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ABSTRACT: Polymeric hydrogels have wide applications including
electrophoresis, biocompatible materials, water superadsorbents, and
contact lenses. The properties of hydrogels involve the poorly
characterized molecular dynamics of water and solutes trapped within
the three-dimensional cross-linked polymer networks. Here we apply
ultrafast two-dimensional infrared (2D IR) vibrational echo and
polarization-selective pump−probe (PSPP) spectroscopies to inves-
tigate the ultrafast molecular dynamics of water and a small molecular
anion solute, selenocyanate (SeCN−), in polyacrylamide hydrogels. For
all mass concentrations of polymer studied (5% and above), the
hydrogen-bonding network reorganization (spectral diffusion) dynamics
and reorientation dynamics reported by both water and SeCN− solvated
by water are significantly slower than in bulk water. As the polymer
mass concentration increases, molecular dynamics in the hydrogels slow further. The magnitudes of the slowing, measured with
both water and SeCN−, are similar. However, the entire hydrogen-bonding network of water molecules appears to slow down as
a single ensemble, without a difference between the core water population and the interface water population at the polymer−
water surface. In contrast, the dissolved SeCN− do exhibit two-component dynamics, where the major component is assigned to
the anions fully solvated in the confined water nanopools. The slower component has a small amplitude which is correlated with
the polymer mass concentration and is assigned to adsorbed anions strongly interacting with the polymer fiber networks.

1. INTRODUCTION

In hydrogels, the water mass fraction can approach unity while
maintaining a semirigid framework. Microstructures of
polymeric hydrogels feature porous networks formed by
cross-linked polymer fibers that allow water and dissolved
solutes to pass through.1,2 These properties render polymeric
hydrogels useful in a variety of biomedical applications such as
tissue engineering,3,4 wound dressings,5 and contact lenses.6

Polymeric hydrogels have also been widely applied for
electrophoresis,7 gel permeation chromatography,8,9 stimuli-
responsive smart materials,10,11 and self-healing materials.12,13

Recently, intracellular hydrogel production has been demon-
strated.14

The molecular dynamics of water and solutes trapped by the
gel framework have large impacts on the properties of hydrogel
materials. In bulk water, the rearrangements of the hydrogen-
bond (H-bond) network show a fast component of ∼400 fs
due to local H-bond length fluctuations of intact hydrogen
bonds and another slower component of 1.7 ps assigned to the
full randomization of the network including H-bond breaking
and reformation.15−20 For water in nonbulk environments,
such as the air/water interface,21,22 water on the surface of
biological macromolecules,23−25 and water confined in reverse
micelles,26−30 the ultrafast dynamics of water molecules are
altered as a result of interrupting water’s three-dimensional
tetrahedral hydrogen-bonding network. In polymeric hydro-
gels, water molecules are confined by the polymer fibers and
will interact with them. Depending on the pore size

distribution and the chemical nature of the fibers, dynamics
of water molecules and solutes dissolved in the water-filled
hydrogel regions can be significantly different from their
respective bulk dynamics.
Dielectric relaxation,31 nuclear magnetic resonance

(NMR),32 neutron scattering methods,33 and molecular
dynamics simulations34−36 have shown that water confined
in the hydrogel framework remains highly mobile, while the
dynamics are slowed compared with that of bulk water.
Though the previous experiments provide important insights,
these methods operate by extracting dynamical data from
frequency-domain measurements and thus do not directly
measure ultrafast water molecular dynamics. Rather, a model is
required to relate the frequency-domain observables to water
motion time scales. Ultrafast time-resolved fluorescence
experiments probing the solvation dynamics around large
aromatic fluorescent molecules in hydrogels have also been
reported,37,38 though these are limited to slower dynamics.
Ultrafast infrared (IR) spectroscopies directly measure

water’s molecular dynamics with subpicosecond resolution
using either water molecules themselves18,20,39,40 or solutes
such as small-size molecular anions41−43 as vibrational probes.
The water and solute dynamics in a variety of nonbulk systems
including reverse micelles,28,44 lipid bilayers,45,46 concentrated
salt solutions,18,47,48 ionic liquids,49 and polymer aqueous
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solutions43,50 have been investigated with ultrafast IR spectros-
copies. Here we apply two-dimensional infrared (2D IR)
vibrational echo spectroscopy and IR polarization-selective
pump−probe (PSPP) spectroscopy to measure the dynamics
of water and a small anion solute, selenocyanate (SeCN−), in a
series of polyacrylamide (PAAm) hydrogels. PAAm forms an
important class of polymeric hydrogels that have extensive
applications in biological electrophoresis.7 Biopolymers, such
as proteins and DNA, have average and fluctuating structures
that depend on water’s H-bond network and dynamical
fluctuations.51 Understanding the local chemical environments
with ultrafast time resolution and with nonperturbative probes
in this hydrogel system can thus directly translate into better
models for dynamics and conformations when molecules
interact with a hydrogel.
The PSPP measurements characterize the molecular

dynamics by tracking the orientational dynamics of the
hydroxyl49,52 and nitrile29 bond axes. The vibrational
frequencies of the water hydroxyl stretch and SeCN− nitrile
stretch modes are highly sensitive to hydrogen-bonding
configurations. 2D IR experiments measure the structural
fluctuations in the hydrogen-bonding network by monitoring
spectral diffusion dynamics. Structural changes cause the IR
transition frequencies to fluctuate on time scales spanning less
than hundreds of femtoseconds to many tens of pico-
seconds.53,54

As depicted in Scheme 1, our measurements reveal that the
entire hydrogen-bonding network of water molecules confined

in PAAm hydrogels is slowed down as a single component
without distinguishing the “core” water, those molecules fully
solvated by other waters, from the interfacial water, which
directly interacts with polymer fibers. No water with exactly
the bulk dynamics remains in the gelled matrix, regardless of
PAAm concentration. The water dynamics begin to slow down
compared with bulk water when the PAAm mass concentration
is at 5% and become significantly slower when the PAAm
concentration surpasses 10%. The uniform dynamics are
attributed to the unique properties of water that result in

jump reorientation rather than small step angular diffusion.19,55

In jump reorientation many water molecules undergo
concerted simultaneous hydrogen-bond rearrangement. In
addition, the nonionic amide headgroup has both H-bond
donor and acceptor sites that form H bonds with water without
disrupting water’s three-dimensional H-bond network. The
dynamics are compared with previous results obtained from
water confined in reverse micelles, which do have a clear
separation between bulk-like water and much slower interfacial
water.26−30

The dynamics of the dispersed small molecular anion solute,
SeCN−, slow down as well but exhibit two-component features
in the time-resolved measurements. The major component on
the time scale of a few picoseconds keeps track of the slow
nonbulk water molecules solvating the anion. In addition to
this major dynamical component, a much slower component
with structural rearrangements taking several tens of pico-
seconds is attributed to SeCN− interacting with polymer fibers
and thus not being solvated by a three-dimensional water H-
bond network.

