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for Table of Content use only 

 

ABSTRACT.  

The water dynamics of a concentrated poly(N-isopropylacrylamide) (PNIPAM) solution in an 

80:20 v/v water/methanol mixture are investigated across the cloud point Tcp at atmospheric and 

high pressure (200 MPa). Quasi-elastic neutron scattering (QENS) reveals the relaxation spectra 

of bulk and hydration water over a frequency range of four decades (GHz-THz) and their changes 

upon the reversal of co-non-solvency at high pressure. At atmospheric pressure, the susceptibility 

spectra in the one-phase region provide evidence of polymer-bound water, which is released in 

part nearly discontinuously at Tcp. Simultaneously, the elastic line strength increases abruptly, 

which is consistent with a coil-to-globule transition. At high pressure, the fraction of bound water 

decreases gradually with increasing temperature, while the elastic line strength increases at Tcp. 

Comparing the bulk diffusion time τd of water in the one-phase region with its values from the 

neat solvent mixture, dominant methanol adsorption is found at atmospheric pressure, whereas 

water adsorbs preferentially on the chains at high pressure. At 0.1 MPa, the relaxation time of 

bound water in the one-phase region near Tcp is smaller than at 200 MPa, i.e., the binding strength 

between water and PNIPAM is weakened by the presence of adsorbed methanol. Raman 

spectroscopy, probing the interaction between the solvent molecules and the methyl groups of 
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 3 

PNIPAM, indicates that methanol adsorbs to the hydrophobic groups at atmospheric pressure, 

while it is diminished at high pressure. 

 

Introduction 

Cosolvents are essential in many contexts, including the preparation of pharmaceutical 

formulations.1,2 In biological systems, small organic molecules acting as cosolvents can alter the 

folding/unfolding equilibrium of proteins or facilitate the dissolution of hydrophobic molecules.3,4 

Recently, the effect of a cosolvent on a smart polymer was exploited to isolate single-stranded 

DNA.5 In gels and solutions of thermoresponsive polymers, addition of a cosolvent may lead to a 

strong reduction of the cloud point and reentrant behavior.6,7,8 These features have been termed 

co-non-solvency.9 A prototype responsive polymer in this respect is poly(N-isopropylacrylamide) 

(PNIPAM). At atmospheric pressure, PNIPAM exhibits lower critical solution temperature 

(LCST) behavior with a cloud point at ~30 °C in purely aqueous solutions,10 and its solubility is 

governed by the temperature-dependent hydration of hydrophilic and hydrophobic groups.10,11 

Several water-miscible, organic solvents, e. g. low alcohols, have been shown to lead to co-non-

solvency behavior.12,13,14 Co-non-solvency is significantly altered and even reversed by high 

pressure.15,16 In particular, hydration plays a key role for the LCST transition without and with a 

cosolvent,17,18,19 yet it has been barely investigated at variable pressure. The molecular 

mechanisms underlying the pressure-temperature phase diagram have not been fully clarified by 

experiments. The role of bound and bulk water during phase transitions of PNIPAM in a 

water/methanol mixture is investigated here by employing quasi-elastic neutron scattering and 

Raman spectroscopy at variable pressure and temperature.  
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In the one-phase region at atmospheric pressure, PNIPAM in purely aqueous solution exhibits a 

coil-like conformation. At Tcp, cooperative dehydration of the hydrophobic groups sets in20,21,22 

and causes the chains to collapse into compact globules.23,24 In contrast, the hydrophilic groups 

remain considerably hydrated above Tcp.18,20,21 Thus, upon heating through Tcp, the overall fraction 

of hydration water decreases abruptly,25,26,27 and the mobility of the remaining hydration water is 

strongly reduced with respect to the one-phase region.26,27,28,29 In PNIPAM solutions with 

methanol as a cosolvent, experimental evidence for polymer bound water has come from QENS30 

and dielectric measurements.31  

As the microscopic origin of co-non-solvency, models based on solvent–cosolvent interactions, 

cooperative polymer–solvent and polymer–cosolvent hydrogen bonding, and preferential 

polymer–cosolvent binding have been put forward.9 Some models suggest that the cosolvent is 

preferentially bound to the chains.32,33,34 It tends to colocalize with the hydrophobic isopropyl 

groups, whereas water interacts preferentially with the hydrophilic amide moieties.35,36 A recent 

molecular dynamics investigation found that, at Tcp, only water is released from the chain, but not 

the cosolvent (methanol), which alters the chemical potential of water in the bulk mixture.36 Other 

theories point to the importance of the solvent-solvent interactions:37,38 Complexes formed by 

water and methanol act as a poor solvent for the chains, and thus, solvent-solvent interactions are 

more preferable than polymer-solvent interactions. A recent neutron structural study combined 

with molecular dynamics simulations found that strong water/cosolvent attraction leads to co-non-

solvency, resulting in both competitive hydrogen bonding and water/cosolvent complexation.19 

In the presence of a cosolvent, the application of pressure has a dramatic effect on the phase 

behavior of PNIPAM. Above a certain pressure, the cloud point of a PNIPAM solution is increased 

(and not decreased, as is the case at atmospheric pressure), and the one phase region is hugely 
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expanded along the pressure axis.39,40 Thus, the co-non-solvency effect is reversed at high 

pressure. Similar to purely aqueous PNIPAM solutions,41,42,43 the coexistence line in the 

temperature-pressure frame adopts a convex-upward shape in the presence of a cosolvent.39,40 The 

position of the maximum is, however, shifted to significantly higher pressures as well as to higher 

temperatures, even for systems containing only small fractions of cosolvent. 

Application of pressure to aqueous solutions is expected to enhance hydrophobic hydration.44,45 

First, the higher structural order in bulk water weakens the hydrophobic effect,46,47 and second, 

the high compressibility of hydration water leads to a tighter packing of water around hydrophobic 

groups.48,49,50,51 As a result, the polymer chains stay hydrated in the two-phase region,52,53 even 

though the chains collapse,54 and they form mesoglobules that contain more water than at 

atmospheric pressure.53,55 Our recent QENS experiments on a purely aqueous 25 wt% PNIPAM 

solution56 showed that the amount of hydration water decreases gradually over a wide temperature 

range (~20 K) at 130 MPa, in contrast to the abrupt decrease at atmospheric pressure. In the one-

phase region, the residence time of the water molecules on the chain is shorter at 130 MPa than at 

atmospheric pressure, implying weaker constraints at high pressure. Presumably, at high pressure, 

the polar groups of PNIPAM are less hydrated, while the hydrophobic groups are more hydrated 

than at atmospheric pressure, consistent with results from other spectroscopic techniques, such as 

FT-IR spectroscopy52 and Raman spectroscopy.53 Recent molecular dynamics simulations align 

with these findings, suggesting that high pressure increases the water affinity of PNIPAM.54  

