E4C}

Two force field combinations (GROMOS-96 53A6 + TIP4P and OPLS-AA
+ SPC/E) yield the conformation change upon variation of the tempera-
ture. The results for OPLS-AA + SPC/E are in fair agreement with the
experimental results.
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1. Introduction

Hydrogels are three-dimensional hydrophilic polymer networks. Their
most characteristic property is their swelling in aqueous solutions by ab-
sorbing the solvent, which is influenced by various factors. Hydrogels can be
used in many applications. Superabsorbers such as in diapers [1] and contact
lenses [2] are well established applications of hydrogels. But also applications
like in drug delivery systems [3], tissue engineering [4], micro actuators [5]
and epicardial restraint therapies [6] are discussed. To fully exploit the po-
tential of hydrogels in all these applications, it is important to understand,
describe and predict their swelling behaviour.

The hydrogel which is studied in the present work is built up of poly(N-
isopropylacrylamide) (PNIPAAm) cross-linked with N,N’-methylenebisacryl-
amide (MBA). PNIPAAm is one of the most extensively studied hydrogels
in the scientific literature and is mainly used in bioengineering applications
[7]. The degree of swelling in equilibrium of PNIPAAm is significantly influ-
enced by many factors [8-12]. On the one hand, the swelling depends on the
structure of the hydrogel itself, like the type of the monomer, but also the



amount and type of cross-linker and of co-monomers. On the other hand,
the environment conditions like temperature, type of solvent, solvent com-
position, salt concentration or pH-value of the solvent influence the swelling.
Varying these factors, the hydrogel typically shows a region where the hy-
drogel is swollen and a region where it is collapsed. In between those two
regions lies the region of conformation transition. The solvent composition
or temperature, which is characteristic for that transition, is often labeled
with © (O-solvent and O-temperature). Caykara et al. [12] measured the
degree of swelling of PNIPAAm as a function of the temperature in pure
water and found a ©-temperature for PNIPAAm hydrogel of approximately
305 K, which is the same as the lower critical solution temperature (LCST)
of PNIPAAm polymer in pure water [13]. The degree of swelling depends
on the amount of cross-linker and in some cases on the used co-monomer.
A higher amount of cross-linker leads to a lower degree of swelling. How-
ever, the ©-conditions are typically only weakly dependent on the amount of
cross-linker. Therefore, the ©-conditions mainly depend on the environmetal
factors and the nature of the polymer chain.

For the quantitative description of the swelling of hydrogels, various types
of models are used [14]. Only two are briefly discussed here. In the model
of Maurer and Prausnitz [15], the thermodynamic equilibrium between the
solvent phase and the hydrogel phase is modelled. The hydrogel phase is
modelled as a polymer solution with elastic properties. After determining the
model parameters from experimental data, the swelling of the hydrogel can be
described quantitatively and the swelling of the same hydrogel with varying

amounts of cross-linker can be predicted. But it is not possible to quantita-



tively predict the swelling of other hydrogels or its dependence on other fac-
tors. Wallmersperger and Ballhause used a chemo-electro-mechanical model
in finite element simulations of hydrogels [16, 17]. With this method, they
simulated the influence of electric and mechanical fields on the swelling of
charged hydrogels in solutions containing ions.

With molecular simulation it should in principle be possible to predict the
swelling of different hydrogels upon varying any environmental factor. Two
levels of model detail are applied for molecular simulations of hydrogels:
coarse-grained and atomistic models. The advantage of coarse-grained mod-
els, especially in combination with implicit solvents, is their comparatively
low computational cost. Coarse-grained models were used to study confor-
mations of model hydrogels, depending on the solvent [18] or the amount of
ions in the solvent and the charges on the hydrogel [19, 20]. In these stud-
ies, it was observed that the hydrogel and the corresponding single polymer
chain have similar conformations in good, bad and ©-solvents: Independent
of whether a polymer chain is part of a hydrogel or a single chain, it is
collapsed in bad solvents and stretched in good solvents and the transition
occurs roughly at the same conditions.

Atomistic simulations are computationally much more expensive than coarse-
grained simulations, especially when the solvent is modelled explicitly. With
atomistic simulations, the dynamic properties and the conformation of the
solvent and the monomers of the hydrogels have been studied by several
authors [21-25]. Longhi et al. [25] studied the single PNIPAAm polymer
with a chain length of 50 monomers using the all-atom force field Amber

[26] and TIP3P [27] for water. The single polymer chain was simulated at



temperatures of 300 and 310 K and different conformations in equilibrium
were observed. These conformations are neither clearly stretched nor clearly
collapsed, but in a state in between.