2. EXPERIMENTAL METHODS
2.1. Sample Preparation. All chemicals were purchased from

Sigma-Aldrich with at least 99% purity and used as received. The
PAAm hydrogels were polymerized from an aqueous solution
containing acrylamide monomer and N,N′-methylenebis(acrylamide)
(Bis) cross-linker using ammonium persulfate (APS) as the initiator
and N,N,N′,N′-tetramethylethylenediamine (TEMED) as the catalyst.
The total polymer mass concentration in weight over volume (w/v) in
the hydrogels is denoted as T (including both acrylamide and Bis),
and the weight percentage of the Bis cross-linker in the total polymer
mass (w/w) is C. In the present study, C was maintained as 3.3% and
T was varied from 5% to 60%.

For the infrared experiments on water, the O−D stretch of 5%
HOD solution (singly deuterated water) was used as the probe. The
O−D stretch is a local mode that is well separated in frequency from
the O−H stretch of HOD and the H2O solvent. HOD has been
shown to report the structural dynamics of the H2O (or D2O) H-
bond network without the complications of overlapping symmetric
and asymmetric stretch vibrations or resonant energy transfer between
water molecules in close proximity that exist when studying pure H2O
or D2O.

15,16,56 For hydrogels containing 5% HOD in H2O as the
water component, we mixed D2O and H2O with a volume ratio of
2.5:97.5 and dissolved solid acrylamide and Bis cross-linker in the
deuterated water to form the precursor solution with the desired
values of C and T. To 1 mL of the precursor solution, 10 μL of 10%
w/v APS solution (in H2O) and 1 μL of TEMED were added
sequentially. Upon the addition of TEMED, a small portion of the
solution was transferred onto a 3 mm thick calcium fluoride (CaF2)
window. Then the window with liquid on it was assembled into an IR
sample cell before the solution solidified. The cell consists of a 12 μm
Teflon spacer separating two identical CaF2 windows, with the sample
sealed inside. Between 5 and 10 min after the addition of TEMED,
the solution solidified into a 12 μm gel slab sandwiched between the
two CaF2 windows of the cell. Then the sample cell was dissembled.
The gel slab along with the two windows was first placed under a
100% relative humidity environment at 25 °C with vapor from a 5%
HOD water source for 1 h. This allowed further polymerization while
preventing the gel from drying. Then the gel with windows was
immersed under 5% HOD water for 18 h as an incubation step. The
spacer between the windows contained holes to allow removable
species such as initiator and catalyst to diffuse out from the gel. The
gels with windows were taken out of the water, and the outer rims of
the windows were sealed with wax so that water could not escape
from the gel. With this method, the deuterated hydroxyl IR spectra of
the PAAm hydrogel samples remained unchanged for at least 3 weeks
of measurement or storage.

Scheme 1. Illustration of a Hydrogel Water Nanopoola

aWater molecules are found to slow down as a single dynamical
ensemble with increasing confinement. Higher polymer concen-
trations cause slower water dynamics. Solvated SeCN− ions slow
similarly to the surrounding water, while a second population of
polymer-bound ions exhibits much slower dynamics that are
independent of PAAm concentration.
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For hydrogels containing potassium selenocyanate (KSeCN)
solutes, the water component was pure D2O, with 99.9% atom %
D. The protocol is almost the same as that described above for
hydrogels with 5% HOD. During the 18 h incubation step, 0.4 M
KSeCN solution in D2O was used to introduce the selenocyanate
probe into the gel. KSeCN cannot be added before polymerization
because it reacts with the initiator. The IR spectrum (C−N stretch
and water background) of the gel sample remained the same for at
least 3 weeks. A completely dried gel sample was produced by placing
an initially T = 60% gel slab under a constantly pumped vacuum line
for 1 week until no hydroxyl absorption was detectable by Fourier-
transform IR (FTIR) measurement.
2.2. PSPP and 2D IR Measurements. In the following we briefly

describe the PSPP and 2D IR measurements. Full details on the
steady-state and ultrafast IR methodology are provided in the
Supporting Information.
In mid-IR PSPP measurements, the transmission of a weaker probe

pulse is modulated by prior excitation of an ensemble of vibrational
absorbers with a stronger pump pulse.54,57 The components of the
PSPP signal are recorded at varying pump−probe delay times t with
the pump polarization set alternately parallel, S∥(t), and perpendic-
ular, S⊥(t), to that of the probe.58 The parallel and perpendicular
PSPP signals are affected by isotropic population dynamics and
rotational motions of the absorbers. The two polarization measure-
ments can be combined to give the isotropic population relaxation
(vibrational lifetime decay),

P t S t S t( ) ( ) 2 ( )= +|| ⊥ (1)

and the anisotropy,

r t
S t S t

S t S t
C t( )

( ) ( )
( ) 2 ( )

0.4 ( )2=
−
+

=|| ⊥

|| ⊥ (2)

The anisotropy provides a measurement of C2(t), the second
Legendre polynomial orientational correlation function.27,28,59

Orientational correlation decays that are not simply diffusive
(single exponential) can appear as biexponentials due to restricted
motions.60−63 The wobbling-in-a-cone model, with a cone of half
angle θc,

61−63 has been very successful in describing the hindered
rotational dynamics of water in confined environments such as
biomolecule surfaces,64 phospholipid bilayers,46,65 reverse mi-
celles,26−28,66,67 fuel cell membranes,66,68 ionic liquids,49,69 and
concentrated salt solutions.47,70

The first exponential term is the result of restricted orientational
diffusion within the limited range of angles, the cone, with time
constant τc to an offset S2

2, the square of a generalized order
parameter, determined by the cone angular width. On a longer time
scale, unrestricted orientational relaxation (small angle diffusion or
jump diffusion) with time constant τm randomizes orientations and
brings the correlation function to zero:

C t S S t t( ) ( (1 )exp( / ))exp( / )2 2
2

2
2

c mτ τ= + − − − (3)

The order parameter gives the cone half angle through

S
1
2

cos( )(1 cos( ))2 c cθ θ= +
(4)

while eq 3 allows us to separate the time constants t1 and t2 obtained
in a biexponential fit into the wobbling correlation time τc and the
final complete orientational relaxation time τm.
In 2D IR spectroscopy, the time dependence of the structure of a

system (structural fluctuations) is measured by observing the time
dependence of the vibrational frequencies of the vibration under
observation. The vibrational frequencies are spread across the
inhomogeneously broadened absorption spectrum. Pulses 1 and 2
of the pulse sequence label the initial frequencies of the vibrations
(ω1, the horizontal axis of the 2D spectrum). During Tw, the waiting
time between pulses 2 and 3 of the pulse sequence, the structure of
the system changes, which causes the initially labeled frequencies to
change. Pulse 3 initiates a read out and the echo pulse reports on the
final frequencies (ω3, the vertical axis of the 2D spectrum).53,54

Spectral diffusion (the frequency evolution), driven by structural
fluctuations affecting the frequencies within the inhomogeneous
absorption, causes the 2D line shape to evolve from well correlated
(elongated) along the diagonal at short waiting times to uncorrelated
(round) at long waiting times.

