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ABSTRACT: The ultrafast dynamics of acrylamide monomers
(AAm), polyacrylamide (PAAm), and polyacrylamide hydrogels
(PAAmM-HG) in water were studied using optical heterodyne-
detected optical Kerr effect (OHD-OKE) spectroscopy. Previous
ultrafast infrared (IR) measurements of the water dynamics
showed that at the same concentration of the acrylamide moiety,
AAm, PAAm, and PAAm-HG exhibited identical water dynamics
and that these dynamics slowed with increasing concentration. In
contrast to the IR measurements, OHD-OKE experiments measure
the dynamics of both the water and the acrylamide species, which
occur on different time scales. In this study, the dynamics of all the
acrylamide systems slowed with increasing concentration. We
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found that AAm exhibits tetraexponential decays, the longest component of which followed Debye—Stokes—Einstein behavior
except for the highest concentration, 40% (w/v). Low concentrations of PAAm followed a single power law decay, while high
concentrations of PAAm and all concentrations of PAAm-HG decayed with two power laws. The highest concentrations, 25% and
40%, of PAAm and PAAm-HG showed nearly identical dynamics. We interpreted this result as reflecting a similar extent of chain—
chain interactions. At low concentrations, PAAm displays non-Markovian, single-chain dynamics (single power law), but PAAm
displays entangled chain—chain interactions at high concentrations (two power laws). PAAm-HG has chain—chain interactions at all
concentrations that arise from the cross-linking. At high concentrations, the dynamics of the entangled of PAAm become identical

within error as those of the cross-linked PAAm-HG.

I. INTRODUCTION

Hydrogels are polymer semirigid networks that can incorporate
large amounts of water into their structure. Microscale pores
are formed by cross-linking polymer chains, and these pores
are preserved when the polymer is swollen by water. The pores
give rise to materials that are permeable to gases and
macromolecule solutes."”> These characteristics make hydro-
gels useful in applications for contact lenses,” tissue engineer-
ing,** and other biomedical applications.””® Polyacrylamide
hydrogels in particular have been vital in the development of
these technologies. The ability to tune the size of the pores by
varying the mass fraction of polymer has led to the widespread
use of polyacrylamide hydrogels for gel permeation chroma-
tography,” electrophoresis,'”"" and as a culture substrate.
Water makes up most of the polyacrylamide hydrogel and
plays a large role in its properties. Hydrogen bonds (H-bonds)
between polymer acrylamide moieties and water and non-
hydrogen bonded water molecules in the first solvation of the
polymer greatly affect the polymer’s structure and dynamics."”
In bulk water, there are two time scales observed in ultrafast
two-dimensional infrared (2D IR) measurements of the H-
bond network dynamics, a fast component (~400 fs) due to
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local H-bond fluctuations of the intact H-bond network and a
slower 1.7 ps component attributed to complete randomization
of the H-bond network.”>™"" Simulations show that water
molecules not in the first solvation shell of the acrylamide
polymer or monomer behave as bulk water.'” The addition of
more solute into the water reduces the amount of bulk water.
The simulation demonstrates that water molecules in the first
solvation shell display very different dynamics from those of
bulk water.”’

Experiments on polyacrylamide hydrogels using time-
resolved fluorescence and ultrafast IR have also been reported.
Time-resolved fluorescence employed a large aromatic
fluorescent molecule; the measurements were limited to
observing relatively slow dynamics.”"** Ultrafast IR studies
have directly monitored the dynamics of the water
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molecules.'”*”** An early study reported that water dynamics
in the cross-linked polyacrylamide hydrogels slowed with
increasing hydrogel concentrations.”” This slowing was
ascribed to the decrease of the pore sizes, leading to increased
confinement. A later ultrafast IR study found that the water
dynamics were identical for acrylamide, polyacrylamide, and
cross-linked polyacrylamide hydrogels, when the concentration
of acrylamide moieties was held constant.'” Another ultrafast
IR study found that water dynamics were identical in solutions
of poly-N-isopropylacrylamide and N-isopropylacrylamide.*’
As there is a limited confinement effect for acrylamide and
polyacrylamide, the mechanism for slowing dynamics was
amended to arise from interactions of the water with individual
acrylamide moieties. Optical heterodyne-detected Raman-
induced Kerr effect spectroscopy (OHD-RIKES) is another
ultrafast technique that has been used to study aqueous
polyacrylamide solutions.”* Aqueous propionamide was also
studied as a model of the repeating unit of polyacrylamide.
Biexponential decays were observed with a fast time constant
on the order of 1 ps and the slower time constant ranging from
4 to 10 ps. It was found that the dynamics of both
polyacrylamide and propionamide scaled linearly with
concentration despite large differences in the viscosity scaling.
The experimental setup limited the experimental time to range
to ~35 ps, which prevented the observation of slower decay
processes.

Here, we present optical heterodyne-detected optical Kerr
effect (OHD-OKE) experimental studies of acrylamide
monomers (AAm), polyacrylamide (PAAm), and cross-linked
polyacrylamide hydrogel (PAAm-HG). OHD-OKE experi-
ments are similar to OHD-RIKES. However, implementation
of OHD-OKE enables dynamics to be studied from subpico-
second to 500 ps time scales, which cover the full range of
dynamics. In contrast to ultrafast IR experiments on these
acrylamide systems, OHD-OKE reports principally on the
dynamics of the acrylamide polymers and monomers although
fast water dynamics are also observed.

