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ABSTRACT: While the temperature responsive behavior of non-
ionic polymers has been extensively studied and is nowadays one of
the key mechanisms of smart materials, the pressure response of thin
films remains basically unexplored. We investigate the conformational
transition of nonionic brushes and semidilute solutions induced by
hydrostatic pressure and temperature variations. Interestingly, the
pressure—temperature phase diagram for the coil-to-globule tran-
sition of brushes, probed by neutron reflectometry, nearly coincides
with that in semidilute solutions. We also show that the phase
behavior can be understood and predicted with simple thermody-
namic concepts employed so far for the denaturation of proteins.
Fully atomistic molecular dynamics simulations provide molecular
insight into the pressure-responsive behavior. Combining all three approaches allows us to demonstrate that pressure-induced
hydration of nonionic polymers at low pressure is universal as it is dictated by water and is polymer-independent. In contrast, the
pressure-induced dehydration at high pressure is strongly polymer-specific. The outcomes apply to a wide class of nonionic polymers
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and can aid the design of responsive coatings with the desired pressure-responsive behavior.

B INTRODUCTION

Polymers are key elements in modern material science. Since
Leo Hendrik Baekeland prepared the first synthetic polymer,
Bakelite, in 1907," tremendous progress in both polymer
chemistry and polymer physics has been made. Today, an
endless library of polymers adapted to specific needs is
available. Moreover, great advancement has been achieved in
the preparation of stimuli-responsive, or smart, polymers—
which allow the properties of the material to react to changes
in the surrounding environment. Such materials are used for
very different applications, among which are drug delivery,
sensors, actuators, or optoelectronics devices.”?

In most cases, only a thin film of the responsive polymer—
the “smart coating”—is sufficient to impart the desired
properties to a bulk material. Among the different architectures
of such coatings, polymer brushes are widely exploited for
applications that require high mechanical stability as well as a
rapid and reversible change of the film properties upon
application of an external stimulus.* One of the most exploited
stimuli to trigger structural changes in polymer brushes is
temperature, and since the first reports of the thermores-
ponsive behavior of poly(N-isopropylacrylamide) (PNIPAM)
in an aqueous environment in the late 1960s,>° PNIPAM-
based responsive coatings have emerged as the archetype of
thermoresponsive nonionic polymer systems.

The temperature-induced phase transition of PNIPAM,
from a swollen and hydrated configuration to a collapsed,
dehydrated state, mainly originates from the entropic gain of
the disruption of the water network around the polymer chain.
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Understanding this transition is technically highly relevant, as
it is a pillar of the design of thermoresponsive systems.’
Accordingly, virtually every experimental technique has been
employed to study the phase transition of PNIPAM in aqueous
solution,” e.§., turbidimetry,9 microcalorimetry,10’11 scattering
methods,'>"® and computer simulations.”*™'® For what
concerns the thermoresponsive behavior of polymer
brushes—affected by the crowding of the polymer chains—
it is probed by more sophisticated surface-sensitive techniques,
such as neutron and X-ray reflectometry,'”'® quartz-crystal
microbalance,'®"” or atomic force microscopy.'*"”

However, temperature is not the sole thermodynamic
parameter that can be used to control the phase behavior of
polymeric systems; the variation of pressure can similarly
induce phase transitions. While states with the highest entropy
are stabilized at high temperatures, high pressures favor the
states with smaller volumes. Changes in both volume and
entropy associated with polymer phase transitions in aqueous
media are dominated by the properties of hydration water.”>”'
Although pressure effects have been much less studied,””*’
mainly because of technical limitations, there are at least two
main reasons that motivate the use of hydrostatic pressure to
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Figure 1. Neutron reflectivity data and analysis. Neutron reflectivity (multiplied by the scattering vector q*) data of PNIPAM brushes (on the left)
and obtained brush volume fraction profiles (on the right). Full lines and shaded areas represent the average value and standard deviation of the
obtained volume fraction profile and neutron reflectivity, respectively. Reflectivity data are scaled to improve readability, and arrows indicate
increasing pressure. Note the logarithmic scale used for the g-axis of the reflectivity plot.

probe the behavior of polymer systems: (i) the high relevance
of high-pressure processing, especially in biotechnology and
food science,”* > and (ii) the fact that the variation of
pressure provides an additional dimension to explore the
fundamentals of polymer phase transitions.'””” In particular,
the combined investigation of temperature and pressure effects
is required to fully describe the free energy landscape.

In this work, we present an extensive study of the pressure—
temperature phase behavior of PNIPAM brushes in aqueous
media. We have combined structural information gained by
neutron reflectometry experiments with a thorough inves-
tigation of the free-energy landscape determined by calorim-
etry and volumetry. To support the interpretation of our
experimental results, we performed theoretical studies by
molecular dynamics simulations, which have provided atom-
istic insights into the origin of the pressure-induced phase
transition. To strengthen the generality of our findings for
nonionic polymeric systems, we conducted additional experi-
ments with poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA) brushes under unprotonated conditions.

B RESULTS AND DISCUSSION

Volume Fraction Profiles Resolved by Neutron
Reflectometry. The conformation of PNIPAM and PDMAE-

MA brushes, the latter under nonionic conditions, has been
probed as a function of pressure and temperature by neutron
reflectivity (NR), which can resolve the volume fraction profile
of the brush normal to the substrate with angstrom resolution.
The NR data are shown in Figures 1 and S1 for PNIPAM and
PDMAEMA brushes, respectively. All experiments were
performed in D,0 for PNIPAM and in 25 mM potassium
phosphate buffer at pD = —log ayyr = 8.0 for PDMAEMA,
ensuring a degree of ionization of <10%.”"

