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ABSTRACT: Technologies ranging from solvent extraction and drug delivery to
tissue engineering are beginning to benefit from the unique ability of “smart
polymers” to undergo controllable structural changes in response to external stimuli.
The prototype is poly(N-isopropylacrylamide) (P(NIPAAm)) which exhibits an
abrupt and reversible hydrophilic to hydrophobic transition above its lower critical
solution temperature (LCST) of ~305 K. We report here molecular dynamics
simulations to show the deswelling mechanisms of the hydrated surface-grafted
P(NIPAAm) brush at various temperatures such as 275, 290, 320, 34S, and 370 K.
The deswelling of the P(NIPAAm) brush is clearly observed above the lower critical
solution temperature below which the P(NIPAAm) brush is associated with water
molecules stably. By simulating the poly(acrylamide) brush as a reference system
having the upper critical solution temperature (UCST) behavior with the same
conditions employed in the P(NIPAAm) brush simulations, we confirmed that the
deswelling of P(NIPAAm) brush does not take place at a given range of
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temperatures, which validates our simulation procedure. By analyzing the pair correlation functions and the coordination
numbers, we found that the dissociation of water from the P(NIPAAm) brush occurs mainly around the isopropyl group of the
P(NIPAAm) above the LCST because of its hydrophobicity. We also found that the NH of the amide group in NIPAAm does
not actively participate in the hydrogen bonding with water molecules because of the steric hindrance caused by the attached
isopropyl group, and thereby the hydrogen bonding interactions between amide groups and water molecules are significantly
weakened with increasing temperature, leading to deswelling of the hydrated P(NIPAAm) brush above the LCST through
favorable entropic change. These results explain the experimental observations in terms of a simple molecular mechanism for

polymer function.

B INTRODUCTION

Poly(N-isopropylacrylamide), P(NIPAAm), is one of the most
widely studied temperature-sensitive polymers. Aqueous
solutions of P(NIPAAm) exhibit a lower critical solution
temperature (LCST) of approximately 305 K (32 °C) with
respect to water,"> meaning that P(NIPAAm) is soluble in
water below LCST and becomes less soluble and collapsed to
form a separate phase from the water phase above LCST. Due
to such characteristics of their phase behavior in water,
P(NIPAAm) has been extensively studied for pharmaceutical
applications such as drug delivery systems,” detachment of
cultured cells,>® surface-properties control,”® and drug barrier
membranes.”

To understand the LCST behavior of hydrated P(NIPAAm),
several studies have been dedicated to investigate the effect of
the presence of polymer chain on the structure and dynamics of
water molecules by analyzing the hydrogen bonds the water
molecules participate in. Using Raman spectroscopy, Terada
and his co-workers found that the polymer chains affect the
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hydrogen bond of water molecules to cause hydrogen bond
defects.'® Using the same technique, Maeda et al. reported that
the number of such hydrogen bond defects in the water phase
depends on the hydrophilicity of polymers and the extent of
cross-links."" The structural change of P(NIPAAm) in water
phase was also characterized by Ohta et al. using *C NMR and
"H NMR, reporting that the isotropic P(NIPAAm) solution
was transformed to the gel phase'” and the mobility of water
molecules in the P(NIPAAm) is depressed significantly above
LCST."® Therefore, it has been clearly confirmed that the
P(NIPAAm) solution undergoes serious change in their phase
above and below LCST.