Mechanisms that reduce the total volume of the system may favor the reversal of the co-non-

solvency effect at high pressure, because these facilitate a more efficient packing of the small water 

molecules on the chain.57,58 Since the volume of a monomer solvated with a cosolvent is relatively 

large, it is released. This leads to an enrichment of the solvent phase with cosolvent, thereby 
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 6 

reducing the hydrophobic effect and stabilizing the one-phase region.40,57 This scenario is 

supported by a Fourier-transform infrared (FT-IR) spectroscopy study of PNIPAM in mixtures of 

water and methanol,59 which showed that the fraction of methanol molecules attached to the 

carbonyl groups of PNIPAM decreases with increasing pressure, while these groups become more 

hydrated. Partial replacement of cosolvent molecules decorating the PNIPAM chain by water 

molecules, as pressure is increased, was predicted to reduce bridge formation by cosolvent 

molecules between distant segments in the PNIPAM chain.57 In an extension of the adsorption-

attraction model, it was suggested that, at high pressure, the interaction strengths between water 

and the polymer segments as well as those between water and the adsorbed cosolvent are increased, 

whereas the preferential adsorption of methanol to the polymer and thus the co-non-solvency effect 

are reduced.60  

Thus, the interactions of the two solvents with the polymer and with each other, both on the 

chain and in the bulk solvent mixture, play a role. In our recent SANS experiments on a PNIPAM 

solution in a water-methanol mixture (80:20 v/v), we characterized the temperature dependence of 

the concentration fluctuations below the cloud point at various pressures up to 200 MPa.61 We 

found that the entropy contribution to the Flory-Huggins segment-segment interaction parameter 

between the polymer and the solvent mixture decreases with increasing pressure and thus favors 

demixing of the polymer from the solvent mixture. We attributed this finding to the interaction of 

the ordered layer of hydration water around the hydrophobic groups of the polymer with the bulk 

solvent mixture. In the latter, the structure of water may become more ordered upon application of 

pressure (even in the presence of 20 vol% methanol), which reduces the entropy cost of 

hydrophobic hydration. At the same time, the enthalpic interactions between the polymer and the 
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 7 

solvent mixture become weaker upon increasing pressure, possibly due to the replacement of 

hydrogen-bonded water on the chain by methanol, which is less strongly bound to the chain.  

While previous experimental work on the effect of pressure on co-non-solvency addressed 

changes of the polymer, namely its chain conformation61 and its interactions with water,59 QENS 

offers the possibility to simultaneously characterize the dynamics of both bulk and hydration water 

and to discern the scattering signal of water by using perdeuterated methanol, CD3OD. We choose 

a high polymer concentration (25 wt%) to be more sensitive to the polymer bound water. For 

comparison with previous investigations, we investigate a solvent mixture of 80:20 v/v 

H2O/CD3OD.30,59,61 QENS temperature scans with wide ranges of energy transfer across the cloud 

points at 0.1 and 200 MPa allow a detailed characterization of the dynamics of bulk and hydration 

water. The analysis is facilitated by converting the dynamic structure factors into susceptibility 

spectra. Moreover, several water/methanol mixtures are measured, serving as a reference for the 

dynamics of the water in the bulk solvent mixture in the PNIPAM solution. In addition, Raman 

spectroscopy in wide temperature ranges across the cloud points at low and high pressure are used 

to probe the hydration of the hydrophobic groups of PNIPAM. Comparing these results to those 

from a 25 wt% PNIPAM solution in neat D2O, the influence of methanol on the hydrophobic 

hydration becomes apparent.  

This manuscript is organized as follows. After an Experimental Section, the temperature- and 

pressure dependent phase behavior of the PNIPAM solution is presented. We discuss the QENS 

results of the water dynamics in several H2O/CD3OD mixtures and the dynamics of H2O in the 

PNIPAM solution in 80:20 v/v H2O/CD3OD. The susceptibility spectra yield relative fractions and 

relaxation times of the various water species. These are discussed with respect to the changes of 

hydration and bulk water with temperature and pressure. The insights into the temperature-
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 8 

dependent hydrophobic hydration from Raman spectroscopy at atmospheric and high pressure are 

then discussed in comparison with the findings from QENS. Finally, the results are summarized 

in the Conclusion section. 

 

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. For the solvents, fully deuterated methanol (99.8 % CD3OD, Deutero GmbH), heavy 

water (99.95 % D2O, Deutero GmbH) or deionized H2O were used.  

For QENS measurements, the polymer was dissolved in 80:20 v/v H2O/CD3OD at a 

concentration of 25 wt% and was shaken for several days prior to the measurements. Neat 80:20 

v/v and 70:30 v/v H2O/CD3OD solvent mixtures were prepared by mixing at room temperature. 

For Raman spectroscopy measurements, PNIPAM was dissolved in neat D2O and in 80:20 v/v 

D2O/CD3OD. The use of fully deuterated solvents prevents overlap of the stretching modes of the 

solvents and the CH stretching modes of PNIPAM. 

Quasi-elastic Neutron Scattering (QENS). QENS measurements were conducted at the time-of-

flight spectrometer TOFTOF at the FRM II, Garching, Germany,62,63 in the same way as described 

previously.56 For the incident neutron beam, a wavelength of 6.0 Å was selected, while the rotation 

speed of the chopper system was 14,000 rpm. With this configuration, an elastic energy resolution 

of approximately 0.03 meV (half-width at half-maximum) and energy transfers from -10 to  

1.5 meV were obtained. The samples, were mounted in a custom-made aluminum (EN AW-7075) 

pressure cell, suitable for pressures up to 200 MPa.64 It was placed at an angle of 135° with respect 

to the incident neutron beam. Measurements were performed during heating between ~13 and  
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 9 

~57 °C at 0.1 and 200 MPa. (For the determination of the cloud points of the PNIPAM solution at 

these pressures see Figure S1 in the Supporting Information, SI). The measuring time at each 

temperature was 120 min with 30 min equilibration time after each temperature change. The signal 

was recorded with approx. 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 accessible momentum 

transfers, q, ranging from 0.15 to 1.65 Å-1. The time-of-flight 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, resulting in the dynamic structure 

factor S(q, ΔE), where ΔE is the energy transfer. The empty pressure cell and a thin vanadium slab 

were measured to perform background corrections and calibrations. These operations were carried 

out using the TOFTOF data reduction routines within Mantid.65 

From the calculated values of the coherent and incoherent scattering cross sections of the 

PNIPAM repeating unit, H2O and CD3OD, it was estimated that 72 % of the detected neutrons 

were scattered by H2O (see Tables S1-S3 in the SI). The coherent contributions from all 

components to the spectra is negligible. For all samples, H-D exchange can be neglected.30,66As in 

our previous work56 and following well-established protocols,67,68,69,70 the dynamic structure 

factors were transformed into the imaginary part of the dynamic susceptibility, χ″(q,ν). The 

frequency ν is calculated from the energy transfer as ν = ΔE/h where h is Planck’s constant. χ″(q,ν) 

is related to S(q,ν) via the relation 

𝜒𝜒″(𝑞𝑞, 𝜈𝜈) ∝ 𝑆𝑆(𝑞𝑞,−𝜈𝜈)
𝑛𝑛𝐵𝐵(𝜈𝜈)            (1) 

where nB is the Bose factor,  
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𝑛𝑛𝐵𝐵(𝜈𝜈) =  �exp � ℎ𝜈𝜈
𝑘𝑘𝐵𝐵𝑇𝑇

� − 1�
−1

         (2) 

with kB Boltzmann’s constant and T the absolute temperature. In this representation, the weighting 

with the Bose factor reduces the elastic contribution,71 making the dynamic processes of water 

more easily discernible. Accordingly, the data are presented and analyzed in the form of 

susceptibility spectra.  