The NR curves in Figure 1 clearly show the signature of the
swollen-to-collapsed transition in polymer brushes. At low
temperatures, the reflectivity data have very few features—
typical for highly swollen systems where the scattering length
density profile continuously decays toward the value of the
solvent.”” In contrast, curves measured at 31 and 35 °C at high
pressure and at 47 °C at any investigated pressure value show
marked oscillations, characteristic of a sharp interface between
the polymer film and the solvent. The same trend can also be
observed in the PDMAEMA data shown in Figure S1.

The NR data analysis enables a precise determination of the
polymer brush volume fraction profile, thus allowing us to
detect changes in polymer conformation upon variations of
temperature and pressure. The volume fraction profiles of the
PNIPAM brushes, obtained by fitting the neutron reflectom-
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etry data with a two-region analytical model, are shown in
Figure 1. The fitting procedure is constrained so that the
amount of polymer on the substrate is constant and equal to
the amount determined by multiangle optical ellipsometry
(data provided in the Supporting Information). The
uncertainty in the volume fraction profiles was estimated by
bootstrap error analysis. Further details on the modelization of
the neutron reflectometry data are given in the Supporting
Information.

In agreement with the qualitative changes of the NR curves,
the quantitative analysis, resulting in the volume fraction
profiles shown in Figure 1, clearly shows the swollen-to-
collapsed transition. In particular, at low temperature, the
brush exhibits a continuously decreasing polymer concen-
tration, vanishing at the brush/solvent interface. In contrast,
collapsed brushes show a sharp interface between the polymer
film and the solvent, which translates to pronounced
oscillations in the NR curves. A qualitative interpretation of
the volume fraction profiles indicates that the transition from a
swollen brush, with a parabolic profile, toward the collapsed
state passes by an intermediate structure, which is dehydrated
in the proximity of the substrate and more hydrated in its
outermost region—in agreement with previous studies.’”’! To
highlight the effect of temperature at different pressures,
selected NR data and resulting brush volume fraction profiles
are shown in Figure S2.

Using these volume fraction profiles, we extracted
physicochemical parameters such as the brush hydration,
thickness, and roughness (using eqs S—7), which are shown in
Figure 2 for PNIPAM brushes and in Figure S6 for
PDMAEMA. They clearly indicate that increasing the
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Figure 2. Structural parameters obtained for PNIPAM brushes. From
top to bottom: the degree of hydration of the brush, the brush
thickness, and the brush roughness as a function of hydrostatic
pressure and temperature. The parameters are obtained from the fit
using a two-region analytical function to describe the brush volume
fraction profile. See the Materials and Methods section for further
details.

temperature causes the collapse of the polymer brush, resulting
in a lower degree of hydration and smaller brush thickness. In
contrast, increasing the hydrostatic pressure in the system
causes the brush to swell, as indicated by increase of the degree
of hydration and brush thickness. The phenomenon is
particularly evident at 31 and 35 °C for PNIPAM brushes
and at all investigated temperatures for PDMAEMA brushes.
Interestingly, the maximal thickness and degree of hydration of
PNIPAM brushes occur between 600 and 800 bar for curves
recorded at 31 and 35 °C. The pressure-induced swelling
observed here is in agreement with studies on aqueous
solutions of PNIPAM, whereby it was shown that up to
moderate pressures of 1000 bar the solubility of PNIPAM
increases with increasing pressure.‘u’33

It is important to mention that given the continuous
dehydration of the brush with temperature and pressure, the
definition of a “collapsed” or “swollen” brush might hold some
ambiguity. However, self-consistent field theory predicts that in
good solvent conditions the polymer volume fraction profile
continuously decreases, vanishing at the brush/water interface,
whereas in poor solvent conditions the volume fraction profile
exhibits an abrupt decrease, whereby the polymer concen-
tration at the brush/water interface equals that of polymer
globules in solution.”* Following the criteria of having a sharp
brush/water interface, the brushes at 35 °C and 1 bar, at 35 °C
above 1200 bar, and all brushes at 47 °C can be considered as
collapsed. For the brushes at 35 °C, comparing their states at 1
and 1600 bar (Figure S9), an additional effect of the applied
pressure can be observed: while the brush exhibits a sharp
profile in both cases, characteristic of poor solvent conditions,
the inner part of the brush is significantly more hydrated at
high pressure than at low pressure. This finding is also in line
with numerous observations of polymer solutions in which
polymer globules are much more hydrated at high pressures
than at low ones.””>%%° Specifically, while at 35 °C and
ambient pressure the inner part of the brush is almost
dehydrated, at 1600 bar, it features a water content of
approximately 55 vol %, corresponding to approximately 7
water molecules per PNIPAM monomer.

Free Energy Landscape Determination. To fully
understand the pressure- and temperature-induced swelling/
deswelling of the polymer brushes, a quantitative determi-
nation of the free energy landscape is necessary. From a
thermodynamic perspective, the temperature- and pressure-
dependent phase behavior of polymer solutions can be
described with the Hawley formalism, originallzr developed to
illustrate the process of protein denaturation.”>”” In detail, the
pressure—temperature phase diagram is predicted based on the
simple assumption that the polymer exists in two states only—
swollen and collapsed—and that the transition occurs when
the free energy difference (AG) between the two states is zero.
The free energy landscape can be drawn if all the derivatives of
the free energy change are known:*

AG(T, P) = AG, — AS(T — T,) + AV(P — R)

T
+ Aa(P — B)(T — Ty) — AC, T[ln? - 1] + T,
0

Ak 2
- 7(P - P) +.. )

where the prefactors are differences between the collapsed and
swollen state in entropy (AS = A(0G/AT)p), volume (AV =
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A(0G/dP)y), thermal expansion factor (Aa = A(JV/AT),),
heat capacity (ACP = TA(0S/0T)p), and isothermal
compressibility factor (Ax = —A(dV/0P)y). The offset AG,
is the free energy difference between the two states at
arbitrarily chosen coordinates T, and P,. For the pleasure of
symmetry and to simplify the analysis of the solutions of eq 1,
the term T[In(T/T,) — 1] + T, can be approximated to
(T — T,)*/(2T,) for T ~ T,