Of particular importance is the observation of polymer chain
dynamics and the major differences between the PAAm and
PAAm-HG as a function of concentration. Both the polymers
and hydrogels display fundamentally different dynamics than
the acrylamide monomers. The monomers’ OHD-OKE data
decay as concentration-dependent tetraexponentials. The
slowest exponent component obeys the Stokes—Einstein-
Debye equation for orientational relaxation except at the
highest concentration, 40%. In contrast, the PAAm and PAAm-
HG OHD-OKE data are power law decays. The power laws
reflect non-Markovian chain dynamics. At low concentrations,
the PAAm data are single power laws, while at the same
concentrations, the PAAm-HG data decay as two power laws.
At high concentrations, the PAAm decays as two power laws,
and the data become virtually the same as the PAAm-HG
decays. These behaviors are attributed to chain—chain
interactions. The OHD-OKE experiments provided a detailed
picture of the dynamics of the three types of acrylamide
systems and the roles of polymerization and cross-linking,

Il. EXPERIMENTAL PROCEDURES

ILA. Sample Preparation and Viscosity Measure-
ments. Acrylamide was purchased from Sigma-Aldrich with
a greater than 99% purity and used as received. Solid
acrylamide was dissolved in deionized water to make solutions
of a known concentration (AAm). The acrylamide mass
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concentrate was reported as a percentage of the weight of
acrylamide (g) over the volume (mL) of the solution (w/v).
The concentration was varied from 5% to 40%. The viscosity
of AAm was measured using Cannon-Ubbelohde viscometry.
PAAm was prepared by polymerizing AAm using ammonium
persulfate (10 uL of 10% in water) as an initiator and
N,N,N’,N’-tetramethylethylenediamine (1 uL) as a catalyst. To
prepare PAAm-HG, a proportion of the acrylamide in the
precursor solutions was replaced by a cross-linker, N,N'-
methylenebis(acrylamide) (abbreviated bis). The percentage
of bis in the polymer mass was 3.3%. PAAm-HG was
polymerized in the same manner as PAAm. PAAm and
PAAmM-HG were allowed to polymerize overnight or longer.
The solutions were syringe filtered (0.022 ym) and transferred
to an optical grade 1 cm cuvette. All experiments were
performed at 24.4 °C.

II.B. Optical Kerr Effect Setup. The OHD-OKE experi-
ment is a nonresonant, pump—probe technique that measures
the orientational dynamics of condensed materials, without the
use of molecular probes. When the intense, polarized pump-
pulse is incident on the analyte, the molecules’ configurations
are no longer random but rather are minutely aligned relative
to the pulse’s electric field. The alignment and resulting
birefringence will decay due to the random motions of the
molecules. The resulting signal is the time derivative of the
polarizability-polarizability correlation function. For the two
types of polymers, the equilibrium distribution of chain
structures is perturbed by the electric field. Acrylamide
moieties, short chain segments, side groups, etc. will respond
to the electric field producing an ensemble polarizability
anisotropy. Relaxation of the perturbed chain structures
through random motion will occur such that the final ensemble
is no longer an ensemble anisotropy polarization. A particular
perturbed structure does not necessarily return to the original
configuration it had prior to the pump pulse. Rather, through
the relaxation of the individual polymer structural subunits, the
ensemble of polymers will return to a thermal equilibrium
configuration. This configuration, like the starting config-
uration, will be isotropic and will not give rise to a
birefringence. The nature of the polymer relaxation will be
discussed in detail below.

The OHD-OKE setup has been described thoroughly
elsewhere.”>”® Briefly, short pulses were produced using a
Ti-Sapphire oscillator. The power of these pulses was increased
using a regenerative amplifier operating at a S kHz repetition
rate. This resulted in pulses of as short as ~80 fs with an
energy of 0.2 mJ. These pulses were split with a (98%)/(2%)
beam splitter to produce intense pump and weaker probe
pulses. The pump arrived at the sample linearly polarized at
+45° relative to the probe. The polarization was switched
between the two 45° polarizations at 1.25 kHz with a Pockels
cell, which provided phase cycling. The arrival time of the
probe was scanned with a stepper delay stage. For greater
detection sensitivity, heterodyne detection was used. Another
Pockels cell introduced a slight (+3°) ellipticity to the probe
pulse at 2.5 kHz. This resulted in a collinear local oscillator,
which provided heterodyne detection. In addition, the
heterodyned signal beam and a reference beam were measured
with a photodiode-balanced detector that removed most of the
local oscillator. Combining the polarization alternation, the
phase cycling, and the balanced detection provided exceptional
signal-to-noise. Because the OKE is a nonresonant optical
property of the material, the technique was not dependent on

https://doi.org/10.1021/acs.jpcb.2c08164
J. Phys. Chem. B 2023, 127, 1276—1286


pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c08164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

using a probe molecule or limited by an excited state lifetime.
OHD-OKE observed the system’s thermal equilibrium ground
state dynamics.