The change in the 2D IR band shape with Tw is quantitatively
evaluated using the center line slope (CLS) method.71−73 The CLS
has been shown to be equal to the Tw-dependent part of the
normalized frequency−frequency correlation function (FFCF)72 and
in conjunction with the linear absorption spectrum allows
determination of the complete FFCF,

C t t
t

T
t( ) (0) ( )

( )
exp( / )

k
k k

2

2∑δω δω δ τ= ⟨ ⟩ = + Δ −
(5)

Here δω(t) is the instantaneous frequency fluctuation at time t, Δk is
the contribution of component k to the inhomogeneous broadening,
and τk is the correlation time for structural evolution of the kth
component. The homogeneous line width, Γ = 1/(πT2), includes
effects of motionally narrowed contributions, vibrational lifetime
decay, and molecular reorientation. Additional details on the
contributions to the FFCF, CLS method, and determination of the
complete FFCF are given in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Linear Absorption Spectra of HOD and SeCN− in

Hydrogels. Linear absorption (FTIR) spectra were obtained
for the O−D stretching mode of HOD in bulk water and
PAAm hydrogels, with total polymer concentration T ranging
from 5% to 40% (w/v). Data collection and background-
subtraction details for FTIR studies are given in the Supporting
Information. The background-subtracted and normalized
absorption spectra are displayed in Figure 1A. The linear
absorption of 5% HOD in H2O (black line) has been analyzed
in great detail previously, through both experiments and
simulations.15,16,74 It has a center at 2509 cm−1 with a 160
cm−1 fwhm. At low concentrations of PAAm, 5% and 10% (red
and blue lines, respectively), the absorption spectra are
basically identical to bulk water (black). At higher concen-
trations, 25% and 40% (cyan and purple lines, respectively),
the peak broadens toward the red side while changing very
little from the peak center to the blue side. The finely spaced
bumps centered at 2350 cm−1 were due to CO2 absorption in
the air.
The hydroxyl stretch frequency is determined by the

hydrogen-bond configuration of the water molecule.16,56,74,75

More or stronger H bonds donated or accepted by a hydroxyl
lead to lower frequency. Conversely, fewer or weaker H bonds
yield a higher frequency. The distribution of O−D frequencies
is directly determined by the distribution of hydrogen-bond
configurations.74 Focusing only on the peak to blue edge of the
band, Figure 1A shows that the distribution of O−D stretch
absorption frequencies is nearly identical between bulk water
and the hydrogels of various polymer concentrations.
Aside from O−D stretch modes, some −NH2 groups from

amides on the polymer backbone will exchange protons with
the HOD water to form a population of N−D absorbers. The
N−D stretch appears red of the O−D band at ∼2485 cm−1,76

and its presence could cause the red side asymmetric
broadening at higher PAAm concentrations. While the N−D
stretch contributes to the red side of the O−D bands in Figure
1A, its presence did not have any impact on the time-resolved
IR studies discussed in the following sections. The vibrational
lifetime and anisotropy are evaluated from around the peak
through the blue side, where the N−D absorption is negligible
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(section 3.2). The 2D IR data are analyzed around the center
of the OD stretch spectrum. Thus, the O−D stretch dynamics
reported in these experiments are not contaminated by small
N−D absorption visible in the linear spectrum.
The FT-IR spectra of SeCN− dissolved in pure water and

hydrogels with various T percentages are displayed in Figure
1B. The anion dissolved in bulk D2O has a spectrum centered
at 2075 cm−1. As the total polymer mass concentration is
increased, the peak center shifts toward the red side. At T =
40%, the peak center is at 2073 cm−1. The peak center of
SeCN− contained in reverse micelles with very low water
content shifts to 2065 cm−1 due to the lack of anion−water
hydrogen bonds.41 Here, the peak center also shifted to 2066
cm−1 for SeCN− in gels fully dried under vacuum. The small
but steady peak shift going from bulk to T = 40% indicates that
there is a minor, but increasing, population of SeCN−

interacting with a different environment than the H-bonded
water network. These anions are likely in close contact with the
PAAm polymer fibers. The majority of the anions in the
hydrogel are still fully solvated by water as is the case in bulk
aqueous solutions. The nitrile stretch of the SeCN− in bulk
water and hydrogels has similar fwhm’s in the range of 32.2−
33.2 cm−1. The SeCN− spectra in aqueous environments are
asymmetric, with a red wing due to the non-Condon effect: a
variation in transition dipole moment with vibrational
frequency.41,77 This further complicates spectral decomposi-
tion. The pump−probe measurements (section 3.3) show that

the SeCN− on the polymer fiber “wall” is dynamically different
but spectrally very similar to the SeCN− fully solvated by
water.

3.2. Polarization-Selective Pump−Probe Measure-
ments of HOD in H2O. Population decays for HOD in the
various hydrogels were recorded at frequencies spanning from
2490 cm−1 (slightly red of the peak at 2509 cm−1) through the
entire blue side to 2660 cm−1. The frequency-dependent
population decay of the OD stretch of 5% HOD in H2O (bulk
water) was recorded as well. At all detection frequencies and
hydrogel concentrations the population decays were fit
extremely well by single exponentials. Figure 2A shows the
vibrational lifetimes resulting from these fits as a function of
detection frequency for the O−D stretch in bulk water and the
hydrogels from 5% to 40% PAAm T concentration.

Figure 1. Background-subtracted, normalized absorbance for (A) the
O−D stretch of HOD in H2O for bulk water and hydrogels with
PAAm concentrations between 5% and 40% and (B) the nitrile
stretch of KSeCN in D2O for bulk water, hydrogels with PAAm
concentrations from 10% to 40%, and the dried gel.

Figure 2. (A) Vibrational lifetime of the O−D stretch of HOD as a
function of frequency determined by single-exponential fits to the
isotropic pump−probe decays (not shown) for bulk water and
hydrogels. (B and C) O−D stretch anisotropy decays for bulk water
and hydrogels at (B) the band center (2510 cm−1) and (C) the blue
side of the band (2569 cm−1).
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The vibrational lifetime of the O−D stretch in bulk water is
∼1.8 ps (spanning from 1.7 to 1.9 ps) with a monotonic
increase from low frequencies to high frequencies (Figure 2A,
black). The vibrational lifetime is very sensitive to the local
environment (H-bond interactions), which also determines the
vibrational frequency within the inhomogeneously broadened
absorption line (Figure 1A). The O−D lifetime is determined
by the coupling strength of the hydroxyl stretch to inter- and
intramolecular accepting modes and the density of accepting
modes in the surroundings.78 More weakly H-bonded
populations (shifted blue from center) tend to have longer
vibrational lifetimes, as shown both in Figure 2A and in
previous measurements on water in nonbulk environments
such as small AOT reverse micelles27,28 and room-temperature
ionic liquids (RTILs).49,79

The variation in the lifetimes in all gels and bulk water is
relatively small, ranging from just less than 1.7 ps to slightly
less than 2.2 ps. As the polymer concentration increases, the
variation with wavelength increases. Water molecules will H
bond to other water molecules as well as to the polymer. The
almost negligible change in the absorption spectra with
polymer concentration indicates the range of H-bond strengths
for water making one of its four H bonds to the polymer fall
within the range of water−water H-bond strengths. However,
the vibrational lifetime can be exceedingly sensitive to the
nature of intermolecular accepting modes.78 The increase in
the lifetime with polymer concentration indicates that an H
bond to the polymer is somewhat less effective at accepting
vibrational energy from an OD stretch than are water−water H
bonds, though the H bonds to the polymer fall within the
range of strengths of water−water H bonds.
In the Supporting Information, parameters of PAAm fibers

are used for model calculations of fiber organization in the
hydrogels (Table S2). Even at 40% PAAm, only 22% of the
water volume is adjacent to polymer fiber, leaving the majority
engaged in only water−water H bonds. There is little
interfacial water, and it all experiences H bonds to non-
interfacial water. Thus, the dynamics of the minor water
population interacting with polymer are unlikely to differ from
majority population. With these observations as well as the
linear absorption spectra (section 3.1), the anisotropy
discussed below, and 2D IR observables (section 3.4), we
conclude that all of the water molecules contributing to the