The coexistence line, ie., the pairs of values of T and P
where AG(T, P) = 0, can be calculated if the thermodynamic
parameters in eq 1 are known. Regrettably, the required
parameters associated with the swelling/deswelling of polymer
brushes grafted on planar substrates are not experimentally
accessible. Herein, to overcome this intrinsic limitation of thin
films, we opted for using the parameters determined in
aqueous solutions instead. In detail, all the thermodynamic
parameters in eq 1 were determined for 3 wt % PNIPAM and
PDMAEMA in a semidilute solution by means of differential
scanning calorimetry, density, and sound velocity measure-
ments (see the Supporting Information for a full discussion)
and are given in Table 1. The values are in good agreement

Table 1. Thermodynamic Parameters Associated with the
Dehydration Process Obtained from the Analysis of the
Calorimetric and Volumetric Experiments Performed on 3
wt % PNIPAM in D,O or PDMAEMA Solutions in a 25 mM
Phosphate Buffer in D,O at pD 8, Respectively”

PNIPAM PDMAEMA

T, °C 349 39.1

AH kJ mol™! 7.29(5) 3.28(2)
AS J K" mol™! 23.7(3) 10.5(1)
AC, J K mol™! —110(1) —30(4)
AV cm?® mol™! 2.5(8) 1.4(7)
Ax 108cm® Pa™! mol™ 1.5(4) 0.8(9)
Aa 10~%cm® K™ mol™ 4(2) 1.8(5)

“Values refer to ambient pressure and transition temperature
indicated as T.. Data are reported per mole of monomer. Values in
parentheses are uncertainties on the last significant digit at the given
transition temperature.

with the literature'®'"* and can be used to describe the free

energy landscape, including the swollen—collapsed state
coexistence line, of a PNIPAM solution. The predicted
coexistence line is compared to the experimentally determined
phase boundary for a 3 wt % PNIPAM solution, determined
previously,””*" as shown in Figure 3a.

While there are a few thermodynamic predictions of the P—
T phase diagram of proteins’”*' and attempts to extract
thermodynamic quantities from P—T phase diagrams of
polymer solutions,””™** to the best of our knowledge this is
the first time that an experimental P—T phase diagram of
polymer solutions is compared with predictions made from
calorimetric and volumetric data. A surprisingly good match
can be seen between the predicted coexistence line (i.e., where
AG = 0) and the experimental data, despite the strong
assumption of a two-state system. The deviations at high
pressures can be ascribed to the two-state assumption and to
neglecting higher-order terms in eq 1.

The positive value of AS and the negative value of AC,
indicate that the temperature-induced collapse is driven by the
entropic gain from the release of hydration water of PNIPAM
and PDMAEMA chains, in agreement with numerous previous

(a) Semi-dilute Solution (b) Brush
50
o2 @ N + u n = ] I
|~ Collapsed @ ) ) Collapsed
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Figure 3. Phase diagrams of PNIPAM in semidilute solution and
grafted on planar substrates. (a) Pressure—temperature phase
behavior of a 3 wt % PNIPAM semidilute solution in D,O. Red
points and blue crosses indicate experimentally determined phase
boundaries as reported in refs 32 and 38, respectively. The contour
lines are isoenergetic lines of fixed AG (values given in kJ mol™"),
calculated with eq 1 using the parameters determined by calorimetry
and volumetry. (b) Pressure—temperature phase behavior of
PNIPAM brushes in water. Squares and crosses indicate P—T
coordinates for collapsed and swollen brushes, respectively (see text
for definitions). For the sake of comparison, the experimentally
determined coexistence line in the semidilute solution is drawn. The
two red crosses indicate the P—T coordinates for PNIPAM brushes
under the following conditions: (31 °C, 1 bar) and (35 °C, 800 bar),
which are equidistant from the coexistence line and whose volume
fractions are compared later in the text.

studies.”*° In contrast, the pressure-induced swelling at low to
intermediate pressure is due to the positive value for the
volume of collapse (+2.5 and +1.4 cm® per mole of monomeric
units of PNIPAM and PDMAEMA, respectively), also in
agreement with the results published by other authors.”* The
pressure-induced collapse at high pressures is finally dictated
by the positive change in the compressibility factor of Ak = 1.5
x 107 and 0.8 X 107 cm® Pa™' per mole of PNIPAM and
PDMAEMA monomeric units, respectively. The molecular
origin of the signs of the AV and Ak will be discussed later in
the text with the insights from molecular dynamics simulations.

As mentioned above, calorimetric and volumetric experi-
ments allowed us to predict the P—T phase behavior of
polymer semidilute solutions. For the case of PNIPAM, as
shown in Figure 3b, the phase behavior of the polymer brushes
follows very closely that of the semidilute solutions, and the
calculated coexistence line matches well the experimental
points. This result implies that the brush-specific contributions
to the system’s free energy—arising mainly from the
conformational constraints due to covalent anchoring—are
negligible compared to the polymer—solvent contributions.
Importantly, this finding is also of very high technical
relevance, as it suggests that the P—T phase behavior of
polymer brushes—accessible by challenging experiments
only—can be predicted from a dilute solution of the same
polymer by using easily accessible laboratory-scale equipment
(calorimetry, volumetry, and sound-velocity experiments).

In addition to the technical relevance of this comparison,
combining the information from the free energy landscape and
the reflectometry structural study allows us to disentangle
pressure- and temperature-related effects. In particular, we aim
at comparing the brush volume fraction profile recorded at
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different pressures and temperatures that are equally distant
from the coexistence line. Accordingly, the profiles recorded at
31 °C and 1 bar are compared with those recorded at 35 °C
and 800 bar (indicated by red crosses in Figure 3). In both
cases, the brush is in the swollen state with the free energy of
collapse of approximately AG ~ 90 J mol™" (see Figure 4).