On the other hand, a small number of molecular dynamics
(MD) simulation studies have also been published to report the
changes in the hydrogen bond network and dynamics in water
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phase. Tamai and Tanaka carried out MD simulations for a
single P(NIPAAm) chain in the water phase at 200—400 K to
study polymer—water and water—water interactions by
analyzing the hydrogen bond structure and dynamics'*™'®
and reported that the water—water hydrogen bonds are
enhanced in the vicinity of polymer segments. Netz and
Dorfmiiller used the Monte Carlo method to study the
diffusion of solute through the gel system'’ and MD
simulations to investigate the influence of polymer, especially
poly(acryamide) (P(AAm)) on the structure and dynamics of
water molecules and hydrogen bonds in the hydrogel system.'®
Simulating cross-linked P(NIPAAm) models at various temper-
atures, Tonsing et al.”? found that water molecules can form a
hydrogen bond with NH and CO groups in P(NIPAAm) and
cross-linkers. Longhi et al.** performed MD simulations with
50 units of NIPAAm at 300 and 310 K, from which they
reported that the P(NIPAAm) chain equilibrated at 310 K is
more compact than that equilibrated at 300 K. Correspond-
ingly, the number of water molecules counted within the first
hydration shell at 310 K is smaller by ~6% than that counted at
300 K. Gangemi et al.”' also performed MD simulations of a
single P(NIPAAm) chain with 3560 water molecules to study
the mechanisms of LCST at 302 and 315 K and found that the
NIPAAm chain conformation is extended more at 302 K
compared to 315 K. Recently, Deshmukh et al.*>** investigated
the swelling behavior of P(NIPAAm) networks with different
cross-linking densities and cross-linkers at 300, 305, and 310 K.

In this study, we are particularly interested in the high-
density surface-grafted P(NIPAAm) brush system.”*** Since
the high-density surface-grafted condition would facilitate the
repulsive excluded-volume interaction between brush chains®®
which enables the immediate dehydration and subsequent
hydrophobic attraction between the isopropyl groups, it has
been known that the high-density surface-grafted P(NIPAAm)
brush shows a rapid deswelling behavior above LCST.”” ">’ In
order to characterize such a rapid temperature responsive
molecular system, there have been extensive studies using
various analysis techniques such as dynamic light scattering
(DLS),***" surface plasmon spectroscopy (SPR),* neutron
reflectivity (NR),>>™>’ quartz crystal microbalance measure-
ment (Q_CM),38’39 atomic force microscopy (AFM),40’41
surface force measurement,*””* nuclear magnetic resonance
(NMR),* and dynamic contact angle measurement.***” It has
been also recognized that this high-density surface-grafted
P(NIPAAm) can be utilized for numerous developing
applications such as aqueous chromatography systems,*
permeation-controlled porous membranes,*° chemical sen-
sors, %% controlled attachment—detachment surfaces for
cultured cells,>** drug release,>>*¢ and protein detection,””>®
evidently showing its promising potential.

In the present study, we perform full-atomistic molecular
dynamics (MD) simulations in order to achieve the
fundamental understanding of the molecular mechanisms of
LCST behavior of the high-density surface grafted P(NIPAAm)
brush system, especially focusing on the deswelling process.
Through this study, we also expect that the building protocols,
the analyzing methodologies, and the understanding of such
water—polymer interactions can be extended to other
polymeric hydrogels, which will contribute to developing new
polymer hydrogels with finely tuned characteristics.

B MODELS AND SIMULATIONS DETAILS

Model Constructions. In our simulated models, P-
(NIPAAm) chains with a degree of polymerization of 30
(Figure 1a) are attached onto the hydrogen terminated silicon
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Figure 1. Preparation scheme of the surface-grafted P(NIPAAm)
chain on silicon substrate: (a) a single chain of P(NIPAAm) with DP =
30, (b) side view of the silicon substrate, and (c) top view of silicon
substrate.

(H-Si) (111) surface by substituting the hydrogen (Figure
1b). In this study, the Si (111) surface was modeled by a slab
with the thickness of ~23 A. Although the effect of the Si
surface is not our interest, the interaction of H—Si (111)
surface with P(NIPAAm) chains and water molecules are
included in our simulations. To determine probable surface
grafting density, we calculated the packing energies by attaching
a single P(NIPAAm) chain at various surface areas such as 2 X
2,3 X 3,4X4,and 5§ X S surfaces made with the same number
of unit surface (1 X 1) as shown in Figure lc. The packing
energy is defined by

AEpacking = Esi]jconslab+P(NIPAAm)cha.in
- (Esiliconslab + EP(NIPAAm)chain) (1)

where Esilicon slab+P(NIPAAm) chains Esﬂicon slabs and EP(NIPAAm) chain
denote the energy of the silicon slab with the surface-grafted

