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ABSTRACT: Using quasi-elastic neutron scattering (QENS), we study
the dynamics of water in a concentrated poly(N-isopropylacrylamide)
solution over a large temperature range across the demixing transition at
pressures of 0.1 and 130 MPa. The QENS spectra extending in
frequency from 1 to 3 × 103 GHz and in momentum transfer from 0.45
to 1.65 Å−1 reveal the relaxation of hydration water as well as multiple
dynamic processes in bulk water. At the cloud point, the fraction of
hydration water decreases abruptly at 0.1 MPa, whereas at 130 MPa, it
decreases smoothly. The susceptibility spectra of hydration water occur at lower frequencies than those of pure water and the
dependence of the relaxation times on momentum transfer can be described by a jump-diffusion model. At a pressure of 0.1
MPa, the hydration water remaining in the two-phase region is more constrained than at 130 MPa. We attribute these findings
to the pressure-dependent hydration interactions.

■ INTRODUCTION

Hydration water is of fundamental importance for the structure
and functionality of macromolecules. For instance, it is
essential for structural flexibility in the biological action of
proteins,1,2 and it is a key factor for the responsiveness of
polymers to external stimuli.3−5 A comprehensive picture of
the water dynamics in the surroundings of macromolecules is
therefore paramount for identifying the processes involved in
phase transitions of responsive polymers in aqueous solution.
The way in which water molecules move may appear as a
seemingly general feature of hydration water. Similarly to pure
water,6−9 hydration water molecules may diffuse through
jumps between cages formed by neighboring molecules.
Between these jumps, the water molecules stay in place and
perform a local motion.10−12

The motion of water molecules in the hydration shell of
macromolecules is, however, constrained with respect to bulk
water; i.e., their motion is spatially and/or temporally
hindered.10,12 The diffusive properties of hydration water
depend strongly on the type of macromolecule under
consideration: In the case of proteins in their native state,
the presence of a shell with a certain roughness and disorder
leads to anomalous subdiffusion of hydration water; i.e., the
mean-square displacement is nonlinear in time.1,13−15 In
polymer solutions16−18 or solutions of small molecules,19

where such surface structures are much less pronounced, a
broad distribution of normal diffusive processes is often
observed instead. These two cases show that the structure of
the solute influences the hydration water strongly.
The dynamics of hydration water at phase transitions in

polymer solutions have only sparsely been investigated. Here,
we address the phase behavior of the thermoresponsive
polymer poly(N-isopropylacrylamide) (PNIPAM) in aqueous
solution around its cloud point. At atmospheric pressure,
PNIPAM shows lower critical solution temperature (LCST)
behavior with a critical temperature of ∼32 °C.20 The
solubility of PNIPAM is governed by the competing,
temperature-dependent hydration of hydrophilic and hydro-
phobic groups.20,21 In the one-phase region, PNIPAM exhibits
a coil-like conformation due to the hydration of both
hydrophilic and hydrophobic groups. When the two-phase
region is reached by heating through the cloud point,
cooperative dehydration of hydrophobic groups causes the
chains to collapse, which is followed by the aggregation of the
chains.22,23 The hydrophilic groups retain a substantial amount
of hydration.21,23,24 Changes of the dynamic properties of
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water at the phase transition were probed using quasi-elastic
neutron scattering (QENS)11,25 and dielectric relaxation
spectroscopy (DRS).26 At the phase transition temperature,
the fraction of hydration water was found to steeply decrease;
i.e., the chains dehydrate. The mobility of the remaining
hydration water is strongly reduced with respect to bulk
water.11,26−28

The hydration properties of PNIPAM in aqueous solution
also depend on pressure. The coexistence line in the pressure−
temperature plane is an ellipse with a maximum at ∼65 MPa
and ∼35 °C.29−33 At pressures beyond the maximum, other
mechanisms than the mentioned ones may become dominant
in the phase separation of aqueous PNIPAM solutions.
Because of the weakening of the hydrophobic effect at high
pressure,34−38 the chains stay hydrated in the phase-separated
state.39,40 This results in the formation of larger aggregates that
contain more water than at atmospheric pressure.40 At high
pressure, the driving force behind phase separation may
therefore include other factors than dehydration, and thus the
hydration water plays a different role than at atmospheric
pressure. MD simulations suggested that the driving force for
pressure-induced phase separation is the reduction of excess
volume of PNIPAM chains in water upon aggregation.41

Both temporal and spatial variables determine the dynamic
structure of hydration water. Quasi-elastic neutron scattering
(QENS) is thus a method of choice to investigate its dynamics,
since it covers the relevant time and length scales. Previous
QENS investigations of aqueous PNIPAM solutions at
temperatures around the cloud point in dependence on
pressure25 were limited by narrow ranges in both energy and
momentum transfer. It was found, though, that high pressure
leads to a gradual phase transition due to the weakening of
hydrogen bonding of water molecules. In this study, we
employ QENS over an extended range of momentum and
energy transfer to investigate the role of hydration water in a
concentrated aqueous PNIPAM solution through temperature
scans around the cloud point at both atmospheric and high
pressure of 130 MPa, i.e., on the left and on the right side of
the maximum of the elliptical coexistence line.
Characterization of the hydration water is complicated by

the presence of bulk water dynamics that already comprises
three processes.42 We therefore selected an energy window of
our QENS experiment that spans more than 3 decades and
convert the dynamic structure factors into the dynamic
susceptibilities. This representation allows a more transparent
separation of polymer−water contributions from those of bulk
water in dependence on temperature and pressure.
The paper is organized as follows: After the Experimental

Section, the overall features of the QENS experiments as well
as the procedures for data analysis are discussed. In the first
part of the Results section, we analyze the dynamics of pure
water at ambient and high pressure. The main part of the
Results section deals with the water dynamics in the PNIPAM
solution. Here, the relative fraction of hydration water and its
relaxation time in dependence on temperature and pressure are
evaluated. Finally, the chain dynamics are discussed.
Conclusions on the behavior of the hydration water around
the demixing transition in dependence on pressure are
presented at the end.