The hydrogel network has to be idealized for molecular simulation. The net-
work typically is described as an ideal cubic or diamond structure and the
hydrogel network is typically fixed at the edges of the simulation volume. The
equilibrium of the hydrogel networks is then characterized via the osmotic
pressure [19] or the chemical potential [28-30] between the hydrogel phase
and the solvent phase, simulated in a second simulation volume. In these
studies, the conformations of the chains in the network and the influence of
the cross-linker on the swelling behaviour are investigated qualitatively. In
the literature, predominantly model hydrogels were studied. Even for sim-
ulations of real hydrogels, the validation on the basis of experimental data
was difficult or not attempted at all.

In this work, the swelling of PNIPAAm hydrogel is studied with atomistic
molecular dynamics simulation and by experiment. The results from simula-
tion and experiment are compared to study whether the swelling behaviour
of hydrogels can be quantitatively predicted by molecular simulation.
Images of PNIPAAm hydrogels, which were taken in this work after freeze-
drying with nitrogen by electron microscopy, show large voids and small holes
in the hydrogel structure, cf. Figure 1 and Wang et al. [31]. Furthermore,
only the amount of cross-linker added to the reacting solution in hydrogel
synthesis is known, but it is very difficult, if not impossible, to obtain reli-
able data on the fraction of cross-linker that has really reacted and whether

it is attached to all reactive sites. Hence, the detailed structure of hydrogels



remains unknown. The degree of swelling cannot be quantitatively predicted
by molecular simulations at present. But it should be possible to quantita-
tively predict the ©-conditions for a given hydrogel by molecular simulation,
as they are not sensitive to the details of the structure discussed above. In
particular, from experimental data and coarse-grained simulation, it is known
that the amount of cross-linker typically has no significant influence on the
©-conditions of the hydrogel [11, 12, 19, 20]. The O-transition can be under-
stood by studying single PNIPAAm chains as it depends on the interactions
between the single chain and the solvent. In the present work, therefore
molecular simulations were performed for single chains in explicitly modelled
solvent molecules for a real hydrogel. Namely, the temperature dependence
of the swelling behaviour of PNIPAAm in pure water was studied. For in-
vestigating the influence of temperature only force fields for PNIPAAm and
water are needed. This allows testing the used force fields for their applica-
bility in studies of more complex situations like adding salt or using mixed
solvents.

For the present study, different force fields from the literature developed
mainly for biomolecules in solvents are used as published. No parameters
were fitted. The results are compared to experimental data of the degree of
swelling of PNIPAAm hydrogel in pure water as a function of the tempera-
ture.

In the literature, the temperature dependence of the degree of swelling has of-
ten been measured in dynamic experiments, which leads to a heating/cooling
hysteresis in the degree of swelling of the hydrogel [31, 32]. These experi-

ments do not yield the degree of swelling in equilibrium. Caykara et al. [12]



investigated the degree of swelling of PNIPAAm hydrogel in pure water as a
function of the temperature in equilibrium, but did only publish graphical re-
sults. Therefore, the temperature dependent degree of swelling of PNIPAAm

hydrogel was investigated experimentally in the present work.

Figure 1: Image of freeze-dried swollen PNIPAAm hydrogel taken by electron microscopy

in the present work.

2. Experimental Procedure and Results

The studied chemically cross-linked hydrogels were synthesized in the
present work by polymerizing N-isopropylacrylamide (NIPAAm) and cross-
linking it with N,N’-methylenebisacrylamide (MBA). The experimental method
is only briefly described here. For a detailed description cf. Hiither and Mau-
rer [9]. Polymerization and cross-linking were simultaneously carried out by
free radical polymerization in oxygen-free, deionized water at 298 K under
nitrogen atmosphere. The reactions were initiated by small amounts of am-
monium peroxodisulfate (starter) and sodium disulfite (accelerator).

For the synthesis, the monomer NIPAAm (Aldrich, 97 %, CAS 2210-25-5),
the cross-linking agent MBA (Fluka, 99 %, CAS 110-26-9), and the initiators



ammonium peroxodisulfate ((NH4)25208) (Aldrich, 98 %, CAS 7727-54-0)
and sodium disulfite (Na25205) (Fluka, 98 %, CAS 7681-57-4) were used
without further purification. Oxygen-free, bi-distilled water was used for
synthesis and for the swelling experiments. After synthesis, the hydrogel
particles were thoroughly washed with deionized water and dried in a vac-
uum oven at room temperature.