P(NIPAAm) chain, the energy of the silicon slab, and the
energy of the P(NIPAAm) chain, respectively. From Figure 1S
(Supporting Information), we found that the 3 X 3 surface
(114.93 A*/chain) showed the lowest packing energy (~—17
kecal/mol). Thus, in our study, we use this. Among many factors
affecting the phase separation of the polymer brushes, the
grafting density plays an important role for the conformational
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change in the phase separation. Using neutron reflectivity, Yim
et al. investigated the conformational changes of P(NIPAAm)
chains that were tethered to silicon oxide using a low/high
surface grafting density.”*>* They observed no coil-to-globule
transition with a low grafting density ranging from 5000 to
10000 A2/chain using molecular weight of 33 000—220 000 Da
of P(NIPAAm). To check the effect of the molecular weight on
the conformational changes of the brushes for high grafting
density (185 A*/chain) of P(NIPAAm) chains with three
different molecular weights such as 13 000, 44 000, and 71 000
Da, they found a significant conformational transition for all
three samples as the temperature passed through LCST,
indicating that the high grafting density of the P(NIPAAm)
chain is critical for the coil-to-globule transition of the brushes.
Plunkett et al. investigated the effect of the grafting density with
303, 476, and 2000 A?/chain and the molecular weight of
P(NIPAAm) ranged from 51000 to 263 000 Da using surface
force measurements.*” They found that the chain collapse
above LCST decreases with decreasing grafting density and
molecular weight. Using surface force measurements with
grafting densities ranged from 238 to 5000 A?/chain, Malham
and Bureau reported that the response of the P(NIPAAm)
brushes is enhanced with increasing the grafting density of the
brushes.** Zhu et al. found that the P(NIPAAm) does not
collapse above the LCST with very low grafting densities
ranged from 3.91 X 10° to 8.33 X 10° A*/chain.* Using AFM
and QCM, Ishida and Biggs investigated the effect of the
grafting density using 278, 1429, and 5000 A2/chain on the
phase separation behavior of P(NIPAAm) brushes.*® They also
reported that the phase separation of P(NIPAAm) brushes
depends on the grafting density: the change in the brush layer is
more gradual over broad temperature range with increasing the
grafting density. LeMieux et al. also showed the clear phase
separation of P(NIPAAm) brushes above LCST with a very
high grafting density of ~40 A%/chain.** In this study, therefore,
we think that the grafting density (114.93 A*/chain) is high
enough to observe the phase si};aration in comparison with
other experimental conditions.>**>*+?

To simulate the surface-grafted P(NIPAAm) brush system
using this probable high grafting density, we built an
orthorhombic simulation box with lattice parameters of a =
3991 A, b =34.56 A, and ¢ = 200 A. as shown in Figure 2a in
which the periodic boundary conditions were applied for all
three spatial directions. The initial configuration of the twelve
surface-grafted P(NIPAAm) chains within the orthorhombic
simulation box are also shown in Figure 2b. To add water
molecules into the P(NIPAAm) brush system, we used Monte
Carlo techniques to add 1300 water molecules into the brush
(Figure 2c with the reduced van der Waals parameter (30% of
original value), which corresponds to the water content of ~40
wt %. After adding water molecules, the energy minimization
was performed with the original van der Waals parameters to
adjust the positions of water molecules.

Model Equilibration. After this initial structure was
prepared, we equilibrated the system by performing NVT
MD simulations at 290 K for 20 ns. After this equilibration, we
independently simulated the model system at five different
temperature conditions such as 275, 290, 320, 345 and 370 K.
Because the aqueous solutions of P(NIPAAm) exhibit the
LCST at ~305 K (32 °C),"**! two temperature conditions
(275 and 290 K) are below the LCST and three temperature
conditions (320, 345, and 370 K) are above the LCST. We
completed another 10 or 15 ns of MD simulations for
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Figure 2. Preparation of the initial configurations of the surface-grafted
P(NIPAAm) brushes on the silicon slab: (a) a hexagonal closed
packing mode is retained in an orthorhombic simulation box (blue
box) with the lattice parameters of a = 39.91 A, b = 34.56 A, and ¢ =
200 A; (b) the initial configuration of the surface-grafted P(NIPAAm)
brushes, consisting of 12 P(NIPAAm) chains, with blue circles
indicating the location of each brush in the system; and (c) hydrated
P(NIPAAm) brushes with 1300 water molecules, with blue circles and
red color indicating the location of each brush and water molecules in
the system, respectively.

temperatures below LCST and above LCST, respectively, to
monitor the temperature-dependent volumetric change of the
P(NIPAAm) brushes until the system was equilibrated.

