Downloaded via STANFORD UNIV on December 6, 2022 at 21:40:54 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCB

Water Dynamics in Aqueous Poly-N-Isopropylacrylamide Below and
Through the Lower Critical Solution Temperature

Sean A. Roget, Kimberly A. Carter-Fenk, and Michael D. Fayer™

Cite This: J. Phys. Chem. B 2022, 126, 7066—7075 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: Poly-N-isopropylacrylamide (PNIPAM) is a ther- 04

mo-responsive polymer that exhibits a reversible structural change AN ]:1{11;;2;[
from extended chains to aggregates in aqueous solution above its , S0 ‘\._"  <LesT
lower critical solution temperature (LCST). Using polarization- S E
selective IR pump—probe spectroscopy, the water orientational ) y ol

dynamics in PNIPAM from below to above the LCST were " | o

examined and compared to those of its monomer solution, N- o
isopropylacrylamide (NIPAM), polyacrylamide, and an acrylamide J 2 o

monomer solution, which are not thermo-responsive. The OD .

stretch of dilute HOD in H,O is used as a vibrational probe of Water dynamics ;

water orientational dynamics. Below the LCST of the polymer, in polymer voids = o

NIPAM and PNIPAM solutions exhibited identical water dynamics
that were significantly different from those of bulk water,
containing both faster and slower components due to solute—water interactions. Therefore, there is no difference in the nature
of water interactions with a single NIPAM moiety and a long polymer chain. For all systems, including PNIPAM below and above
the LCST, the orientational dynamics were modeled with a bulk water component and a polymer/monomer-associated component
based on previous experimental and computational findings. Above the LCST, PNIPAM showed fast water orientational relaxation
but much slower long-time dynamics compared to those of NIPAM. The slow component in PNIPAM, which was too slow to be
accurately measured due to the limited OD vibrational lifetime, is ascribed to water confined in small voids (<2 nm in diameter) of
PNIPAM globules. These results highlight important details about thermo-responsive polymers and the dynamics of their solvation
water as they undergo a significant structural change.

1. INTRODUCTION Q
Hydrogels are versatile materials with applications ranging \)J\
NH

from personal hygiene products and cosmetics to advanced
biotechnologies such as bioactuators for artificial muscles or
biosensors that can detect physiological, biochemical pro-
cesses.' " These materials are hydrophilic, cross-linked o
polymers that can retain large amounts of water. The physical

properties can be fine-tuned based on the choice of the AN .
monomer and also through copolymerization of different H
monomers." Smart polymers are a particular class of hydrogels
that show responsiveness to stimuli such as pH, temperature,
and humidity.”® These external factors can affect the overall
structure and properties of the material. Poly-N-isopropylacry-
lamide (PNIPAM) is a well-studied example of a thermo-
responsive polymer.” The monomer structure is shown in
Figure 1. As the polymer is heated above its lower critical
solution temperature (LCST) of ~32 °C, the material
undergoes a phase transition from a water-swollen, extended
polymer network to a collapsed state with polymer-rich
domains.*’ This is known as the coil—globule transition,
which refers to the conformations of the polymer structure
below and above the LCST, respectively, and it has garnered
interest from the scientific community, especially in the
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Figure 1. Chemical structures of AAm and NIPAM monomers.

Received: August 2, 2022
Revised:  August 11, 2022
Published: September 6, 2022

© 2022 American Chemical Society https://doi.org/10.1021/acs.jpcb.2c05506

v ACS PUb| ications 7066 J. Phys. Chem. B 2022, 126, 7066—7075


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+A.+Roget"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kimberly+A.+Carter-Fenk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+D.+Fayer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.2c05506&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05506?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05506?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05506?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05506?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05506?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/36?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/36?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/36?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/36?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05506?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05506?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05506?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05506?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c05506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

biomedical field, because of its potential in a variety of
applications including drug delivery and tissue engineering.'”""

Experimental and computational studies of the coil—globule
transition of PNIPAM indicate that the phase transition is due
to the thermodynamically favored entropy gain that arises
when the polymer chains collapse.'” It is widely accepted that,
although it is enthalpically favorable to solvate the hydrophilic
amide groups of the polymer, the hydration of the hydrophobic
regions imparts order on the water molecules in the first
solvation shell, which decreases the entropy.13 Thus, as the
temperature increases, it becomes less favorable to solvate the
hydrophobic groups, resulting in the aggregation of the
polymer chains to reduce exposure of the hydrophobic groups
to water.