■ EXPERIMENTAL SECTION
Materials. Poly(N-isopropylacrylamide) with a molar mass Mn =

36 kg mol−1 and a dispersity of 1.26 (end groups carboxylic acid and a

hydrogen atom, respectively) was purchased from Sigma-Aldrich. The
polymer was dissolved in deionized H2O at a polymer concentration
of 25 wt %. At this concentration, the molar ratio of NIPAM
monomers to water molecules equals 1:19. From the calculated values
of the coherent and incoherent scattering cross sections (listed in
Table 1), it follows that 77% of the detected neutrons were scattered
by H2O. Because of the large incoherent cross section of hydrogen,
the coherent contribution to the spectra can be neglected. For
comparison, pure H2O was measured under the same conditions.

Quasi-Elastic Neutron Scattering (QENS). QENS measure-
ments were conducted at the time-of-flight spectrometer TOFTOF at
the FRM II, Garching, Germany.44,45 A wavelength of the incident
neutron beam of 6 Å along with a rotation speed of the chopper
system of 14000 rpm was selected. With these configurations, an
elastic energy resolution of ∼0.03 meV (HWHM) and energy
transfers from −10 to 1.5 meV were obtained; i.e., the measurements
were performed at the system energy-loss side.

The sample was mounted in an aluminum (EN AW-7075) pressure
cell, suitable for pressures up to 200 MPa,46 and was placed at an
angle of 135° with respect to the incident neutron beam. Heating
scans from ∼27 to ∼55 °C were performed in steps of 1−3 °C at
atmospheric pressure (0.1 MPa) and at 130 MPa. The cloud points
are at Tcp = 31.4 ± 0.1 and 34.1 ± 0.1 °C for 0.1 and 130 MPa,
respectively, as determined by turbidimetry (for details, see the
Supporting Information). The measuring time at each temperature
was 60 min at atmospheric pressure and 120 min at 130 MPa with 30
min equilibration time after each temperature change. Pure H2O was
measured as a reference at selected temperatures at both pressures.
The signal was recorded with ∼1000 He3 detector tubes, covering an
angle from 7.5° to 140°. The shadow area of the cell around 135° was
excluded, which resulted in an accessible range of momentum
transfers, q, from 0.15 to 1.65 Å−1. The spectra were normalized to the
incoming neutron flux and a vanadium standard measurement. An
empty pressure cell measurement was performed and was subtracted
from the data. The time-of-flight data recorded by the detectors were
then converted to energy transfers of the neutrons, normalized to the
energy-dependent detector efficiency and binned in groups of equal
Δq. The empty pressure cell and a thin vanadium slab were measured
to perform background corrections and calibrations. These operations
were performed using the TOFTOF data reduction routines within
Mantid.47

■ RESULTS AND DISCUSSION
Overall Features of QENS Spectra. The dynamics of

water in a 25 wt % PNIPAM solution in H2O is investigated
with quasi-elastic neutron scattering (QENS) at atmospheric
pressure (0.1 MPa) and at 130 MPa around the respective
cloud point temperatures. The polymer concentration of 25 wt
% corresponds to a molar ratio of NIPAM monomers to water
molecules of 1:19. In several experiments, though, the number
of water molecules that on average interact with each PNIPAM
monomer was found to be 11 in the one-phase
region.23,26,28,48,49 Therefore, a significant part of water in a
25 wt % PNIPAM solution is expected to be hydration water.
To assign the measured quasi-elastic signal in the polymer
solution to the different species of water, the spectra of pure

Table 1. Calculated Coherent and Incoherent Neutron
Scattering Cross Sections for NIPAM Monomers and
Watera

compound composition
incoherent cross section

σi [b]
coherent cross section

σc [b]

NIPAM C6H11NO 883.54 67.89
water H2O 160.54 7.74

aCalculations are based on the scattering cross sections in ref 43.
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water at the same temperatures and pressures are used as a
reference. Figure 1 depicts the dynamic structure factors
S(q,ΔE) at q = 1.65 Å−1 of pure water and of the 25 wt %
PNIPAM solution at 27.2 °C at 0.1 MPa (Figure 1a) and 130
MPa (Figure 1b), i.e., in the one-phase region. At both
pressures, clear differences between pure water and the 25 wt
% PNIPAM solution are evident: The dynamic structure factor
of the 25 wt % PNIPAM solutions shows an enhanced
intensity at low energy transfers (below 0.25 and 0.12 meV for
0.1 and 130 MPa, respectively), indicating the presence of
slowly moving moieties. These are tentatively attributed to
both hydration water and the polymer segments. Thus, the
dynamic structure factor of aqueous PNIPAM solutions is
composed of several contributions that in a simple
approximation could be modeled by a superposition of
Lorentzian line shapes.11,25,50

The different processes can be distinguished better when the
dynamic structure factor is transformed into the imaginary part
of the corresponding dynamic susceptibility, χ″(q,ν). This has
become common practice for liquids and aqueous solutions of
biomacromolecules,13,19,51−54 and it also allows for direct
comparison with spectroscopic data. The frequency ν follows
from the energy shift as ν = ΔE/h where h is Planck’s constant.
Taking into account the detailed-balance factor, χ″(q,ν) is
related to S(q,ν) on the system energy-loss side by the
fluctuation−dissipation theorem via the relation42

χ ν
ν

ν
″ ∝

−
q

S q
n

( , )
( , )

( )B (1)

where nB is the Bose factor,55
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with kB being Boltzmann’s constant and T the absolute
temperature. In this representation, the weighting with the
Bose factor reduces the elastic contribution,56 and the dynamic
processes of water are more easily discernible. Accordingly, the
data are presented and analyzed in the form of susceptibility
spectra.