Raman Spectroscopy. Raman spectroscopy measurements were performed using the same setup 

as described previously.53 A LabRam HR 800 system (JY Horiba) was used in combination with 

a frequency-doubled Nd:YAG laser with a wavelength of 532 nm, resulting in a spectral resolution 

of 2 cm-1. The laser beam was focused on the sample with a spot size of ~1.5 μm with a power of 

less than 3 mW. The sample was mounted in a fused silica micro capillary with a squared cross 

section with inner and outer side lengths of 75 and 350 μm, respectively, which was connected to 

a pressure generator from High Pressure Equipment Company (Erie, Pennsylvania, U.S.A.). The 

sample was probed ~20 cm from the interface with the pressurizing medium ethanol. For 

thermalization, the micro capillary was placed between two copper blocks. The temperature was 

controlled using a circulating bath thermostat and was measured close to the micro capillary by a 

Pt 100 resistance thermometer with a precision of 0.2 °C. A possible small temperature offset was 

corrected employing in-situ micro-turbidimetry. The temperatures at which large aggregates were 

observed by microscopy were correlated with the cloud points from turbidimetry. Raman spectra 

were acquired during heating scans between ~19 and ~53 °C at 0.1 and 200 MPa for the 25 wt% 

solution in 80:20 v/v D2O/CD3OD and at 0.1 and 130 MPa for the 25 wt% solution in neat D2O. 

The integration time was 5 min, following an equilibration time of 10 min after each change of 

temperature or pressure. A dark count measurement was subtracted from the data. Calibration was 

performed with a naphthalene standard and the emission lines of a Neon lamp. All spectra were 
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 11 

measured at the same position of the spectrometer without moving the grating between different 

runs.  

 

Results and Discussion 

Phase Behavior 

We briefly review the temperature-pressure phase diagram of PNIPAM in water/methanol 

solvents, setting the stage for molecular studies of water dynamics and hydration by QENS and 

Raman spectroscopy. In a semidilute (3 wt%) solution of PNIPAM in D2O/CD3OD, Tcp increases 

with pressure from 27.4 °C at atmospheric pressure,61 reaches a maximum at 231 MPa and 40.2 

°C, then decreases to 33.8 °C at 400 MPa (Figure 1). Compared to the coexistence line of a 3 wt% 

PNIPAM solution in neat D2O,43 also shown in Figure 1, the one-phase region is largely expanded, 

while the maximum is shifted to a higher pressure and temperature. At pressures from 0.1 MPa to 

~90 MPa, however, the cloud point of PNIPAM in water/methanol is lower than the one in neat 

water, displaying the co-non-solvency effect. This is reversed at pressures above ~90 MPa, where, 

in the presence of methanol, the one-phase region is stabilized. The solutions in the present work 

have a higher polymer concentration, namely 25 wt%. For QENS measurements, they were 

dissolved in H2O/CD3OD instead of D2O/CD3OD. Nevertheless, the cloud points of the 25 wt% 

PNIPAM solution in 80:20 v/v H2O/CD3OD (Tcp = 23.5 ± 0.1 °C and Tcp = 40.0 ± 0.1 °C at 0.1 

and 200 MPa, respectively) are very close to the coexistence line of the 3 wt% PNIPAM solution 

in 80:20 v/v D2O/CD3OD. Also, the cloud points of 25 wt% PNIPAM in D2O at 0.1 and 130 MPa,56 

resemble the ones of 3 wt% PNIPAM in D2O (Figure 1). 

Page 11 of 49

ACS Paragon Plus Environment

Submitted to Macromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 12 

 

Figure 1. Coexistence lines of 3 wt% PNIPAM solutions in 80:20 v/v D2O/CD3OD (wine full line, 

data from ref. 61) and in neat D2O (blue dashed line, data from ref. 43), as determined using 

turbidimetry. The shaded and the white areas indicate the one-phase and two-phase regions, 

respectively. Symbols: cloud points of the 25 wt% PNIPAM solution in D2O (blue triangles) and 

in 80:20 v/v H2O/CD3OD (wine circles) from turbidimetry. The error bars are smaller than the 

symbol size.  

 

Water Dynamics in Water/Methanol Mixtures 

To start with, the dynamics of bulk water in H2O/CD3OD mixtures without the polymer were 

measured by QENS at water/methanol ratios of 80:20 and 70:30 v/v. Figure 2a and b display the 

dynamic structure factors S(q,ΔE) of the 80:20 v/v H2O/CD3OD mixture at a q value of 1.55 Å-1 

at 0.1 MPa and 200 MPa in dependence on temperature. At both pressures, slight changes are 

observed with increasing temperature: The intensity decreases at very low energy transfers (below 

~0.2 meV), while it increases at higher values.  
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Figure 2. (a,b) Dynamic structure factors, S(q,ΔE), of the 80:20 v/v H2O/CD3OD obtained at q = 

1.55 Å-1 at 0.1 MPa (a) and 200 MPa (b) at the temperatures indicated in the graphs. The insets 

show S(q,ΔE) at small energy transfers. (c-f) Imaginary part of the dynamic susceptibility, χ″(q,ν) 

of the 80:20 (c, d) and the 70:30 v/v H2O/CD3OD mixtures (e, f), determined according to eqs 1 

and 2, at 0.1 MPa (c, e) and 200 MPa (d, f), both at q = 1.55 Å-1 and at the temperatures given in 

the graphs. The lines are the overall fits of eq 3 (full grey lines) and their individual contributions: 

diffusional process d (wine lines), local process l (brown lines) and the vibrational process v 

(orange lines) at low temperature (dashed-dotted lines) and high temperature (dotted lines). 
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The dynamic structure factors S(q,ΔE), obtained from the QENS measurements, were 

transformed into the imaginary part of the corresponding dynamic susceptibility, χ″(q,ν). The 

susceptibility spectra of the two H2O/CD3OD mixtures at selected temperatures at 0.1 MPa (Figure 

2c and e) and 200 MPa (Figure 2d and f) at q = 1.55 Å-1 feature two distinct peaks, as for neat 

water.56 The susceptibility spectra for other q values are shown in Figures S2 and S3 in the SI. The 

peak at low frequencies is related to the diffusion of water molecules. With increasing temperature, 

this contribution shifts to higher frequencies at both pressures, indicating a faster diffusion. The 

peak at high frequencies is due to vibrational processes, and their positions do not show a 

pronounced temperature dependence. 