The OHD-OKE signal was analyzed with several different
functions depending on the system. The water and AAm data
were fit with a multiexponential function. In contrast, the
PAAm and PAAm-HG solutions were analyzed with a method
that is commonly employed in schematic mode coupling
theory (MCT) analysis of OHD-OKE su}gercooled liquid
dynamics data®’~° and similar systems.”' > The numerical
solutions to MCT’s coupled differential equations have been
modeled by one or more power laws followed by a final
exponential. The final exponential reflects the complete
randomization of the small molecule liquid systems. This
final exponential decay, however, was not observed in data for
PAAm and PAAm-HG as complete randomization of the
solutions of long chain length polymers would take place over
extremely long time scales. The power law decays extend to
<0.1% of the original signal, indicating that a negligible or zero
component of the signal arises from changes in the overall
configurations of the entire system of polymers. These
experiments are somewhat akin to previous OHD-OKE studies
of the nematic phase-aligned liquid crystals.”*** The excitation
pulse moves the system away from the thermal equilibrium
order parameter, and the signal decay reflects relaxation back
to the original order parameter rather than randomization of
the liquid crystal structure. As discussed below, the 5% and
10% PAAm fit well to a single power function except at very
short times. A fast exponential decay was used to capture water
dynamics. For higher concentration PAAm and all PAAm-HG
samples, two power laws were required to fit the data. The data
make a smooth transition from the first power law decay, t™“ to
t*. The fitting function, eq 1, allows the time and temporal
width of the transition to be included in the fit.

I
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The error functions essentially turn off the first power law,
while turning on the second. The parameters n and u
determine where the transition is centered and its width,
respectively. Eq 1 ensured that the power laws do not bleed
into each other. Each power law was initially fit over an
appropriate time range. These power law exponents were used
as initial parameters for fitting the entire decay using eq 1.
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lll. RESULTS AND DISCUSSION

lllLA. Source of the OHD-OKE Signal. At relevant time
scales (long compared to the pulse duration), the OHD-OKE
signal is the time-derivative of the polarizability-polarizability
correlation function.”*™** Any molecules that possess an
anisotropic polarizability will contribute to the signal, but the
strength of the signal will depend on the magnitude of the
polarizability anisotropy. OHD-OKE does not have the
specificity to distinguish between relative water and analyte
contributions to the overall decay.

Water has been previously reported as having a relatively
weak anisotropic polarizability.””~** Electronic calculations of
water, AAm, and acrylamide dimer oligomer (2AAm) were
performed. The computational details are given in the
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Supporting Information (SI). The calculations for single
isolated molecules give the AAm signal ~500 times larger
than water. However, water exists as a hydrogen-bonded
network; therefore, it is not certain exactly what the relative
sizes of the signals will be. Some of the water molecules are in
the first solvation shell of the AAm, and these may not have the
same polarizability anisotropy as the water outside the first
solvent shell. From ultrafast IR experiments*’ and molecular
dynamics (MD) simulations,'” water outside the first solvent
shell behaves essentially like bulk water. In addition, the water
concentration is much higher than the AAm concentration,
particularly at the lower concentrations. Therefore, it is not
surprising that we observe a signal from water as well as AAm.
However, as discussed below, the water dynamics are very fast,
so, at longer times, the signal is exclusively from the AAm.
Even at the lowest acrylamide concentrations, it can be
assumed that the long-time signal is primarily arising from
acrylamide. Figure 1 shows the data for the pure water and for
AAm at four concentrations normalized at ¢t = 1 ps. Water
dynamics in the AAm solutions are similar to those of bulk
water (see below).
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Figure 1. OHD-OKE decays of water (purple) and 5% (black), 10%
(orange), 25% (green), and 40% (blue) AAm in water. Spectra were
normalized at 1 ps. The dashed lines are biexponential and
tetraexponential fits for water and AAm solutions, respectively. The
decays slow down with increased AAm concentration.

Providing an estimate of the polarizability anisotropy of
polyacrylamide presents more challenges. It is not computa-
tionally feasible or informative to perform calculations of a
larger polyacrylamide chain. Other studies have suggested that
polyacrylamide’s signal is less than 10% of AAm.”* In the effort
to get a closer approximation of polyacrylamide, polarizability
anisotropy of 2AAm was calculated. For each acrylamide
moiety, the signal of 2AAm was 43 times larger than that of a
single water molecule. It was determined that the calculations
could not be meaningfully extended to large oligomers.
Therefore, due to water’s abundance in the solution, it
contributes to the PAAm and PAAm-HG solution signals but
only at relatively short times.

Ill.B. OHD-OKE of Water and Acrylamide (AAm) in an
Aqueous Solution. The OHD-OKE decays were collected
for bulk water and four concentrations of AAm in water (see

https://doi.org/10.1021/acs.jpcb.2c08164
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Table 1. Viscosity and Parameters for Multiexponential for Water and AAm

concn (w/v)  vis (cP) t,(ps)” t(ps)” t3(ps)b
water 091 0.52 + 0.03 1.29 + 0.02 n/a
5% 1.00 0.52°¢ 1.70 + 0.07 6.0 + 0.3
10% 1.11 0.52¢ 1.90 + 0.22 69 + 0.4
25% 1.52 0.52°¢ 2.56 + 0.11 94 + 0.2
40% 2.09 0.52¢ 2.53 + 0.05 103 £ 0.3

t,A,(ps)I7 C, norm C, norm C; norm C, norm
n/a 0.83 + 0.01 0.17 + 0.01 n/a n/a
14.1 + 0.8 0.54 + 0.02 0.20 + 0.02 0.22 + 0.01 0.037 + 0.004
162 + 1.7 0.50 + 0.0S 0.22 + 0.03 0.24 + 0.01 0.04 + 0.01
229 + 0.4 0.51 + 0.01 0.23 £ 0.01 0.21 £ 0.01 0.05 + 0.01
25.7 £ 0.7 0.50 + 0.01 0.23 £ 0.01 0.19 + 0.01 0.09 + 0.01

“Parameters for water not associated with the polymer. *Acrylamide (AAm) monomer parameters. “Parameter fixed to the bulk number value as it

is essentially constant in the fits.