Various experimental techniques, including FT-IR,
Raman,"® and terahertz'” spectroscopy, have highlighted the
importance of polymer—water and polymer—polymer inter-
actions in the coil—globule transition. Most of the
experimental studies have examined the phase transition
from the perspective of the polymer chains. For example,
experiments employing linear IR spectroscopy have been used
to inspect structural changes through the amide I and II
vibrational modes of PNIPAM and the N-isopropylacrylamide
(NIPAM) monomer. Notably, it has been shown that there is
partial dehydration of the hydrophilic amide groups through
the LCST as well as the formation of intramolecular and
intermolecular amide hydrogen bonds (H-bonds). In addition,
experiments and MD simulations indicate that there is also
dehydration of the hydrophobic moieties, which leads to a
favorable entropy gain.'''”*° However, it is clear that water
is critical to the underlying transition mechanism and plays a
crucial role in thermo-responsive polymers and, more
generally, hydrogel materials. The limited studies on the
water structure and dynamics using techniques such as
dielectric relaxation,”"*> NMR,**™*° and quasi-elastic neutron
scattering”®”” show a reduction in bound or hydrating water
near the polymer through the LCST, which exhibits much
slower dynamics than bulk water.

Linear and ultrafast nonlinear IR spectroscopy are
techniques that can directly probe the structure and dynamics
of water in complex aqueous systems using the OD stretch of
dilute HOD. The properties of bulk water stem from its highly
dynamic, approximately tetrahedral H-bond network, which is
constantly rearranging on a picosecond timescale. Ultrafast IR
studies have successfully examined time-resolved dynamics of
water molecules near ions”® ' and small organic mole-
cules™** as well as water confined within spherical reverse
micelles (RMs),>>*® lamellar structures,”” and complex
polymeric systems.”®”*' In general, nanoscale confinement or
interactions with solutes perturbs the H-bond network
structure and slows water H-bond dynamics.”>~* Recent
investigations of linear polyacrylamide (PAAm) and cross-
linked hydrogels demonstrate the strong influence of
polymer—water interactions on water H-bond dynamicsfm’41
The water within the hydrogels show much slower
reorientation and spectral diffusion dynamics (structural
evolution) than those of bulk water. The dynamics become
slower with increasing polymer concentration, which coincides
with a reduction in the average pore size of the hydro-
gels.*>*** However, a comparison of the water dynamics
within the PAAm hydrogels, the polymers, and the acrylamide
(AAm) monomer solutions at different concentrations showed
that the water dynamics were identical and primarily affected
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by interactions with the monomer units. The polymer
structure, cross-linked or not, does not have an impact on
the water dynamics compared to monomer solutions of the
same concentration.

Here, we report the investigation of water reorientation in
PNIPAM using ultrafast temperature-dependent polarization-
selective pump—probe (PSPP) IR spectroscopy. Through the
LCST, PNIPAM undergoes a significant structural change,
which affects the polymer—water interactions and, therefore,
the water dynamics in this system. To interpret the results, the
water dynamics in PNIPAM were compared to those of the
NIPAM monomer solution as well as PAAm and its monomer
solution, which do not exhibit a coil—globule transition.
Similar to previous results with PAAm, PNIPAM and NIPAM
showed identical water reorientation dynamics at temperatures
below the LCST. Above the LCST, differences in the water
reorientation dynamics of PNIPAM were observed in
comparison to those of NIPAM, implying that the water
dynamics in the polymer system was affected by the coil—
globule transition. By modeling the dynamics with a two-
component model, as suggested from detailed MD simulations
of AAm oligomer systems,*' we rationalize how the changes in
the dynamics of water interacting with PNIPAM above the
LCST arise.

2. MATERIALS AND METHODS

2.1. Sample Preparation. AAm, NIPAM, ammonium
persulfate (APS), and N,N,N’,N’-tetramethylethylenediamine
(TEMED) were purchased from Sigma-Aldrich (purity >
99%) and used as received. Monomer solutions of AAm and
NIPAM were prepared at the 36:1 molar ratio (H,O to
monomer). For the IR experiments, the monomer solutions
were prepared with 5% HOD in H,O, by mole fraction, rather
than neat water. A few drops of the monomer solution were
sandwiched between two CaF, windows separated by a 12 ym
Teflon spacer and housed in an aluminum sample cell. An
airtight seal was created around the sample cell using melted
paraffin wax to prevent any changes in the concentration of the
solution through evaporation, which can readily occur when
the sample is heated over the course of the nonlinear
experiments.

PAAm and PNIPAM were prepared by adding 10 yL of 10%
(w/v) APS solution (initiator) followed by 1 uL of TEMED
(catalyst) to 1 mL of the corresponding monomer solution.
Polymers were prepared without the addition of cross-linking
agents. Immediately after mixing, the solution was prepared in
a sample cell with the same path length as that of the monomer
solutions. After 1 h, the solution was mostly polymerized, and
paraffin wax was applied. The samples continued to polymerize
for an additional 15 h before performing the nonlinear
experiments. Preparing the samples in the sample cell improves
their optical quality. Any changes in the sample over the course
of preparation and experiments were monitored through
Fourier transform infrared (FT-IR) spectroscopy. The LCST
was observed at 32 °C (through the detection of scattered IR
light), indicating that the preparation formed a polymer
solution with a s'gniﬁcant fraction of high-molecular weight
PNIPAM chains.”