O−D absorption band act as a single dynamical ensemble with
only slight variations in dynamics across detection frequencies
caused by the varying H-bond strength within the ensemble.
Anisotropy decays were obtained for bulk water and the

hydrogels of varying PAAm concentration over a range of
frequencies: from 2490 to 2590 cm−1. The anisotropy, r(t), is
proportional to the water orientational correlation function,
decaying from a value of 0.4 for complete orientational
correlation with the initial excitation to zero for completely
randomized orientations. The O−D stretch is a local mode
with a transition dipole vector that is almost exactly along the
O−D bond direction, so the anisotropy decay directly tracks
the rotational motion of the O−D bond vector.56

Representative decays are shown in Figure 2B and 2C for
O−D stretch frequencies near the peak, 2510 cm−1, and on the
blue edge, 2569 cm−1, respectively. The drop from a
theoretical maximum value of 0.4 at time zero, which is largest
on the blue edge (Figure 2C) and smaller moving red (Figure
2B), is characteristic of hydrogen-bonded oscillators like HOD
in bulk water and is similar in the hydrogels. This results from
an ultrafast inertial rotational motion that occurs within ∼100
fs, which cannot be measured during the overlap of the pump
and probe pulse due to a strong nonresonant signal that tracks
the pulse duration.80 At both frequencies displayed the lower
concentration gels (5% and 10%) are seen to exhibit a mild
slowing of orientational relaxation compared to the bulk. There
is a much more significant slowing on increasing the PAAm
concentration to 25% and further to 40%.
While the ultrafast inertial motion time constant cannot be

measured, the associated inertial cone angle can be determined
from the difference between the maximum possible value of 0.4
and the data at t = 0 using eq 4.49,80,81 Results are plotted for
the bulk and all hydrogels in the Supporting Information,
Figure S3. The inertial cone half angle has an average of θi =
16° for all samples, with a strong dependence on frequency.
These cone angles are basically the same within error from
bulk water through 40% PAAm, which indicates that the
hydrogen-bond strengths are similarly correlated with
frequency in the hydrogels as for HOD in pure water. The
inertial cone angles and the spectra in Figure 1A show that the
range of H-bond strengths in the hydrogels are very similar to
those in bulk water.

Table 1. Time Constants from Multiexponential Fits to the Anisotropy Decay of the O−D Stretch of HOD and the C−N
Stretch of SeCN− in Bulk Water and Hydrogels with Wobbling-in-a-Cone Analysis of Restricted Orientational Diffusion

sample t1 (ps) τc (ps)
a θc (deg)

b t2 = τm (ps) t3 = τm
fiber (ps)

HOD in H2O, global fit across frequencies
0% PAAm (bulk water) 2.61 ± 0.03
5% PAAm 2.87 ± 0.04c

10% PAAm 0.8 ± 0.1 1.0 ± 0.2 21 ± 1 3.5 ± 0.1
25% PAAm 1.1 ± 0.1 1.4 ± 0.2 28 ± 1 6.0 ± 0.3
40% PAAm 1.5 ± 0.1 1.8 ± 0.2 33 ± 1 8.8 ± 0.7
SeCN− in D2O, fit at peak frequency
0% PAAm (bulk water) 1.4 ± 0.1 2.0 ± 0.1 21.5 ± 0.4 4.5 ± 0.1
5% PAAm 1.8 ± 0.1 2.7 ± 0.2 29 ± 1 5.3 ± 0.2 62 ± 3
10% PAAm 1.9 ± 0.1 2.8 ± 0.2 31 ± 1 5.8 ± 0.2 62 ± 3
25% PAAm 1.9 ± 0.1 2.6 ± 0.2 30 ± 1 7.0 ± 0.2 62 ± 3
40% PAAm 2.2 ± 0.1 3.0 ± 0.2 29 ± 1 8.6 ± 0.4 62 ± 3

aWobbling-in-a-cone correlation time given by τc = (t1
−1 − τm

−1)−1. bAverage wobbling cone half angle across detection frequencies for HOD (see
Figure S4). Determined at peak center for SeCN−. cAverage single-exponential time constant across detection frequency range for fit (see Figure
S2). Values varied from 2.78 to 2.98 ps.
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HOD in the bulk has a well-known single-exponential
anisotropy decay with a 2.6 ps time constant that is
independent of detection frequency across the O−D stretch
band.39,40 This time constant is characteristic of water’s
orientational jump diffusion process, which involves the
concerted breaking and reformation of H bonds.55,82 The
hydroxyl undergoes a large angular jump through a bifurcated
H-bond transition state to its new configuration.55,82

For the bulk water anisotropy, a single-exponential decay
was fit globally with one shared time constant across detection
frequencies (2492−2590 cm−1), yielding a 2.6 ps reorientation
time. All of the hydrogel concentrations have anisotropy
decays with some frequency dependence to the dynamics. At
5% PAAm, a single-exponential decay with freely varied time
constants across frequencies described the data better than
biexponential decays. For 10%, 25%, and 40% hydrogels,
however, the data are clearly biexponential and were globally fit
sharing the two time constants but varying the amplitudes
across the band. The fit results are collected in Table 1. The
anisotropy decays in Figure 2B and 2C approach zero by the
end of the observable waiting time range and have considerable
slope, making the presence of an additional decay with a much
slower time constant unlikely. The global fits give excellent
agreement with the data at all frequencies. Representative fits
for the 40% hydrogel at multiple frequencies are shown in the
Supporting Information, Figure S1. Integrated correlation
times associated with the fits are shown in Figure S2.
Attempting to fit the anisotropy decays in the hydrogels with

a component fixed at the bulk water reorientation rate, with
additional exponentials to describe the slower decays, resulted
in very poor descriptions of the data. Water with bulk
dynamics is not detectable in hydrogels of any PAAm
concentration. It is also highly unlikely that the fast component
in the anisotropy originates from a distinct population of water
molecules interacting directly with the polymer, which should
have slower dynamics as seen for SeCN− anions at the
interface (section 3.3). Thus, water was found to change in
rotational dynamics as a single dynamical ensemble. The major
component which brings the anisotropy to zero slows greatly
with increasing PAAm concentration, while a faster motion
appears at shorter waiting times.
The biexponential anisotropy for the hydrogels at 10% and

above PAAm concentration can be explained as restricted
orientational diffusion within a limited cone of angles on
shorter time scales, followed by free (jump) diffusion sampling
all orientations on a longer time scale.60−63 Wobbling-in-a-
cone half angles for PAAm concentrations of 10%, 25%, and
40% are given in Table 1 as average cone angles over the
spectral range for anisotropy measurements. The half angles
are plotted as a function of frequency in the Supporting
Information, Figure S4. The cone angles show a slight
frequency dependence: larger cones at higher frequencies,
indicating that weaker H-bonded HOD probes have more
freedom to wobble.49,80 This is the source of the frequency-
dependent anisotropy correlation times. The wobbling cone
angle, first clearly visible in the 10% hydrogel, becomes larger
as the PAAm concentration increases from 25% and 40%
(Table 1).
The full orientational randomization time slows dramatically

between 2.6 ps in bulk water and 8.8 ps at 40% PAAm (Table
1). For the highest levels of confinement (40% PAAm), the
orientational time τm is slowed by a factor of 3.4 as compared
to bulk water. The hydrogen-bond network becomes much

more rigid at medium and high polymer concentrations,
slowing down the H-bond exchange which is responsible for
complete orientational randomization. Faster motions are still
possible without breaking H bonds, however, and the angular
cones sampled before the final reorientation period become
larger. The time constants for wobbling, τc, become larger as
the PAAm concentration increases (Table 1). However, the
wobbling correlation time is a combination of both the
diffusion rate within the cone and the cone angle.62 The
wobbling diffusion constants are the same within error (Table
S1). Similar motions in an intact H-bond configuration are
sampling a greater range of angles before concerted H-bond
rearrangement can occur on the longer time scale for complete
orientational randomization, τm.
Even at the lowest hydrogel concentration considered, 5%