QENS Spectra of Pure Water. For a clear separation of
the bulk and the hydration water in the dynamic properties of
PNIPAM solutions, we carefully conducted QENS measure-
ments of pure H2O at atmospheric and high pressure in the
same sample cell as the PNIPAM solution and analyzed the
data in the same way. Figure 2 shows the susceptibility spectra
at q = 1.65 Å−1 of pure H2O measured at 0.1 (a) and 130 MPa
(b) at both 27.2 and 55.2 °C, i.e., below and above the cloud
point of the PNIPAM solution.

In pure H2O, three relaxation processes can be distinguished
over the frequency range from 1 to ∼5000 GHz: a diffusional
process (marked d in Figure 2) centered at ∼8 × 101 GHz, an
effective local process (l) centered at ∼3 × 102 GHz, and a
vibrational process (v) centered at ∼2 × 103 GHz, in
accordance with ref 42. Therefore, the susceptibility spectra
of pure H2O are modeled by the following function:

χ ν χ ν χ ν χ ν″ = ″ + ″ + ″( ) ( ) ( ) ( )q q d q l q v, , , (3)

Both the diffusional process and the effective local process are
parametrized by Debye functions:

χ ν
π τ ν

″ = −
+

l
moo
noo

|
}oo
~oo

C
i

( ) Im
1

1 2q i q i
i

, ,
(4)

Figure 1. Dynamic structure factor S(q,ΔE) of H2O (black full line)
and the 25 wt % PNIPAM solution in H2O at q = 1.65 Å−1 and 27.2
°C at 0.1 MPa (a, blue line) and 130 MPa (b, green line). The insets
show S(q,ΔE) in a narrower range of ΔE. Black dashed line: elastic
line from the measurement on vanadium.

Figure 2. Dynamic susceptibilities of pure H2O measured at q = 1.65
Å−1 at 0.1 MPa (a) and 130 MPa (b). For each pressure, data at two
temperatures are displayed: at 27.2 °C (blue symbols) and at 55.2 °C
(red symbols). Full black lines: cumulative fits of eq 3. Deconvoluted
contributions to the fitting function: diffusive process d (olive lines),
effective local process l (turquoise lines), and a vibrational process v
(orange lines) with dashed lines for 27.2 °C and dotted lines for 55.2
°C.
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where Cq,i is a q-dependent scaling factor. τi denotes the
relaxation time, which is related to the peak frequency by τi =
(2πνmax)

−1. The index i stands for d or l. The Debye function
describes a homogeneous relaxation process, i.e., a single-
exponential decay in the time domain.57 A damped harmonic
oscillator (DHO) function accounts for the vibrational
relaxation process:54,58

χ ν ν
ν ν ν π

″ = −
− − Γν

l
moo
noo

|
}oo
~oo

C
i

( ) Im
1

( /2 )q v q, , 0
2

2
0

2
(5)

with Cq,v a scaling factor, ν0 the peak frequency, and Γ the
width at half-maximum. The vibrational process was previously
assigned to intermolecular O−O−O bending vibrations59−61

and therefore reflects the stiffness of the hydrogen bonding
network.62

The fits of eq 3 to the susceptibility spectra of pure H2O are
shown in comparison with the data in Figure 2. The effective
local process and the vibrational process change position only
slightly with temperature, whereas a clear dependence on
temperature is observed for the diffusive process at both 0.1
and 130 MPa: At 55.2 °C, the peak is shifted to higher
frequencies, meaning that the diffusion becomes faster with
increasing temperature, as expected. The q dependences of the
relaxation times of the diffusive and the effective local process
are displayed in Figure 3a.
For both temperatures, the relaxation time τd(q) approaches

a q−2 behavior at low q values, confirming that the peak at low
frequencies indeed has the characteristics of a diffusive
relaxation process. At higher q values, the dependence becomes
weaker, pointing to a more localized process at high q values.

This behavior, where water molecules perform local motions
for a certain time before they rapidly jump to a new position,
can be described by the isotropic jump model:6,9,63

τ τ= +
Ä
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6
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where the residence time τ0 and an apparent jump length l
relate to both the translational displacement and the residence
time distribution. In the low q limit, a purely diffusive process
is observed with diffusion coefficient D = l2/(6τ0). Although
this model is strongly simplified, e.g., concerning the
mechanism of the jumps,9 and its validity has been under
debate,8,64 it has been successfully used to describe the
diffusion of bulk water molecules in wide ranges of
temperature7,9 and pressure.65,66 The jump diffusion model is
useful for quantitative comparison because it can also be
applied to the diffusion of hydration water of PNIPAM, as will
be discussed below.
The residence time and apparent jump length of pure water,

τ0,d and ld, are obtained from the fits with eq 6. The fits are
exemplarily shown in Figure 3a, while τ0,d and ld are displayed
in Figures 8a and 8b. At both pressures, τ0,d decreases from
∼0.4 to ∼0.2 ps with increasing temperature, whereas ld
scatters around an average value of 0.75 Å. The diffusion
coefficients are given in Figure 3b. The values obtained at 0.1
MPa, namely D = (2.6 ± 0.4) × 1011 Å2 s−1 at 27.2 °C and D =
(4.0 ± 1.1) × 1011 Å2 s−1 at 55.2 °C, are in excellent agreement
with literature values.67−69 The diffusion coefficients measured
at 0.1 and 130 MPa are equal within the uncertainties, in
accordance with literature data.70 The relaxation time of the
effective local process depends only weakly on q, namely
approximately like q−1 (Figure 3a). Several theories were put
forward to explain the physical nature of this process,71−74 but
no consensus has been reached yet.
These results are in agreement with other studies on the

dynamic behavior of water and validate the procedure used for
the analysis of the QENS data. We now proceed to the analysis
of water dynamics in the PNIPAM solution.