2.2. Vibrational Spectroscopy. Linear absorption spectra
were collected using an FT-IR spectrometer with a resolution
of 0.5 cm™". The sample compartment of the spectrometer was
purged with atmospheric carbon dioxide and water. Monomer
and polymer samples prepared with neat water and with 5%
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HOD in H,0O were measured to isolate the OD stretch of
HOD from background absorption features. Studying the OD
stretch of HOD in solution rather than the OH stretch of H,O
eliminates vibrational excitation transfer.***’ In addition, the
OD stretch of HOD is a local vibrational mode, which has
been shown to be a good reporter of the H-bond structure and
dynamics in various chemical systems. The OD stretch
absorption is isolated from H,O vibrational modes.

Nonlinear polarization-selective pump—probe (PSPP) ex-
periments were performed using a laser system that has been
previously described in detail.*® Briefly, a Ti:Sapphire
oscillator/regenerative amplifier system was used to pump an
optical parametric amplifier at 2 kHz to generate mid-IR pulses
that were centered at ~4 um and ~65 fs in pulse duration. To
perform the PSPP experiment, the mid-IR pulse was split into a
strong pump pulse and a weaker probe pulse (90:10 in
intensity) and crossed in the sample to generate a third-order,
nonlinear signal. The signal was frequency-resolved with a
monochromator configured as a spectrograph with a 32 pixel
mercury cadmium telluride detector. The polarization of the
pump pulse was set to +45° with respect to the probe pulse,
which was horizontally polarized (0°). Immediately after the
sample, the signal was resolved either parallel (+45°) or
perpendicular (—45°) to the pump pulse and then finally
resolved to 0°. By resolving the signal in this manner, any
polarization bias from the diffraction grating in the spectro-
graph is eliminated. The time delay between the pump and
probe pulse was controlled using a precision delay stage. By
scanning the pump pulse relative to the probe pulse, the
parallel and perpendicular signals, S (t) and S, (t), respectively,
were acquired. The polarized signals can be used to calculate
vibrational and orientational relaxation of the vibrational probe
using the following equations

P(t) = S+ 28 (1)
.
r(t) = 5+ 25, = 04GC,(t) o

where P(t) is the population relaxation of the probe molecule
and r(t) is the anisotropy, which is proportional to C,(t), the
second-order Legendre polynomial orientational correlation
function given by

C,(t) = (B[a(t)-a(0)]) (3)

where P, is the second-order Legendre polynomial, /i is the
transition dipole unit vector, and (. . . ) denotes an ensemble
average. Vibrational relaxation of the excited OD stretch of
HOD leads to a transient long-lived signal, which is a result of
a slight temperature increase from the dissipation of the
vibrational energy as heat. The heating signal was removed
from the pump—probe signal using a well-documented
procedure so that the vibrational and orientational relaxation
can be accurately characterized.””*° Pump—probe experiments
were averaged until a high signal-to-noise ratio was achieved
for fitting the anisotropy decays (~200 scans of each time
point over the full time range). Representative polarized
pump—probe decays and the heating signal determined from
fits are shown in Figure S1 in the Supporting Information.
Curve fitting was performed using the nonlinear curve fit tool
in OriginPro 2018 software. Error in the fits were reported
from the standard error output of the software or the standard
deviation over three identical samples (reporting the larger of
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the two outputs). Anisotropy decays presented in this report
correspond to the center frequency of the OD stretch mode in
the various monomer solutions and aqueous polymers (2510
cm™). No notable frequency dependence in the orientational
dynamics was observed.

For the temperature-dependent IR experiments, the sample
cell was heated to the desired temperature using a cartridge
heater connected to a temperature controller. Room-temper-
ature experiments were performed at 23 °C and were
conducted without heating.

3. RESULTS AND DISCUSSION

3.1. Linear Spectra. The linear absorption spectra of the
OD stretch of HOD in bulk water, NIPAM, and PNIPAM at
room temperature (23 °C) are presented in Figure 2. The
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Figure 2. Normalized and background-subtracted linear absorption
spectra of the OD stretch of dilute HOD in bulk water, NIPAM, and
PNIPAM.

vibrational mode is significantly inhomogeneously broadened
due to the water H-bond network, which has a wide variety of
H-bonding configurations. In bulk water, the OD stretch is
centered at 2509 cm™' and has a FWHM of 159 cm™. The
number and strength of the H-bonds of a given HOD molecule
within the H-bond network determines the frequency of the
vibrational transition. Stronger H-bonding and/or a greater
number of H-bonds will lower the vibrational frequency of the
OD stretch.