As in neat H2O,56,69 the deconvolution of the data reveals three water relaxation processes in the 

frequency range from 1 to ~5000 GHz: a diffusional process (d) 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. Therefore, the susceptibility spectra are modelled as 

𝜒𝜒𝑞𝑞″(ν)=𝜒𝜒𝑞𝑞,𝑑𝑑
″ (𝜈𝜈) + 𝜒𝜒𝑞𝑞,𝑙𝑙

″ (𝜈𝜈) + 𝜒𝜒𝑞𝑞,𝑣𝑣
″ (𝜈𝜈).       (3) 

As in our previous work,56 the diffusional and the effective local processes are parametrized by 

Debye functions (eq S1 in the SI),72 which describe a homogeneous relaxation process, i.e., a 

single exponential in the time domain. It includes the relaxation time, τi, and a scaling constant, 

Cq,i, where the index i stand for d or l. We note that the diffusion of methanol may give a weak 

contribution having a peak frequency similar to the one of the diffusional process of water;73 

however, from the scattering cross sections (Tables S1-S3 in the SI), its contribution is expected 

to be too weak to significantly alter the results. The vibrational process of water, described by a 

damped harmonic oscillator (DHO) function (eq S2 in the SI),74 accounts for intermolecular O-O-

O bending vibrations in the hydrogen bonding network.75,76,77 (see the broken lines in Figure 2c-
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f). The resulting relaxation times of the diffusion process of the water molecules, τd, are shown for 

both pressures in Figure 3 as a function of temperature. The q dependence of τd, shown in Figure 

S4 in the SI, reveals, that at low q values, the slope of τd approaches q-2 in all cases, indicating 

long-range diffusion of the water molecules.78 (The temperature-dependent relaxation times of the 

local process, τl, are shown in Figure S5 in the SI.) The behavior of τd shows three distinct features. 

First, with increasing temperature, τd decreases for all samples and both pressures, as expected.79 

Second, with increasing methanol content, τd increases, in consistency with previous QENS 

measurements on water-alcohol mixtures at atmospheric pressure.80 Thus, the average relaxation 

time of the water molecules slows down with increasing methanol content, which is due to an 

altered local structure around the water molecules. No change in the shape of the relaxation time 

distribution with methanol content was observed. Previous studies on methanol-poor mixtures 

suggest that water and methanol form complexes with composition depending on the methanol 

content and temperature.81,82 In other studies, it was observed that water forms distorted cages that 

encapsulate methanol molecules.83,84 Third, we observed that the application of high pressure (200 

MPa) does not alter τd significantly. In neat water, the transition of the hydrogen bond network 

from an open tetrahedral to a more compact coordination becomes apparent at ca. 200 MPa at 

room temperature.47,85 In water/alcohol mixtures, notable changes in interactions occur at 

pressures of similar magnitude, as inferred from Raman measurements.86,87 Thus, even though 

structural changes in the solvent mixture may occur at 200 MPa, the relaxation of water is affected 

only marginally. Within these limitations, we use the value of τd to estimate the water/methanol 

ratio of the bulk solvent phase in the PNIPAM solution shown below. 
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Figure 3. Relaxation time of the diffusive mode of H2O molecules, τd, at q = 1.55 Å-1 in 70:30 v/v 

H2O/CD3OD (black circles), 80:20 v/v H2O/CD3OD (purple triangles) and in neat H2O (light blue 

diamonds) as a function of temperature at 0.1 MPa (open symbols), at 200 MPa for 70:30 v/v and 

80:20 v/v, and at 130 MPa for neat H2O (closed symbols). The data from neat H2O are taken from 

Ref. 56. 

At atmospheric pressure, the formation of clusters from water and methanol molecules was 

proposed to be the driving force for the co-non-solvency effect.37,38 These clusters should form a 

new species that acts as a poor solvent for the chains. It was suggested that these clusters 

disintegrate at high pressure, allowing individual methanol molecules to interact with the chains, 

which leads to an increased cloud point.16 This is, however, at variance with the observation that 

τd does not significantly change with pressure between 0.1 and 200 MPa. Therefore, the pressure 

dependence of the co-non-solvency effect cannot be predominantly attributed to solvent-solvent 

interactions and clusters.  
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Dynamic Susceptibility Spectra of PNIPAM in Water/Methanol Mixtures 

We now turn to the dynamics of water in the PNIPAM solution in mixed solvents. Figures 4a 

and b display the dynamic structure factor S(q,ΔE) of the 25 wt% PNIPAM solution in 80:20 v/v 

H2O/CD3OD at q = 1.55 Å-1 at 0.1 MPa and 200 MPa in dependence on temperature. In comparison 

with S(q,ΔE) of the neat 80:20 v/v H2O/CD3OD mixture, an enhanced intensity is observed at very 

low energy transfers (between -0.25 and 0.25 meV), which points to the presence of very slowly 

moving moieties. At both pressures, slight changes are discernible with temperature. Above Tcp, 

the intensity at very low energy transfers (below ~0.2 meV) decreases, whereas the one at higher 

energy transfers increases.  
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Figure 4. Dynamic structure factors S(q,ΔE), (a,b), and the imaginary part of the dynamic 

susceptibility χ″(q,ν), (c,d), of the 25 wt% PNIPAM solution in 80:20 v/v H2O/CD3OD obtained 

at q = 1.55 Å-1 at 0.1 MPa (a,c) and 200 MPa (b,d) at the temperatures indicated in panel (c) and 

(d). The curves just below and just above the respective cloud point are highlighted in bold. The 

insets in (a) and (b) show S(q,ΔE) at small energy transfers. 

The dynamic structure factors are converted into susceptibility spectra, χ″(q,ν), according to eqs 

1 and 2, as before. These are shown in Figure 4 for the measurements at 0.1 MPa (Figure 4c) and 

at 200 MPa (Figure 4d). At low temperatures, i.e., in the one-phase region, strong contributions at 

low (~10 GHz) and high frequencies (~1000 GHz) are present at both pressures. The contribution 

at low frequencies is due to the relaxation of hydration water,56,88 i.e., water molecules that are 

associated to the polymer chains. The high-frequency contributions are due to dynamic processes 

in the bulk solvent. Their intensity is lower than in the spectra of the neat 80:20 H2O/CD3OD 

solvent mixture (Figure 2c and d), implying that only a rather small amount of bulk water 

molecules is present in the one-phase region at both pressures. Over the entire temperature range 

and at both pressures, the intensity at low frequencies decreases, whereas the one at higher 

frequencies increases. Thus, upon heating, water is released from the chains and adds to the bulk 

solvent phase. At atmospheric pressure and at temperatures above Tcp (23.5 ± 0.1 °C), there is a 

pronounced intensity decrease at low frequencies, pointing to a strong dehydration of the chains. 