1.0 T T T T
— 35 °C, 800 bar

0.8 == 31°C, 1bar

0.6

0.4

0.2F

Brush Volume Fraction

0.00 50 100 150 200 250

Figure 4. Brush volume fraction profiles of PNIPAM at 31 °C and 1
bar and at 35 °C and 800 bar.

Interestingly, their volume fraction profiles are significantly
different. At ambient pressure, the brush profile resembles a
typical parabolic density profile—a signature of polymer
brushes immersed in a good low-molecular-weight solvent.
At 800 bar, however, the density profile has a more sigmoidal
shape, with a sharper boundary between the regions, despite
the higher overall brush hydration. A similar situation is
observed for the PNIPAM brush in the collapsed state at 35 °C
and at 1 and 1600 bar, also equidistant from the coexistence
free energy line, with a AG of collapse of —10 ] mol™" (see
Figure S9). The brush volume fractions feature sharp sigmoidal
profiles in both of these two states, but with very different
hydration levels: the brush is nearly dry at ambient pressure,
whereas it is substantially hydrated at 1600 bar. The higher
hydration of the polymer brushes at high pressure, also in the
collapsed state, could be due to a change in the solvent quality
of water at higher pressures, resulting in a changed balance
between “hydrophilic” water, acting as a typical good solvent
and breaking bonds between monomers and “hydrophobic”
water, which is swelling the polymer without triggering
significant conformational changes. The origin of this
“bipolarity” of water interactions at elevated pressures could
be either a shifted balance of hydrogen bonds between water
molecules and monomers, evoked later in the text by computer
simulations, or a changed balance of water molecules being
close to hydrophilic and hydro;)hobic parts of the polymer as
reported by Tavagnacco et al.”

Very interestingly, by inspecting the P—T phase diagram of
different nonionic polymers solutions, Reinhardt et al.*’
pointed out that the initial slope of the coexistence line is
independent on the nature of the polymer, being approximately
dp/dT =~ 100 bar K™'. The same result is obtained from the
ratio AS/AV determined by calorimetric and volumetric
analysis in this work (90 + 30 and 80 + 40 bar K™' for
PNIPAM and PDMAEMA, respectively). This finding hints
toward a polymer-unspecific mechanism for the collapse of
polymer brushes and the phase separation of polymer
solutions. It further indicates that the origin resides in the
behavior of water, which is probed in detail by fully atomistic
molecular dynamic (MD) simulations of PNIPAM hereafter.

With the Hawley free-energy analysis (eq 1), we related the
reentrant pressure-response behavior with increases in volume
(AV > 0) and compressibility (Ax > 0) coefficient after the
collapse of both polymer brushes. In the final step of this study,
we aim to understand why the system expands and its
compressibility increases in the collapsed state.

Insights from Simulations. All-atom simulations have
been widely used to study various thermoresponsive polymers,
particularly PNIPAM. Yet, it may be surprising that MD
studies of hydrostatic pressure effects on polymer transitions
remain scarce and mainly limited to the single-chain level.””**
Here, we used MD simulations to gain molecular-level insight
into the effect of hydrostatic pressure on the polymer phase
transition to explain the experimental results. Specifically, we
investigate the reasons behind AV > 0 and Ax > 0 of the
PNIPAM phase transition.

Because atomistic modeling does not allow simulations of
the entire brush because of prohibitively large size and time
scales associated with the transition, we adopt the modeling
approach established before,"”*" in which the swollen and
collapsed states are treated separately, as shown in Figure S.

(i) Swollen state

(ii) Collapsed state

Polymer-rich phase 1 nm

Water phase

Figure S. Brush states and simulation setup. (i) The swollen state
(schematic, left), where adjacent polymer chains are far apart, is
simulated as a stretched and restrained PNIPAM chain in water (MD
snapshot, right; water molecules not shown for visibility). (ii) The
collapsed state (schematic, middle) is modeled separately as a dense
aggregate of PNIPAM chains with water (MD snapshot, right) and a
bulk water phase (MD snapshot, left).

The swollen state is modeled as a single stretched and
restrained polymer chain in a water box (Figure 5i),
corresponding to excessive hydration where neighboring
chains are sufficiently far apart and do not interfere with one
another. The collapsed state consists of a polymer-rich phase,
modeled as a partially hydrated aggregate of polymeric chains,
and a bulk water phase, which corresponds to the released
water. Both phases are simulated separately (Figure 5(ii)). The
simulations of the collapsed state were performed in a range of
hydration n,, (water molecules per PNIPAM monomeric unit)
of 0.7—1.7, corresponding to a polymer volume fraction of 78—
90 %. The reader is referred to previous publications*”’ and
to the Methods section of this paper for further details on the
calculation of the volume and compressibility differences.

In agreement with the experimental results, the simulations
exhibit a positive volume difference AV per monomer between
the collapsed and swollen states (shown in Figure 6a, top),
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Figure 6. Volume and compressibility changes as obtained from MD
simulations. Changes in (a) the volume (in cm® mol™) and (b)
compressibility factor (in 107® cm® Pa™' mol™') from the MD
simulations as a function of the number of water molecules per
monomer. The data points at n,, = co correspond to the swollen state.
Top panels: total difference in the volume and compressibility per
monomer between the collapsed and swollen states. The purple
dashed lines denote the experimental values (see Table 1). Middle
panels: partial monomer volume and compressibility. Bottom panels:
partial water volume and compressibility (right scale) and the water
contributions to the volume and compressibility change (left scale).