Figure 1). The concentration was varied from 5% to 40% (w/
v). All the decays were fit to a multiexponential function
(Table 1). Pure water was found to fit well to a biexponential,
which is consistent with other dynamics of measure of
water.'”****** Lifetime density analysis has been previously
employed to evaluate the validity of models (Figure S1).** It
was found that water and all AAm concentration share fast
time components, and AAm solutions can be modeled well as a
tetraexponential. The two fastest components (f, and t,) are
assigned to water dynamics. The two slower time decays (#;
and t,) arise from the orientational relaxation of AAm.

The biexponential fit to pure water yields time constants, t;
= 0.52 + 0.03 ps and t, = 1.29 + 0.02 ps. These values are
similar to time scales measured for water dynamics with 2D IR
experiments, ie, 04 + 0.05 ps and 1.7 + 0.1 ps.19 MD
simulations of the 2D IR showed that the faster value arises
from very local H-bond fluctuations, mainly length fluctua-
tions, while the second value reflects the complete random-
ization of the H-bond network.'” However, the two experi-
ments measure fundamentally different correlation functions.
2D IR measures the frequency-frequency correlation function
of the hydroxyl stretch, while OHD-OKE measures the
polarizability-polarizability correlation function. Nonetheless,
it is possible that the processes assigned by the MD simulations
are also responsible for the decays observed with OHD-OKE
experiments.

The water present in AAm can be divided into two
populations, bulk and surface water. Surface water refers to
water present in the first solvation shell of AAm. The fast
behavior of both populations is believed to be the same.
Previous FT-IR studies have shown that HOD’s OD stretch
changes little in solutions of AAm in dilute HOD/H,O as a
function of AAm concentration. Bulk water and 25% AAm
have essentially the same FT-IR spectrum, indicating that
water and acrylamide have similar H-bond strengths.'””” The
similar H-bonds environments will yield H-bond fluctuation
dynamics that will deviate little from pure water. With this
knowledge and to ensure convergence, the fastest component
was fixed to t; = 0.52 ps, which is the same as water. The
second component ranges from t, = 1.70 + 0.07 ps to t, = 2.56
+ 0.11 ps becoming longer as the AAm concentration
increases. This component reflects the complete random-
ization of water’s H-bond network, which is slowed by its
interactions with AAm. Previous ultrafast IR anisotropy data
showed that bulk and surface waters have orientational
relaxations with distinct time scales,'”?° for the orientational
relaxation responsible for H-bond randomization. OKE—OHD
is unable to distinguish the two water populations. Therefore,
both populations will be present in the slowest component, t,,
of the water relation data.

To help elucidate the water dynamics, the acrylamide time
components (t; and t,) were subtracted out from the data
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(Figure S2). The water data after subtraction fits well to a
biexponential with the first time constant fixed to water’s fast
component, 0.52 ps, and the second time constant allowed to
float. The second time constant has the same value as the t,
from tetraexponential fits of the full data. While the water data
after subtraction can be fit as a biexponential, by using a
triexponential, we can determine the populations of bulk and
surface waters. The first time constant remains the same, 0.52
ps. The second time constant is fixed to the complete H-bond
network randomization of bulk water, 1.29 ps. The third time
constant is fixed to 2.6 ps, which reflects the dynamics of
surface water. It is approximately the value of ¢, for 25% and
40% AAm. At the high concentration, there are only six waters
per acrylamide. Other studies have found that far more than six
waters are required to solvate acrylamide, which means there is
ample sharing between the solvation shells of 40% AAm, and
no bulk water is present.'”** With the time constants fixed,
only the amplitudes of the two components are varied, with
their sum having to equal the total amplitude of the ¢,
component. This ratio of the bulk and surface components’
amplitudes permits the number of surface waters per
acrylamide to be determined. The details of the analysis are
given in the Supporting Information. For 5% AAm and 10%
AAm, there are 18 and 1S surface waters per acrylamide,
respectively. This is consistent with values from previous
studies.”*" At high concentrations, 25% AAm and 40% AAm,
it was determined that basically all the waters were on the
surface of the acrylamide, and there was very little or no bulk
water. The decay of the water component fits only to the 0.52
ps and 2.6 ps components. The 1.29 ps component was absent.
This result is consistent with the limited number of waters per
acrylamide, only 12 and 6 for 25% AAm and 40% AAm,
respectively.

While the fastest two components of the decay arise from
water orientational dynamics, the slowest two components are
from acrylamide orientational relaxation. It was found that the
slowest time constant (t,) for 5% to 25% AAm followed the
generalized Stokes—Einstein-Debye (SED) equation given in
eq 2

o n(T)Vf,I.
“ kgT 2
where 7 is the single-molecule rotational self-diffusion time,
7(T) is the temperature-dependent shear viscosity, V is the
solvent excluded volume, f; is the shape factor to account for
divergence from spherical, I, is an interaction that varies from 0
to 1 depending on interaction with neighboring molecules, kg
is the Boltzmann constant, and T is the absolute temper-
ature.” ™" Based on the interactions typical for a solute
surrounded by smaller solvent molecules, stick boundary
conditions are assumed, which means I. = 1. The solvent

https://doi.org/10.1021/acs.jpcb.2c08164
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excluded volume was 58 A’ with an f; of 1.15. The viscosity
was measured for each solution. Figure 2 shows the slow time
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Figure 2. Final exponential decays of AAm versus viscosity in black
squares. The data can be found in Table 1. The red line is a linear fit
through the first three black squares. The blue triangles are the DSE
predictions of the time constants.