In contrast, at high pressure, this intensity decrease is gradual over the entire temperature range, 

including the cloud point at Tcp = 40.0 ± 0.1 °C. At both pressures, a contribution at frequencies 

below 10 GHz remains over the whole temperature range. This reveals the presence of very slowly 

moving moieties with dynamics that cannot be resolved with the time-of-flight spectrometer.  
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Over the entire frequency range (1 to ~5000 GHz) of the susceptibility spectra, five relaxation 

processes can be distinguished and deconvoluted: An elastic contribution (el) at frequencies within 

the resolution limit, a relaxation process of hydration water (h) centered at ~101 GHz, a diffusional 

process of bulk water (d) centered at ~8×101 GHz, an effective local process of bulk water (l) 

centered at ~3×102 GHz, and a vibrational process (v) centered at ~2×103 GHz. Therefore, the 

susceptibility spectra of the PNIPAM solution were modelled with the expression:  

𝜒𝜒𝑞𝑞″(ν)= 𝜒𝜒𝑞𝑞,𝑒𝑒𝑙𝑙
″ (𝜈𝜈) + 𝜒𝜒𝑞𝑞,ℎ

″ (ν) + 𝜒𝜒𝑞𝑞,𝑑𝑑
″ (ν) + 𝜒𝜒𝑞𝑞,𝑙𝑙

″ (ν) + 𝜒𝜒𝑞𝑞,𝑣𝑣
″ (ν)     (4) 

The elastic contribution is indistinguishable from the resolution function, measured with a 

vanadium standard. Therefore, it is represented by the measured resolution function in the 

deconvolution of the dynamic susceptibility, and its amplitude Cq,el is varied in the fits:89  

𝜒𝜒𝑞𝑞,𝑒𝑒𝑙𝑙
″ (ν) = 𝐶𝐶𝑞𝑞,𝑒𝑒𝑙𝑙 · 𝜒𝜒𝑞𝑞,𝑅𝑅𝑒𝑒𝑅𝑅

″ (ν)          (5)  

To account for dynamic heterogeneity, the relaxation of hydration water is parametrized by a Cole-

Davidson function (eq S3 in the SI), which includes the relaxation time of hydration water, τh, and 

a scaling constant, Cq,h.72 As for the purely aqueous PNIPAM solution,56 the Cole-Davidson 

stretching exponent, α, was kept fixed at 0.7 for all spectra (for details see ref 56). Both the 

diffusional process and the effective local process of bulk water are parametrized by Debye 

functions (eq S1 in the SI), and the vibrational relaxation process by a DHO function (eq S2 in the 

SI). As water and methanol are bound to the polymer chains or are released, the solvent 

composition changes, which may have an influence on the dynamics of H2O in the bulk solvent 

mixture. This was taken into account when fitting these contributions; only the value of τl was kept 

fixed at the values obtained for the 80:20 v/v H2O/CD3OD solvent mixture without the polymer, 

because of the low absolute intensity of the effective local process. This allows a reliable 

determination of the other fitting parameters. Treating the relaxation time of the diffusive mode of 
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H2O molecules in the bulk solvent phase, τd, as a fitting parameter is found to cause instabilities 

in the fits of the spectra at low momentum transfers. Therefore, only the spectra at q = 1.45, 1.55 

and 1.65 Å-1 are analyzed. The presented results are averaged values resulting from the 

measurements at these q values. 

Representative fits of eq 4 to the data are shown for the measurements at 0.1 MPa (Figure 5a-c) 

and at 200 MPa (Figure 5d-f), both in the one-phase and two-phase regions. Irrespective of 

pressure, the spectra in the one-phase region (panels a, d, e) are dominated by the contribution 

from hydration water. In the two-phase region, it is strongly decreased at both pressures, but 

remains present, and the intensities of the diffusional and the effective local process of bulk water 

are increased. Thus, at Tcp, a fraction of the hydration water in the one-phase region is released 

from the chains and joins the bulk solvent phase. At none of the pressures, the intensity of the 

vibrational process is significantly affected by the increase in temperature. We note that possible 

contributions from the polymer dynamics cannot be completely excluded. However, these are 

expected at frequencies lower than the range probed here.88,90  
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Figure 5. Example fits of χ″(q,ν) of the 25 wt% PNIPAM solution in 80:20 v/v H2O/CD3OD in 

the one-phase region at 0.1 MPa at 15.7 °C (a) and at 200 MPa at 12.7 °C (d) and 33.2 °C (e), and 

in the two-phase region at 0.1 MPa at 32.3 °C (b) and 41.4 °C (c) and at 200 MPa at 56.8 °C (f). 

Data (open symbols), fits of eq 4 (dark grey lines) and their individual contributions: Elastic 

fraction el (grey), relaxation process of hydration water h (red), diffusion process of bulk water d 

(wine), local process of bulk water l (brown) and the vibration process v (orange). In (e), the elastic 

contribution is very weak. 

Temperature and Pressure Dependence of the Elastic Scattering 

The elastic line strength Cq,el (eq 5) is shown as a function of temperature in Figure 6a and b. In 

the one-phase region it decreases slightly with increasing temperature at both pressures. Above 

Tcp, it increases sharply at 0.1 MPa, until a plateau is reached at ~30 °C. In contrast, Cq,el increases 

gradually at 200 MPa. This difference reflects the characteristic influence of pressure on the phase 
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transition, which is sharp at 0.1 MPa, but spans over a broad temperature range at 200 MPa, 

similarly to purely aqueous PNIPAM solutions.56  

 

 

Figure 6. Upper panels: Elastic line strength Cq,el in the 25 wt% PNIPAM solution in 80:20 v/v 

H2O/CD3OD at 0.1 MPa (a) and 200 MPa (b) as a function of temperature. Lower panels: Relative 

populations fi of different water species as a function of temperature at 0.1 MPa (c) and 200 MPa 

(d). Red circles: Hydration water (h); wine squares: diffusive contribution to bulk water (d); and 

brown triangles: effective local contribution to bulk water (l). The cloud points are indicated by 

the vertical dashed lines. 

The increase of Cq,el at Tcp may be attributed to a reduced mean-square displacement of hydrogen 

atoms. This is expected in the two-phase region due to chain collapse. It enhances the Debye-

Waller prefactor and, therefore, the elastic line strength. In addition, water molecules may be 
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trapped inside the polymer-rich domains above Tcp, which strongly hinders their motion. It is also 

conceivable that dynamic modes of the polymer that were faster than the resolution limit in the 

one-phase region may be hindered in the two-phase region, thereby contributing to the elastic 

scattering. For instance, the side groups of PNIPAM may be involved in a relatively fast dynamic 

process below Tcp, but their motion may be restricted above. However, due to the low frequencies 

of dynamic processes of the chains already in the one-phase region,29 this contribution presumably 

plays only a minor role.  

 

Relative Populations of Bulk and Hydration water  

In this section, we analyze the temperature dependence of the relative fractions of different water 

species fi across the cloud points at 0.1 and 200 MPa. These are determined from the amplitudes 

of the individual contributions to the susceptibility spectra Ci, where the index i stands for h, d or 

l. Since the amplitudes Ci are proportional to the scattering intensities of the respective water 

species, the relative populations of the different types of hydration and bulk water, fi, are 

determined as56 

𝑓𝑓𝑖𝑖 = 𝐶𝐶𝑞𝑞,𝑖𝑖

𝐶𝐶𝑞𝑞,ℎ+𝐶𝐶𝑞𝑞,𝑑𝑑+𝐶𝐶𝑞𝑞,𝑙𝑙
           (6) 

using again the averaged values at q = 1.45, 1.55 and 1.65 Å-1. Here, the vibrational process is not 

included, as it may contain contributions from both hydration water and bulk water. The total 

number of water molecules considered for the determination of fi can be assumed constant. While 

very strongly bound water may be included in the elastic line, this amount is presumably negligible 

in comparison with fd and fh. Changes of the fraction of bound water (fh) result in opposite changes 

in the fraction of the contributions from bulk water, fd and fl.  
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The resulting relative fractions fh, fd and fl are shown as a function of temperature at both 0.1 and 

200 MPa in Figure 6c and d. In the one-phase region at 0.1 MPa, fh decreases with temperature 

from a value of ~0.8 at 13.1 °C to ~0.5 at Tcp, reflecting the decreased intensity of the susceptibility 

at low frequencies (Figure 4c and d). At a pressure of 200 MPa, the fraction of hydration water 

mimics its behavior at 0.1 MPa at the lowest measured temperatures, however, it decreases more 

gradually, as Tcp is approached.  