Dynamic Properties of Water in a PNIPAM Solution.
The 25 wt % PNIPAM solution in H2O was measured under
the same experimental conditions as the pure H2O sample.
The dynamic properties of water in the solution are expected
to change considerably, since a large fraction of the water
molecules are close to the polymer, and polymer−water
interactions become significant. Figure 4a shows the dynamic
structure factors S(q,ΔE) at a q value of 1.65 Å−1 in
dependence on temperature at 0.1 MPa. These are trans-
formed into susceptibility spectra according to eq 1 and are
shown in Figure 4b. In the latter, a strong relaxation peak at
low frequencies is observed at low temperatures (27−36 °C),
indicating the presence of a large fraction of hydration water.
At 37 °C, this contribution decreases sharply in intensity,
suggesting that the chains dehydrate strongly. We attribute this
change to the phase transition at the cloud point temperature,
which is measured as Tcp = 31.4 ± 0.1 °C by turbidimetry. (We
cannot exclude a small discrepancy in the temperature
calibration of the pressure cell used for QENS measurements
and the one used for turbidimetry, since the geometry of the
QENS pressure cell allows neither proper insulation nor a
temperature measurement at the sample position.) At the
phase transition, hydrogen bonds between PNIPAM and water
are broken and, instead, inter- and intrachain bonds are

Figure 3. Results on pure H2O. (a) Relaxation times of the diffusive
process (triangles) and of the effective local process (circles) in
dependence on the momentum transfer q at 0.1 MPa at 27.2 °C (blue
symbols) and at 55.2 °C (red symbols). Full lines: fits of the isotropic
jump model (eq 6) to the data of the diffusive process. (b) Diffusion
coefficients from the isotropic jump model at atmospheric pressure
(blue triangles) and 130 MPa (green circles).
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formed, leading to dehydration and consequently aggregation
of the polymers.24,75,76 Cooperative effects, mediated by the
backbone, were found to play a role.22,23,77 At high
temperatures, however, a weak contribution at low frequencies
remains, which is attributed to scattering from very slowly
moving moieties.
Thus, in comparison to pure water, two additional processes

are discernible in the low-frequency range (below ∼50 GHz)
at low temperatures: (I) Relaxation processes significantly
slower than the ones of bulk water are observed in the
frequency region ∼10−100 GHz. These can be attributed to
hydration water, i.e., water that has bonding interaction with
the polymeric chains. (II) At very low frequencies, scattering
from very slowly moving moieties is visible, which may be
attributed to scattering from the polymers, but may also
contain contributions from strongly bound water. Previous
QENS experiments with high energy resolution on PNIPAM
microgels uncovered dynamic processes of the chains with
diffusion coefficients that correspond to contributions in the
susceptibility representation at ∼0.2 and ∼1.8 GHz at q = 1.65
Å−1.78 Although these frequencies cannot be resolved in our
experiment, it cannot be excluded, that fast dynamic processes
of PNIPAM in the one-phase state give a weak contribution to
the quasi-elastic signal.
For the analysis of the measured dynamic susceptibility

spectra, the instrumental resolution has to be considered. To
take this into account, especially for the hydration water
dynamics (I), a reasonable approximation is to use only points
above νres, defined as the HWHM of the resolution function.19

In the present case, νres = 7 GHz, which is much smaller than
the peak frequency of ∼20 GHz of the relaxation process of

hydration water. Because the very slow processes (II) are
beyond the resolution limit of the experiment, they appear
within the elastic scattering whose line shape is given by the
measured resolution function. The elastic line is indistinguish-
able from the resolution function measured with a vanadium
standard. Therefore, we chose to include the measured
resolution function in the deconvolution of the dynamic
susceptibility and vary its amplitude in fits of the PNIPAM
solution, in a similar way as in a previous study.53

Thus, the susceptibility spectra of the PNIPAM solution
were modeled with the expression

χ ν χ ν χ ν χ ν χ ν χ ν″ = ″ + ″ + ″ + ″ + ″( ) ( ) ( ) ( ) ( ) ( )q q el q h q d q l q v, , , , ,

(7)

where the diffusional and the local processes of the bulk water
fraction χq,d′′ (ν) and χq,l′′(ν) were described by Debye functions
(eq 4) and the vibrational process of the bulk water fraction
χq,v′′(ν) by a DHO function (eq 5). χq,el′′ (ν) is the measured
resolution function multiplied by a constant Cq,el:

χ ν χ ν″ = ″C( ) ( )q el q el q Res, , , (8)

The contribution from the relaxation of the hydration water,
χq,h′′ (ν), may be described by a Debye function (eq 4), thereby
assuming dynamic homogeneity of the hydration water.
However, in dielectric studies of aqueous solutions of
PNIPAM in the one-phase region26 and of other water-soluble
macromolecules,2 it was observed that the hydration water
exhibits dynamic heterogeneity, i.e., a distribution of relaxation
times. The relaxation of hydration water is well described by a
Cole−Davidson function, which reads

Figure 4. (a) Dynamic structure factors S(q,ΔE) of the 25 wt % PNIPAM solution in H2O at q = 1.65 Å−1 and 0.1 MPa in dependence on
temperature during a heating scan. From black to blue: 27.2, 30.0, 32.4, 35.5, 37.4, 39.6, 42.3, 45.0, 48.4, 51.7, and 55.2 °C. The inset shows
S(q,ΔE) at the same temperatures in the region close to the elastic line. Black dashed line: elastic line from the measurement on vanadium. (b)
Susceptibility spectra determined from (a) according to eq 1. Example fits according to eq 7 (dark gray line) and the deconvolutions of the fits into
their individual components at 27.2 °C (c) and 51.7 °C (d). Elastic fraction el (gray), hydration water relaxation h (red), diffusive process of pure
water d (olive), effective local process of pure water l (turquoise), and a vibrational process v (orange).
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with Cq,h a scaling constant, τh the relaxation time, and α the
stretching exponent. In the susceptibility spectrum, this
dynamic heterogeneity appears as broadening of the peak at
the high-frequency side. Preliminary fits with the contribution
of the hydration water modeled by a Debye function or a
Cole−Davidson function (Figure 4) showed that the latter
describes the susceptibility of the hydration water best when
the exponent takes values of α = 0.65−0.75, resulting in an
excellent fit over the entire range. Thus, for the analysis of all
spectra, we used a value of α = 0.7 (see the Supporting
Information for a more detailed discussion).
During the fits, the relaxation times of the diffusive and