PAAm, the anisotropy decay is slowed measurably from bulk
water. It is worthwhile to evaluate this uniform slowdown in
terms of the typical size of water pools that exist in the PAAm
hydrogels. In the Supporting Information we estimate the
water pool size (diameter or spacing between nearest polymer
fibers) using two different models: an Ogston model assuming
randomly distributed polymer fibers9,83 and a cubic lattice
model with a highly organized fiber arrangement. The lattice
model is intended to provide an estimation of the average size
rather than literally taking the structure to be a true single-size
lattice. Both predict the well-known T−1/2 dependence of pore
diameter on polymer concentration.7,9 The results are given as
a function of PAAm concentration in Table S2.
While a range of pore or channel sizes must exist in the

hydrogels, the mean diameters as calculated here are helpful for
understanding the majority (number or volume) of confined
water molecules. At the lowest PAAm concentration of 5%, we
found the mean (spherical) pore diameter to lie in the range of
7.3−13.9 nm, taking the completely random Ogston model as
a lower bound and the completely ordered lattice model as an
upper bound. For the most highly confined water pools, with
40% PAAm, the pore diameter was in the range 1.5−3.8 nm.
The slowdown is not as severe as for water confined on

similar length scales in AOT reverse micelles (RMs), which
have a charged spherical interface with no connections
between different RMs. RM diameters as a function of
composition are well known (Table S2).84,85 Confined water
dynamics in RMs have also been extensively studied via PSPP
experiments on the O−D stretch of HOD in H2O.

26−28 Below
∼4 nm in diameter, the RM water pool consists of a single
ensemble of water that is uniformly affected by the interface.
Orientational dynamics of water in RMs from the previous
investigations are summarized in the Supporting Information,
Table S3. For the weakest confinement with a relatively low
PAAm concentration of 5%, the results differ fundamentally
from RMs. In both systems, confinement to a diameter of ∼11
nm resulted in dynamics that are not totally bulk-like.
However, the RMs possess a core of bulk water. Water at
the interface and close to the interface has very slow
orientational relaxation compared to the bulk water
core.27−29 The H-bond network is strongly disrupted by the
totally enclosing spherical interface lined with sulfonate anions,
affecting the spectral position and vibrational lifetime.27−29

The geometrical fraction of water molecules at the interface in
RMs with the same diameter as a hydrogel pore is much
greater (Table S2).
In the hydrogel case on the other hand, confinement affects

the pool uniformly. In the hydrogels, water H bonded to the
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polymer fibers is similar to water H bonded to other water
molecules as evidenced by the lack of a distinct feature in the
spectrum (see Figure 1A). There still exists a 3-dimensional
continuous H-bond network throughout the gel. The result is
nonbulk water that has uniformly slower orientational
relaxation than bulk water.
No bulk water is observed in hydrogels at any of the PAAm

concentrations between 5% and 40%, limiting the maximum
characteristic or mean pore size. Significantly larger mean pore
sizes than those in Table S2 would result in some population of
pores with bulk-like water given the large distance to a polymer
fiber. Several previous studies based on the diffusion of large
macromolecular probes86,87 and electron microscopy88,89 have
suggested that the pore distribution is about an order of
magnitude larger than the ranges proposed here. Such large
sizes are not consistent with the orientational dynamics and
the other measurements discussed below. While they are likely
valid for the distribution of pores accessible to certain
macromolecules, it is possible that they are not representative
of the entire pore size distribution and may sample only a small
fraction of the hydrogel water volume.
3.3. Polarization-Selective Pump−Probe Measure-

ments of SeCN−. The vibrational population decays were
extracted from PSPP measurements of SeCN− in various
hydrogels and are shown in Figure 3 (inset). The population

decays are reported at the peak center frequencies to avoid
complications due to non-Condon effects, which become
significant for vibrational modes engaged in H bonds (see
Supporting Information, Figure S8).41,77 Each decay curve was
fit well by a single-exponential function. In bulk D2O, the
SeCN− lifetime is 36.5 ± 0.5 ps.41,42 Going from 5% to 40%
hydrogel, the lifetime shortens from 34.5 ± 0.2 to 29.0 ± 0.1
ps.
The relatively small decrease of the vibrational lifetimes

suggests that some SeCN− ions interacting with polymer fibers
have a shorter lifetime compared to SeCN− fully solvated by
D2O. However, none of the population decays can be

adequately fitted with a biexponential function. The difference
in lifetimes between SeCN− close to or away from the polymer
fibers must be very small if it exists. Though the anisotropy and
spectral diffusion dynamics show two dynamical ensembles,
the single-exponential vibrational relaxation of SeCN− in
hydrogels indicates that the time-dependent anisotropy decays
can be analyzed as the weighted average of each ensemble’s
dynamics.
Anisotropy decays for SeCN− are only slightly frequency

dependent (Figure S9), suggesting that the spectral distribu-
tion of SeCN− interacting with polymer fibers differs little from
probes solvated fully by water. The population ratios are
almost the same within the frequency range studied. The
anisotropy decay curves of SeCN− in hydrogels and in bulk
water measured at the absorption spectra center frequencies
are presented in Figure 3. SeCN− is a linear anion, with its
transition dipole vector along the molecular axis. The
anisotropy decay measured from the nitrile stretch directly
reports the anion reorientation dynamics. The long vibrational
lifetime compared with water allows measurements with good
signal-to-noise ratios up to t = 80 ps. In the bulk water
solution, the anisotropy decays to zero within 20 ps. As the
polymer concentration increases, we observe clear slowing of
the major anisotropy decay component as well as an increasing
amplitude component with much slower dynamics than
SeCN− in the bulk. The slow component is attributed to the
diffusive reorientation of SeCN− at the PAAm/water interface
hindered by the large polymer fibers.
The anisotropy decay of SeCN− in bulk D2O has been

studied in detail by both experiments and simulations.41,42 A
biexponential decay fits the anisotropy well (Figure 3) and is
analyzed with the wobbling-in-a-cone model, similar to the
water anisotropy decay in hydrogels discussed above. The
orientational dynamics in bulk water also include an inertial
cone of θi = 11.3 ± 0.1°. Selenocyanate’s wobbling and
orientational diffusion dynamics in bulk water appear in Table
1. The major contribution to the decay is orientational
diffusion on the time scale τm = 4.5 ps.
All of the hydrogel anisotropy decays (Figure 3) require