which further increases with dehydration (i.e.,, with decreasing
n,). In the middle and bottom panels, the change in volume
(AV) is decomposed into partial monomer (V) and water
(V,,) volumes (see eq 12). The partial monomer volume
increases with dehydration, whereas the partial water volume
and its contribution decrease, which is typical for nonideal
mixing of liquids. Commonly, mixing water with other miscible
simple liquids (e.g., alcohols, ethers, and other polar organic
substances) results in a smaller volume of the mixture than the
sum of volumes of the two pure liquids. A negative excess
volume of liquid mixtures turns out to be quite general because
smaller molecules can fill up tiny, submolecular voids between
larger molecules.”' ™

The question remains whether the collapsed state of
PNIPAM contains only more small subatomic voids than the
swollen state or also larger, molecular-size cavities, as in
hydrophobic interiors of some proteins.”° > To answer this,
we analyzed the occurrence of voids (described as empty grid
voxels in the simulation box) in both modeled states (shown in
Figure S13). The outcomes do not indicate noteworthy
cavities of at least the water molecule’s size. There is also no
significant difference in the frequency of small voids between
the two states, which rules out the cavity formation as a cause
of volume expansion after the collapse. Instead, the collapsed
PNIPAM phase remains compact and essentially homogeneous
on the molecular level, in contrast to folded proteins.
Moreover, we also examined whether branched PNIPAM
chains undergo notable conformation changes that could
contribute to the difference in volume. We thus analyzed the
extension of side chains from the backbone but found only
minor differences between both states, which cannot be
attributed to the observed volume change (see Text S6 in the
Supporting Information). We conclude that the PNIPAM
transition follows the common principles of nonideal mixing of

simple liquid mixtures. The volume difference emerges from
tiny subatomic voids in the collapsed (unmixed) state, which
are filled up by water molecules in the swollen (mixed) state.
On the other hand, this points to a different nature of
PNIPAM from polypeptides, and thus using PNIPAM as a
model surrogate for proteins, sometimes proposed because of
the similar chemical structure, should be taken with care, in
particular when dealing with pressure effects.

We now address the second question: Why is the collapsed
state of PNIPAM more compressible than the swollen one;
that is, why is Ax > 0? The MD result (Figure 6b; top panel)
for Ak is in excellent agreement with the experiment (dashed
purple line) and does not significantly depend on hydration.
Simulations further suggest that monomers (middle panel)
contribute the major part to Ak, whereas the water
contribution (bottom panel), albeit very noisy, is small. The
finding that water does not contribute to the compressibility
change is not immediately obvious, as it is known that water
bound to hydrophobic entities has a different compressibility
than bulk water. Namely, water is less compressible when
hydrating small solutes and more compressible at larger
ones.”” ™" A recent MD study showed that the crossover
between the two hydration regimes of a generic hydrophobic
polymer occurs for a polymer diameter of 0.7 nm where the
bound water is as compressible as bulk water.”* In fact, this
crossover value is close to the effective PNIPAM diameter of 1
nm,”’ which may explain why water compressibility does not
change after the collapse in our system. Thus, the higher
compressibility of the collapsed PNIPAM state originates from
more compressible polymer chains.

In general, low compressibility is associated with attractive
interactions between the molecules, which give rise to a more
rigid local structure.”® An important player in structural rigidity
and hence compressibility is the hydrogen-bond (HB)
network. Specifically, organic liquids that form HBs (e.g,
alcohols, acetates, and ketones) are less compressible than
liquids of similar molecular structure without HB-forming
groups (e.g, alkanes), which are held together only by weaker
and softer dispersion interactions.”>** We expect that the HB
network of the polymer changes significantly after the collapse,
which can be easily examined in simulations.

The analysis of the simulation trajectories implies a
significant loss of HBs between the polymer and water upon
collapse, counteracted by a slight formation of intermolecular
(polymer—polymer) HBs (shown in Figure 7; see the
Supporting Information for a description). On the other
hand, the released water molecules almost completely
compensate for the lost water—polymer HBs by forming new
water—water HBs in the bulk phase. Consequently, the net
effect is that the total number of HBs remains nearly
unchanged. The collapse only redistributes HBs, depriving
the polymer and enriching the water phase. Because the
collapsed polymer is involved in fewer HBs, and therefore the
polymer—polymer interactions become softer (less directional
and less specific), the polymer phase is more compressible than
the swollen phase (Figure 6b).

Overall, MD simulations suggest that the dehydration
mechanism of PNIPAM polymer does not feature a complex
supramolecular structure, such as cavity formation, conforma-
tional changes of monomers, or a net change in the number of
HBs. Volume expansion follows the principles of water
mixtures with simple organic liquids, and the higher
compressibility of the collapsed state can be explained by the
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Figure 7. Total number of HBs per monomer, M‘jf,l, as a function of
the number of water molecules per monomer and its decomposition
into monomer—monomer (mm), monomer—water (mw), and excess
water—water (ww—ex) HBs; Nigy= NIB 4 NHB 4 NHB  © The
third contribution represents the difference between the number of
water—water HBs in the polymer phase and HBs in the bulk—water
equivalent. It is defined as N°_ = NIP — 4 NJT where NEB
the number of water—water HBs per monomer, n,, is the number of
water molecules per monomer, and Ni\j, = 1.7022(1) is the number
of HBs per water molecule in bulk water. Error bars are smaller than
the symbol sizes.

redistribution of HBs from the polymer to bulk water. This
generality possibly explains some observed universal, chem-
istry-unspecific trends, such as the AS/AV ratio found in
experimental studies.”’

B CONCLUSIONS

In summary, the structural behavior of polymer brushes over a
wide range of pressure and temperature has been explored
using neutron reflectometry. The experiments have revealed
that the conformation of PNIPAM and PDAMEMA brushes
depends on both pressure and temperature. The transition
from a swollen to collapsed brush follows very closely the
coexistence line found in semidilute solutions of the same
polymer (see Figure 3). Moreover, the phase boundary
between the swollen and collapsed state can be predicted
with reasonable accuracy by determining the derivatives of the
free energy change of collapse up to the second order, i.e.,
entropy, volume, thermal expansion, heat capacity, and
isothermal compressibility.