effective local process of bulk water were kept constant, using
interpolated values from the measurements of pure water for
the actual temperature. Furthermore, the fraction of hydration
water as well as the peak frequency ν0 and the peak width Γ of
the DHO term were assumed to be independent of q. Because
the different contributions were clearly separated at high q
values, we fitted the spectra at q = 1.45, 1.55, and 1.65 Å−1

first
and used the mean values from these fits for the entire q range.
Fits of eq 7 reveal details about the contributions of the

individual components (for more q values, see the Supporting
Information). At 27.2 °C (Figure 4c), the spectrum is
dominated by the contribution from hydration water. The
deconvolutions are shown exemplarily for the measurements at
q = 1.65 Å−1 in the one-phase region at 27.2 °C (Figure 4c)
and deep in the two-phase region at 51.7 °C (Figure 4d). The
measurement at 51.7 °C (Figure 4d) confirms that the amount
of the hydration water is decreased. Scattering from these
water molecules may contribute both to the elastic line and to

the signal of the bulk water: The increase of the elastic fraction
(as inferred from the fit of its amplitude) is presumably due to
water molecules trapped inside the polymer-rich domains that
are formed in the two-phase region and are strongly restricted
in their motion. The release of hydration water into bulk water
is evident from the increase of the amplitude of the bulk water
peak with relaxation times ∼102−103 GHz.
Figures 5a and 5b show the dynamic structure factors and

susceptibility spectra obtained at q = 1.65 Å−1 and 130 MPa in
dependence on temperature. At low temperatures, the
presence of hydration water is evident from the enhancement
of the susceptibility at low frequencies (below ∼50 GHz),
which changes its character at high temperatures. Contrary to
the measurement at 0.1 MPa, the transition at the cloud point
is not sharp but rather gradual. The same fitting procedure is
used as for 0.1 MPa, with results shown exemplarily for 27.2
and 51.7 °C in Figures 5c and 5d at q = 1.65 Å−1 (for more q
values, see the Supporting Information). The overall dynamic
properties do not differ significantly from the measurements at
the same temperatures at 0.1 MPa in that the same relaxations
are observed.

Relative Populations of Hydration and Bulk Water.
Because the amplitudes Ci of the different contributions to the
total susceptibility are proportional to the respective scattering
intensities, the relative populations of the different types of
hydration and bulk water, f i, are determined as

=
+ +

f
C

C C Ci
q i

q h q d q l

,

, , , (10)

with i = h, d, or l using the averaged values obtained from the
measurements at q = 1.45, 1.55, and 1.65 Å−1. At both
pressures, the intensities of the vibrational process in the 25 wt
% PNIPAM solution are similar to the one of pure water; see

Figure 5. (a) Dynamic structure factors S(q,ΔE) of the 25 wt % PNIPAM solution in H2O at q = 1.65 Å−1 and 130 MPa in dependence on
temperature during a heating scan. From black to blue: 27.2, 30.0, 32.4, 35.5, 37.4, 39.6, 42.3, 45.0, 48.4, 51.7, and 55.2 °C. The inset shows
S(q,ΔE) at the same temperatures in the region close to the elastic line. Black dashed line: elastic line from the measurement on vanadium. (b)
Susceptibility spectra determined from (a) according to eq 1. Example fits according to eq 7 (dark gray line) and the deconvolutions of the fits into
their individual components at 27.2 °C (c) and 51.7 °C (d). Same notation as in Figure 4.
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for instance the deconvolutions of the spectra below and above
Tcp (Figures 2, 4c,d, and 5c,d). Both bulk water and hydration
water may contribute to the vibrational process that is
therefore not included in the calculation of the relative
populations. The elastic fraction is not considered either. We
note that since the amount of trapped water in the two-phase
region is significant, as follows from the increase of the elastic
line strength at Tcp, the amount of water molecules considered
for the determination of the relative fractions of hydration and
bulk water is not constant over the entire temperature range.
The values of the relative populations should therefore be
taken with caution. Figure 6a shows the resulting relative

populations of hydration water, of the diffusive process of bulk
water, and of the effective local process of bulk water in
dependence on temperature for the two pressures investigated.
At atmospheric pressure (open symbols in Figure 6a), the

relative population of the hydration water far below Tcp (e.g., at
27.2 °C) is ∼0.45 with a weak trend toward lower values with
increasing temperature, which is similar to the ratio of bound
water molecules obtained with other methods (∼11 per
PNIPAM monomer23,26,28,48,49) and the overall amount of 19
water molecules per monomer in the sample. At 37 °C, the
ratio decreases sharply to ∼0.2, as expected for PNIPAM
solutions at atmospheric pressure.11,22 However, this decrease
occurs ∼4 K above the cloud point temperature determined
from turbidimetry (Tcp = 31.4 °C). In spite of careful
calibration, there may be a small mismatch in temperature
calibration between the pressure cells used for turbidimetry
and QENS. Still, as mentioned above, these results suggest that

the dehydration of the chains occurs when aggregates have
already formed. Similar results were found by Raman
spectroscopy40 and in previous QENS measurements,11

where the onset of the sharp decrease in dehydration occurred
∼1−2 K above Tcp. Above Tcp, a significant fraction of
hydration water remains, which decreases gradually with
increasing temperature. This regime extends as far as ∼10 K
above Tcp. A small fraction (∼0.15) remains even at 55.2 °C.
These results are consistent with the notion that at
atmospheric pressure PNIPAM chains do not dehydrate
completely at Tcp, and the majority of the hydrophilic amide
groups remain hydrogen bonded with water rather than
forming intra- or interchain hydrogen bonds.24 Thus, the
dehydration is mainly related to the release of water from the
hydrophobic groups.
In the one-phase region at 130 MPa, the relative population