constant (t,) versus viscosity in black squares. The red line is a
linear fit through 5% to 25% AAm and extends to 40%. The
blue triangles are the predicted time constants based on SED
(eq 2) with no adjustable parameters. The SED calculations
yield remarkably good predictions up to 25% AAm. At 40%
AAm, the dynamics are significantly faster than predicted by
the SED equation. At the highest concentration, there are only
6 water molecules per acrylamide. Previous research and
results discussed above indicate that ~14 water molecules are
required to solvate an acrylamide.** Therefore, at 40% AAm,
there is considerable sharing of water molecules among the
first solvate shells of different acrylamides. This sharing
contributes to an increase in viscosity but does not slow the
dynamics to the extent predicted by the SED hydrodynamic
theory. Previous OKE experiments on propionamide showed
similar behavior as the AAm presented here,”* but the data did

not cover the large time range of the current experiments.

As the slowest component for 5% to 25% AAm scales with
viscosity and shows hydrodynamic behavior, it is assumed
there are limited collective motions contributing to the OHD-
OKE polarizability-polarizability correlation function; then, the
dynamics are described by C,(t), the single molecule second-
order Legendre polynomial orientational correlation func-
tion.*” As discussed above, OHD-OKE is the derivate of the
polarizability-polarizability correlation function. Therefore, the
26

exponential fits were integrated and normalized to 1 at ¢t = 0,

yielding the following expression
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t,C t,C,
G(t) =4, + (1 - 4,) —32 exp L + | —=
t,C; + 1,C, ty tC; + 4,C,

of 1)

t,C
Ay=(1-4,)|———
: £, + £,C,

Ay =(1-4,)

t,C.
£C, + t4C4]

3)
where A;, is the amplitude of the inertial component. The
inertial component represents femtosecond dynamics that are
often too fast for most laser systems to observe. The values of
the other parameters can be found in Table 1. OHD-OKE
cannot determine the amplitude of the inertial component. IR
time-resolved polarization selective pump—probe experiments
obtain C,(t) by multiplying the measured IR anisotropy decay
data by 2.5. The inertial component can be obtained from the
difference from 1 of the data extrapolated to t = 0. Typically,
the inertial component ranges from 0.075 to 0.175, but it is
frequently close to 0.1. For the purposes of this analysis, A;, =
0.1 was chosen, but as shown below, the following analysis is
not very sensitive to this choice.'”*"7%*

The observed biexponential behavior of acrylamide can be
described using the wobbling-in-a-cone model.”>™>” In this
model, there are two diffusion processes following the ultrafast
inertial motions. First, the molecule diffuses within a cone with
half angle 6. Second, the slower complete orientational
relaxation occurs. {The wobbling model has been used to
describe biexponential or multiexponential orientational
relaxation in a wide variety of isotropic liquids when the
probe molecule is of similar size and sometimes larger than the
solvent. This includes SeCN™ in ionic liquids, guanidinium in
aqueous salt solutions, and water in concentrated LiCl water
solutions.””***°} A system that is very close to the one
discussed here is SeCN~ in water.’” Although SeCN~ is
substantially larger than water, the anisotropy decay is
biexponential. Detailed MD simulations were able to
accurately reproduce the anisotropy decay data. The feature
that resulted in SeCN™ displaying wobbling-in-a-cone behavior
was the fact that it formed multiple hydrogen bonds with
water. Acrylamide also forms multiple H-bonds. It is both a
donor and an acceptor. Like SCN7, these multiple H-bonds
restrict acrylamide’s orientational relaxation on a shorter time
scale.

With  this wob})ling model, C,(t) is described in the

following manner®
S+ (1-5) exp(_—t]l exp(_—t]
7 T

(4)
where S is the order parameter that describes the degree of
restriction of the diffusive cone wobbling. An order parameter
of 0 is unrestricted reorientation, and 1 is for a cone of 0
angular width. 7, is the wobbling-in-the-cone time constant for
diffusive sampling of the limited range of angles. Finally, 7,, is
the final diffusive full orientational relaxation time constant. 7,,
is equal to t,. 7, can be determined from t; and t, using the
relation

Cy(t) = (1 -4,)

=0+t (s)
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The combination of the inertia cone and the diffusive cone
reflects the total angular sampling prior to relaxation of
constrains that permits full orientational randomization of the
acrylamides.

The cone half angle of interest is the total cone, which is a
combination of the inertial and diffusive cones. The cumulative
order parameter for the total cone is found through S,..* = (1—
A;,)*S?, which is equal to A, from eq 3.%” The cumulative order
parameter is related to the total cone half angle, ,,, through
the following equation
hot(1 + cos 6,,)

1
St = Ecos 17

(6)

The parameters found from the wobbling-in-a-cone analysis
are given in Table 2.

Table 2. Wobbling-in-a-Cone Time Constants and Total
Cone Angle

concn (w/v) z.(ps) 7,.(ps) Ot
5% 42 14.1 51°
10% 4.8 16.2 51°
25% 6.7 229 46°
40% 7.4 25.7 39°

The choice of possible values of A;, had little effect on 8,,.
When the analysis is done using A, = 0.2, 8,,, is increased by a
couple of degrees. When the analysis is done with A;, = 0.05,
the angles decrease by less than one degree. Therefore, our
choice of A;, = 0.1 has little impact on the final analysis.