When dilute HOD is introduced into complex aqueous
environments, such as in RMs or polyelectrolyte membranes,
the shape and position of the OD stretch vibrational mode are
altered because the water H-bond network is modified by
interactions with solutes and interfaces.”"> In these particular
examples, the OD stretch shifts to higher frequencies due to a
distinct ensemble of water molecules near the interface, which
are in weak H-bonding configurations. The OD stretch of
HOD in NIPAM and PNIPAM (Figure 2) is indistinguishable
from HOD in bulk water. This indicates that the polymer—
water interactions are of similar strength to water—water
interactions, likely due to the hydrophilic nature of the amide
group. This is similar to previous observations of the linear
spectra of HOD in PAAm (shown in Figure S2) and PAAm
hydrogels."”*" However, in comparison to PAAm, PNIPAM
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has a large hydrophobic isopropyl group in place of one of the
H-bond donors of the amide moiety. This hydrophobic group
is critical to the thermo-responsive nature of PNIPAM, and
simulations have suggested that it leads to strong water—water
H-bonding conﬁ%urations in the first solvation shell of the
isopropyl group.”” However, the linear spectrum of HOD in
PNIPAM is identical to the bulk water spectrum. Therefore,
there is no evidence in the hydroxyl absorption spectrum of
stronger water—water H-bonding interactions present in the
system compared to those in pure water. However, significant
changes in the dynamics of water are observed in PNIPAM.

3.2. Temperature-dependent Water Orientational
Dynamics in AAm, PAAm, and NIPAM. The anisotropy
was calculated from the polarized signals of the PSPP
experiment as given by eq 2. It is proportional to the
second-order Legendre polynomial orientational correlation
function of the transition dipole moment, C,(t), which
provides details on the orientational dynamics of the HOD
probe. For the OD stretch vibrational mode of HOD, the
transition dipole moment is essentially along the OD bond.>”
At t = 0, the anisotropy has a maximum value of 0.4 since the
initial and final directions of the dipole (OD bond) vectors are
perfectly correlated. The anisotropy decays to 0 after a
sufficiently long time in an isotropic medium due to molecular
reorientation.

The temperature dependence of water reorientation in AAm,
PAAm, and NIPAM was examined to understand the water
dynamics in the absence of the coil—globule transition present
in PNIPAM at 32 °C. Anisotropy decays of HOD in bulk
water, PAAm, PNIPAM, and their corresponding monomer
solutions at 23 °C are shown in Figure 3. The experimental

04
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23°C - PNIPAM
F « AAm
>, 03 PAAmM
8‘* +  Bulk water
k= L
o L
=2 02
= L
S 01 F
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0 1 2 3 4 5 6
1 (ps)

Figure 3. Anisotropy decays (points) and their corresponding fits
(purple curves) of the OD stretch of HOD in bulk water, PAAm,
PNIPAM solutions, and their respective monomer solutions at 23 °C.

decays begin at ~240 fs as there is a strong non-resonant signal
that occurs due to the time overlap of the pump and probe
pulses, which extends past t = 0. When the fits of the decays are
extrapolated to t = 0, it is observed that the decays begin below
0.4. The deviation from the theoretical initial value of the
anisotropy is caused by ultrafast inertial motions that occur on
a time scale <100 fs and is obscured from experimental
observation because of the non-resonant signal.”* The
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monomer/polymer systems show slower reorientation dynam-
ics than bulk water following the inertial component, with
NIPAM and PNIPAM displaying a more dramatic slowdown
in comparison to AAm and PAAm. This is unlike the linear
spectra in the previous section, which showed no change in the
absorption spectrum due to the introduction of the monomers
or polymers. As observed in previous PSPP experiments, which
also included cross-linked PAAm hydrogels, AAm and PAAm
have identical water dynamics within experimental errors.”'
Here, it is found to be true for NIPAM and PNIPAM below
the LCST as well.

Anisotropy decays of HOD in AAm, PAAm, and NIPAM
measured at 23, 32, and 37 °C are shown in Figure 4. As

0.4
A \ < AAm (23 °C) PAAm (23 °C)
. - AAm (32°C) PAAm (32 °C)
>‘0_3’_ - AAm(37°C) PAAm (37 °C)
2 I
) L
= I
S I
‘2021
5 I
§ I
0.1+
0.0-‘...1....1....1....1....|."
B - NIPAM 23 °C
NIPAM 32 °C
.+ NIPAM 37 °C
> 0.3 F
o
o
=]
o
% .
S0
0.0_....I\...I..\.I....\....I..
0 1 2 4 5

3
t (ps)

Figure 4. Anisotropy decays of the OD stretch of HOD in (A) AAm
and PAAm and (B) NIPAM solutions (points) and fits (curves) to
the two-component model at 23, 32, and 37 °C. At each temperature
in (A), the polymer and monomers are the same within the
experimental error.