triexponential functions to fit. In addition to the two
exponential components similarly found in bulk aqueous
solutions, there is the much slower exponential decay
component assigned to SeCN− at the PAAm/water interface.
We performed a global triexponential fit where the slowest
component in hydrogels from T = 5% to 40% share the same
time constant. Orientational relaxation of interfacial SeCN−

was assumed to be independent of the polymer concentration,
as the interaction of the SeCN− is very local. The time
constants of the other two exponential components and all
exponential amplitudes were allowed to vary during fitting
procedures. The resulting time constants are shown in Table 1.
The triexponential fit lines shown in Figure 3 agree with the

experimental data exceedingly well. The shared slow time
constant determined from the global fit is τm

fiber = 62.5 ± 3.1 ps
and is within the error bars of the values determined for each
PAAm concentration fit individually. The relative contribution
of the slow component amplitude to the overall anisotropy
decay is 2.0%, 4.5%, 10.0%, and 18.2%, for T = 5%, 10%, 25%,
and 40%, respectively. The values are nearly identical to the
geometric fractions of interfacial water in hydrogels shown in
Table S2. The amplitude percentage of the slow component
tracks the polymer mass concentration proportionally with a
slope of 0.44 (R2 = 0.99), agreeing well with a predicted slope

Figure 3. SeCN− anisotropy decays measured at the peak centers for
bulk water and hydrogels (points) with the biexponential fit for bulk
water and triexponential fits for hydrogels (solid lines). (Inset)
Isotropic pump−probe decays at peak centers (points) for SeCN− in
the 5%, 10%, and 40% PAAm hydrogels with single-exponential fits
(solid lines) to determine the vibrational lifetimes.
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of 0.43 (see Supporting Information, Section C). This slow
component can therefore be attributed to interfacial SeCN−

with near certainty.
In contrast to SeCN−, water molecules did not display a

distinct contribution to reorientation associated with inter-
action with the polymer fibers. This difference is likely caused
by the fundamental difference in the manners in which water
and a solute like SeCN− undergo orientational relaxation.
SeCN− undergoes Gaussian orientational diffusion through
continuous small angular fluctuations.42 When very close to a
fiber, these motions will be inhibited by the SeCN− making
close contact with the essentially immovable fiber. In contrast,
water undergoes jump reorientation.55,82 Water orientational
relaxation is a concerted process in which many water
molecules simultaneously rearrange their hydrogen-bond
partners. The result is an ∼60° angular jump each time the
concerted H-bond reorganization occurs. This is very different
from small angular steps that give rise to Gaussian angular
diffusion. Water forms H bonds to the fiber, which has both
donor and acceptor sites. The water-fiber H-bond strengths are
within the range of water−water H-bond strengths as shown
by the linear spectrum. A water molecule can break an H bond
to the fiber and jump to H bonding to a water molecule in a
manner similar to a water−water rearrangement. These water−
fiber to water−water jumps are not expected to be identical to
jumps involving only water, but if they are similar, the
experiment will not reveal the small difference.
The time constants of the other two exponential

components of the SeCN− reorientation are much closer to
but still slower than those measured in bulk water. The time
constant for complete orientational randomization, τm,
increases steadily from the bulk value as the PAAm
concentration T increases (Table 1). Similar to bulk solutions,
these SeCN− anions also undergo wobbling-in-a-cone
dynamics, with both a larger value for the wobbling correlation
time τc and cone half angle θc as compared to the bulk
solution. The diffusion times for SeCN− wobbling in the
hydrogels are almost independent of PAAm concentration
(Table S1) as τc and θc do not vary significantly (Table 1). The
cone angle in the hydrogels is larger than for SeCN− in bulk
solution. These contributions to orientational relaxation
correspond to SeCN− fully solvated in the water nanopools.
The nonbulk time constants show that solvated SeCN− takes
longer to diffusively sample orientations, even for the low
concentration of T = 5%.
The degree of slowing down for SeCN− agrees with that

measured from HOD molecules (Table 1). A SeCN− anion
forms a number of hydrogen bonds intimately with the water
molecules solvating it.42 As the water hydrogen-bonding
network becomes hindered by the polymer confinement,
slowing down the angular jumps necessary for H-bond
rearrangement, the SeCN− anions dissolved in water also
slow down. Effectively, the water nanopool viscosity is
increasing. Between T = 5% and 40%, the full randomization
time constant τm increases more than 60% from 5.3 to 8.6 ps.
The confinement of the water environment solvating SeCN−

significantly impacts the slower full orientational random-
ization process. The faster, more local, wobbling dynamics are
affected less by increasing confinement.
3.4. 2D IR Measurements of HOD in Water. 2D IR

experiments were conducted on bulk water and hydrogels at
5−40% PAAm concentration, interrogating the structural
dynamics reported by the O−D stretch mode of the 5%

HOD probe. 2D IR measures frequency fluctuations, which are
caused by structural changes. Therefore, tracking the
correlation function of vibrational frequencies is a measure-
ment of the correlation function of local structures. The H-
bond strength and number determines the O−D absorption
frequency, so we can equally think of the FFCF as directly
characterizing the rate and magnitude of changes in H-bond
network structure.
The CLS decays (normalized FFCFs) for all PAAm

concentrations and over the full 0.16−2 ps waiting time
range are shown in Figure 4A (points). A representative 2D IR

spectrum for HOD in the T = 40% hydrogel, taken at waiting
time 0.3 ps, is shown in the inset. Biexponential decays, shown
as solid lines in Figure 4A, describe each CLS decay extremely
well. Similar to the anisotropy decays for HOD in the
hydrogels, there is still considerable downward slope at the last
few data points collected for each gel sample. Therefore, an
additional very slow contribution to the CLS decay is unlikely.
The resulting FFCFs are given in Table 2.

Figure 4. (A) CLS decays for the O−D stretch of HOD in bulk water
and hydrogels from 5% to 40% PAAm (points) with biexponential fits
to the data (lines). (Inset, A) 2D IR spectrum of HOD in the 40%
PAAm gel with a waiting time of 0.3 ps. (B) CLS decays for the nitrile
stretch of SeCN− in bulk water and hydrogels (points) with the
biexponential fit for bulk water and triexponential fits for hydrogels
(solid lines). (Inset, B) 2D IR spectra of SeCN− in the 10% PAAm gel
at waiting times of 0.5 and 50 ps.
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Additional examples of 2D IR spectra for HOD in the
hydrogels, illustrating the center lines for CLS determination,
are provided in the Supporting Information, Figure S6. The
center lines had no deviations from linearity over the center
regions of the 2D spectra. A band consisting of two ensembles
with distinct dynamics would show significant curvature in the
center line.90 This provides additional evidence that the entire
water nanopool behaves as a single dynamical ensemble.
For bulk water, the O−D stretch spectral diffusion occurs on