In addition to the production process, the hydrogels are characterized by the
following concentrations in the aqueous polymerization solution: Total mass

fraction ay;, of polymerizable material

m _ MNIPAAm + MMBA (1)
gel — ’
Myotal

T

mole fraction of cross-linking agent 2}, 54

NyBA (2)

n
x =
MBA )
NNIPAAm T NMMBA

and mass fraction of the initiator x7*

= (3)

Myotal

Here, m and n are the mass and mole number, respectively. The parameters
for the three hydrogels synthesized in the present work are presented in Table
1.

For each swelling experiment, ten dried hydrogel particles were used. The
amount of mass of the dried hydrogel particle was determined with a preci-
sion micro balance (type MX5, Mettler Toledo GmbH, Giessen, Germany)
before pure water was added to the particles. The hydrogel in water was ther-
mostated in an air oven (model ICP 600, Memmert, Schwabach, Germany)

for approximately two weeks. For temperature measurement, a calibrated
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Table 1: Characterization of the synthesized hydrogels: Total mass fraction z7;, of poly-
merizable material, mole fraction of cross-linking agent x'},5 4 and mass fraction of the

initiator z§".

Hydrogel 7%, / g-g”' %3, / molmol™" z7" / g-g™!

1 0.0995 0.0498 1.97-107*
2 0.1000 0.0400 2.04-1071
3 0.1001 0.0200 2.03-107*

platinum resistance thermometer with an overall uncertainty of £0.1 K was
used. After reaching equilibrium, the hydrogel particles were taken out of the
water and the surface water was removed. The mass of the swollen particles
was determined with the precision micro balance. The degree of swelling of

each particle was calculated as the ratio of mass of the swollen hydrogel m

dr
to the mass of the dry hydrogel mgely)
Mgel
mgel

For the ten experiments, the arithmetic mean and the standard deviation of
the degree of swelling were calculated. The experiments were performed at
different temperatures to determine the influence of the temperature on the

degree of swelling. The experimental results are summarized in Table 2.

3. Discussion of Experimental Results

Figure 2 presents the experimental results for the degree of swelling of the
three different hydrogels in water as a function of the temperature. The bars

denote the standard deviations, which are mostly within the symbol size.



Table 2: Degree of swelling as a function of temperature for three different hydrogels in

water (cf. Table 1). The numbers behind £ denote the standard deviation.

Hydrogel 1 Hydrogel 2 Hydrogel 3
‘T;rél = 0.0498 g'g_l x;nél = 0.0400 g'g_l ,j(,’;nél = 0.0200 g.g_l

T q T q T q

-1

K gg ! K g8 K gg !

288.15 15.76 £ 0.17 288.15 16.52 £ 0.13 288.15 20.14 £ 0.18
293.15 14.73 £0.18 293.15 15.53 £0.28 293.15 1887 £ 0.24
298.15 12,51 £ 0.27 298.15 13.50 £ 0.25 298.15 15.75 £ 0.46
303.15 9.77 £0.13 303.15 9.99 £ 0.28 303.15 12.38 &+ 0.31
305.67  6.47 £ 0.22 305.67 6.70 £ 0.40 305.67 7.40 £ 0.13
305.75 6.66 £ 0.17 305.75 6.46 £ 0.22 305.76 7.43 £ 0.23
308.15 3.74 £0.18 308.15 3.24 £0.14 308.15 1.93 £0.10
313.15 1.55 £0.07 313.15 1.53 £0.03 313.15 1.52 £ 0.07
318.77 142 +£0.05 31878 1.50 £ 0.08 319.20 1.50 £ 0.06
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The three hydrogels mainly differ in the degree of cross-linking (cf. Table
1). All hydrogels are swollen at low temperatures and collapsed at high tem-
peratures. The ©-temperature, defined here as temperature of the inflection
point of ¢(t), is approximately 305 K, which is in very good agreement with
the measurements of Caykara et al. [12] and the LCST of PNIPAAm poly-
mer in pure water [13]. The width of the conformation transition region is
approximately 20 K. The ©-temperature does not depend on the amount of
cross-linker. Therefore, it can be assumed that molecular simulation of the
swelling behaviour of hydrogels on the basis of single chains is an appropriate

method.
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Figure 2: Degree of swelling of the PNIPAAm hydrogel 1 (zj;, = 0.0498 ggl) o, 2
(x;’él = 0.0400 g-g~') v, and 3 (x;’él = 0.0200 g-g~!) O as a function of temperature.
Symbols: experimental data from this work, lines: guide for the eye. The error bars

denote the standard deviation.
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4. Force Fields

For the molecular dynamics simulations of PNIPAAm in water, the fol-
lowing force fields from the literature were used: The three force fields
GROMOS-87 (G87) [33], GROMOS-96 53A6 (G53A6) [34, 35] and OPLS-AA
(OPLS) [36, 37] were employed to describe PNIPAAm. They were combined
with two models for water, namely SPC/E [38] and TIP4P [27]. G87 and
G53A6 are united-atom force fields, OPLS is an all-atom force field. These
force fields were mainly developed based on structural data of various larger
molecules. For the development of the force fields OPLS and G53A6, addi-
tionally thermophysical data of pure liquids of small molecules like alcohols
and amino acids was used. The Lennard-Jones (LJ) and point charge param-
eters of the PNIPAAm force fields are listed in Tables 3 and 4. The LJ-sites
are characterized by the size parameter o and the energy parameter e¢. For
the water models, the parameters are listed in Table 5.