temperature is increased, the water dynamics in AAm, NIPAM,
and PAAm become faster; it is important to note that the
dynamics in the AAm monomer solution and aqueous PAAm
are the same at each temperature within errors. In bulk water,
the reorientation of HOD is described well by a single-
exponential decay with a time constant of 2.6 ps at room
temperature.”*>" As temperature increases, the dynamics
become faster, with an observed activation energy of 18 + 2
kJ/mol as shown in Figures S3 and S4 of the Supporting
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Information in agreement with the literature.”® The
anisotropy decays for the monomer/polymer systems can be
fit with a biexponential decay, implying there are two
reorientation time scales." MD simulations of water near
AAm monomers and oligomers have shown that the overall
water orientational dynamics in these systems over a range of
concentrations can be described with three different dynamical
water ensembles.”’ Water directly H-bonded to the amide
group displayed the slowest dynamics in the simulated AAm
systems, followed by water interacting with AAm but not H-
bonded. Water outside the first solvation shell was found to
have essentially bulk water dynamics at 36:1 molar ratio. Based
on these results, it is reasonable to fit the anisotropy decays to
a two-component model, noting that there is a negligible
amount of water forming H-bonds with amide groups (2—3
hydroxyls) compared to the number of water molecules not H-
bonded. The anisotropy can be described as follows

r(t) = 0.4[aC, (t) + (1 — a)C, ,(1)] (4)
where g is the relative amplitude of the bulk water component
and C,,(f) and C,,(t) are the orientational correlation
functions for water associated with other water molecules
and water associated with the moieties of the polymer or free
monomers in solution (water in the first solvation shell of the
polymer or monomer), respectively.

C,,(t) is the bulk water correlation function, which is a
single-exponential decay with temperature dependence that
can be measured independently (Figures S3 and S4).
Simulations of PNIPAM (below the LCST), PAAm, and
their respective monomers in solution show that these systems
have a significant component of bulk water and a component
of water associated (first solvation shell) with the polymers/
monomers.”” If C,,(t) was also a single-exponential decay,
the two-component model (eq 4) would be a biexponential
decay with time constants being summarized in Table S2 for
the polymer/monomer systems. However, these time con-
stants are either too fast (~0.8 to 1.8 ps) or too slow (~4 to 10
ps) to correspond to bulk water. Therefore, C, ,(t) is taken to
be a biexponential decay and the two-component model is
effectively a triexponential decay that includes the fraction of
bulk water from simulations and the bulk water orientational
dynamics.

Biexponential orientational relaxation dynamics are typically
observed in aqueous systems in which water interacts with
species other than water molecules.’”** " These dynamics
can be described using the wobbling-in-a-cone model.*' 7%
The faster time scale occurs due to restricted, diffusive
orientational motions within a cone of a half angle, 6. The
slower time constant describes the complete orientational
relaxation, following the release of the constraints that restrict
the angular motions at short time. Water associated with a
polymer/monomer can wobble through some angular range,
prior to complete orientation relaxation. From the wobbling
model, C,,,(t) is described as follows

Con(t) = rO)IS; + (1 = S;)exp(—t/t,)lexp(~t/1,)
)

where r,(0) is the decay extrapolated to t = 0 that accounts for
I : N S .

inertial reorientation.”” S, is the generalized order parameter
for the diffusive wobbling motion, t. is the restricted angular
diffusion time constant, and ¢, is the complete angular
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diffusion time constant. S, is related to the wobbling cone
angle, 0., using the following expression

1

S, 2cos((9c)[l + cos(0.)] ©)

The number of parameters in the two-component model is
reduced by using the bulk water orientational relaxation time
and the value of a obtained from an MD simulation study that
quantified the number of water molecules in the first solvation
shell of both PAAm and PNIPAM chains.”” In the experi-
ments, the concentrations of the solutions were 36 waters per
monomer unit. From the simulation study, this results in ~61
and ~47% water molecules outside of the first solvation shell
of PAAm and PNIPAM (a = 0.61 and 0.47), respectively. The
value of r,(0) is known for bulk water as a function of
temperature from Figure S3 and from the literature.”* The
observed value of r,(0), the experimental curve at ¢ = 0, is the
weighted sum of the water ,(0) and the r,(0) value for C,,,(t).

Fits to the anisotropy decays using the two-component
model (triexponential) are shown in Figure 4 for PAAm and
AAm (A) and for NIPAM (B) at 23, 32, and 37 °C. Fitting
parameters for the anisotropy decays are shown in Table 1.