The change of fh near the respective cloud point temperatures Tcp is very different for the two 

pressures: At 0.1 MPa, fh decreases abruptly at Tcp, then flattens off within 5 K above Tcp and 

reaches a constant value of ~0.2 at 45.9 °C. At 200 MPa, the decrease of fh is much less abrupt 

above Tcp, though it continues to decrease steadily in the two-phase region, even up to 15 K above 

Tcp. At both pressures, fh converges towards a finite value. This is consistent with the kinetically 

trapped water,53 or water that remains hydrogen bonded with hydrophilic groups,20 observed in 

purely aqueous PNIPAM solutions at atmospheric pressure. Moreover, the relatively sharp 

transition at 0.1 MPa in comparison with 200 MPa reflects the narrower temperature range in 

which phase separation takes place, as observed in purely aqueous PNIPAM solutions.56 The bulk 

water fractions fd and fl show similar behavior: At both pressures, they increase in the entire 

temperature range. At the cloud point at 0.1 MPa, they increase sharply, whereas at 200 MPa, the 

increase is gradual. 

These results can be connected with our previous small-angle neutron scattering study on the 

pressure dependence of the co-non-solvency effect of PNIPAM in a water/methanol mixture.61 It 

was found that, at high pressure, the correlation length of concentration fluctuations in the one-

phase region is larger than at low pressure. Thus, at high pressure, chains in the one-phase region 

are not solvated as strongly as at low pressure. This is consistent with the reduced value of fh in 

Page 24 of 49

ACS Paragon Plus Environment

Submitted to Macromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 25 

the one-phase region at 200 MPa, which becomes apparent when plotting fh as a function of the 

temperature interval to Tcp (see Figure S6 in the SI). 

 
Bulk Water Dynamics in PNIPAM/Water/Methanol Mixtures 

The binding or release of water and methanol to the PNIPAM chains alters the composition of 

the bulk solvent, which is expected to be reflected in the relaxation time τd of the water molecules 

in the bulk solvent phase. Using the measured data from the neat 80:20 and 70:30 v/v H2O/CD3OD 

solvent mixtures as a reference we can estimate the effective bulk solvent composition in the 

PNIPAM solution in dependence on temperature and pressure. Figure 7a and b depict τd in the 

polymer solution as a function of temperature at 0.1 MPa and 200 MPa along with the relaxation 

times measured in the neat 80:20 and 70:30 v/v H2O/CD3OD solvent mixtures. In the neat solvent 

mixtures, the average relaxation time τd increases with methanol content, i.e., water molecules 

diffuse more slowly in the presence of methanol. 
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Figure 7. (a,b) Relaxation time of the diffusive mode of H2O molecules in the bulk solvent phase, 

τd, of the 25 wt% PNIPAM solution in 80:20 v/v H2O/CD3OD (wine triangles), of the 80:20 (purple 

circles) and of the 70:30 v/v H2O/CD3OD mixture (black circles), as a function of temperature at 

0.1 MPa (a) and 200 MPa (b). The purple and black lines are guides to the eye. (c,d) Relaxation 

time of hydration water, τh, in the 25 wt% PNIPAM solution in 80:20 v/v H2O/CD3OD at 0.1 MPa 

(c) and 200 MPa (d) as a function of temperature. The dashed vertical lines mark the cloud points 

of the polymer solution at both pressures. 

At 0.1 MPa (Figure 7a), the values of τd in the PNIPAM solution are lower than the ones of the 

neat 80:20 v/v H2O/CD3OD solvent mixture, they reach the same values as in the neat 80:20 v/v 

H2O/CD3O mixture near Tcp in the one-phase region at ~20 °C, and become slightly larger above 

30 °C, i.e., deep in the two-phase region. Thus, at low temperatures, the methanol concentration 

in the solvent phase is lower than the stoichiometric one, i.e., a large fraction of methanol is 

localized at the PNIPAM chains. This finding lends support to the notion that the co-non-solvency 

effect at atmospheric pressure is mainly due to preferential adsorption of the organic solvent on 

the chains in the one-phase region.9,33 Near Tcp, neither solvent is preferentially adsorbed at the 

chains: Both in the solvent and at the chains, water and methanol are present with an 80:20 v/v 

composition. Deep in the two-phase region (above 30 °C), methanol molecules are more strongly 

expelled from the polymer-rich domains than water molecules, leading to an effectively larger 

methanol concentration in the bulk solvent phase at high temperatures. 

At 200 MPa, different behavior is observed (Figure 7b). At low temperatures, τd of the PNIPAM 

solution is close to that of neat 80:20 v/v H2O/CD3OD. At temperatures of 30 °C and above, τd 

increases above the values of the neat 80:20 v/v H2O/CD3OD mixture. At Tcp, τd reaches nearly 

the same value as in the neat 70:30 v/v H2O/CD3OD mixture. Thus, near Tcp, the bulk solvent 
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phase is enriched with methanol, which, in turn, means that water is preferentially adsorbed on the 

polymer chains. This supports models attributing the reversal of the co-non-solvency effect at high 

pressure to enhanced polymer-water interactions.57,58,60 Over a temperature interval of 20 °C above 

Tcp, τd gradually approaches the same value as in the neat 80:20 v/v H2O/CD3OD mixture, i.e., the 

original solvent partitioning is regained.  

These results allow for an estimate of the effective solvent composition adsorbed on the polymer 

chains at 200 MPa. By assuming that all methanol molecules are released from the chains near Tcp, 

we find from the value of fh of 0.4 (Figure 6d), that the bulk solvent mixture has a composition of 

71:29 v/v water/methanol (see the SI and Figure S7 for a detailed calculation). This ratio is very 

similar to the one deduced from the measured relaxation time of water in the bulk solvent mixture 

near Tcp at 200 MPa τd (Figure 7b). It can be concluded that nearly all methanol molecules are 

expelled from the chains near Tcp at 200 MPa. This pressure is close to the pressure at which the 

maximum of the coexistence line in the temperature-pressure frame is located (231 MPa, Figure 

1), i.e., at this pressure the co-non-solvency effect is maximally reversed. Therefore, the observed 

replacement of the majority of methanol by water on the chains at 200 MPa confirms the dominant 

role of preferential water adsorption for the breakdown of the co-non-solvency effect at high 

pressure. 

 

Hydration Water Dynamics in PNIPAM/Water/Methanol Mixtures 

In addition to the relative fraction of the hydration water discussed above, the susceptibility 

spectra yield information on the relaxation time, τh, of hydration water (Figure 7c and d), which 

provide additional insights into the polymer-solvent interactions. At both pressures, τh increases 

with temperature over the entire range. However, they show several differences: (i) At 0.1 MPa, 
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the values of τh below and at Tcp are significantly lower than at 200 MPa. For instance, at Tcp, τh = 

17.1 ± 0.4 ps at 0.1 MPa, but 18.5 ± 0.8 ps at 200 MPa. (ii) τh increases abruptly at Tcp, while it 

increases steadily at 200 MPa. (iii) Above Tcp, τh increases at 0.1 MPa, with a lower slope than 

below, while it levels off at 200 MPa. 