Wobbling-in-a-cone time constants for 5% and 10% AAm
are similar in magnitude and have identical total cone angles,
S1°. This indicates they are in similar solvent environments
with only a minor difference due to differing viscosities. From
the discussion above, at low concentration AAm has ample
water available to solvate the acrylamides. As acrylamide
concentrations increase, the time constants increase, while the
cone angles decrease, becoming 46° for 25%. Acrylamide’s
motion becomes more restricted as indicated by a smaller
range of angles sampled. It should be noted that while a cone
angle is given for 40% AAm, the wobbling-in-a-cone analysis
may not apply because there is a significant deviation from
SED behavior.

ll.C. OHD-OKE of Polyacrylamide (PAAm) in an
Aqueous Solution. Previous ultrafast IR studies have
examined the dynamics of water in polymer solutions.'”>%*®
Similar studies to those presented here have interrogated the
dynamics of the polymers over a limited time range.”*Figure 3
shows the OHD-OKE decays of the PAAm in water over the
full time range of the observable dynamics. Data were collected
for concentrations from 5% to 40% (w/v). It was found that
5% and 10% PAAm fit remarkably well to a fast exponential
plus a single power law

t -a
R(t) = A exp( T) + Ayt )
For the higher concentrations, 25% and 40%, the first 100 ps fit
well to eq 7, but after ~100 ps, a second slower power law was
observed. The phenomenological fitting function (eq 1) allows
for switching between the two power law regimes. For both
power law models (eqs 1 and 7), the fast exponential captures
the dynamics of bulk and surface water as discussed above for
acrylamide monomers. The water decay is less evident than in
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Figure 3. OHD-OKE decays of 5% (black), 10% (teal), 25% (green),
and 40% (blue) PAAm in water. Decays were normalized at 2 ps. Red
dashed lines are eq 7 fits for 5% and 10% PAAm and eq 1 fits for 25%
and 40% PAAm. The inset shows 40% PAAm with a single power law
fit. The decays slow down with increased PAAm concentration.

AAm, so a single exponential captures the water dynamics.
Without accounting for the short time exponential decay of the
water relaxation, the power law misses the data as shown in the
Figure 3 inset, which is the early time data for 40% PAAm. The
dynamic parameters are given in Table 3. The water dynamics

Table 3. Power Law Fit Exponents for PAAm (Polymer)
and PAAm-HG (Cross-Linked Polymer)

concn (w/v) a b 7 (ps)

PAAm

5% 1.41 + 0.05 n/a 1.0 +£ 0.1

10% 1.29 + 0.06 n/a 1.7 £ 09

25% 1.14 + 0.02 0.79 + 0.02 3.1+0.S5

40% 1.08 + 0.02 0.78 + 0.02 55+08
PAAm-HG

5% 1.67 + 0.04 0.86 + 0.05 0.7 + 0.1

10% 1.43 + 0.05 0.79 + 0.0 0.8 + 0.1

25% 1.14 + 0.04 0.80 + 0.02 3.5+ 0.5

40% 1.07 + 0.03 0.75 + 0.04 5.8 + 0.8

can be fit with 1 ps exponential decay for 5% PAAm
concentration. This value may be a combination of the fast
and slow water exponential decays seen for AAm but not
resolved for the polymer. The decay slows to 5.5 ps for 40%
PAAm. The change is associated with going from a
combination of bulk water and surface water to essentially all
surface water. However, the 40% exponential is slower than
that found for AAm. It is possible that the crowded polymer
environment traps the water between chains, slowing the water
dynamics more than for the same concentration of monomers.

The first power decay (t7°) slows as the concentration is
increased. The first power law exponent steadily decreases with
increasing concentration from a = 1.41 + 0.05 to a = 1.08 +
0.02. For the high concentrations, the appearance of a second
power law is evident in Figure 3 at ~100 ps. The second power
law (£7°) exponents are within error of each other: b = 0.79 +
0.02 and b = 0.78 + 0.02 for 25% and 40%, respectively. The
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power laws will be discussed in conjunction with PAAm-HG
data below. ) A 10° 10% AAm
lll.D. OHD-OKE of Polyacrylamide Hydrogel (PAAm- —_ F 10% PAAm
HG) in an Aqueous Solution. OHD-OKE decays of PAAm- g —— 10% PAAmM-HG
HG were collected with concentrations varying from 5% to 5
40% (w/v). The decays are displayed in Figure 4, which were £ 10k
- ;
=
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Figure 4. OHD-OKE decays of 5% (black), 10% (teal), 25% (green), O
and 40% (blue) PAAm-HG in water. Spectra were normalized at 2 ps.
Red dashed lines are eq 1 fits for PAAm-HG. The decays slow down 10° |

with increased PAAm-HG concentration.

normalized at 2 ps. The PAAm-HG data at all concentrations
fit well to the fast exponential plus two power law functions
even at the lower concentrations. This is in contrast to PAAm,
which displayed single power law decays plus the fast
exponential from the water dynamics. The dynamic parameters
from the fits for the hydrogels are given in Table 3. The fast
exponential yielded time constants that were like PAAm,
varying from 7 = 0.71 ps to 7 = 5.8 ps. Like with the PAAm
data, the fit without the added fast exponential would miss the
PAAm-HG data by a meaningful amount. For 5% PAAm-HG,
the first power law (¢ ™) has a large exponent, a = 1.67 + 0.04.
As the concentration increased, the dynamics slow down,
reflected in a smaller exponent. When the concentration of
PAAm-HG was increased to 40%, the first power law’s
exponent was only a = 1.07 + 0.03. The slower component
(t7") was found to change comparatively little with
concentration, varying in a range from b = 0.75 + 0.04 to
0.86 + 0.0S5. While the onset of the second law comes earlier in
time for the low concentration, the extent of the signal decay is
similar for all of the samples.