of hydration water is similar to the one at atmospheric
pressure. However, at Tcp, no sharp transition is observed,
rather the relative population of hydration water decreases
smoothly over the entire temperature range measured, i.e., up
to 55.2 °C, where the value is ∼0.15. From this point of view,
the phase transition is different at both pressures.
This difference in behavior at Tcp at low and high pressure is

consistent with results from our previous study using Raman
spectroscopy, where the frequency of the stretching vibrations
of the CH3 groups (present in the isopropyl groups) was
investigated.40 It changes abruptly at atmospheric pressure, but
only gradually and over a large temperature range at high
pressure, even though aggregates are formed within 0.1 K
above Tcp in both cases. Furthermore, differential scanning
calorimetry (DSC) measurements showed a broadening of the
heat capacity peak at high pressure, implying that dehydration
occurs on a larger temperature range than at atmospheric
pressure.79

The relative population of bulk water increases sharply at
atmospheric pressure and gradually at 130 MPa, as is observed
from the increase of both the diffusive and the local part. Thus,
the hydration water that is released from the chains at Tcp adds
to the bulk water phase.
The elastic line strength Cq,el is depicted in dependence on

temperature in Figure 6b for q = 1.65 Å−1. It increases with
temperature, both at atmospheric pressure and at 130 MPa. At
atmospheric pressure, it stays constant below Tcp and increases
sharply at Tcp. This increase may be due to both trapped water
inside the polymer-rich domains and immobilized groups of
the polymer. A certain amount of the hydration water above
Tcp thus stays close to the chains rather than joining the bulk
water phase. At high pressure, the elastic line strength increases
gradually at Tcp, which confirms that in this case the phase
transition spans a broad temperature range.

Relaxation Times of Hydration Water. The dependence
of the relaxation time of the hydration water, τh, on the
momentum transfer q reveals the signature of the hydration
water as well as its changes at the phase transition. Figure 7a
shows the q dependence of τh for both 0.1 and 130 MPa at
27.2 °C, i.e., in the one-phase region. For both pressures, a
behavior between q−1 and q−2 is observed, which becomes
shallower with increasing q. For purely diffusive processes, τh ∝
q−2 is expected, and this behavior is nearly achieved in the one-
phase state at both pressures (Figure 7a). In the two-phase
state, the dependence is weaker, and in the entire q range
investigated, τh is higher at 130 MPa than at atmospheric
pressure.

Figure 6. (a) Relative populations f i of different water species,
averaged over the measurements at q = 1.45, 1.55, and 1.65 Å−1,
determined according to eq 10 in dependence on temperature. Red
circles: hydration water; olive squares: diffusive contribution to bulk
water; and turquoise triangles: effective local contribution to bulk
water. Open symbols: 0.1 MPa; closed symbols: 130 MPa. (b) Elastic
line strength in dependence on temperature for 0.1 MPa (open
symbols) and 130 MPa (closed symbols) at q = 1.65 Å−1.
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The behavior of the hydration water of PNIPAM is thus
fundamentally different from the one observed in proteins,
namely, diffusion in a restricted area or volume or subdiffusive
behavior, which manifests itself in a stronger q dependence
than τh ∝ q−2.12,54 The weaker dependence may have different
origins. For instance, it may point to superdiffusive
behavior.12,80 However, superdiffusive behavior would require
an anisotropic force acting on the water molecules, which in
the present case is unlikely. Furthermore, a change of the
behavior is observed with varying q. The situation appears thus
more complex. In analogy with the diffusive process of pure
water, the isotropic jump model (eq 6) is used to describe the
dynamic behavior of the hydration water. It comprises a
residence time, τ0,h, as well as an apparent jump length, lh. The
fits, also shown in Figure 7a, are in excellent agreement with
the data over the entire q range. In the two-phase region,
shown in Figure 7b for 51.7 °C, the observed slope is lower
than in the one-phase region. Also in this case, the q
dependence of τh can be modeled by the isotropic jump model.
We note that since neither a q−2 at low q values nor a constant
value at high q values is fully reached, the determination of
both Dh and τ0,h rely on extrapolation. Furthermore, because of
the small relative population of hydration water in the two-
phase region, the uncertainties of τh are large.
Figure 8 compares the results of the fits of the q dependence

of τh and of τd with the isotropic jump model. The residence
time, τ0,i, i.e., the time a water molecule stays in place and
performs a local motion, is shown in Figure 8a. At atmospheric
pressure below Tcp, the residence time of the hydration water,
τ0,h, is ∼5 ps, independent of temperature. This is a factor of
∼10 larger than the residence time of bulk water at the same
conditions (τ0,d, also shown in Figure 8a). One reason for this
increase may be that in the PNIPAM solution the number of
vacant jumping sites around the hydration water molecules is

low. The local environment of the hydration water is
dominated by nearby polymeric groups. Around the hydro-
phobic groups, the bond strength of the water molecules
among each other may be similar to the one of the bulk water
molecules.10,81 However, the number of accessible sites for
jumps is reduced by the presence of the hydrophobic groups,
thus leading to an increased residence time. This increase does
not exceed a factor of 2 in dilute solutions.10,81 For the
hydrophilic groups, the strong hydrogen bonds between water
and the hydrophilic groups constrain the motion of hydration
water further. Breaking the initial hydrogen bond upon
jumping requires an activation energy, which hinders the
diffusion with retardation factors up to 4 in dilute solutions.82

The large difference in residence time between bulk water and
hydration water in the one-phase region must therefore be
caused by concentration effects: Every hydration water
molecule is shielded from the bulk water phase on more
than one side; i.e., several polymer groups are on average
involved in the binding of one hydration water molecule.
In the one-phase region at 130 MPa, τ0,h is significantly

lower than at 0.1 MPa, namely ∼3 ps. In contrast, the relative
populations of hydration water in the one-phase region are
similar at both pressures. Thus, at high pressure, the hydration
water is distributed differently on the polymeric chains. The
shorter residence time at high pressure reflects a weaker
constraint of hydration water motion than at atmospheric
pressure. The effect of pressure on the individual bond

Figure 7. q dependence of the relaxation time of hydration water, τh,
in the one-phase region at 27.2 °C (a) and in the two-phase region at
51.7 °C (b). Blue triangles: 0.1 MPa; green circles: 130 MPa; full
lines: fits of eq 6: 0.1 MPa (blue lines) and 130 MPa (green lines).