Force Field and MD Parameters. In this investigation, we
employed the generic DREIDING force field,” which has been
well tested in various or§anic systems such as polymer
electrolyte membranes,”>”® the self-assemblies of organic
molecules,””””* and hydrogels.”>~”” The F3C force field”®
was also used to describe water molecules in the hydrogel
systems. Although various water models such as SPC and
TIP3P can also produce high quality simulations for water and
hydrated macromolecules, we think that the fully flexible nature
of F3C is the undeniable advantage because the F3C water
model is easily integrated and simulated with any full-atomistic
models in classical MD simulations. Indeed, we have used the
F3C water model successfully in various studies above-
mentioned.*~”” Thus, the total potential energy is given as
follows:

E 1 = Eqw + E + Epoq T E +E

total electostatic angle torsion

+ E;

inversion (2)

where Etotal) EvdW! Eelectrostatic) Ebond! Eangle! Etorsionr and Einversion are
the energies for the total, van der Waals, electrostatic, bond
stretching, angle bending, torsion, and inversion components,
respectively. The details of the force field parameters have
already been described.*>”® For MD simulations, the velocity-
Verlet algorithm’® method was used to integrate the equations
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Figure 3. Snapshots of the hydrated surface-grafted P(NIPAAm) brushes during the MD simulation at (a) 370, (b) 345, (c) 320, (d) 290, and (e)
275 K. Blue, yellow, red, and white color denote polymer brushes, silicon substrate, oxygen of water, and hydrogen of water, respectively.

of motion with a time step of 1.0 fs. A Nose-Hoover
thermostat®* ™ was used with a damping relaxation time of
0.1 ps and a dimensionless cell mass factor of 1.0, respectively.
During simulation, all of the valence parameters were fully
unconstrained. The time interval between samplings was S ps.

The atomic charges of the polymers were assigned using

Mulliken population analysis® at the level of B3LYP/6-31G**
(Jaguar quantum chemistry software)®* and the atomic charges
of water molecules were the outputs of the F3C water model.”®
The Lennard-Jones (LJ) potential was smoothly shifted to zero
between 1.2 and 1.5 nm. A particle—particle particle—mesh
(PPPM) method® is used to calculate the electrostatic
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interactions. The MD simulation code used in this study is the
large-scale atomic/molecular massively parallel simulator
(LAMMPS) MD simulator that was developed by Plimpton

at Sandia National Laboratories.
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method.®®® Here, the atomic velocities and coordinates were
recorded every 4 fs during a 20 ps NVT MD simulation, since
the method relies on accurate sampling of the fastest vibrational
modes, which have periods of ~10 fs for a 3000 cm™" vibration.
Lin, Blanco, and Goddard® (LBG) showed that that a 20 ps
trajectory is sufficient to obtain an accurate entropy of a
Lennard-Jones fluid and liquid water.*® In addition the 2PT
model has been successful in calculating the entropy of water in
different domains of PAMAM dendrimers,” in determining
various phases of dendrimer liquid crystals,”* and in calculating
the relative stability of various aggregates.”” Jana et al.”® used
2PT to show that water molecules in both grooves of DNA,
have significantly lower entropies than for bulk water. Pascal et
al showed that 2PT is capable of accurately predicting the
thermodynamics of a hydrogel with varying water content”
and in capturing the thermodynamics of water under
confinement in nanotubes.”®

B RESULTS AND DISCUSSION

Density Profiles. The snapshots of the surface-grafted
P(NIPAAm) brushes during MD simulation (Figure 3) show
that the P(NIPAAm) brushes are deswelled above LCST
(~305 K) of P(NIPAAm), as shown in Figure 3a—c. We
observed faster deswelling at higher temperatures. However, we
did not observe the deswelling of water molecules below the
LCST, as shown in Figure 3, d and e.

We analyzed the snapshots to provide the distributions of
each component throughout the hydrated brushes using density
profiles along the c-axis direction of the simulation box (Figure
4) at each temperature: water molecules (blue line), polymer
brushes (red line) and silicon substrate (orange color). The
density profiles from 370 (Figure 4a), 345 (Figure 4b), and 320
K (Figure 4c) show the development of a dissociated water slab
above 90 A from the Si (111) surface. Again, we did not
observe any water slab out of the brushes below the LCST, as
shown in Figure 4d (290 K) and Figure 4e (275 K).

