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Co-nonsolvency in concentrated aqueous solutions of PNIPAM: 
effect of methanol on the collective and the chain dynamics 
Konstantinos N. Raftopoulos,*a,† Konstantinos Kyriakos,a Matthias Nuber,a Bart-Jan Niebuur,a 
Olaf Holderer,b Michael Ohl,c Oxana Ivanova,b,§ Stefano Pasini,b and Christine M. Papadakis*a

The polymer dynamics in concentrated solutions of poly(N-isopropyl acrylamide) (PNIPAM) in D2O/CD3OD mixtures is 
investigated in the one-phase region. Two polymer concentrations (9 and 25 wt%) and CD3OD contents in the solvent mixture 
of 0, 10 and 15 vol% are chosen. Temperature-resolved dynamic light scattering (DLS) reveals the collective dynamics. Two 
modes are observed, namely the fast relaxation of polymer segments within the blobs and the slow collective relaxation of 
the blobs. As the cloud point is approached, the correlation length related to the fast mode increases with CD3OD content. 
It features critical scaling behavior, which is consistent with mean-field behavior for the 9 wt% PNIPAM solution in pure D2O 
and with 3D Ising behavior for all other solutions. While the slow mode is not very strong in the 9 wt% PNIPAM solution in 
pure D2O, it is significantly more prominent as CD3OD is added and at all CD3OD contents in the 25 wt% solution, which may 
be attributed to enhanced interaction between the polymers. Neutron spin-echo spectroscopy (NSE) reveals a decay in the 
intermediate structure factor which indicates a diffusive process. For the polymer concentration of 9 wt%, the diffusion 
coefficients from NSE are similar to the ones from the fast relaxation observed in DLS. In contrast, they are significantly 
lower for the solutions having a polymer concentration of 25 wt%, which is attributed to the influence of the dominant large-
scale dynamic heterogeneities. To summarize, addition of cosolvent leads to enhanced large-scale heterogeneities, which 
are reflected in the dynamic behavior at small length scales.

Introduction
Stimuli-responsive polymers, in the form of aqueous solutions, 
microgels or hydrogels, attract significant attention due to their 
potential applications in e.g. drug delivery, sensing, or more 
recently, in artificial muscles.1,2,3,4,5,6,7,8,9,10,11 These polymers 
undergo a conformational transition upon a change of an 
external stimulus in a very narrow range. The most widely 
studied stimulus is temperature, and the polymers responding 
to temperature changes are called thermoresponsive. 

By far the most studied polymer of the kind is poly(N-
isopropylacrylamide) (PNIPAM), which contains both 
hydrophilic and hydrophobic groups in its side groups and 
features lower critical solution temperature (LCST) behavior. 
For a large range of molar masses and polymer concentrations, 
its cloud point in water, Tcp, is ~32 °C. Below, PNIPAM is soluble 
in water, whereas above, it dehydrates to a certain extent, 

becomes insoluble and forms long-lived 
aggregates.12,13,14,15,16,17,18 A recent review summarizes and 
discusses the findings on the phase behavior of PNIPAM in 
aqueous solution.19 

At temperatures below Tcp, i.e. in the one-phase state of 
semidilute aqueous solutions of PNIPAM, concentration 
fluctuations were observed using small-angle neutron 
scattering.20,21 The characteristic static correlation length 
follows scaling behavior with respect to temperature and 
polymer concentration. The scaling exponents were found to be 
slightly, but consistently lower than the ones predicted by 
mean-field theory, which was attributed to hydrogen bonding 
of PNIPAM with water.20,21 While the concentration 
dependence of the correlation length points to water being a 
good solvent far below the spinodal temperature Ts, theta 
conditions are reached when approaching Ts.22 A theoretical 
work points towards sequence formation of water molecules 
along the chain and cooperative dehydration at Tcp as the origin 
of the sharp transition.16 