For the unlike LLJ pair interaction, a geometric mean mixing rule for both o

and e was used

0ij = +/0i " 0}, -

€ij = /€ €. ?
For the intramolecular interactions, the method of the 1-4 interactions was
employed [39]. Thereby, the interactions between a given atom and its first
and second neighbour are only modeled by the bond and the angle term.
Interactions between the atom and its third neighbour are calculated by the
dihedral, the Coulomb interaction and the LJ term. The last two terms
are reduced by a scaling factor, where the value of it depends on the force

field. All other intramolecular interactions are modeled with the unmodified
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Table 3: Lennard-Jones parameters (o and €) and point charge magnitude (ge;) of the

PNIPAAm force fields G87 [33] and G53A6 [34, 35], where e is the elementary charge.
site G87 G53A6

o/nm €/kJmol™" ¢y /e o/nm ¢e/kJmol™' ¢, /e

C  0.3361 0.4058 0.38  0.3581 0.2774 0.45
O  0.2626 1.7245 -0.38  0.2760 1.2791 -0.45
N 0.2976 0.8767 -0.28  0.3136 0.6398 -0.31
H - - 0.28 - - 0.31
CH 0.4232 0.5441 - 0.5019 0.0949 -
CH, 0.3965 0.5856 - 0.4070 0.4105 -
CHs 0.3786 0.7533 - 0.3748 0.8672 -

Coulomb interaction and LJ term.

A peculiarity of the parameters of the three PNIPAAm force fields should
be noted. The LJ parameters of CH for the force field G53A6 is not in line
with the other LJ parameters in these force fields. The value for o is much
higher and the value for € is much lower. A reason for this might be that the
LJ parameters of this force field was developed in the C6 and C12 form, in

which o and € are combined

C6 = 4ec®, ©)
6
C12 = 4eo™2.

Further, the difference between an all-atom and an united-atom modell can

be seen in comparison of the e values of CH,, for the three force fields.
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Table 4: Lennard-Jones parameters (¢ and €) and point charge magnitude (ge;) of the

PNIPAAm force field OPLS [36, 37], where e is the elementary charge.
site OPLS

o/nm €/ kJmol™" ¢4 /e

C 0.375 0.4393 0.50

0 0.296 0.8786  -0.50

N 0.325 0.7113  -0.50

H _ _ 0.30
CH(-N)  0.350 0.2761 0.14
CH 0.350 02761  -0.06
CH, 0.350 02761  -0.12
CH; 0.350 02761  -0.18
Hin CH, - - 0.06

Table 5: Force field parameters for water. Lennard-Jones parameters (o and ¢), point
charge magnitude of the oxygen site (¢.;), distance O-H (L), angle H-O-H (¢) and distance
O-point charge (1) of the SPC/E [38] and TIP4P [27] models, where e is the elementary

charge.

force field o /nm € /kJmol™" ¢4 (O)/e L /nm ¢ /deg [ /nm

SPC/E  0.3166 0.6502 -0.8476  0.10000 109.47  0.000
TIP4P 0.3154 0.6485 -1.0400  0.09572 104.52  0.015
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5. Simulation Methods

Molecular simulations of PNIPAAm single chains were carried out with
versions 4.0.x of the GROMACS simulation package [40, 41]. The GRO-
MACS code is optimized for single processors and also for massively parallel
simulations. It was developed for the simulation of large molecules in solu-
tions. The simulations were performed on the high performance computer
HP XC 4000 at the Steinbuch Centre for Computing in Karlsruhe (Germany),
which is equipped with Opteron 2.6 GHz Dual Core processors.

In order to study the applicability of the force fields, in a first step simula-
tions with all six combinations of the PNIPAAm + water force fields were
performed at temperatures of 280 and 360 K. These temperatures are well
below and well above the experimental ©-temperature of PNIPAAm in wa-
ter, while the lower temperature is still above the freezing point of the water
models. In equilibrium at the lower temperature, the single chain should be
in a stretched conformation, at the higher temperature it should be collapsed.
The simulations were started both from stretched and from collapsed initial
conformations to simulate the process of collapsing and stretching of the
PNIPAAm chains. After having identified suitable force field combinations,
simulations at temperatures between 280 and 360 K were performed, namely
at 290, 300, 310, 320 and 340 K. These allow to obtain the ©-temperature
and the width of the transition region.