two well-established time scales of 0.4 ± 0.1 and 1.7 ± 0.1
ps,15,16,40 which the present measurement reproduces within
the error (Table 2). The nature of the two decay components
has been identified from molecular dynamics (MD) simu-
lations. The fast component is caused by very local hydrogen-
bond length fluctuations with also a small contribution from
angular fluctuations.15,16,56,75 The slower component is caused
by the complete randomization of the H-bond net-
work.15,16,56,75 All of the hydrogel samples display a fast
component that is within the error bars the same as that found
for bulk water (Table 2). The hydrogel does not influence the
very local H-bond motions. When fit independently, the fast
components for the hydrogel samples (T = 5−40%) did not
differ from each other. To better determine the long time
constants in the presence of experimental error and with a
limited waiting time range, the value for τ1 was shared between
the data sets, with the remaining biexponential parameters
freely varied.
In analogy to bulk water, the longer time scale component

should result from complete randomization of the H-bond
network’s structure, including the breaking and reformation of
H bonds with new donors and acceptors.15,16,56,75 The slow
component increases steadily from 1.7 ps for bulk water to ∼5
ps at the highest PAAm concentrations (Table 2). To observe
the clear trend of H-bond network rearrangement slowing
down with increasing T, Table 2 also includes the integrated
FFCF correlation time, τcor, which progressively increases from
1.0 ps for bulk water to 3.5 ps for 40% PAAm. The slowing of
H-bond rearrangement with increasing polymer concentration
demonstrates the influence of nanoconfinement in the gel on
the water dynamics.
While the HOD absorption band has essentially the same

width for all hydrogels, the contributions to this width vary

with PAAm concentration. The homogeneous line width Γ
decreases systematically as T increases (Table 2), which is also
evident in Figure 4 from the increasing initial CLS value.
Ultrafast fluctuations with Δ × τ ≪ 1 result in a motionally
narrowed component, contributing Γ* = Δ2τ/π to the
homogeneous width. As the polymer concentration in the
gels increases, these fluctuations must become faster in τ or
sample less of a spectral range in Δ to cause the decreasing
trend in Γ. It is more likely that a decrease in Δ is responsible
for the decrease in Γ as T increases, rather than an acceleration
in τ while all other dynamics slow down.
H-bond dynamics on the fastest measured time scale of ∼0.4

ps have a trend toward a smaller amplitude of Δ1 as the PAAm
concentration is increased. The decreases in Γ and Δ1 are
made up for by a clear increase in Δ2 as T increases. In
addition to the H-bond rearrangement time scale becoming
slower (from 1.7 ps for the bulk to ∼5 ps at 40% PAAm), more
of the structural relaxation depends on these slower H-bond
network fluctuations.
As discussed in section 3.2, the hydrogels have water pools

of characteristic sizes between ∼11 nm for the lowest PAAm
concentrations and ∼2.6 nm for the highest PAAm
concentrations based on two simple models (see also
Supporting Information, Table S2). The slowing of the H-
bond network rearrangement at all PAAm concentrations gives
further indications that these size calculations are of the correct
scale, as the water properties must approach those of the bulk
for large characteristic water pool sizes.

3.5. 2D IR Measurements of SeCN−. 2D IR measure-
ments were performed on the nitrile stretch mode of SeCN−

for hydrogels with T = 10%, 25%, and 40%. The measured
CLS decay curves of SeCN− dissolved in bulk water and in the
PAAm hydrogels with various concentrations T are compared
in Figure 4B (points). In bulk water, the biexponential spectral
diffusion of SeCN− tracks the randomization of the water
hydrogen-bonding network.41,42 In aqueous solution, a SeCN−

anion forms hydrogen bonds with water molecules. The
instantaneous vibrational frequency of a SeCN− anion is
sensitive to the hydrogen-bonding configuration.42 The faster
time constant associated with bulk water−SeCN− hydrogen-
bond fluctuations is τ1 = 0.5 ± 0.1 ps, and the slower time
constant associated with complete hydrogen-bonding config-

Table 2. Complete FFCFs, Determined from Fits to the CLS and the Linear Absorption Spectrum, for the O−D Stretch of
HOD and the C−N Stretch of SeCN− in Bulk Solution and Hydrogels

sample Γ (cm−1)a Δ1 (cm
−1) τ1 (ps) Δ2 (cm

−1) τ2 (ps) τcor (ps)
b Δ3 (cm

−1)c τ3 (ps)

HOD in H2O
bulk water 67 ± 7 38 ± 1 0.31 ± 0.05 35 ± 2 1.7 ± 0.2 1.0 ± 0.1
5% PAAm 62 ± 7 39 ± 2 0.38 ± 0.04 36 ± 2 2.7 ± 0.4 1.4 ± 0.2
10% PAAm 60 ± 4 34 ± 1 0.38 ± 0.04 41 ± 1 3.3 ± 0.4 2.1 ± 0.2
25% PAAm 56 ± 4 35 ± 1 0.38 ± 0.04 42 ± 1 4.8 ± 0.8 3.0 ± 0.5
40% PAAm 46 ± 3 30 ± 2 0.38 ± 0.04 49 ± 1 4.7 ± 0.4 3.5 ± 0.3
SeCN− in D2O
bulk water 9 ± 1 8.6 ± 0.4 0.5 ± 0.1 10.7 ± 0.5 1.4 ± 0.1 1.0 ± 0.1
10% PAAm 11 ± 1 10.1 ± 0.6 0.9 ± 0.1 6 ± 1 2.6 ± 0.5 1.3 ± 0.2 2.5 ± 0.1 44 ± 4
25% PAAm 11 ± 1 9.9 ± 0.3 1.1 ± 0.1 6.5 ± 0.7 3.9 ± 0.6 1.9 ± 0.3 3.2 ± 0.1 44 ± 4
40% PAAm 10 ± 1 9.5 ± 0.3 1.3 ± 0.1 7.0 ± 0.4 5.0 ± 0.6 2.6 ± 0.3 4.1 ± 0.2 44 ± 4

aΓ = 1/(πT2) is the fwhm of the Lorentzian homogeneous line shape, with T2 being the total dephasing time. The frequency fluctuation amplitudes
Δk are standard deviations of the Gaussian inhomogeneous line shapes, which are convolved for the total inhomogeneous contribution: Δtotal

2 =
∑kΔk

2. The fwhm of the inhomogeneous line shape is given by Δfwhm = 2.355 × Δtotal.
bIntegrated correlation time calculated for the Tw-dependent

part of FFCF decay for the fully solvated HOD or SeCN− probes but excluding fiber-associated SeCN− ions. cContribution to inhomogeneous
band from polymer fiber-associated probe molecules.
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uration randomization is τ2 = 1.4 ± 0.1 ps, in good agreement
with previous measurements and molecular dynamics simu-
lations.29,41,42 The fitting parameters are listed in Table 2.
These time constants are very close to the spectral diffusion
time constants of HOD measured in H2O discussed above,
essentially within the error bars. As the water hydrogen-bond
configurations randomize, SeCN− samples all configurations
that give rise to the inhomogeneously broadened absorption
line.
It was possible to measure the spectral diffusion dynamics to