Table 1. Fit Parameters of C, ,,(t) in PAAm and NIPAM (36
Waters per Monomer) Near the Center Frequency Using
the Two Component Model

sample a t, (ps) t. (ps)® 6. (deg) t,=t, (ps)
bulk water 2.6 + 0.1
PAAm 23 °CY 0.1 0.5 + 0.2 0.6 +0.2 23+ 3 5.1 +02
PAAm 32 °C” 0.1 0.6 + 0.2 0.7 £ 0.2 24 +3 3.7 +£02
PAAm 37 °c? 061 04 + 0.2 0.5 + 0.2 18 +3 33 +02
NIPAM‘ 0.47 0.8 £ 0.2 09 +03 25 +3 19 + 4
23 °C°
NIPAM 0.47 12 £ 02 1.3+ 03 28+ 3 13+£5S
30 °C°
NIPAM 32 °C 047 1.0 £ 0.2 1.1 £ 03 26 +3 9+2
NIPAM 34 °C  0.47 1.1 +02 1.3 +03 23 +3 8 +2
NIPAM 37 °C 047 1.1 £02 1.3+ 03 27 £ 3 8§+2

%. = (1/t; - 1/t,)™" where t, and t, are time constants from the
biexponential fits to C,,,(t). bSimultaneous fit with anisotropy of
water in AAm at given T. “Simultaneous fit with anisotropy of water in
PNIPAM at given T.

The wobbling time constant, f, is longer in NIPAM than
AAm/PAAm and the wobbling cone angle is much larger,
indicating that water has more angular freedom at early time
when interacting with the polymer with a bulky hydrophobic
group. The results show that the monomer-associated free
diffusion dynamics (t,) in NIPAM solutions are three to four
times slower than those in AAm/PAAm at all temperatures.
This demonstrates that the additional isopropyl group of the
NIPAM monomer unit has a significant effect on the NIPAM-
associated water dynamics.

The mechanism for water reorientation in the bulk liquid,
known as jump diffusion, is a concerted process that rearranges
the H-bond network through breaking and making of H-
bonds.” In jump diffusion, a water molecule must undergo a
large angular jump (~60°) to switch H-bonding configurations
with its partners. The H-bond rearrangement, which random-
izes water orientation, is a concerted process. It is highly
dependent on the availability of H-bond acceptors outside of
its first solvation shell. For this reason, reorientation of HOD
in the H-bond network relies on cooperative rearrangements of
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surrounding water molecules. It has been shown that in spite of
the presence of solutes, jump diffusion is still the mechanism
for water orientational relaxation.®*"*® However, it does result
in the slowing of water dynamics by limiting the number of
nearby H-bond acceptors available for H-bond rearrangements.
This is an entropic factor shown by MD simulations using the
excluded volume model.”*~®® When the solute has H-bond
acceptor sites, the strength of the H-bond between the water
H-bond donor and the solute molecule also plays a role in
determining the water reorientation time scale.”” Since the
number of H-bond acceptor sites is unchanged between
NIPAM and AAm, it is clear that the presence of the
hydrophobic isopropyl group severely limits the number of
potential H-bonding partners for water molecules in the first
solvation shell, resulting in much slower dynamics near
NIPAM monomers.

Previously, it was observed that AAm and PAAm (as well as
cross-linked PAAm hydrogels) have identical water orienta-
tional dynamics (and structural dynamics), even at much
higher concentrations. These results demonstrated that, for the
same number of AAm moieties, there were no detectable
changes in the water dynamics when the AAm monomers were
free in solution or existed as a linear polymer or cross-linked
hydrogel."" The dominant effect on the orientational dynamics
is the interactions between the monomer units and water. This
remains true for AAm/PAAm as temperature increases as
shown in Figure 4. The interactions between water and
NIPAM monomer in solution have a larger impact on the
water dynamics than those of AAm. As shown in Figure 3, the
water dynamics in NIPAM and PNIPAM are identical. This
supports the previous observations that the water interactions
with individual monomer moieties control the water dynamics.
However, as we will show in the following section, the polymer
organization of PNIPAM has a notable effect on the water
dynamics as it goes through the coil—globule transition.

3.3. Temperature-Dependent Water Orientational
Dynamics in PNIPAM. The anisotropy of HOD in NIPAM
and PNIPAM at 30 and 34 °C, which are below and above the
LCST of the polymer, is displayed in Figure 5. As observed at
room temperature (Figure 3, 23 °C), the water orientational
dynamics of the monomer and the polymer solutions are
identical within error just below the LCST (Figure SA).
However, above the LCST, the water dynamics of the polymer
and monomer solutions are no longer the same (Figure SB).