Prior to these simulations, some preliminary studies were performed in which
the chain length, the initial configuration and the thermostat were varied.
For equilibration, the single PNIPAAm chains in water were simulated in

the isobaric-isothermal ensemble over 1 to 5 - 107 timesteps. The pressure
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was specified to be 1 bar and was controlled by the Berendsen barostat [42],
the timestep was 1 fs for all simulations. Newton’s equations of motion were
numerically solved with the leap-frog integrator [43]. For the long-range elec-
trostatic interactions, particle mesh Ewald [44] with a grid spacing of 0.12 nm
and an interpolation order of four was used. A cutoff radius of r. = 1.5 nm
was assumed for all interactions. After equilibration, 2 to 4 - 107 production
time steps were carried out with constant simulation parameters. Note that
the production steps include the conformation transition as well as the sim-
ulation of the equilibrium.
In order to analyze the results, the radius of gyration R, was calculated

R, = <Ei\\ril|2mi)”2 (7)

g Sim; ’

which characterizes the degree of stretching of the single chain, where m;
is the mass of site ¢ and ||r;|| is the norm of the vector from site i to the
center of mass of the single chain. The radius of gyration in equilibrium
was calculated as the arithmetic mean over the last 5 - 10° time steps of the
simulation together with its standard deviation. In addition, the potential
energy between polymer and solvent as well as between polymer and polymer

was calculated. For the visualization of the results the open source program

VMD [45] was used.

6. Preliminary Studies

6.1. Thermostat

In this work, the influence of the temperature on the conformation of

PNIPAAm chains was examined. Therefore, it is important to use a suitable
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thermostat. Thus two thermostats Nosé-Hoover [46] and velocity-rescale [47]
were tested and their damping parameters 7 were varied. This study was
carried out with a system of one 30 monomer PNIPAAm chain and 14,482
water molecules with the force field combination OPLS 4+ SPC/E, starting
from an equilibrated configuration. From these simulations, the average tem-
perature T" and its standard deviation o were calculated.

Both thermostats yield the same average temperature and the same stan-
dard deviation o of about 1.3 K for damping parameters between 0.1 and
1. The velocity-rescale thermostat was chosen with a damping parameter of

0.5, because of its simplicity and stability [39)].

6.2. Initial Configuration

In order to simulate stretching and collapsing of PNIPAAm chains, both
collapsed and stretched initial configurations were needed. For generating
stretched initial configurations an energy minimization was performed with
a maximum force of 5 kJ/(mol-nm) for the interactions inside the chain. The
resulting conformation and radius of gyration of the isolated single chain are
similar to the stretched conformation of single chains in equilibrium in water
(cf. Figure 3).

Collapsed initial conformations can not straightforwardly be obtained from
energy minimization. To obtain such initial conformations at different de-
grees of collapse of the single chain, a simulation of the PNIPAAm chain in
water was performed at a temperature of 360 K, starting from a stretched
initial conformation. During this simulation the chain collapses. From the

trajectory of this simulation, starting configurations with different degrees of
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collapse were selected. In Figure 3 typical stretched and collapsed conforma-

tions of the single chain are shown.

Figure 3: Typical stretched (top) and collapsed (bottom) conformation of a PNIPAAm

chain with N = 30 monomers in equilibrium with water (water molecules not shown).

6.3. Chain length

The length of the single chain in simulation has an influence on the results
and on the computational cost. Shorter chains need less simulation time, but
too short chains will not yield significant conformation transitions. In a pre-
liminary study, single PNIPAAm chains with 15, 30, 50 and 75 monomers
were simulated in water at 360 K, starting from a stretched initial conforma-
tion. In these simulations a single chain should collapse.

Figure 4 shows the results plotted over the simulation time. To compare the
radius of gyration of chains with different number of monomers, the radius
of gyration R, is normalized by the radius of gyration of the stretched sin-
gle chain in equilibrium Ry. The value Ry was obtained from simulations
at 280 K, where the single chain is stretched in equilibrium. It can be seen

that the chains with more than 15 monomers collapse and remain collapsed
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in equilibrium. Only the chain consisting of 15 monomers shows no signifi-
cant changes in conformation. The radius of gyration fluctuates between two
values over the hole simulation time. The second observation is that longer
chains need more time for the conformation transition (approximately 3, 5
and 7.5 ns for 30, 50 and 75 monomers, respectively). Thus simulations of
longer chains need more computation time because of the system size and

they also demand more simulation time steps.

t/ ns

Figure 4: Reduced radius of gyration of PNIPAAm single chains of different chain lengths
(N: number of monomers) in water as a function of time. The simulations start in a

stretched initial configuration at 360 K for the force field combination OPLS + SPC/E.