∼60 ps because of the long vibrational lifetime of the nitrile
stretching mode. Example 2D IR spectra for the T = 10%
sample at short and very long waiting times are shown in the
inset to Figure 4B. Additional 2D IR spectra for different
polymer concentrations and various waiting times are available
in the Supporting Information, Figure S7.
In the hydrogels, the CLS decay curves were fit to

triexponentials (Figure 4B, solid lines). Visual inspection of
the data in Figure 4B shows a slow, small amplitude, spectral
diffusion term lasting tens of picoseconds in hydrogels. Similar
to the treatment of anisotropy decays, we performed a global
fit with the third exponential term sharing the same time
constant across hydrogels with different T. This shared time
constant is τ3 = 44 ± 4 ps, and we assign it to the interfacial
SeCN− interacting with polymer fibers (see Table 2). Spectral
diffusion of the OD stretch of HOD has a slowest component
of ∼5 ps in the highest concentration PAAm gels. Therefore,
the spectral diffusion dynamics of interfacial SeCN− do not
fully sample their inhomogeneous line widths on the time scale
during which essentially all water molecules in hydrogels have
randomized their hydrogen-bond configurations. As shown by
the peak shift of linear absorption spectra in Figure 1B,
interactions between SeCN− and PAAm polymer fibers cause
inhomogeneous broadening in addition to the interactions
between SeCN− and water. Sampling of this additional
inhomogeneity involves significantly slower motions. SeCN−

ions associated with the fiber may have to move relative to the
fiber or leave the fiber to sample this component of the
inhomogeneous line. The contribution to the total inhomoge-
neous line from the interfacial component, Δ3, increases as T
goes from 5% to 40% because a larger fraction of SeCN− ions
are adjacent to polymer fiber, as was discussed for the
anisotropy decays above.
The shortest and middle time constants τ1 and τ2 (Table 2)

are associated with the dynamics of SeCN− fully solvated by
water in the hydrogel pores. In the gels, τ1 and τ2 are both
significantly slower than values for SeCN− in bulk water. As T
increases from 5% to 40%, τ1 increases from 0.9 ± 0.1 to 1.3 ±
0.1 ps and τ2 increases from 2.6 ± 0.5 to 5.0 ± 0.6 ps. The
slower spectral diffusion term τ2 is more sensitive to the
polymer concentration than the faster term τ1. The τ2 values
are within experimental error of the values found for HOD in
H2O for the same polymer concentration. Therefore, in the
hydrogel pores, the complete spectral diffusion time scale of
SeCN− vibrational frequencies still tracks the polymer-
confined H-bond rearrangement dynamics of the surrounding
water molecules. These structural dynamics result in the
sampling of different water−anion hydrogen-bond configu-
rations, modulating the frequency of the SeCN− stretch. As the
water hydrogen-bonding network in this confined, nonbulk,
state takes more time to fully sample all configurations, the
spectral diffusion dynamics of the dissolved anion are slowed
down accordingly. Comparing to the anions at the polymer/

water interface, the structural fluctuations experienced by
SeCN− fully solvated by water are nearly an order of
magnitude faster than those associated with the fibers.
The faster time scale fluctuations, τ1, change with polymer

concentration for the SeCN− probe, while they are constant
within error for HOD. For HOD, these fast dynamics are
caused by very local H-bond length fluctuations associated
with the D, which are independent of the change in the global
H-bond randomization dynamics. However, the nitrile can
make several H bonds with water.42 Apparently the multiple H
bonds and possibly the much larger mass of SeCN− compared
to HOD result in greater sensitivity to the polymer induced
changes in the H-bond network.

4. CONCLUDING REMARKS
In this paper we applied ultrafast PSPP IR spectroscopy and
2D IR spectroscopy to investigate the dynamics of water
confined in the pores of PAAm hydrogels using two different
probe molecules: water (HOD) and the selenocyanate ion
(SeCN−). For hydrogels studied (polymer concentration 5%
and above) the reorientation dynamics of the probes reported
by the anisotropy decay and the hydrogen-bonding network
reorganization dynamics reported by the spectral diffusion
have slowed down significantly from bulk water. Both HOD
and the solvated SeCN− were found to report very similar
slowing of the H-bond dynamics. The water dynamics become
increasingly slow as the polymer mass concentration increases.
From the spectroscopic data measured from HOD

molecules, the entire hydrogen-bonding network of water
molecules in hydrogels slows down as a single ensemble
without a distinction between a “shell” of water at the polymer
fibers and “core” water further away from the fibers. This is
attributed to water’s unique ability to form three-dimensional
hydrogen-bonding networks and the structure of PAAm, which
is neutral in charge and has H-bond donors and acceptors
along its fibers that do not disrupt the water network. In
contrast, the SeCN− spectroscopic observables exhibit two-
component dynamics, where we assign the faster components
to anions fully solvated in water pools and another much
slower component on the time scale of tens of picoseconds to
anions strongly interacting with the polymer fibers.
Using both the solvent (HOD) and a dissolved solute

(SeCN−) as a probe, no bulk-like water was detected in
hydrogels between the lowest (5%) and the highest (40%)
PAAm concentrations studied here; all water molecules are
affected by gelation to some extent. Estimates of the pore sizes
were calculated using simple limiting models for the polymer
network topography.83 Comparison to the well-known sizes of
AOT reverse micelles84,85 and their confinement effects on
water dynamics26−28 showed these hydrogel pore size
estimates from the Ogston model and the cubic lattice
model were reasonable for the dynamical slowing observed in
the data. Even at PAAm concentrations as low as 5%, the
maximum pore diameter was found to be less than 14 nm
using the cubic lattice model, in contrast to some other
experimental methods that have suggested much larger average
pore sizes.86−89 Our results are in agreement with recent work,
in which the average pore diameter of PAAm with T = 4% and
C = 3.3% was measured as 11 nm by modeling the diffusion of
polymeric dextran molecules in PAAm.91

The global water dynamics in the hydrogel nanopools
observed here differ from water in some other polymer-
crowded environments. Recent studies by Cho and Kubarych
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examined the dynamics of water (HOD) and H-bond-sensitive
vibrational probe molecules (azide and a metal carbonyl
complex) in solutions of polyethylene glycol (PEG) as a model
for crowded cytoplasm-like environments.43,50 Both groups
found a large population of bulk-like water even in highly
crowded samples. These studies suggested PEG chains may be
special in their ability to take on conformations that minimally
disrupt the 3D H-bond network of water. PAAm as the basis of
the hydrogels studied in the present work, even though it
provides H-bond donor and acceptor sites, forms a far more
perturbative polymer network when cross-linked as seen in the
slowing of the global water dynamics. This is consistent with
the fact that even low-concentration solutions of PAAm in
water form hydrogels rather than liquid solutions. In hydrogels,
the specific dynamics of confined water may depend much on
the chemical structure of polymer side chains. However, it is
important to note that studies of water confined in reverse
micelles showed only small differences between reverse
micelles with charged and neutral interfaces.92 To further
understand the dynamics in hydrogel pores, the results here
could be compared with other hydrogels containing different
side chain groups, such as poly(vinyl alcohol), polyvinyl methyl
ether, and poly-N-isopropylacrylamide. There are likely to be
significant differences in water dynamics between polymers
that are both H-bond donors and acceptors, as studied here,
and polymers that are not.
The results presented above provide direct time-resolved

measurements of the dynamics of water and a small solute in
hydrogels on the fast time scales of molecular motions. This
quantitative explication of the confined water H-bond network
dynamics can provide benchmarks for simulations on polymer-
crowded water. Biomolecule behavior can depend strongly on
the solvating water dynamics,51 which is much different in
hydrogels than in the bulk. The results enhance our
understanding of hydrogels and may facilitate future
applications of this class of materials as novel transport
media and reaction media.
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