Water reorientation in PNIPAM above the LCST can be fit
with the two-component model as described in the previous
section but with a modified physical interpretation. Below the
LCST, there are two water ensembles, bulk water and water
associated with the NIPAM monomer units of the polymer.
The water dynamics are identical for NIPAM and PNIPAM
below the LCST, showing that the dynamics of the associated
water only depends on the interactions of water with the
monomer units and bulk water beyond the first solvation shell.
Above the LCST, there is substantial polymer aggregation.
Inside the aggregates, there are voids ranging in size from large
to very small. As discussed below, large voids will have cores of
bulk water, and the associated water time constants should be
similar to those below the phase transition. However, for
smaller voids, the core water will have dynamics that are slower
than those of bulk water, and the associated water dynamics
are expected to also be slowed. For very small voids, <~2 nm,
both water associated with the polymer surface and water not
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Figure S. Anisotropy decays of the OD stretch of HOD in NIPAM
and PNIPAM solutions (points) at (A) 30 °C and (B) 34 °C and fits
(curves) to the two-component model.

in direct contact with the polymer will have exceedingly slow
single-ensemble dynamics.

The experimental measurements observe bulk water and
polymer-associated water dynamics as well as an average over
all of the slower dynamics. The average will depend on the
distribution of globule void sizes and shapes and how those
sizes and shapes influence the water dynamics. Therefore, in
using the two-component model to fit the anisotropy decays,
the time constants in C,,,(t) are taken to reflect averages over
the distribution of void sizes that produce dynamics that are
not bulk-like.

Water reorientation in PNIPAM above the LCST was fit
with the two-component model as described above (Figure
SB), and the results are compared to the water dynamics in the
NIPAM solution in Table 2. In PNIPAM, water displays a
similar restricted angular diffusion time constant as in the
monomer solution, but the wobbling cone angle is much larger.
This corresponds to the significant decay of the anisotropy of
water in PNIPAM observed at early time in Figure 5B
compared to that in the NIPAM solution. The free diffusion
time constant of C,,(t) in PNIPAM is significantly longer,
much longer than can be precisely measured due to the limited
vibrational lifetime of the OD stretch of the HOD probe (1.8
ps). The long time constant is consistent with the picture given
above in which there is a distribution of voids, some of which
are small enough to slow the dynamics substantially.
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Table 2. Fit Parameters of C, ,(t) in NIPAM and PNIPAM (36 Waters per Monomer) Near the Center Frequency Using the

Two-Component Model

sample a t, (ps)
NIPAM/PNIPAM 30 °C 0.47 1.2 +£ 02
NIPAM 34 °C 0.47 1.1 +£02
PNIPAM 34 °C 0.47 14 + 0.1
PNIPAM 34 °C 0.7 1.0 +£ 0.3

“Too long to be accurately determined.

t. (ps) 0. (deg.) t, = t, (ps)
13403 28 +3 13+£5
13+ 03 23+3 8+2
14+ 0.1 46 + 2
1.0 + 03 35+3

Through the coil—globule transition, experiments and MD
simulations indicate that there is a significant redistribution of
polymer—water and polymer—polymer interactions due to the
conformational change. In the globular conformation, the
polymer forms hydrophobic aggregates as well as amide—
amide H-bonding. Experimental investigations of the amide I
and II bands suggest that as much as 26 and 50% of the amide
acceptor sites and donor sites, respectively, become dehydrated
and form NIPAM-NIPAM H-bonding interactions.'*"”
Furthermore, MD simulations suggest that the water within
the first solvation shell of the isopropyl groups is reduced by as
much as ~30% when heated above the LCST due to
hydrophobic aggregation.'>*” Dehydration of the hydrophobic
groups has been experimentally implied by the shifting of CH
stretch modes as the temperature increases."”'” As discussed
above, the slow dynamics observed here are likely a result of
confinement effects in the polymer-rich domains. These
dynamics have similar time scales to those of water in the
confined nanopools of small RMs (<2 nm in diameter).*
Confinement in RMs <2 nm in size affects all water molecules
in the spherical hydrophilic domain, resulting in wobbling-in-a-
cone dynamics with complete reorientation occurring in >100
ps. Although water is not confined in uniform spherical
domains in the polymer globules, a comparison of the water
dynamics to those in RMs sets the length scale of
confinement.”*”** This is because a spherical morphology
results in confinement in all three dimensions, whereas a
cylindrical channel or a lamellar structure has lesser degrees of
confinement for similar length scales. For example, ultrafast IR
experiments and simulations showed that bulk water dynamics
still occur in the centers of cylindrical channels of mesoporous
silica that are 2.4 nm in diameter.”” Water in the polymer
above the phase transition will be confined in three
dimensions, indicating that water confined to voids of length
scales of < ~2 nm will have very slow dynamics. Water in
voids with diameters approximately 2 to 4 nm will have
dynamics slower than bulk water dynamics but not extremely
slow as in the voids that are <2 nm. Regions >4 nm will have
bulk water dynamics away from the polymer surface.