The dynamics of aqueous PNIPAM solutions were studied 
thoroughly in (very) dilute conditions with a focus on the 
hydrodynamic radius of the single chain.13,22,23,24,25 Several 
studies address more concentrated solutions.26,27,28,29,30,31,32 
These use Raman spectroscopy to characterize the vibrational 
dynamics of the alkyl units,31 dielectric relaxation spectroscopy 
to characterize the chain dynamics28 as well as the rotational 
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motions of PNIPAM monomer, and quasi-elastic neutron 
scattering (QENS) to investigate the water dynamics.30,32 
Dynamic light scattering (DLS) elucidates the collective 
dynamics, revealing two diffusive relaxation processes.26,33 The 
fast process was attributed to the relaxation of chain segments 
between neighboring overlap points. The associated dynamic 
correlation length was in the range of a few nanometers and 
was attributed to the distance between overlap points of the 
chains or, equivalently, to the cooperative motion of chain 
segments within each blob. The corresponding diffusion 
coefficient was found to scale with concentration c as c0.320.02 
(ref. 26). The dynamic correlation lengths of the slow mode are 
of the order of a few 100 nm and were attributed to long-range 
concentration fluctuations.26 Since this mode is only present in 
PNIPAM solutions in H2O and in D2O, but not in solutions in 
tetrahydrofurane, it was concluded that intermolecular 
interactions between PNIPAM chains through H2O (or D2O) 
bonds are at the origin of this mode.26

Addition of a cosolvent, e.g. a short-chain alcohol, alters the 
hydration behavior of the PNIPAM chain in aqueous solution.34 
This manifests itself in, among others, a strong dependence of 
the cloud point of PNIPAM on the solvent composition: Up to a 
certain volume fraction of cosolvent, Tcp is suppressed, then it 
increases sharply, which results in a miscibility gap at room 
temperature.35,36,37 In dilute solution, the chain conformation in 
water/alcohol (methanol or ethanol) mixtures changes from 
expanded to collapsed, as cosolvent is added successively to the 
aqueous PNIPAM solution.38,39,40 A quasi-elastic neutron 
scattering study on the solvent dynamics in a concentrated 
PNIPAM solution in an 85:15 v/v water:methanol mixture 
carried out by some of us revealed that, in the one-phase state, 
both solvents are attached to the chain.41 The question arises in 
which way the chain dynamics and the collective dynamics are 
influenced by the presence of alcohol.

The vast majority of theoretical explanations of the co-
nonsolvency effect is based on polymer-solvent interactions 
and the preferential adsorption of methanol to the PNIPAM 
chain compared to the one of water.42,43,44,45,46,47 For instance, 
for PNIPAM dissolved in a mixture of water and methanol, the 
binding of both species with the chains is both cooperative and 
competitive: Although sequences of hydrated monomers and 
sequences of monomers solvated with methanol are formed, 
the repulsive interaction between hydrated monomers and 
monomers solvated by methanol results in chain 
contraction.42,44 An alternative explanation is based on the 
formation of segmental loops due to bridging of the chain by 
methanol molecules, resulting in a compact chain 
conformation.45 In another study, the preferential binding of 
methanol to PNIPAM was shown to lead to an increase in the 
configurational entropy of the globular state, inducing chain 
collapse.46 Moreover, it was shown that, upon a slight increase 
in methanol content, the interaction energy between the 
polymer and the solvent molecules decreases strongly, thus 
driving the collapse of the chains.46 Another investigation 
suggests that methanol mainly interacts with the hydrophobic 

isopropyl groups and water mainly with the hydrophilic amide 
groups and that the competition between the two types of 
solvent molecules leads to geometric frustration and the 
collapse of the chains.47 In a recent investigation, solvent-
mediated interactions are proposed to be of key importance.48 
We note that all of these theoretical approaches are concerned 
with the static chain conformations. We are not aware of any 
predictions regarding the changes of the dynamics, for instance 
the single chain dynamics or the collective dynamics, of 
aqueous solutions of thermoresponsive polymers upon 
addition of a cosolvent. However, the above predictions 
concerning the changes of chain conformation may lead to 
substantial alterations of the dynamics. 