In order to obtain significant results with a reasonable computational effort,
single chains with 30 monomers were simulated in the present study. This
leads to computation times between one and three days on 128 cores of the

mentioned PC-cluster.
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7. Results and discussion

7.1. Applicability of different force fields

Figures 5 and 6 present the simulation results for PNIPAAm for the dif-
ferent force field combinations at 280 and 360 K, which are below and above
the ©-temperature, respectively. The radius of gyration R, is plotted over
the simulation time ¢, starting from a stretched initial conformation. In Fig-
ure 5, the simulation results at 280 K are presented. At this temperature, the
single chain should in equilibrium be in a stretched conformation. Only the
two force field combinations OPLS 4+ SPC/E and G53A6 + TIP4P clearly
remain in a stretched configuration. Three other force field combinations
show a collapse of the single chain (G53A6 + SPC/E, G87 + TIP4P and
G87 + SPC/E). For the force field combination OPLS + TIP4P the state in
equilibrium is difficult to define.

Figure 6 shows the simulation results at 360 K. At that temperature, the
chains should collapse, when starting from a stretched initial configuration.
All force field combinations show a collapse for this temperature. The only
noticeable difference in these simulations is that the conformation transition
occurs after a distinctly longer simulation for the force field combination
G53A6 + TIP4P time than for the other combinations. This simulation was
continued for another 20 ns. The single chain stays in a collapsed conforma-
tion (not shown here).

The two force field combinations that are able to yield both the stretched
and the collapsed configuration of the single chain are OPLS + SPC/E and
G53A6 + TIP4P. Note that the two force field combinations that predict

the correct conformations at 280 and 360 K are not recommended by their
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Figure 5: Radius of gyration R, of a PNIPAAm chain of 30 monomers in 14,482 water

molecules over simulation time ¢ for different force field combinations at 280 K.

developers. The OPLS force field was developed for TTP4P water and G53A6
for SPC water.

Furthermore, it was studied whether the force field combinations are able
to show conformation transitions in both directions. For this test, only the
force field combinations OPLS + SPC/E and G53A6 + TIP4P were used.
The results of these simulations are presented in Figures 7 and 8, where the
radius of gyration is again plotted over simulation time. Figure 7 shows the
simulation results of single PNIPAAm chains with the force field combina-
tion OPLS + SPC/E. The curves at the top and at the bottom represent the
simulations starting from the stretched initial configuration at temperatures
of 280 and 360 K, respectively. For the three other simulations, starting

conformations (1, 2, 3) from the simulation at 360 K at different times were
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Figure 6: Radius of gyration R, of a PNIPAAm chain of 30 monomers in 14,482 water

molecules over simulation time t for different force field combinations at 360 K.

chosen and the temperature was switched 280 K. The simulations with the
starting conformations 1 and 2 show the conformation transition from the
collapsed to the stretched single chain. The simulation with the starting con-
formation 3 shows that the chain, once completely collapsed, did not unfold
again during simulation time. The result from this study is that the confor-
mation transition from the collapsed to the stretched conformation can be
simulated with the force field combination OPLS + SPC/E, but this confor-
mation transition is slower than the collapse.

Results for the same type of simulations for the force field combination G53A6
+ TIP4P can be seen in Figure 8. For this force field combination, the con-
formation transition is faster in both directions.

The comparison of the two force field combinations OPLS + SPC/E and
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Figure 7: Radius of gyration R, of a PNIPAAm chain of 30 monomers in 14,482 water
molecules over simulation time ¢ for the force field combination OPLS + SPC/E. The
upper and the lower curves are for the stretched initial conformation at 280 and 360 K,
respectively. For the three other simulations, starting conformations from the simulation
at 360 K at different times o (1, 2, 3) were selected and the temperature was switched

280 K.
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Figure 8: Radius of gyration R, of a PNIPAAm chain of 30 monomers in 14,482 water
molecules over simulation time t for the force field combination G53A6 + TIP4P. The
upper and the lower curves are for the stretched initial conformation at 280 and 360 K,
respectively. For the three other simulations, starting conformations from the simulation
at 360 K at different times o (1, 2, 3) were selected and the temperature was switched

280 K.
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G53A6 4+ TIP4P shows that both force field combinations are able to pre-
dict the conformation transition in both directions. At the same time, both
force field combinations exhibit a radius of gyration for the PNIPAAm chain
of 30 monomers in equilibrium in water of approximately 1.8 nm for 280 K

and approximately 1.0 nm for 360 K.