llLE. Comparison of OHD-OKE of AAm, PAAm, and
PAAmM-HG. Comparisons among the decays for AAm, PAAm,
and PAAm-HG are shown Figures SA and B for two
concentrations, 10% and 25%. Initially AAm decays substan-
tially slower than PAAm and PAAm-HG for all concentrations.
After about 50 ps, when AAm’s signal has dropped to 3% of its
original value, PAAm and PAAm-HG begin to dominate. A
recent ultrafast IR publication reported on the dynamics of
water in solutions of AAm, PAAm, and PAAm-HG. From the
perspective of the water dynamics, all the systems were
identical.'” In that study, it was only possible to observe the
dynamics of the water molecules. As discussed above,
calculations of the polarizability anisotropy demonstrate that
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Figure S. Comparison between AAm (black), PAAm (green), and
PAAm-HG (blue) at A) 10% and B) 25% in water. Decays were
normalized at 2 ps. PAAm and PAAm-HG differ largely from AAm at
both concentrations. At 25%, PAAm and PAAm-HG are nearly
identical to each other.

for all systems, there will be an initial fast decay from water
dynamics followed by the decay of the acrylamide system,
monomer, polymer, or hydrogel.

The power law dynamics of PAAm and PAAm-HG are
qualitatively similar to supercooled liquids and liquid
crystals.”’ " After the fast exponential water decay, the
dynamics of the polymer and the hydrogel are described well
using power laws. In supercooled liquids, there is a final
exponential structural relaxation, called a-relaxation in mode
coupling theory (MCT), which reflects the complete structural
randomization of the liquid. The data on acrylamide polymers
and hydrogels do not end with an exponential due to the lack
of complete system randomization, as discussed below. The
behavior observed here is akin to the nematic phase of liquid
crystals as briefly mentioned above.”**> The monomer signal
arises because the pump E-field causes monomers to change
their orientations such that they align slightly with the electric
field. The slight alignments of entire molecules are ultimately
lost by complete molecular orientational randomization. This
picture is consistent with the data in Figure 2, which show SED
behavior for all but the highest concentration.

For PAAm and PAAm-HG, by the end of the data in Figure
S, after hundreds of picoseconds, the signal has decayed
approximately 3 orders of magnitude, and there is no evidence
of a final exponential decay reflecting a lack of complete system
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randomization. This is not surprising given the extremely long
time scales required for the polymers and even more so for the
hydrogels to randomize their orientations. For PAAm and
PAAm-HG, the signal is not produced by reorienting entire
polymer chains or hydrogels toward the pump E-field. Rather,
side groups and small chain segments respond to the E-field,
changing their configurations to produce nonrandom struc-
tures in the liquids. This skewing of side groups and chain
segments results in the polarizability anisotropy that produces
the birefringence, which gives rise to the signal. The relaxation
involves the evolution of the distribution of orientations of side
groups and small chain segments back to an ensemble of
random equilibrium configurations. This does not mean that
any particular side group or chain segment returns to the exact
position it had prior to the pump pulse, but rather the
collection of all displacements relaxes to eliminate the induced
anisotropy.

Again consider the nematic phase of a liquid crystal. The
ensemble has a net alignment along a particular direction, the
director. The ensemble makes a certain average angle with
respect to the director, described by an order parameter. That
does not mean that every nematogen makes the same angle
with the director. The individual molecules have a wide range
of angles. However, the ensemble has a nonzero net projection
along the director. In an OHD-OKE experiment on the
nematic phase of a liquid crystal, with the pump E-field
perpendicular to the director, the ensemble net alignment
along the director is changed by the pump pulse.””** The time
depend signal corresponds to the system recovering the
original order parameter. Each nematogen does not return to
its initial orientation, but the ensemble recovers the thermal
equilibrium order parameter.

Power law decays arise from non-Markovian relaxation. For
a monomer undergoing diffusive orientational relaxation, after
making a small angular step, the next step is uncorrelated with
the prior step, and Markovian exponential relaxation occurs.
For the polymer and hydrogels, the power law decays indicate
that relaxation from a reconfiguration of side groups and small
chain segments is not random but is correlated with the
previous step. This is reasonable as the chemical bonds limit
the range of displacements, angular or translational, that can be
induced by the pump pulse. Steps to recover an ensemble
equilibrium configuration will be dependent on the initial
displacement and dependent on prior steps. Non-Markovian
behavior is central to the schematic MCT description of the
dynamics of supercooled liquids.””~*° MCT has been used in
combination with the tube model®*~® to study polymer melts
mainly translational motions but also conformational mo-
tions”~"* and has been applied to translational motions of
acrylamide.”!