Here, we investigate the dynamics solutions of PNIPAM 
solutions in water/methanol mixtures having rather low 
methanol contents (0-15 vol%). We choose polymer 
concentrations of 9 and 25 wt%), which are in the concentrated 
regime. However, in both cases, the chains are fully hydrated, 
and bulk solvent is present. We characterize the collective 
concentration fluctuations by DLS and the chain dynamics by 
neutron spin-echo (NSE) spectroscopy. The aim of our study is 
to reveal the role of the cosolvent on the dynamics in line with 
the theoretical predictions described above. 

Experimental
Materials

PNIPAM (molar mass 36.0 kg mol-1, dispersity 1.26) was 
purchased from Sigma Aldrich, Munich, Germany. Heavy water 
(D2O, purity 99.90%) and fully deuterated methanol (CD3OD, 
purity 99,80%) were purchased from Deutero GmbH, 
Kastellaun, Germany. All components were used as received. 
Stock mixtures of D2O/CD3OD at CD3OD volume fractions of 0, 
10 and 15 vol% were prepared, and PNIPAM was dissolved in 
these solvent mixtures at mass fractions of 9 and 25 wt%. The 
solutions were agitated on a laboratory shaker in sealed vials, 
until the polymer was fully dissolved. In order to prevent 
clouding, especially in the solutions with high CD3OD content, 
ice packs were also placed on the shaker and changed regularly.

The overlap concentration c* is estimated from the weight-
average molar mass of the polymer, Mw, and its radius of 
gyration, Rg, by c* = 3Mw/(4NARg

3).49 Using Mw = 45 kg mol-1 
and the value of Rg = 18 nm determined by some of us 
previously for the same polymer in dilute aqueous solution at 
20 °C,50 c* is found at 0.32 wt%. In an 80:20 v/v mixture of water 
and methanol, the radius of gyration of PNIPAM was found to 
be ca. 18 % lower than in pure water,38 i.e., the gyration volume 
is lower by a factor of ~0.5. The PNIPAM concentrations of 9 and 
25 wt% are safely above c*. 

Cloud point determination

The cloud points were determined experimentally as follows. A 
few ml of the solution was placed in a glass vial in a 
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temperature-controlled toluene bath. The temperature was 
increased in steps of 0.5 °C. At each temperature, the sample 
was equilibrated for 1 min, before it was briefly removed and 
inspected. The first temperature where the solution was found 
to be cloudy was considered as the cloud point.

Dynamic light scattering (DLS)

For DLS, an instrument comprising an ALV-5000/E correlator 
(ALV-Laser Vertriebsgesellschaft mbH, Langen, Germany), an 
ALV/SO-SIPD photomultiplier to which the signal was fed by an 
optical fiber and a HeNe laser operated at 35 mW (wave length 
 = 632.8 nm) and a goniometer was used. The sample was 
mounted in an index-matching vat, which was filled with 
toluene and thermostated by a JULABO F32 thermostat 
(JULABO Labortechnik GmbH, Seelbach, Germany). 

The viscous solutions were mounted in cylindrical cuvettes. 
Temperature-dependent measurements were performed 
starting at low temperature and heating towards the respective 
cloud points, in steps of 2 °C, at a detection angle of 90°. After 
each temperature change, the samples were allowed to 
equilibrate for 5 min. Intensity autocorrelation functions G2() 
were measured in 3 consecutive runs of 10 min duration. Angle-
dependent measurements were performed from 30 to 150° in 
steps of 10°. The momentum transfers q were calculated as q = 
4nsin(/2)/. The refractive index of the solutions, n, were 
measured independently with an Abbe refractometer at 20 °C, 
resulting in n = 1.3445 and 1.3833 for the 9 and 25 wt % 
solutions in D2O and n = 1.3455 and 1.3646 for the solutions in 
80:20 v/v D2O/CD3OD, respectively. The values for solutions 
with intermediate solvent compositions (10 and 15% CD3OD) 
were calculated by linear interpolation and were used for all 
temperatures. 