To quantify the change in the thickness of the brushes, we
define the “90-interface” of the polymer brushes along the c-axis
direction where the density of the brushes is 90% of its
maximum value. In the same manner, we also define the “90-
interface” of the water slab at the water-vacuum interface where
the density of the water slab is 90% of its maximum value.
Therefore, the thickness of the water slab is defined by the
distance between two points, the “90-interface” of the polymer
brushes and the “90-interface” of the water slab (Figure 5). As
the simulation proceeds, the thickness of the water slab out of

Thickness ofthe
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Figure S. Scheme to determine the thickness of the brushes and the
water slab.

the brushes (Figure 6a) and the number of water molecules
increase (Figure 6b) above the LCST. Percentages of 30%,
46%, and 52% of the total water molecules were squeezed out
of the brushes at 320, 345, and 370 K during 15 ns MD
simulations, respectively. The density of the water slab out of
the brushes (Figure 6c) is increased, while the density of the
water in the brushes (Figure 6d) is decreased above the LCST.
The density of the water slab out of the brushes reaches the
maximum value at 15 (320 K), 5 (345 K), and 2 ns (370 K),
meaning that the deswelling process is accelerated with
increasing temperature. In contrast, we did not observe any
significant changes in the density profiles below LCST during
the simulations. The thickness of the brushes (Figure 6e)
decreases and correspondingly, the density of the brushes
(Figure 6f) increases, indicating the deswelling of the brush
above LCST.

We also prepared a reference system to compare/validate the
results of the simulations in this study. The reference system
consists of surface-grafted poly(acrylamide) (P(AAm)) brush
instead of P(NIPAAm). The other conditions for MD
simulations are the same as the P(NIPAAm) brush systems.
Although P(AAm) has a similar chemical structure to
P(NIPAAm), P(AAm) does not contain the hydrophobic
isopropyl group. Correspondingly, P(AAm) shows an upper
critical solution temperature (UCST) with respect to water at
235 K, and therefore, P(AAm) does not show phase
separation behavior with liquid water. We expect that the
P(AAm) brush will not go through the deswelling in the range
of the simulated temperatures for the P(NIPAAm) brush. To
check this expectation, we simulated the surface-grafted
P(AAm) brush with 1300 water molecules (~50 wt % water
content) at 275, 290, 320, 345, and 370 K. Since we observed
the rapid deswelling within S ns for the P(NIPAAm) brushes
(Figure 6b), we performed MD simulations of the P(AAm)
brushes for S ns for comparison. From the snapshots (Figure
2S, Supporting Information) and the density profiles (Figure
3S, Supporting Information), the P(AAm) brush system did
not show the deswelling process or the development of a water
slab, even with a higher water content (~50 wt %) compared to
that of the P(NIPAAm) brush (~40 wt %). The thickness of
the P(AAm) brush (Figure 4S, Supporting Information)
increases with increasing temperature due to thermal
expansion. The change in thickness of the P(AAm) brush as
a function of temperature occurs in the opposite direction to
that of the P(NIPAAm) brush as shown in Figure 6e.

Inner Structures of Surface-Grafted Brush in the
Presence of Water Molecules. To investigate the inner
structures of the surface-grafted brushes with the water
molecules, we analyzed the pair correlation function (PCF)
of the following pairs:

(i) The oxygen (NIPAAm)-—oxygen (water) pair

(Pgo(NPAAm)-O(water)); the oxygen (AAm)-—oxygen
(water) pair (Pgo(aam)-0(water));

(ii) The nitrogen (NIPAAm)—oxygen (water) pair
(pgN(NIPAAm)—O(water)); the nitrogen (AAm)-—oxygen
(water) pair (Pgn(aAm)-O(water))i

(iii) The methyl carbon (NIPAAm)—oxygen (water) pair
(ng(NIPAAm)—O(water))'

The atoms used for this PCF analysis are shown in Figure 7.