7.2. Determination of the ©-temperature

For the successful force field combinations OPLS + TTP4P and G53A6 +
SPC/E, simulations at temperatures between 280 and 370 K were carried out
in order to determine the radius of gyration in equilibrium as a function of
temperature and to use that information for determining the ©-temperature
and the width of the transition region. The simulation results are shown
in Figures 9 and 10, where the radius of gyration is again plotted over the
simulation time. The simulations were performed starting from the same
stretched initial configuration. Figures 9 and 10 only show the simulation
results up to 20 ns as data up to that time were taken in all cases. However,
several simulations were carried out longer, in order to make sure that the
conformation reached after 20 ns does not change anymore. The maximal
simulation time was 40 ns. The results for times larger than 20 ns are not
shown as they provied no essential new information on the conformation.
The radius of gyration in equilibrium was determined from a time average
over the last 5 ns of the run. For the force field combination OPLS + SPC/E
(Figure 9) there are many stable conformations in between the stretched and
the collapsed conformation for different temperatures. In contrast to this,
the force field combination G53A6 + TIP4P (Figure 10) only yields two sta-

ble conformations for the different temperatures, a stretched and a collapsed
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conformation. The sharp transition occurs approximately at 353 K.
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Figure 9: Radius of gyration R, of a PNIPAAm chain of 30 monomers in 14,482 water
molecules over simulation time ¢ for different temperatures for the force field combination

OPLS + SPC/E.

Figure 11 and Tables 6 and 7 present the results for the radius of gyration as
a function of the temperature for the two force field combinations OPLS +
SPC/E and G53A6 + TIP4P. The filled triangles in Figure 11 and Table 6
represent the results for OPLS + SPC/E. For temperatures below 300 K, the
single chain is stretched, for temperatures above 340 K, it is collapsed. The
O-temperature is approximately 320 K. The width of the transition region is
approximately 40 K.

The filled circles in Figure 11 and Table 7 represent the results for the same
study with the force field combination G53A6 + TIP4P. These results differ
from those observed for the force field combination OPLS + SPC/E, as there
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Figure 10: Radius of gyration R, of a PNIPAAm chain of 30 monomers in 14,482 water
molecules over simulation time ¢ for different temperatures for the force field combination

G53A6 + TIP4P.
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is a sharp conformation transition between the stretched and the collapsed
confirmation. For temperatures below 350 K, the single chain is stretched,
for temperatures above 355 K, it is collapsed. Therefore the ©-temperature
for this model is at approximately 353 K and the width of the transition

region is not larger than 5 K.
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0.8 - . .
280 320 360

T/K

Figure 11: Radius of gyration R, of a PNIPAAm chain of 30 monomers in 14,482 water
molecules in equilibrium over temperature T' for the force field combination OPLS +

SPC/E and G53A6 + TIP4P. The error bars indicate the standard deviation.

Obviously, the results for the force field combination OPLS + SPC/E (filled
triangles in Figure 11) are in better agreement with the experimental data
(Figure 2) than those for the force field combination G53A6 + TIP4P (filled
circles in Figure 11). With the force field combination OPLS + SPC/E,
qualitatively correct results were achieved. The main difference between the

experimental data and the prediction by molecular simulation is that the
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Table 6: Radius of gyration R, of a PNIPAAm chain of 30 monomers in 14,482 water
molecules in equilibrium over temperature T' for the force field combination OPLS +

SPC/E. The numbers behind + denote the standard deviation.

T /K R, /nm

280  1.80 £ 0.07
300  1.85 £ 0.06
310  1.68 = 0.08
315 1.61 £ 0.17
320 1.38 £ 0.09
325 1.20 £ 0.04
330  1.10 £+ 0.03
340 0.99 £ 0.04
360  0.94 £ 0.02
365  0.93 = 0.02
370 0.92 £ 0.03
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Table 7: Radius of gyration R, of a PNIPAAm chain of 30 monomers in 14,482 water
molecules in equilibrium over temperature T for the force field combination G53A6 +

TIP4P. The numbers behind + denote the standard deviation.
T/K R,/nm

280  1.77 = 0.04
300  1.71 &= 0.07
320 1.74 £ 0.06
330 1.71 £ 0.09
335  1.75 £ 0.06
345  1.76 £ 0.06
350  1.71 £ 0.07
355  1.09 = 0.06
360  1.03 = 0.02
365  1.04 £ 0.05
370  1.06 £ 0.06
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O-temperature is about 15 K higher and the width of the transition region is
overestimated in the molecular simulation. In summary, this is an unexpect-
edly favourable agreement between the prediction by molecular simulation
and the experimental data, especially when considering that the force fields
were not trained on such type of data and no adjustments were made.