The autocorrelation functions were analyzed by fitting the sum 
of one single and one stretched exponential function to the 
G2() data:
𝑮𝟐(𝝉) ―𝟏 = 𝑪

[𝑨𝒇𝒂𝒔𝒕𝐞𝐱𝐩 ( ―
𝝉

𝝉𝒇𝒂𝒔𝒕
) + 𝑨𝒔𝒍𝒐𝒘𝐞𝐱𝐩 ( ― ( 𝝉

𝝉𝒔𝒍𝒐𝒘
)𝜷𝒔𝒍𝒐𝒘)]𝟐

(1)
where C is the intercept, Afast and Aslow are the relative 
amplitudes of the fast and the slow decay, Afast + Aslow = 1, fast 
and slow the relaxation times and slow the stretching exponent 
of the slow mode. The fraction of the slow mode is given by 
Aslow. After fitting, the normalized intensity autocorrelation 
functions g2() -1 = [G2() -1]/C were calculated using the C-
values determined in the fit. For the 9 wt% solution in pure D2O, 
the slow mode is rather broad, and the average relaxation time 

(2)〈𝝉𝒔𝒍𝒐𝒘〉 = 𝝉𝒔𝒍𝒐𝒘

𝜞(𝟏 𝜷𝒔𝒍𝒐𝒘)
𝜷𝒔𝒍𝒐𝒘

was used for further evaluation, where (x) denotes the 
Gamma function. In all other solutions, slow was close to unity, 
and slow was used directly. 

The dynamic correlation length corresponding to the fast mode, 
fast, was calculated by

(3)𝝃𝒇𝒂𝒔𝒕 =
𝒌𝑩𝑻

𝟔𝝅𝜼𝑫𝒇𝒂𝒔𝒕

where kB is Boltzmann’s constant and T the absolute 
temperature.  is the dynamic viscosity of the solvent. For D2O, 
the temperature-dependent values of H2O from ref. 51 were 
used. For the solvent mixtures, data from ref. 52 were inter- 
and extrapolated using the Vogel-Fulcher-Tammann relation. 
Dfast denotes the diffusion coefficient, which is calculated by 

(4)𝑫𝒇𝒂𝒔𝒕 = (𝝉𝒇𝒂𝒔𝒕𝒒𝟐) ―𝟏

Neutron spin echo spectroscopy (NSE)

NSE experiments were performed using the instruments J-NSE 
of the Jülich Centre for Neutron Science outstation at the Heinz 
Maier-Leibnitz Zentrum (MLZ), Garching, Germany,53,54,55 and 
SNS-NSE at the Spallation Source at Oak Ridge National 
Laboratory, U.S.A.56,57 

At J-NSE,53,54,55 the measured Fourier times ranged from 0.1 ns 
to 60 ns and were extended to 100 ns for the lowest q-values 
(0.03 and 0.05 Å-1). Each measurement in a range of momentum 
transfers q = 0.03-0.21 Å-1 (corresponding to a range of length 
scales of ca. 3-21 nm) took ca. 24 h. The samples were mounted 
in Hellma Quartz cells of size 30 mm  30 mm with a sample 
thickness of 2 mm for 9 wt% solutions and 1 mm for 25 wt%. 
The sample temperature was controlled by circulating 
thermostated water through the sample holder. Experiments 
were performed at 24 °C (except in one case, where the 
temperature was 25 °C) and at few additional temperatures 
between 22 and 31 °C. Grafoil or graphite powder were used to 
measure the resolution function of the spectrometer. The 
detector was a multiwire area detector. The instrument 
parameters are described elsewhere.55

At SNS-NSE,56,57 the 25 wt% solution in pure D2O was measured 
at 27.5 and 30.5 °C and the 25 wt% solution in D2O/CD3OD at 
22.0, 25.0 and 27.0 °C at q-values in the range 0.03-0.21 Å-1. The 
samples were mounted in 2 mm quartz cells. The final q values 
are a result of grouping/integrating over certain wavelengths 
bands and scattering angles. The wavelengths were chosen 
between 9-12 Å resulting in a Fourier time range between 40 ps 
and 50 ns. The sample temperature was controlled with 
pressurized air in the so called temperature forcing system 
(TFS). The measurement time for the whole q series at a single 
temperature was approx. 30 h. Grafoil was used to measure the 
resolution function. The detector was a multiwire area detector.