The PCF, g,_g(r) is the probability density of finding atoms A
and B at a distance r averaged over the equilibrium trajectory,

which is defined by
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where ny is the number of particle B located at a distance r in a

)

shell of thickness dr from particle A, Ny is the number of B

particles in the system, and V is the total volume of the system.

Using this pair correlation function, we can analyze the
environment the water molecules are located in.

First, pgo(Nipaam)—O(watery i Figure 8a shows that the
intensity of the peak decreases as a function of simulation
time above LCST while the intensity the peak does not change
during the simulation below LCST. This is clearly due to the
deswelling of the P(NIPAAm) brush. On the contrary,
P0(AAm)~O(water) (Figure 5Sa, Supporting Information) remains
nearly the same during the simulation. pgnnPAAm)-O(water) I
Figure 8b also decreases above LCST while it does not change
below LCST. Similarly, such LCST behavior is observed in the
methyl carbon of the isopropyl group in P(NIPAAm) brush
(Pgc(NIPAAm)—O(water)) s shown in Figure 8c.

To quantify the change in the PCFs, we calculated the
coordination number (CN) by integrating the first solvation
shell as shown in Figure 9. First, it is observed that the water
CNs for the nitrogen (N(ypaam)), the carbonyl oxygen
(O(npaam)) and the methyl carbon (C(nipaam)) have different
values: the hydrophobic C(ypaam) and the Oipaam)) have the
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Figure 8. Pair correlation functions of (a) O(NIPAAm)—O(water) pairs, (b) N(NIPAAm)—O(water) pairs, and (c) C(NIPAAm)—O(water) pairs.

largest and the second largest CN values, respectively, whereas
the CN for the Npaam) has the smallest value close zero.
Considering the chemical structure of P(NIPAAm) in Figure 7,
the result in Figure 9 indicates that the water CNs are
dependent on the exposure of each atom to water molecules. In
other words, although the C(xippam) is in the hydrophobic
isopropyl moiety, it is well exposed to water molecules as the
terminal group of the side chain, and thereby has the largest
water CN value. Thus, the smallest water CN for Nypaam) i
due to the steric hindrance from the isopropyl group.

On the other hand, Figure 9a shows that above LCST, the
water CN of Cypaam) decreases more rapidly than that of the
O(nipaam)- This change of the water CN is expressed as ACN =
CN; — CN; where CN; and CN; are the initial and the final

value of CN from the MD trajectories, respectively, as
summarized in Table 1. It is found that ACN for the C(xipaam)
is changed from —0.88 to —1.36 with increasing temperature
above LCST more significantly than that for the rest (fomr 0.02
to 0.00 for the N(paam) from —0.21 to —0.38 for the
O(nipaam))- We think this is because the Ciypaam) does not
offer sufficient interaction with water molecules and thereby,
the deswelling starts distinctly around the isopropyl group of
the P(NIPAAm) brush above LCST. In contrast, for the
polymer—polymer pair, we observed that the CN for the
O (nrpaam)—O(npaam) pair (Figure 9b) and Niypaam)—
N(nipaam) pair (Figure 9c) pair increase with increasing
temperature above LCST.

dx.doi.org/10.1021/jp301610b | J. Phys. Chem. C XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry C

Table 1. Water Coordination Numbers for P(NIPAAm) and
P(AAm)
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Figure 9. Change in the coordination numbers for (a) X(NIPAAm)—
O(water) X = C, O or N, (b) O(NIPAAm)—O(NIPAAm), and (c)
N(NIPAAm)—N(NIPAAm).

We also calculated the CNs for the Nyan) and the O(aam)
(Table 1) in order to compare the temperature-dependent
phase behavior of P(NIPAAm) brush and P(AAm) brush. The
N(aam) has now even larger CN value in comparison with the
O(aam) because there is no blocking isopropyl group. Another
point we stress here is that there is no significant reduction of
the CN value above 320 K above which the P(NIPAAm) brush
undergoes deswelling, clearly demonstrating that the P(AAm)
brush has the UCST behavior.