Figure 8. Results obtained from fits of the isotropic jump model (eq
6) to τh(q) (filled symbols) and to τd(q) (open symbols) at 0.1 MPa
(blue triangles) and 130 MPa (green circles) in dependence on
temperature: (a) residence times, τ0,i, (b) apparent jump lengths, li,
and (c) diffusion coefficients, Di.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b02708
Macromolecules 2019, 52, 1942−1954

1949

http://dx.doi.org/10.1021/acs.macromol.8b02708


strength is very small in the investigated pressure range and has
thus only a minor effect.83,84 It can be concluded that the polar
groups are less hydrated, in favor of the hydrophobic groups,
which are more hydrated at high pressure. Enhanced
hydrophobic hydration of macromolecules at high pressure
was also inferred with spectroscopic methods.39 From
molecular dynamics simulations, it was concluded that the
compressibility of hydration water around hydrophobic groups
is much larger than the one of bulk water and the one of
hydration water around hydrophilic groups.34,36,37

At 0.1 MPs, τ0,h increases from ∼7.5 to ∼16.5 ps at ∼37 °C,
i.e., above Tcp. This increase coincides with the sharp decrease
in the relative population of the hydration water (Figure 6a)
and with the sharp increase of the elastic line strength (Figure
6b). The observed distribution of relaxation times of the
hydration water in the soluble phase at both pressures implies
that bonds of different strengths between hydration water and
the chains exist. The increase in τ0,h may be a result of two
mechanisms: First, weakly bound hydration water is released
from the chains at Tcp, and only strongly bound hydration
water remains, which is characterized by a high residence time.
Second, both strongly and weakly bound hydration water are
released from the chains in significant amounts at Tcp, and the
remaining population is increasingly hindered in its motion
due to the chain collapse. The latter scenario is also consistent
with the increase of the elastic line strength at Tcp. A
combination of both effects may, however, also be possible.
This result is in agreement with the current understanding of
the phase-separation process of PNIPAM at atmospheric
pressure: At Tcp, the collapse of the chains causes a strong
dehydration of their hydrophobic groups. The subsequent
aggregation24,40 leads to trapping of water molecules,11,85

which results in longer residence times. In contrast, according
to spectroscopy measurements,24,76,85 the hydrophilic amide
groups stay hydrated above Tcp.
Moreover, at 130 MPa, an increase in τ0,h with temperature

is seen just above Tcp. The increase is more gradual (extending
to ∼10 K above Tcp) with a weaker temperature dependence.
Because the relative population of hydration water decreases
gradually in the two-phase region, the increase in τ0,h is most
likely caused by an increased hindrance of the remaining
hydration water in the two-phase region. This would be
consistent with the increase in the elastic line strength, albeit to
a lesser extent than at atmospheric pressure. As was suggested
previously,34,86 at high pressures, the dissociation of close
hydrophobic contacts is favored. The process of hydrophobic
collapse therefore appears impeded at high pressure and
presumably extends to about 10 K above Tcp.
At temperatures far above Tcp, a decrease in τ0,h is observed

at atmospheric pressure (Figure 8a). The relative population of
hydration water and the elastic line strength in the two-phase
region are constant; thus, the same amount of water molecules
is considered. The faster relaxation times of the hydration
water can therefore be attributed to structural changes in the
polymer-rich phase with increasing temperature. Rearrange-
ments in the system allow strongly hindered water to relax,
possibly by forming water pockets inside the polymer-rich
phase where water accumulates. This loosening of hydration
water is not observed at high pressure, where τ0,h stays constant
far above Tcp. Thus, structural changes play a much weaker
role.
The apparent jump length of the hydration water, lh, is

presented in Figure 8b. For both pressures, it shows similar

trends as the residence time. The apparent jump length is a
measure of the spatial range of the motion of water molecules
as well as their dynamics9 and may thus be expected to
correlate with the residence time, as is observed. Compared to
the apparent jump length of bulk water, ld, the values in the
one-phase region are slightly larger, presumably due to a less
dense packing of water close to the chains than in bulk water.
The diffusion coefficient of the hydration water, Dh,

calculated from the residence time and the apparent jump
length, is shown in Figure 8c. In the one-phase region, Dh is
approximately equal for both pressures. At 27.2 °C, it is ∼7 ×
1010 Å2 s−1, which is a factor of ∼4 smaller than the value of
pure water at the same temperature. With increasing
temperature, a slight increase in Dh is observed for both
pressures, which is most probably caused by the enhanced
thermal energy. Above Tcp, an increase in Dh is observed, which
is stronger at atmospheric pressure than at 130 MPa, where it
has a similar slope as in the one-phase region. However, the
uncertainties are large. Possibly, water pockets inside the
polymer-rich domains at atmospheric pressure provide more
room for diffusion than the homogeneous aggregates at high
pressure.