The NSE data were fitted with a stretched exponential function: 
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𝑺(𝒒,𝒕)
𝑺(𝒒,𝟎) = 𝐞𝐱𝐩 ( ― (𝜞𝑵𝑺𝑬𝒕)𝜷𝑵𝑺𝑬)

(5)
ΓNSE is the relaxation rate, and βNSE the stretching exponent. The 
average relaxation rate NSE was calculated from 

(6)〈𝜞𝑵𝑺𝑬〉 =
𝜷𝑵𝑺𝑬

𝜞(𝟏 𝜷𝑵𝑺𝑬)𝜞𝑵𝑺𝑬

The diffusion coefficient DNSE was determined by 
(7)𝑫𝑵𝑺𝑬 = 〈𝜞𝑵𝑺𝑬〉𝒒𝟐

Results and discussion
In this section, we first report the cloud points. Then, the DLS 
and NSE results elucidating the collective and the chain 
dynamics at temperatures below the cloud point are presented 
and compiled. 

Cloud points

The measured cloud points of the solutions having PNIPAM 
concentrations of 9 wt% and 25 wt% are given in dependence on the 
volume fraction of CD3OD in Table 1. As expected, they decrease with 
increasing CD3OD content for both concentrations.34,35,36,37 The value 
obtained for the PNIPAM solutions in pure D2O, 33 °C, is consistent 
with the one previously reported for the same polymer at the 
intermediate PNIPAM concentration of 13 wt% in D2O, namely 32.9 
°C.21

Table 1. Cloud points Tcp and critical temperatures Tc in dependence on PNIPAM 
concentration and CD3OD content

PNIPAM 
concentration 

(wt%)

CD3OD volume 
fraction 

(%)

Cloud point
Tcp

(°C)

Critical 
temperature 

Tc

(°C)
0 33.0 0.5 35.1  0.1(a)

35.1  0.2(b)

10 29  0.5 32.8  0.3(b)

9

15 27  0.5 28.6  0.4(b)

0 33  0.5 34.1  0.6(b)

10 29  0.5 29.4  0.2(b)

25

15 27  0.5 26.7  0.3(b)

(a) from the fit with ν = 0.50, (b) from the fits with ν = 0.63

DLS measurements were carried out between (in most cases) 
12 °C and Tcp, i.e. in the one-phase state. Angle-dependent 
measurements reveal the nature of the two dynamic processes 
identified. For NSE measurements, all samples were measured 
at 24 °C (except the 25 wt% solution in 90:10 vol/vol 
D2O/CD3OD, which was measured at 25 °C) in dependence on 
momentum transfer. Moreover, measurements were carried 
out at temperatures ~2 °C and ~5 °C below the respective cloud 
points, i.e. in the one-phase state. 

Collective concentration fluctuations

The temperature dependence of the collective concentration 
fluctuations in all solutions was studied by DLS in pure D2O and 
in 90:10 and 85:15 vol/vol D2O/CD3OD. For both polymer 
concentrations and all solvent compositions, the normalized 
autocorrelation functions g2() -1 feature two decays (Figure 1): 
A fast relaxation appears in the time range of ~0.001-1 ms for 
both polymer concentrations and a slow relaxation above ~10 
ms for the 9 wt% solutions and above ~100 ms for the 25 wt% 
solutions. For the 9 wt% solutions, addition of CD3OD results in 
a strong increase of the relative amplitude of the slow mode, 
which may be attributed to stronger correlations between the 
large-scale dynamic heterogeneities. For the 25 wt% solutions, 
the relative amplitude of the slow mode is very high at all CD3OD 
contents, and the decay is only partially visible in the accessible 
time window. For all samples, the relative amplitude of the slow 
mode decreases with increasing temperature, when the cloud 
point is approached. 
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Figure 1. Representative normalized intensity autocorrelation functions from DLS, g2() - 1, for polymer concentrations of (a-c) 9 wt% and (d-f) 25 wt% at the temperatures and 
solvent compositions given in the graphs. The lines are fits of eq. 1.