Hydrogen Bonding Analysis. Since hydrogen bond has
been noticed to play an important role in the LCST
behavior,””””*® we monitored the change in the hydrogen
bonds between polar groups and water molecules using the
geometric criteria suggested by Chandler.”” According to

CN
final
temp initial value ACN = CN¢ range of
atoms (K)  value CN; CN; — CN; distance, r (A)
Owmpann 370 143 1.0 —038 <34
345 1.52 1.18 —0.34
320 1.54 133 —0.21
290 1.59 1.56 —0.03
275 1.58 1.58 0.00
Nupasm 370 0.16 0.16 0.00 <36
345 0.16 0.16 0.00
320 0.16 0.18 0.02
290 0.16 0.17 0.01
275 0.16 0.18 0.02
Camann 370 3.30 1.94 ~1.36 <45
348 3.60 2.31 -1.29
320 3.77 2.89 —0.88
290 3.92 3.79 -0.13
275 3.93 391 —0.02
Oaam 370 1.68 1.67 -0.01 <3.4
345 1.71 1.67 —0.04
320 1.76 1.78 0.02
290 1.82 1.78 —0.04
275 1.77 1.78 0.01
Naam 370 2.00 1.97 —0.03 <3.6
345 2.08 2.05 —0.03
320 2.20 227 0.07
290 2.28 231 0.03
275 2.33 2.35 0.02
Chandler, a hydrogen bond is formed between a pair of

molecules if the distances and angle satisfy the following
conditions:

Roo < 3.60 A
Roy <24SA
® < 30° (4)

where Rpo and Rpy are the intermolecular oxygen—oxygen
distance (O;+O,) and the intermolecular oxygen—hydrogen
distance (O;---H,), respectively, and @ is an angle of O;---O,—
H,

Figure 10 shows the change in the total number of hydrogen
bonds between the polar groups (=O and —NH of
P(NIPAAm)) and the water molecules. The number of
hydrogen bonds for the Opaamy—Water pairs is changed
from 419 (at the initial time frame) to 330 (at the final time
frame) for 370 K, from 469 to 388 for 345 K, from 496 to 421
for 320 K, from 501 to 505 for 290 K, and from 503 to 504 for
275 K, meaning that above LCST the hydrogen bonds between
the P(NIPAAm) brush and the water molecules are reduced
with increasing temperature, which leads to the deswelling of
the P(NIPAAm) brush, whereas below LCST, the number of
the hydrogen bonds remains nearly the same. The contribution
of the NHypaam)—water pairs is also insignificant since the
number of hydrogen bonds is ~20, indicating that the hydrogen
bond interaction between the NH group and the water
molecules is not developed well due to the steric hindrances
from the isopropyl group. These results agree well with those of
the PCFs and CNs. In contrast, it is observed that the hydrogen
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Figure 10. Total number of hydrogen bonds in P(NIPAAm) brushes.

bonds between the P(AAm) and water molecules behaves
differently as presented in Figure 7S (Supporting Information).
The hydrogen bond for NH,(sa,) shows no temperature
dependency, indicating that the water molecules stay within
P(AAm) brush well above 320 K, whereas O(aam) also
accommodates ~90% of water molecules stably during the
simulations. We believe that this difference is due to the
hydrophilicity of polymer greatly enhanced by removing the
hydrophobic isopropyl group in P(NIPAAm).

Total Surface Area of the Surface-Grafted Brush.
Above LCST, it is expected that the total surface area of the
P(NIPAAm) brush will be decreased due to its deswelling and
collapse, through which the water accessibility to the brush will
be reduced. To analyze this, we monitored the change in the
total surface area of the P(NIPAAm) and P(AAm) brushes
which is accessible to the water molecules (solvent) as shown in
Figure 11 and Figure 8S (Supporting Information), respec-

26000
24000 B
22000 &
20000 -
18000 -
16000 -

Total Surface Area (A?)

14000 -

12000 T T T T
0 3 6 9 12 15
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Figure 11. Total surface area of P(NIPAAm) brush system.

tively. This solvent accessible surface area (SASA) is calculated
by rolling the probe over the van der Waals surface of the
solute. The radius of the probe is 1.4 A corresponding to water
molecule. From Figure 11, it is clear that the total surface area
of the P(NIPAAm) brush is decreased above LCST, and its
extent of the decrease is more significant with increasing
temperature, whereas the P(AAm) brush does not have such
decrease over the range of simulation temperature.
Thermodynamic Properties. In this study, we monitored
the change of the Gibbs free energy as a function of simulation
time using the 2PT method.®*® In Figure 12a, it is clear that
the Gibbs free energy is decreased above LCST (at 320, 345,
and 370 K) and converges between 6 and 8 ns of dynamics.