For a more detailed insight, the potential energy from simulation was stud-
ied. Due to the fact that pairwise additive force fields were used, the total

potential energy U can be split into three parts
U =Upp+ Uww + Upw, (8)

where Upp is the potential energy of the polymer-polymer interactions, Uy w
the potential energy of the water-water interactions, and Upy, the potential
energy of the polymer-water interactions. The contribution of the water-
water interactions does not significantly depend on the conformation of the
polymer chain. But it can be expected that the ratio Upy /Upp will be
strongly affected by the conformation. Namely, high numbers of that ratio
can be expected for the stretched configuration, whereas low numbers can
be expected for the collapsed conformation. Results are shown in Figure 12
for the two force field combinations OPLS + SPC/E and G53A6 + TIP4P.
These results are the sum of the LJ and Coulomb potentials measured within
the cutoff radius. The ratio Upy /Upp is plotted as a function of simulation
time at 280 and 360 K for a PNIPAAm chain of 30 monomers in water. By
comparing Figure 12 with Figures 7 and 8, it can clearly be seen that the
chain collapse is associated with a significant decrease of Upy /Upp. From
a comparison of the two force field combinations, it can be seen that the

stretched conformation has a higher value of Upy /Upp for the force field
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combination G53A6 + TIP4P. The ratio Upy /Upp is for both temperatures
higher than for the force field combination OPLS + SPC/E. This probably
leads to the late conformation transition from the stretched to the collapsed

conformation at 360 K for the force field combination G53A6 + TIP4P.

Upw !/ Upp

OPLS + SPCI/E, 280 K
OPLS + SPCJE, 360 K
0.4 {——— G53A6 + TIP4P, 280 K
—- G53A6 + TIP4P, 360 K

0 5 10 15 20
t/ ns

Figure 12: Ratio of the potential energy of the polymer-water interaction Upy and
polymer-polymer interaction Upp as a function of simulation time ¢. The collapse of the
chains is associated with a decrease of Upy /Upp (cf. Figures 7 and 8). The simulations

were performed with a chain PNIPAAm of 30 monomers in 14,482 water molecules.

8. Conclusion

The temperature dependence of swelling of PNIPAAm hydrogels in pure
water was studied both experimentally and by molecular simulation. The
experiments show a ©-temperature of approximately 305 K and a width of

the transition region of approximately 20 K. Furthermore, it was observed
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that the ©-temperature is independent of the amount of cross-linker in the
hydrogel.

It was found that it is possible to study the conformation transition of PNI-
PAAm hydrogel by molecular simulation of the single polymer chain. The
force field combinations G53A6 + TIP4P and OPLS + SPC/E yield the
stretched and the collapsed conformations as well as the conformation tran-
sition. Four other studied force field combinations yield only the collapsed
conformation. With the force field combination OPLS + SPC/E, it is pos-
sible to qualitatively predict the swelling of the hydrogel as a function of
temperature. A ©-temperature for the PNIPAAm single chain in pure water
of approximately 320 K and a width of the conformation region of approxi-
mately 40 K was predicted. For the force field combination G53A6 + TIP4P,
a sharp transition at approximately 353 4+ 2 K was observed.

Molecular simulation is a useful tool for predicting conformation transitions
of real hydrogels. Accurate quantitative results can be expected, if suitable

force fields are available.

Abbreviations

GbH3A6 GROMOS-96 53A6

G87 GROMOS-87
LJ Lennard-Jones
MBA N,N’-methylenebisacrylamide

NIPAAm N-isopropylacrylamide
OPLS OPLS-AA

PNIPAAm Poly(N-isopropylacrylamide)
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List of symbols

C6
C12

~

modified LJ parameter
modified LJ parameter
distance between oxygen site and charge
of the molecular water models
distance between oxygen and hydrogen site
of the molecular water models
mass

molar number

number of monomers

degree of swelling

charge

distance

cutoff radius

radius of gyration

radius of gyration for a
stretched chain in equilibrium
simulation time

temperature

potential energy

mass fraction

mole fraction

energy parameter of the
Lennard-Jones potential

size parameter of the
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or

T

Indices

gel

1

J

MBA
NIPAAmM
P

s

total

w

Lennard-Jones potential

standard deviation

damping parameter, thermostat
angle between hydrogen, oxygen and

hydrogen site of the molecular water models

polymerizable material
site index

site index

cross-linker (MBA)
monomer (NIPAAm)
polymer

starter

synthesis solution

water
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