Although the long time scale of the confined water in
PNIPAM is similar to that of very small RMs, the cone angle
observed here for PNIPAM is much larger than that of RMs
and the monomer and polymer below the phase transition as
shown in Table 2. The fit to the anisotropy decay in Figure SB
assumes that the number of polymer—water interactions, and
therefore water—water interactions, has been maintained after
the phase transition. However, the dehydration of PNIPAM
that occurs when forming the polymer globules implies that
there should be an increase in water—water interactions, and
therefore, the relative amplitude of the bulk water component
used for fitting should also be increased. By increasing the
relative amplitude of the bulk water component, good fits to
the anisotropy can be obtained with a decreased wobbling
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cone angle. In Figure 6, this is demonstrated by comparing the
fits to the anisotropy with a = 0.47 and a = 0.7. The fits are
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Figure 6. Anisotropy decay of the OD stretch of HOD in PNIPAM at
34 °C (points) and fits to the two-component model with the relative
bulk water component being fixed at a = 0.47 (red curve) and a = 0.7
(blue curve).

virtually identical and result in a decrease in the cone angle
from 46 to 35°, which approaches the results of water
dynamics in both the RMs and the NIPAM monomer solution.
Increasing the fraction of bulk water and the concomitant
reduction in the cone angle to a more physically reasonable
value are consistent with the dehydration of the polymers.

4. CONCLUDING REMARKS

We investigated the dynamics of water through the coil—
globule transition of the thermo-responsive polymer, PNI-
PAM, using ultrafast temperature-dependent PSPP experi-
ments on the OD stretch of dilute HOD present in the
aqueous polymer system. We also explicated the influences on
water dynamics of aqueous polymers and the monomers that
comprise them. Above the LCST, the polymer undergoes
dramatic changes in conformation, which are caused by
competing solvation thermodynamics of the hydrophobic and
hydrophilic functional groups of the polymer. Structure and
dynamics of the surrounding water play critical roles in the
phase behavior of PNIPAM. Water orientational dynamics in
PNIPAM above and below the LCST were compared to those
of PAAm and the corresponding monomer solutions to
highlight dynamical changes that occur through the coil—
globule transition.

The linear spectrum of the OD stretch of HOD in PNIPAM
at room temperature, which is sensitive to the structure and
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strength of the H-bond network, is the same as that of bulk
water. This implied that the basic nature of the water H-bond
network is not substantially impacted by the presence of the
polymer and its bulky hydrophobic isopropyl group.
Specifically, no obvious strengthening or ordering of the H-
bond network is evident in the water spectrum. Although the
H-bond network as reported by the linear spectrum remains
bulk-like, aspects of the water reorientation dynamics in
PNIPAM are substantially different compared to those of bulk
water and PAAm at the concentration studied. As informed by
previous MD simulations of AAm oligomers in solution, we
modeled the temperature-dependent water reorientation
dynamics of PAAm, PNIPAM, and their corresponding
monomer solutions with a two-component model, with a
bulk water component and a component for water associated
with the polymer/monomer. The fraction of the bulk water
component was fixed in the analysis based on MD simulations
of solutions of PAAm and PNIPAM. Using this model, good
agreement with MD simulations was obtained for the
monomer/polymer-associated water dynamics in AAm and
PAAm at room temperature, validating the choice of the
relative amplitudes.”””” The monomer-associated water
dynamics in NIPAM were up to four times slower at all
temperatures than those of AAm and PAAm. These slow
dynamics were rationalized through the excluded-volume
effect.’® This effect results from the presence of the
hydrophobic isopropyl group on NIPAM that significantly
reduces the availability of water H-bonding partners that are
required for the concerted water reorientation process.

Although the water orientational dynamics of AAm and
PAAm remained identical as the temperature increased, those
of NIPAM and PNIPAM showed a marked change above the
LCST of PNIPAM. The longest time constant for the polymer-
associated water reorientation in PNIPAM slowed significantly
and was similar to the dynamics of water in small RMs. In
contrast to monodispersed RMs, water in the globular form of
PNIPAM will exist in environments that have a broad range of
sizes, from large bulk water regions to very small voids, which
vastly slow water dynamics. The longest time constant in the
fits to the PNIPAM water reorientation above the LCST
reflects an average over time scales associated with the
distribution of environments. There was also some evidence
that the relative amplitude of the bulk water component
increased, in agreement with experimental and MD simulations
that show that the polymer becomes partially dehydrated past
the LCST.

In summary, the presented water orientational dynamics
within PNIPAM provides insight into the nature of water
affected by the polymer in its two conformational phases.
Understanding the dynamics and structure of water in
PNIPAM is important for the development of thermo-
responsive materials and, more generally, hydrogel materials.
It also provides basic knowledge on how biological water can
be affected by the conformations of large biomolecules. The
time-resolved experimental information of the water dynamics
presented here will greatly aid in future MD simulations of the
solvation dynamics in complex macromolecular systems.
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