AG? 1000 (kJ/mol)

345K —w-370K

-4
0 2 4 6 8 10 12 14
Time (ns)
6
(b) 320K ——345K —-370K

AU x1000 (kJ/mol)
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Figure 12. (a) Gibbs free energy of hydrated P(NIPAAm) brush
during 15 ns NVT-MD simulation. The free energies are calculated
every 100 ps using the 2PT method. The actual free energies
(symbols) are smoothed with a cubic Bezier function (solid lines) for
presentation purposes. The free energy at 275 (black X) and 290 K
(red squares) are relatively unchanged on the time scale of our
simulations, whereas a dramatic decrease is observed at 320 (green
upward triangles), 345 (brown circles), and 370 K (blue downward
triangles). (b) Potential energy of hydrated P(NIPAAm) brush during
15 ns NVT-MD simulation.

This is in general agreement with the time scale of the
polymer—water separation observed previously. Below LCST
(at 290 and 275 K), we do not observe significant changes in
the free energy of the system: there is an initial decrease as the
system achieves thermodynamic equilibrium and the free
energy oscillates close to the average during the entire
dynamics. Through this analysis, therefore, it is found that
this deswelling of P(NIPAAm) brush above LCST is
thermodynamically driven to reduce its Gibbs free energy by
increasing entropy. This is clear from Figure 12b presenting
that the potential energy becomes unstable above LCST. In
other words, the phase separation develops even though the
potential energy increases, which is due to the increase of
entropy. Obviously, the increased temperature signifies the
entropic contribution of the water molecules in the P-
(NIPAAm) brush, causing them to separate and form water
phase at the top of the polymer.

B CONCLUSIONS

In this study, we investigated the mechanism of the LCST
behavior of hydrated P(NIPAAm) brush using full-atomistic
MD simulations at a high grafting density condition (114.93
A?/chain). First, by analyzing the density profiles as the
simulation proceeds, we observed that, at the temperatures
above LCST (~305 K) such as 320, 245, and 370 K, the water
molecules were dissociated from the brush to form separated
water phase, and simultaneously, the brush was collapsed,
which was not observed at the temperatures below LCST such
as 275 and 290 K. From the results that the deswelling process
was accelerated with increasing temperature, implying that such
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deswelling is driven by the entropy rather than energy. We also
simulated the hydrated P(AAm) brush with the same packing
condition with the P(NIPAAm) brush for comparison of the
water-polymer interaction. It was confirmed that the hydrated
P(AAm) brush does not undergo the deswelling process
although it has even higher water content (~50 wt %) than the
P(NIPAAm) brush has (~40 w %). Considering the fact that
the P(AAm) has UCST (~235 K)*® in reality, such different
deswelling process of P(NIPAAm) from that of P(AAm) in the
in our simulations validates the soundness of the simulation
methods we employed. Second, through the pair correlation
function analysis, we found that the P(NIPAAm) side chains
were dissociated from the water molecules, especially the two
hydrophobic methyl (—CH,;) groups underwent the most
serious reduction of the interaction with water molecules. On
the contrary, the P(AAm) brush did not show any significant
reduction of the interaction with water molecules over the
range of the simulated temperature. From these results, we infer
that the isopropyl group attached to amide moiety deprives the
amide moiety of its capability to form the hydrogen bond with
water molecules. The collapse of the P(NIPAAm) brush was
also confirmed through the water accessible surface area
analysis as well as the density profile analysis, showing that the
volume occupied by water disappears as the water molecules
are squeezed out of the brush.

Finally, the thermodynamic driving force was evaluated by
calculating the Gibb free energy as well as energy using the 2PT
method. It was observed that, above LCST, the Gibbs free
energy (AG) is reduced although the energy (AU) is increased,
whereas below LCST, the AG and AU remain nearly the same.
Therefore, we found that the LCST of the P(NIPAAm) brush
is driven by the entropic contribution.

B ASSOCIATED CONTENT

© Supporting Information

Additional figures of experimental data (Figures 1S—7S). This
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