We first discuss the behavior at 0.1 MPa. Since the hydrogen bonds of H2O with the amide 

groups of PNIPAM restrict the motion of the water molecules more than the hydrophobic 

groups,91,92,93 the sudden increase of τh at Tcp suggests that the amide groups mainly stay hydrated, 

whereas the hydrophobic groups are abruptly dehydrated,56 leading to an overall increased τh. 

Moreover, as recently found in atomistic computer simulations,36 the dynamics of the water 

molecules near the chain may be influenced by interactions with nearby alcohol molecules. In 

addition, in the two-phase region, water molecules may be trapped inside the polymer-rich phase,56 

contributing to the steady increase of the relaxation time above Tcp. 

At 200 MPa, larger τh values are observed below and at Tcp than at 0.1 MPa. This becomes 

especially evident when comparing the values at same temperature interval with respect to Tcp (see 

Figure S6 in the SI). Two effects may be at the origin. First, as discussed above, a longer relaxation 

time may point to an enhanced hydrophilic hydration, implying that the application of pressure 

favors hydrophilic hydration compared to hydrophobic hydration. As will be discussed below, this 

is not in line with Raman spectroscopy of the methyl group vibrations. Second, the relaxation 

dynamics of hydration water at the chains is affected by the presence of methanol. In the one-phase 

region, more methanol is preferentially adsorbed on the chain at low pressure than at high pressure 

(Figure 7a and b). Therefore, both species are present on the chains in significant amount at low 

pressure, which may weaken the interaction strength between water and PNIPAM. This could be 

due to a significant influence of adsorbed methanol molecules on the interaction strength between 

Page 28 of 49

ACS Paragon Plus Environment

Submitted to Macromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 29 

PNIPAM and water, thereby shortening τh. Furthermore, the presence of a weakly bound hydration 

shell around methanol molecules that are adsorbed on the chains may overlap with the signal from 

polymer bound water, leading to an apparent shortening of τh. As shown above, at 200 MPa nearly 

all methanol molecules are expelled from the chains, diminishing these effects. 

 

Hydrophobic Hydration in PNIPAM/Water/Methanol Mixtures 

From QENS, it became evident that hydrophilic and hydrophobic hydration of PNIPAM in a 

water/methanol mixture behave differently at low and high pressure, when the solution is heated 

through Tcp. Further insight on the hydrophobic hydration of PNIPAM in an 80:20 v/v 

water/methanol solvent mixture is gained from Raman spectroscopy by probing the vibrations of 

the methyl groups of the polymer. For comparison, results from a purely aqueous PNIPAM 

solution are presented. The Raman spectra of the 25 wt% PNIPAM solution in neat D2O and in 

80:20 v/v D2O/CD3OD at different temperatures for pressures of 0.1 and 130 MPa, and 0.1 and 

200 MPa, respectively, are shown in Figure 8. To compare with a purely aqueous PNIPAM 

solution, we chose a pressure of 130 MPa, because it is near the pressure where the coexistence 

line has its maximum, as for the PNIPAM solution in the solvent mixture (Figure 1).  

In the CH stretching region, four bands are discernible. They are assigned to the symmetric 

stretching mode of CH3 in the side groups (νs(CH3) at ~2878 cm-1), to the CH stretching vibrations 

in the backbone and in the side groups (ν(CH) at 2922 cm-1), the antisymmetric stretching modes 

of CH2 in the backbone (νas(CH2) at 2945 cm-1) and of CH3 in the side groups (νas(CH3) at 2985 

cm-1).20,94,95 As deuterated methanol is used, the vibrational modes of its hydrophobic groups are 

shifted to lower frequencies due to the isotope effect and do not overlap with the polymer C-H 

vibrations. The cloud point temperatures were determined in situ by optical microscopy. For 25 
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wt% PNIPAM in neat D2O, Tcp = 32.2 ± 0.6 and 35.1 ± 0.7 °C at 0.1 and 130 MPa, respectively, 

whereas for 25 wt% PNIPAM in 80:20 v/v D2O/CD3OD, Tcp = 25.2 ± 0.8 and 39.8 ± 0.9 °C at 0.1 

and 200 MPa, respectively. 

 

Figure 8. Raman spectra of the 25 wt% PNIPAM solution in neat D2O at 0.1 MPa (a) and 130 

MPa (b) and in 80:20 v/v D2O/CD3OD at 0.1 MPa (c) and 200 MPa (d), in the CH stretching region 

in dependence on temperature. The temperature of each curve and the relative position of the 

respective cloud points, as determined by in-situ optical microscopy, are indicated in the graphs. 

For clarity, the curves are shifted in intensity and smoothened using the Savitzky-Golay algorithm. 

Small changes in the spectral bands are observed with increasing temperature at both low and 

high pressure in the two samples. At 0.1 MPa, the positions of all four bands are approximately 

constant in the one-phase region. At the respective cloud points in the two samples, the positions 

of the νas(CH3) mode shift abruptly to slightly lower wavenumbers, and then remain again constant. 

At high pressure for the two samples, the frequencies of both vibrational modes decrease as well, 

but in a gradual manner. The νs(CH3), ν(CH) and νas(CH2) modes do not display notable changes 
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in any case. The strong decrease in the peak frequencies of the two vibrational modes at 200 MPa 

and Tcp + ~10 K for the 25 wt% PNIPAM solution in 80:20 v/v D2O/CD3OD might suggest the 

presence of a second transition (see also Figure 9). Since it was not observed in the QENS 

experiments, it could be caused by the interaction with the inner surfaces of the glass capillary 

used for Raman spectroscopy. The inner diameter of the capillary (~100 μm) is of the same order 

of magnitude as the size of the polymer-rich domains in the two-phase region, which might result 

in local variations in the composition. 

The Raman spectra were deconvoluted by a superposition of four Voigtian lineshapes (eqs S12-

S15 and Figures S8 and S9 in the SI). Figure 9 shows the resulting peak frequencies of the νas(CH2) 

and the νas(CH3) vibrational modes of the backbone and the side groups, respectively, as a function 

of temperature. The C-H bond lengths in the hydrophobic groups increase when they are hydrated, 

i.e., hydrogen bonds between these groups and D2O are improper.96,97,98,99 Thus, the decreasing 

frequencies of the νas(CH2) and the νas(CH3) modes point to dehydration of these groups.  
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Figure 9. Peak frequencies νas(CH3) (a, b) and νas(CH2) (c, d) of the 25 wt% PNIPAM solution in 

80:20 v/v D2O/CD3OD (purple circles) at 0.1 (a,c) and 200 MPa (b,d), and of the 25 wt% PNIPAM 

solution in neat D2O (light blue triangles) at 0.1 MPa (a,c) and 130 MPa (b,d) as a function of 

temperature. The dashed vertical lines mark the cloud points at both pressures. 