In agreement with previous studies performed on semidilute
solutions,**** we report that increasing temperature reduces
the solubility of the investigated polymer brushes in water. In
contrast, hydrostatic pressure features a nonmonotonic
behavior: it triggers the hydration of the polymer at low
pressures and dehydration at high pressures. Through the
unprecedented combination of structural studies and the
determination of the free energy landscape, we can affirm that
the effects of increasing pressure and temperature are not fully
orthogonal. In particular, brushes under high hydrostatic
pressure exhibit higher hydration close to the substrate, even in
the collapsed state, compared to brushes at lower pressure but
equidistant from the coexistence line. Moreover, the
combination of the thermodynamic investigation with atom-
istic molecular dynamic simulations provides better insight
into the effect of pressure on the phase behavior of polymer
brushes and solutions. In particular, the increase of solubility at
low and moderate pressures could be ascribed to the unspecific
mixing of nonionic solutes with water. These findings explain
why the slope of the coexistence line in the P—T phase

diagrams is very similar for different nonionic polymers.*” In
contrast, the dehydration of the polymer at high pressure is
triggered by the larger compressibility of the collapsed state,
owing to the reorganization of hydrogen bonds during the
dehydration process. Thus, we can expect the behavior at high
pressure to be strongly polymer-specific, whereas the one at
low pressure to be dictated mainly by the solvent properties.

By combining neutron reflectometry studies with a
throughout thermodynamic characterization, we show that
the behavior of polymer systems at pressures up to 2 kbar can
be predicted reasonably well with comparably simple
techniques (calorimetry and volumetry) using a simple two-
state—swollen and collapsed—assumption. This predictive
power eases the design of polymer-based additives and
coatings for high-pressure applications. From a fundamental
science perspective, this work provides valuable insight into the
pressure—temperature behavior of PNIPAM and PDMAEMA
semidilute solution and brushes. Molecular dynamics simu-
lations support mechanistic conclusions on the universality of
the swelling behavior of brushes at low pressure, likely to occur
in any nonionic polymer/water mixture. Importantly, funda-
mental differences are found with respect to the denaturation
of proteins, where the presence of cavities largely impacts the
AV of denaturation.””® Furthermore, the pressure-induced
hydration of the polymer chains helps to better understand the
extremely low friction coefficients found in synovial fluids and
only recently reproduced in polyzwitterionic brushes.**

Furthermore, the experimental approach presented in this
work, i.e., the combination of structural and thermodynamic
studies, may provide further insight into the mechanisms of
desolvation also in more complex polymer systems, such as in
the presence of salts or low molecular weight organic
compounds or in nonaqueous solvents.

B MATERIALS AND METHODS

Materials. The silicon substrates (50 X 50 X 10 mm?) for the
preparation of polymer brushes were purchased by Sil'Tronix
(Archamps, France). N-Isopropylacrylamide (NIPAM, 97%), 2-
(dimethylamino)ethyl methacrylate (DMAEMA, 98%, stabilized by
monomethyl ether hydroquinone), 2,2"-bipyridyl (bipy, ReagentPlus,
>99%), N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA,
99%), copper(I) and copper(1I) chloride (CuCl and CuCl,, >99%),
and methanol were all purchased from Sigma-Aldrich (France). All
reagents were used as received without any further purification. All
samples were prepared using D,O from Eurisotop.

Synthesis of Polymer Brushes. Polymer brushes were grown from
silicon wafers (grafting-from approach) by atom transfer radical
polymerization (ATRP).® Prior to brush synthesis, the substrates
were modified by a 2-bromo-2-methyl-N-[3-(triethoxysilyl)propyl]-
propanamide (BTPAm) monolayer, which self-assembled onto the
silicon substrate from a solution in toluene (4 yL of BTPAm in 10 mL
of anhydrous toluene, 99.8%) for 18 h. The surface functionalization
was performed under argon to ensure a moisture-free atmosphere.
After modification, the substrates were rinsed with toluene, blow-
dried under nitrogen stream, and stored dry in a desiccator.

For the preparation of PNIPAM brushes, a previously reported
protocol was properly adapted to the desired reaction kinetics and
sample volume.”” In brief, a polymerization mixture of 11.32 g of
NIPAM in 200 mL of methanol and water (1:1 v/v), 732 uL of
triamine ligand (PMDETA), and 0.1 g of CuCl was prepared and
degassed by nitrogen bubbling for 40 min. The initiator-modified
substrate was soaked in the reaction mixture, and the polymerization
was run for 8 min, followed by termination by thorough rinsing in
water/methanol mixture and sonication in Milli-Q water. The sample
was blow dried under a nitrogen stream and stored in a desiccator.

https://doi.org/10.1021/acs.macromol.2c01979
Macromolecules XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.macromol.2c01979?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01979?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01979?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01979?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

For the preparation of PDMAEMA brushes, the synthetic protocol
was adapted from the literature.® A suspension of 120 g of the
DMAEMA monomer in 180 mL of methanol/water (1:1 v/v) was
stirred under a nitrogen atmosphere and added 4.768 g of bipyridine,
1.496 g of CuCl, and 0.101 g of CuCl,. After the complete dissolution
of all reagents, the silicon substrate was soaked into the polymer-
ization solution, and the reaction was allowed to run for 5 h. The
polymerization was stopped by exposing the samples to oxygen,
thoroughly rinsed and sonicated in methanol and water, and finally
blow-dried with a nitrogen stream before storage in a desiccator.