Intensity of the Elastic Line in Dependence of
Temperature and Pressure. The elastic component of the
dynamic structure factor gives information about very slowly
moving structures and has the shape of the instrument
resolution function. Apart from the dynamics of the hydration
water, the dynamics of the polymeric chains are also accessible,
namely from the q dependence of the elastic line strength
(Figure 9a). Its intensity arises from processes that are too

Figure 9. (a) Elastic line strength in dependence on q2 at 27.2 °C
(blue symbols) and 51.7 °C (red symbols) at 0.1 MPa (open
triangles) and 130 MPa (closed circles). Lines: fits of eq 11 at 27.2 °C
(blue lines) and 51.7 °C (red lines) at 0.1 MPa (dashed lines) and
130 MPa (solid lines). (b) Temperature dependence of the effective
mean-square displacement ⟨ueff

2⟩ of the dynamics of PNIPAM at 0.1
MPa (blue triangles) and 130 MPa (green circles).
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slow to be spectrally resolved, which are in this case, mainly
motions of the polymer. However, also water trapped in the
polymer-rich phase in the two-phase region may contribute to
the elastic line strength. Figure 9a shows the elastic line
strength in a logarithmic representation in dependence on q2

for both pressures in the one-phase and in the two-phase
region. In all cases, it follows a straight line, which allows a
description using the Debye−Waller factor:55

∼
−⟨ ⟩i

k
jjjjj

y

{
zzzzzC

u q
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3q el,
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2 2

(11)

with ⟨ueff
2⟩ the mean-square displacement of the observed

process. As multiple processes may contribute to the elastic
line, the determined mean-square displacement is an effective
one.
Figure 9b shows ⟨ueff

2⟩ in dependence on temperature at
both pressures. At atmospheric pressure, ⟨ueff

2⟩ decreases
sharply at Tcp from ∼1.3 to ∼0.7 Å2, which reflects the sudden
collapse of the chains at Tcp. In the one-phase region,
translational motion of the polymer segments is rather free,
and local changes in chain conformation may also contribute
to the elastic line strength, resulting in a large effective mean-
square displacement. In the two-phase region at 0.1 MPa, the
chains are collapsed and densely packed, but still, the mean-
square displacement is finite. Translational motion of the
polymer segments is only possible if neighboring segments also
move and is thus strongly constrained. Vibrational motions,
however, require only little volume and are still possible.
Furthermore, the observed displacement may involve rota-
tional motions of (predominantly) the methyl groups,87 as
previously observed in dry as well as in hydrated protein
samples.56,88

At high pressure, ⟨ueff
2⟩ decreases gradually from ∼1 to ∼0.6

Å2 without a sharp change at Tcp; however, the data are rather
scattered. This confirms the observations from the behavior of
the hydration water: The conformation of the chains changes
gradually from a swollen and thus mobile state to a collapsed
and immobile state. The most notable difference with respect
to the measurement at atmospheric pressure is the significantly
lower value of ⟨ueff

2⟩ in the one-phase region. It shows that the
motion of the chains is more restricted at high pressure. We
conclude that the altered hydration state at high pressure
causes chain stiffening. Possibly, the enhanced hydrophobic
hydration of the side groups causes a certain degree of steric
hindrance to conformational changes of the polymer, thereby
restricting translational motion. Furthermore, the reduced
hydration of hydrophilic groups, evident from the different
values of τ0,h at both pressures (Figure 8a), may allow the
formation of N−H···OC bonds between nearby monomers,
stiffening the chains. A lower value of ⟨ueff

2⟩ in the one-phase
region at high pressure was also observed previously and
confirmed using DLS measurements.25

■ CONCLUSIONS
In the present work, the dynamic behavior of hydration water
in an aqueous PNIPAM solution is investigated in dependence
on temperature and pressure using quasi-elastic neutron
scattering. It is found that the dynamics of hydration water
can be described by the jump diffusion model.
In the one-phase region, i.e., below Tcp, the relative

population of hydration water is equal at pressures of 0.1
and 130 MPa and decreases weakly with increasing temper-

ature at both pressures. However, at 130 MPa, the residence
time becomes shorter, and the hydration water is more weakly
bound, pointing to enhanced hydrophobic hydration at the
expense of the hydration of hydrophilic groups. At the cloud
point, a sharp decrease in the relative population of hydration
water is observed at atmospheric pressure. The remaining
hydration water is, on average, more strongly hindered than
the hydration water in the one-phase region. At 130 MPa, the
relative population of hydration water decreases gradually, and
hydration water gets increasingly hindered, resulting in a
longer residence time. Both effects are weaker and more
gradual than at atmospheric pressure, where water is trapped in
the polymer-rich domains. Deep in the two-phase region at
atmospheric pressure, a loosening of hydration water due to
structural relaxation of the polymer-rich domains is observed.
At 130 MPa, these structural changes do not occur. This
picture is consistent with our previous Raman spectroscopy
measurements on aqueous PNIPAM solutions.40 At high
pressure, the dehydration of the CH3 groups at the side groups
of PNIPAM occurs gradually (extending to at least 10 K above
Tcp) and to a lesser extent than at atmospheric pressure.
Moreover, the effective mean-square displacement of the

polymer chains is determined from the strength of the elastic
line, which is due to translational, vibrational, and rotational
displacements. At 0.1 MPa, a sharp decrease of the effective
mean-square displacement is observed at Tcp, whereas at 130
MPa, it decreases gradually. In the one-phase region,
translation due to changes in the local chain conformation is
possible because of the strong hydration of the chains. In the
two-phase region, mostly vibrational and rotational processes
are observed. It is also evident that the phase transition occurs
more gradual at high pressure. Finally, the lower value of the
mean-square displacement at high pressure in the soluble
phase suggests that the altered hydration state at high pressure
leads to chain stiffening
In summary, a detailed investigation of the dynamics of the

hydration water in aqueous PNIPAM solutions in dependence
on temperature and pressure has been presented. The wide
range of accessible energy and momentum transfers allows
distinguishing the relaxation of hydration water around
PNIPAM chains and various relaxation processes in bulk
water. The findings concerning the dynamics of hydration
water in this model responsive polymer point to new
opportunities for studies of more complex systems using
QENS.
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