We discuss the 25 wt% PNIPAM solution in neat D2O first. The behavior of the νas(CH3) mode 

in this solution (Figure 9a and b) is reminiscent of the one in a 3 wt% solution observed by us 

previously:53 At atmospheric pressure, its frequency decreases abruptly at Tcp and remains constant 

above. In contrast, at 130 MPa, the decrease in frequency sets in at Tcp, is gradual and spans over 

more than 10 K, i.e., the phase transition extends over a broad temperature range. In the one-phase 

region, however, the frequency is slightly lower than in the 3 wt% PNIPAM solution in D2O,53 

suggesting that the monomers in the 25 wt% solution are less hydrated. This is possibly due to the 

smaller number of water molecules available per monomer in the concentrated 25 wt% solution 

reducing the number of contacts in comparison with a semidilute solution. 

Changes in the νas(CH2) band in the 25 wt% PNIPAM solution in D2O (Figure 9c and d, blue 

triangles) are less pronounced than the νas(CH3) mode. They are related to the hydrophobic 

hydration of the backbone. At atmospheric pressure, the peak frequency shifts abruptly to a lower 

frequency at Tcp, above which it remains constant. At 130 MPa the decrease in frequency at Tcp is 

smaller. It can be concluded that the dehydration of the backbone at Tcp is weaker at high pressure. 

We now turn to the 25 wt% PNIPAM solution in 80:20 v/v D2O/CD3OD. It was previously 

shown, that solvation of hydrophobic groups with an organic solvent does not lead to an increase 

in stretching frequency.100 Thus, the shift of the frequencies of the asymmetric stretching bands of 

CH3 and CH2 in the PNIPAM solution in D2O/CD3OD to lower frequencies than in the purely 

aqueous PNIPAM solution in the one-phase region can be attributed to a weaker hydration of the 
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hydrophobic groups in the solvent mixture than in neat D2O. This is the case both at atmospheric 

and at high pressure. At atmospheric pressure, it is in line with the partial replacement of water by 

methanol on the hydrophobic groups of PNIPAM. It is in agreement with the preferential 

adsorption of methanol inferred from the QENS data (Figure 7a), and with recent molecular 

dynamics simulations on aqueous PNIPAM solutions including ethanol as a cosolvent.101 At high 

pressure, however, nearly all methanol molecules are expelled from the chains (Figure 7b). 

Therefore, the presence of methanol in the solution weakens the total solvation of hydrophobic 

groups in the one-phase region at high pressure. 

At atmospheric pressure, the frequencies of both vibrational modes decrease abruptly at Tcp and 

remain constant above. In contrast, at 200 MPa, the decrease is less pronounced and gradual in all 

cases. Thus, for PNIPAM dissolved in both D2O and D2O/CD3OD, the decrease of the stretching 

frequencies of the asymmetric stretching modes of CH2 and CH3 may be attributed to the release 

of water molecules from the hydrophobic groups at Tcp, as the phase separation takes place. It 

occurs abruptly at atmospheric pressure and gradually at 200 MPa.  

The frequencies of the νas(CH2) and the νas(CH3) vibrations in the 25 wt% PNIPAM solution in 

D2O/CD3OD in the one-phase region are lower at atmospheric pressure than at 200 MPa. Thus, 

the hydrophobic groups are more strongly hydrated at 200 MPa than at 0.1 MPa. Since fh (Figure 

6c and d) is generally smaller at 200 MPa than at 0.1 MPa close to the respective cloud points in 

the one-phase region, it can be concluded that the stronger hydrophobic hydration at 200 MPa 

must be compensated by a weaker hydrophilic hydration. On the other hand, the larger value of τh 

at 200 MPa than at 0.1 MPa in the same temperature range (Figure 7c and d) points to stronger 

binding of water molecules at 200 MPa. Specific water-methanol interactions on the chains or the 
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presence of a second hydration shell around adsorbed methanol molecules at 0.1 MPa contributing 

to fh may explain the difference. Further studies are needed to clarify this issue.  

 

Conclusions 

We have investigated the dynamics of bulk and hydration water in a 25 wt% PNIPAM solution 

in 80:20 v/v H2O/CD3OD at variable temperature and pressure using quasi-elastic neutron 

scattering and Raman spectroscopy. The one phase region is hugely expanded along the pressure 

axis with the coexistence line having a maximum near 200 MPa. The experimental results shed 

new light on the molecular mechanism and the importance of hydration for the reversal of co-non-

solvency at high pressure. At atmospheric pressure, the susceptibility spectra provide evidence of 

polymer bound water, part of which is released during the LCST transition. Simultaneously, the 

elastic line strength increases abruptly which is consistent with a coil to globule transition. At a 

pressure of 200 MPa, the polymer chains stay more hydrated over the whole temperature range. 

The release of polymer bound water is gradual across the demixing transition, while there is a 

pronounced increase in the elastic line. 

The diffusive properties of water in the bulk solvent phase show that at atmospheric pressure 

deep in the one-phase region the solvent phase is enriched with water, implying that methanol is 

preferentially adsorbed on the chains. With temperature increasing towards Tcp, the effective 

solvent composition approaches the nominal 80:20 v/v ratio, i.e., preferential adsorption is 

diminished. At 200 MPa, the composition of the bulk solvent phase is 80:20 v/v deep in the one-

phase region, but approaches a 70:30 v/v ratio near Tcp. This demonstrates that, at high pressure, 

the solvent phase is enriched with methanol near Tcp, which in turn means that, under these 

conditions, water is preferentially adsorbed on the chains, leading to the breakdown of co-non-
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solvency at high pressure. The relaxation time of the hydration water in the one-phase region, i.e., 

of water that is bound to the polymer, is larger at 200 MPa than at 0.1 MPa, which is in part due 

to a weakening effect of adsorbed methanol molecules on the binding strength of water with 

PNIPAM at atmospheric pressure. 

Complementary Raman spectroscopy measurements probe the interaction between the solvent 

molecules and the hydrophobic groups of PNIPAM. At both pressures in the one-phase region, the 

hydration of the hydrophobic groups of PNIPAM in the presence of methanol is weaker than in a 

purely aqueous PNIPAM solution. This observation points to a replacement of water by methanol 

at the hydrophobic groups at atmospheric pressure and an overall weaker solvent adsorption by 

the hydrophobic groups at high pressure. In both solutions at high pressure, the hydrophobic 

groups are more strongly hydrated than at atmospheric pressure. As phase separation takes place, 

water molecules are released from the hydrophobic groups in all cases. 

The wide range of timescales accessed by QENS in combination with variations in pressure 

makes possible the simultaneous investigation of the dynamics of hydration and bulk water. 

Release and adsorption of solutes by the polymer chains correlate with a change in effective 

solvent composition as evidenced by the diffusive properties of water in the bulk solvent mixture. 

Pressure modifies the hydrophobic interaction that plays a crucial role for the phase behavior. 

These effects may be central to the largely expanded one phase region along the pressure axis in 

the phase diagram with methanol as a cosolvent compared to neat water. The wide ranges in 

frequency and temperature at atmospheric and high pressure allow to distinguish the relaxation of 

hydration and bulk water. The measured susceptibility spectra complement previous 

measurements on the chain conformation and the entropic and enthalpic interactions between the 
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chains and the solvent mixture. They offer a sensitive test for molecular dynamics simulations and 

theoretical studies. 
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