From the analysis of the neutron reflectivity curves, the grafting
density of the PNIPAM brush is estimated to be between 0.25 and
0.45 chains/nm? with a molecular weight of 65—125 kDa. The
grafting density of PDMAEMA is estimated to be 0.45—0.65 chains/
nm? and its molecular weight to 65—120 kDa. See the Supporting
Information for full details on the calculation on grafting density and
molecular weight.

Methods. Differential Scanning Calorimetry. Differential scan-
ning calorimetry was employed to determine the thermal properties of
the transition from the swollen to collapsed state of PNIPAM in water
and of PDMAEMA in a 25 mM potassium phosphate buffer at pH
8.0. The experiments were performed using a highly sensitive multicell
differential scanning calorimeter from TA Instruments. The data were
analyzed using the freely available program pyDSC.*

Density and Sound-Velocity Measurements. The density and the
sound velocity were measured simultaneously as a function of
temperature using an Anton-Paar DSA 5000 M apparatus. The data,
combined with the heat capacity determined by DSC, were used to
calculate the change in volume, compressibility, and thermal
expansion, according to the procedure presented in the literature.*
All details are given in the Supporting Information.

Optical Ellipsometry. The optical thickness of the polymer brushes
grafted on silicon blocks was obtained by optical ellipsometry
measurements performed using a multiangle optical ellipsometer
(Beaglehole Instruments, New Zealand) equipped with a HeNe laser
at a wavelength of 632 nm. The angle of incidence was varied between
60° and 80°. The ellipsometric angles ¥ and A were fitted using a 4-
layer model, consisting of a semi-infinite layer of silicon (with a
refractive index of n = 3.87), a thin layer of silicon oxide and initiator
(n = 1.46), a thin layer of a polymer brush, and a semi-infinite layer of
air (n = 1). The thickness of the silicon oxide/initiator layer of 1.5 nm
was determined on a different substrate. To determine the dry
thickness of the polymer layer, the measurements were performed
under nitrogen flux. The data were analyzed with the freely available
python script “pyEllip”.”° Dry thicknesses of 58 nm (1 = 1.46) and 79
nm (n = 1.48) were determined for PNIPAM and PDMAEMA
brushes, respectively.

Neutron Reflectometry. Instrumental Details. The high-pressure
neutron reflectometry experiments were performed on the time-of-
flight (ToF) reflectometer FIGARO”' at the Institut Laue-Langevin
(ILL), Grenoble, France. Using a wavelength band between 2.5 and
20 A a momentum transfer range of 0.011—0.085 A~' was accessible
by using a single reflection angle of 1°. The momentum transfer
resolution was mainly defined by the wavelength resolution of 7.0%
(FWHM). The beam footprint on the sample was set to 15 X 30
mm?, ensuring no overillumation of the sample takes place. The
sample was contained in a high-pressure cell for reflectometry
described elsewhere.”” The raw data were normalized to the incident
beam spectrum and background corrected by the data reduction
software COSMOS.”

Full contrast conditions have been achieved by studying hydro-
genated polymer brushes immersed in a deuterated solvent, being
pure D,O for PNIPAM and a 25 mM phosphate buffer in D,O at pH
8.0 for PDMAEMA. The use of a buffer solution for PDMAEMA is
justified by the weakly alkaline nature of the polymer, and the choice
of pH 8 is the compromise between a sufficient alkaline condition to
ensure a low degree of ionization of the polymer of approximately
10%"® and to avoid alkaline catalyzed hydrolysis of the initiator.

Neutron Reflectometry Data Analysis. The neutron reflectometry
data were analyzed by modeling the volume fraction profiles ¢,(z) of

all components in the system, namely the silicon substrate (i = Si), the
silicon oxide layer (i = SiO,), the initiator layer (i = init), the hydrated
brush (i = b), and water (i = w). Here, z denotes the distance
perpendicular to the substrate, with z = 0 defined at the substrate/
brush interface. While the substrate, the silicon oxide, and the initiator
layer were modeled as slabs of a given thickness, scattering length
density, and roughness, a continuum description for the brush was
opted. In particular, two approaches were used to model the volume
fraction profile of the polymer brush. In the first one, the volume
fraction profile of the brush is described by an analytical function
depending on a restricted number of characteristic parameters;'®’* in
the second approach, the scattering length de{lsitﬁy profile is modeled
without any a priori assumption on its shape.”>”® Using well-defined
analytical functions to model the brush conformations, as described
by the first method, provides a means to link directly theoretical
predictions with experiments, and the fitting procedures are generally
numerically robust. In contrast, the form-free approach allows the
experimentalist to explore the full brush conformational landscape at
the cost of an associated risk of providing physically unreasonable
solutions. Both approaches lead to comparable results (see Figure S5).

Polymer Brush Described with Analytical Expressions. To
describe the polymer brush in swollen, collapsed, and intermediate
states, the following analytical expression was used:

-4
2

z — z

¢,
lz -z )"
o ] + k(z)¢, exp —[ o ]
(2)

The preceding expression models a relatively compact inner region by
the error function, characterized by a degree of hydration (¢;), an
extension (z;), and roughness (0;), and an outer region by a stretched
exponential function, characterized by a stretching exponent (£,), a
degree of hydration (¢,), an extension (z,), and roughness (o,).
Finally, the function

= —lercz_zi
k(z) =1 2 f[x/idi] )

ensures a smooth overlap between the inner and the outer region of
the brush. To check that this function does not overdescribe the
neutron reflectivity data, we modeled the volume fraction as a simple
sigmoidal function as well, i.e., by fixing k(z) = 0 and ¢, = 0. On the
basis of the reduced y* values (Figures S3 and S4), it can be stated
that the two-region analytical expression does not overfit the data.

Polymer Brush Described with a Model-Free Approach. The
model-free polymer brush profiles were obtained by interpolating a
piecewise cubic Hermitian polynomial (PCHP) through four knots,”
each characterized by its distance from the substrate and a brush
volume fraction value. The choice of a PCHP allows us to enforce a
monotonic decay of the ;Jolymer concentration from the substrate
toward the solvent phase.””