The fact that two modes are present with the slow mode being 
dominant indicates that the solutions are above the overlap 
concentration,26,58 see the Experimental Section. Previously, 
the fast process was attributed to the relaxation of chain 
segments between neighboring overlap points33 or, in other 
words, to the cooperative motion of monomers within a blob, 
and its relaxation rate fast was found to be proportional to 
q2.26,58,59 The second, broad decay at longer correlation times 
(above ~10 ms) was previously assigned to long-range dynamic 
heterogeneities26 or to the relaxation of a cage, which is formed 
by a number of correlated blobs;60 thus, it is related to 
interchain interactions. Its relaxation rate was previously found 
to depend on the momentum transfer like  q with 2 <  < 
3.26 In semidilute, aqueous PNIPAM solutions, it was attributed 
to long-range, correlated concentration fluctuations, associated 
with hydrogen bonding of PNIPAM with water or with the 
strong interaction between the PNIPAM chains in a poor 
solvent.58 Both explanations involve dynamics at length scales 
larger than the size of the single chain, i.e. collective 
phenomena resulting in large-scale dynamic heterogeneities.

To characterize the relaxation times, the widths of the decays 
as well as the relative amplitudes of the two decays, the sum of 
two stretched exponentials was fitted to the autocorrelation 
functions (eq. 1, Figure 1). We first discuss the slow mode. Its 
fraction, measured at a scattering angle of 90°, is shown in 
dependence on temperature in Figure 2a and d. For a polymer 
concentration of 9 wt% in pure D2O, it decreases from ~0.6 at 
12 °C to ~0.4 at temperatures of 20 °C and above (Figure 2a), 
and it is relatively broad (slow  0.37-0.86, Figure 2b). For 10 
and 15 % of CD3OD, the relative amplitude of the slow mode at 
12 °C is 0.93, i.e. significantly higher than in pure D2O, and it 
decreases to 0.82-0.84 for both solvent mixtures, as the cloud 
point is approached (Figure 2a). At these CD3OD contents, the 
slow decay is steeper (slow  0.67-1.06, Figure 2b). Figure 2c 
shows that, upon heating, the relaxation times slow decrease 
from ~1 to 0.02 s for the solution in pure D2O (for this solution, 
we consider slow, calculated using eq. 2), from 0.3 to 0.2 s for 
10 % CD3OD and from 0.7 to 0.3 s for 15 % CD3OD.
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Figure 2. Characteristics of the slow mode in the DLS autocorrelation functions for PNIPAM concentrations of (a-c) 9 wt%, (d-e) 25 wt%. (a, d) Fraction of the slow mode 
at a scattering angle of 90 °, (b, e) stretching exponent slow and (c, f) relaxation time slow in dependence on temperature at the CD3OD contents given in (c) For the 
sample with 9 wt% in pure D2O, slow  is shown, calculated using eq. 2. The arrows in (a, b) indicate the cloud points Tcp. 

At 25 wt%, the slow mode dominates strongly at all solvent 
compositions and at all temperatures (Figure 2d-f). For all 
solvent compositions, its relative amplitude decreases with 
temperature, starting at ~0.98-0.99 at the lowest temperature 
and decreasing to values of ~0.93-0.96 just below the cloud 
point, and seems to decrease slightly with increasing CD3OD 
content (Figure 2d). The opposite behavior of the relative 
amplitude of the slow mode with CD3OD content in the 9 and 
the 25 wt% solution may reflect counteracting effects of 
polymer-polymer interactions and polymer-solvent 
interactions. However, it may also be due to the fact that, for 
the 25 wt% solutions, the relaxation times of the slow mode are 
very high (in the range of ~2-13 s, Figure 2f), and therefore, the 
decay is partially outside the accessible time range. The decays 
seem closer to single-exponential than at 9 wt% (Figure 2e), but 
again, this seems to be a consequence of the high relaxation 
times.