An appropriate distribution of exgponential decays can also
give rise to a power law decay.”*”® The exponentials in the
distribution have a very wide range of decay time constants.
Each exponential in the integral of weighted exponentials is
itself a Markovian process. That is, the individual process that
gives rise to each exponential reflects random steps toward
complete randomization. As discussed immediately above,
such a set of exponentials does not apply to the dynamics
associated with the polymer or hydrogel. The side groups and
small chain segments cannot randomize their orientations on
the observed time scales. Randomization would require large
scale orientational motions of the entire polymer. Furthermore,
the motions are highly constrained by the chemical bonds and
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are not random orientational steps. Therefore, the non-
Markovian rationale for the observed power laws is most
likely the proper description.

Figure 3 and Table 3 show that the polymer solutions decay
as single power laws at the lower concentrations, 5% and 10%.
At the lower concentrations, there is sufficient water that the
chains are well solvated. They are perturbed by the pump pulse
as individual chains; therefore, the observed single power law
relaxation reflects single chain dynamics. At the two higher
concentrations, 25% and 40%, there is insufficient water to
fully solvate the chains. The chains are no longer independent.
They will share solvating water molecules and come in direct
contact. Their dynamics involve coupled chains. At these
higher concentrations, the data decay as two power laws.

Figure 4 and Table 3 show that the hydrogel data decay as
two power laws at all concentrations. The chains of the
hydrogels are coupled at all concentrations by the cross-links.
The second power law exponents in Table 3 are the same
within experimental error for the four concentrations of
hydrogels. For the polymer, the second power law exponents,
which exist only for the two highest concentrations, are the
same as each other and the same as the hydrogel second
exponents with error (see Figure S3 and Table 3). This
behavior can be seen in Figures SA and B and S$4 and SS. In
Figures SA and S4, the polymer decay is quite different from
the hydrogel decay. However, in Figures SB and S5, the
polymer and hydrogel decays are the same within experimental
error. In addition, for both the polymers and the hydrogels, the
first exponent gets smaller (slower decay) as the concentration
increases. For the lower two concentrations, the first power law
exponents for the polymer data are somewhat smaller than
those of the hydrogel; but once the polymer has a second
power law decay (higher concentrations), the first power law
exponents of the polymers and the hydrogels are the same, and
the second power law exponents are the same within error.
Therefore, the non-Markovian power law relaxation dynamics
are the equivalent whether chains are coupled via crowding or
cross-linking. The concentration of cross-linking in PAAm-HG
was 3.3%; therefore, on average, one cross-linker would be
present for every 32 monomers. This is sufficient cross-link
density that even the low concentration PAAm-HG will display
coupled dynamics. When the PAAm polymer chains are not
coupled at the lowest two concentrations (5% and 10%), the
dynamics (first power law) are not the same as those of PAAm-
HG, which is an indication of the cross-link coupling even at
the lower concentrations.

It is notable that as concentration increases, the dynamics
reflected in the first power law (faster dynamics) slow, while
the second power law arising from the coupled dynamics is
unchanged. As the concentration increases, the dynamics of
the water slow.'”>”** These results suggest that the first power
law faster dynamics are connected to the water dynamics. A
high level of entanglement for concentrated PAAm has been
postulated previously from the observation of rapid increases
in viscosity at higher concentrations.”® Similarities between the
structures of PAAm and PAAm-HG have been assumed.”’
Differences between the two systems at low concentrations
have been observed in neutron and light scattering experi-
ments,”*”? which is in line with the observations presented
here.
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IV. CONCLUDING REMARKS

The ultrafast dynamics of AAm, PAAm, and PAAm-HG were
studied using OHD-OKE. The dynamics of AAm compared
well to previous studies on a similar system,”* but PAAm and
PAAm-HG exhibited novel behavior. Other ultrafast studies of
PAAm and PAAm-HG relied on the use of probes, either water
or an added molecule."”””** OHD-OKE provided a direct
measurement of acrylamide monomer, polymer, and hydrogel
dynamics as well as the water dynamics. From observing
water’s dynamics in AAm, an estimate for the number of
surface waters present near acrylamide was obtained.
Acrylamide’s final exponential decay followed SED behavior
for the three lower concentrations studied. At the highest
concentration, 40% AAm, all of the water present occupied
acrylamide’s solvation shell leading to significant sharing of
waters and deviation from SED. Wobbling-in-a-cone analysis
showed nearly identical cone angles for 5% and 10% AAm,
with decreasing cone angles starting at 25% AAm presumably
caused by the shared water solvation shells.

Low concentrations of the PAAm data were described well
as single power laws, which was indicative of single chain, non-
Markovian dynamics. High concentrations of PAAm and all
concentrations of PAAm-HG displayed dynamics giving rise to
two power laws. Even after the data has decayed three decades,
there is no indication of a final exponential decay, which would
be the signature of complete orientational randomization of
the system’s structures. Rather, it is proposed that the pump
pulse changes the configurations of side chains and small chain
segments to produce an anisotropic distribution. The power
laws are caused by the relaxation to an ensemble isotropic
distribution.

The second power law in the signal decay is caused by
coupling among chains. At high concentration, the polymer
chains are coupled by crowding, while the hydrogel chains are
coupled at all concentrations through cross-linking. For
samples with a second power law, the second exponents
were the same within experimental error. Therefore, the
dynamics are the same whether caused by polymer chain
entanglement at high concentrations or chain coupling via
cross-linking of the chains in the hydrogels at any
concentration. The first power law exponents differ for the
polymer and the hydrogel data at the lower concentrations (5%
and 10%) but are the same at the higher concentrations (25%
and 40%). Therefore, when the polymer chains are coupled
through entanglement, their dynamics are identical to those of
the hydrogels.
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