In both cases, the volume fraction profiles are normalized such that
[, dz = d,, with d, being the amount of polymer expressed as
volume of material per surface area, determined beforehand by optical
ellipsometry. Finally, the scattering length density (SLD) profile of
the system SLD(z) is calculated from the volume fraction profiles of
the different components:

SLD(z) = ). ¢SLD,(2)

erfc]

¢ (2) =

(4)

where SLD; is the scattering length density of the ith component. The
change of SLD as a function of pressure and temperature was
considered using the specific densities and isothermal compressibility
values determined by density and sound-velocity measurements. The
used values are given in Tables S1—S3. Finally, the reflectivity curve
was calculated using the Abeles matrix formalism upon discretization
of the continuous profile into 1 A thick slabs.

A bootstrap approach was used to estimate the uncertainty of the
best fitting volume fraction profiles.”® The procedure consists of
generating N new data sets from the original experimental data, aimed
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at simulating N independent replicas of the measurement. In practice,
for each experimental point, characterized by its average value R; and
standard deviation oy, N new values are sampled according to a

normal distribution centered on R; and with standard deviation oy .

The new data are fitted with a perturbed set of initial values using the
different models described in the article. The fitting procedure was
performed using the differential evolution algorithm implemented in
the LMFIT package. This procedure allows determining N different
volume fraction profiles per data set and model—a representative case
is shown in Figure S9. The average polymer volume fraction profile
and its uncertainty are computed as the y, dz—weighted average of the
N different profiles obtained from the bootstrap analysis. The code
used to fit the neutron reflectometry data is available upon request to
the corresponding authors.

An in-depth analysis of the polymer brush profiles allows extracting
the degree of hydration, the average brush thickness, and its
roughness. In particular, the overlap integral is calculated as

1
L.,=— z2)¢ (z) dz
o dp/@g)%() “

This integral allows us to estimate the swelling of the polymer and
varies between 0 for an anhydrous brush to 1 for an infinitely swollen
brush. Moreover, the brush thickness d and roughness w are estimated
using the following equations:””

d=22, (6)

1 (7)

where Z, and Z, are the normalized first and second moment of the

brush profile ¢y(2):

_ /zd)b(z) dz
[,(2) dz (8)

1

fzz(]ﬁb(z) dz
Zy =4 2
[hy(2) dz (9)

The advantage of this approach is that it allows for a direct
comparison between any arbitrary profile with a brush exhibiting an
error function profile with thickness d and roughness w and being
characterized by the same zeroth, first, and second moment.

MD Simulations. Simulation Details. The simulated PNIPAM
chains were 20 monomer units long with atactic stereochemistry. The
modeling parameters for PNIPAM were taken from the OPLS-based
force field by Palivec et al.,16 whereas the SPC/E model® was used
for simulating water.

The swollen state was modeled as a single stretched PNIPAM
chain in a box of water, as shown in Figure Si. The chain was
restrained at both ends to fixed points in space by harmonic springs in
order to maintain a stretched conformation. The collapsed, polymer-
rich phase was modeled as a bulk of 48 aggregated PNIPAM chains in
a cubic simulation box mixed with water (Figure 5(ii)). The number
of water molecules per monomer was varied from n,, = 0.7 to 1.75 to
simulate different hydration levels. Periodic boundary conditions in all
three directions were used. The final results were averaged over 2—4
independent simulation runs with different starting configurations.
The simulations were performed with the GROMACS 5.1 simulation
package.®' The Lennard-Jones (L]) interactions were truncated at 1.0
nm. Electrostatic interactions were treated with particle-mesh-Ewald
methods with a 1.0 nm real-space cutoff. The prescribed pressure was
maintained with the Berendsen barostat with the time constant of 1
ps, and the box dimensions were tuned independently. The
temperature in all simulations was set to 340 K (67 °C) with the
velocity-rescaling thermostat with the time constant of 0.1 ps. The
advantages of the higher temperature in the simulations compared
with the experiments (25—45 °C) are considerably faster equilibration

and available preexisting simulation trajectories at this temperature
from our previous study.*’ Using a higher temperature should not
alter the outcomes qualitatively, as the system does not undergo the
coil-to-globule phase transition in the simulations.

Volume and Compressibility from Simulations. According to
Euler’s theorem, partial molar quantities are additive for homoge-
neous systems. Thus, we write the volumes per monomer in the
swollen (s) and collapsed (c) states as the sum of the monomer
volume and the water contribution

vO = v 4 1Oy (10)
VO 2 V9 4wV 1+ (1)~ n WV (1)

where n‘(ﬂs) and nv(vC ) are the number of water molecules per monomer
in the swollen and collapsed states, respectively. The volume of the
collapsed state (eq 11) is composed of the volume of the polymer-rich
phase (first two terms) and the water molecules released into the bulk
water phase (third term). The difference in volume per monomer
between the two states, AV = V{9 — V9, is then

AV =V - v 4+ nLwl - vl (12)

which is the sum of the change in partial monomer volume (first two
terms) and partial water volume per monomer (third term).

Taking the derivative of eq 12 with respect to pressure brings us to
the corresponding compressibility factors

Ak = K',Ef) - K,Ef) + nif)(lc»(f) — kD) (13)

where k& = —(aV#9/aP), is the partial compressibility factor of
species i (m = monomer, w = water) in the swollen (s) or collapsed
(c) state. The derivation generates also the term
(VV(VC) - V&)(dnv(f)/dP)T, which is negligible in our case, as we show
in the Supporting Information.

The partial compressibility factors were obtained from additional
simulations at an isotropic pressure of 1000 bar and then calculating
the pressure derivatives using finite differences between the box
volumes at 1000 and 1 bar, k ~ —(AV/AP) .
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