To identify the nature of the decays, angle-dependent DLS 
experiments were performed. The relaxation rates of the fast 
and the slow mode in dependence on the square of the 
momentum transfer, q2, are shown in Figure 3. At both polymer 
concentrations, the inverse relaxation times of the fast mode 
are proportional to q2 (Figure 3a, c), and the fast mode can be 
assigned to the cooperative motion of monomers within a 
blob.58,59 

Figure 3. q dependence of the inverse relaxation times from DLS for polymer 
concentrations of (a, b) 9 wt% and (c, d) 25 wt%. The solvent compositions and the 
temperatures are given in the graphs. (a, c) Symbols: fast. The lines are linear fits through 
the origin. (b, d) Symbols: slow. The dashed line in (b) is a linear fit through the data 
from the solution in 90:10 v/v D2O/CD3OD.

In contrast to the fast mode, the inverse average relaxation time 
of the slow mode is not proportional to q2, but the values are 
rather scattered. Only at a polymer concentration of 9 wt% in 
90:10 vol/vol D2O/CD3OD, a linear behavior is approximately 
observed (Figure 3b), and a tentative determination of the 
diffusion coefficient using eq. 4 results along with eq. 3 in a 
correlation length of ~12 µm, which is outside the range of DLS.
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The diffusion coefficients of the fast mode, Dfast, are calculated 
from the fast values determined in the temperature scans at  
= 90° using eq. 4 (Figure 4). To eliminate effects of the proximity 
to the cloud point, we plot them in dependence on T – Tcp. All 
reported diffusion coefficients are higher than the ones 
reported for PNIPAM in aqueous solution in the semidilute 
regime.26 At both polymer concentrations, the values decrease 
with increasing temperature, and the values from the solutions 
with 0 and 10 % CD3OD are virtually equal, while the ones from 
the solutions with 15 % CD3OD are distinctly lower. For given 
temperatures, the Dfast values of the 25 wt% solutions are 
slightly smaller than the ones of the 9 wt% solutions, which is 
not consistent with the scaling relation Dfast  c0.320.02 reported 
for the same concentration range for aqueous solutions of 
PNIPAM.26 We attribute the different concentration behavior to 
the strong large-scale dynamic heterogeneities in the solutions, 
which present domains with different dynamics, and Dfast is a 
value that is averaged over these domains. 

Figure 4. Temperature-dependent diffusion coefficients in dependence on T – Tcp 
for polymer concentrations of (a) 9 wt% and (b) 25 wt%. The solvent compositions 
are given in (a). Open symbols: values from the fast mode in DLS, closed symbols: 
values from NSE. 

The dynamic correlation lengths of the fast mode, fast, are 
calculated from the diffusion coefficients Dfast using eq 3 along 
with the temperature-dependent viscosity of the solvent 
mixture (Figure 5). For both polymer concentrations, fast range 
between ~3 and ~25 nm, i.e. below and above the estimated 
radius of gyration (~18 nm, see the Experimental Section).

fast increases with temperature and with CD3OD content. The 
temperature behavior can be described by the following model 
characteristic of critical scaling: 

 (8)𝜉𝑓𝑎𝑠𝑡 = 𝜉0((𝑇𝑐 ― 𝑇) 𝑇𝑐) ―𝜈

where  is the critical exponent and Tc the critical temperature. 

Fitting eq. 8 to the data from the 9 wt% solution in pure D2O 
results in an exponent  = 0.50  0.01 and a critical temperature 
Tc = 35.1  0.2 °C and provides a good fit to the data. Tc is higher 
than the cloud point (31  1 °C), as expected. The value of the 
exponent  resulting from this fit is equal to the one predicted 
by mean-field theory for the static correlation length ( = 0.5). 
For all other datasets, leaving all three fitting parameters free 
results in large uncertainties. Therefore, we fix the exponent at 
 = 0.50, which results in good fits for both polymer 
concentrations and all CD3OD contents (dashed lines in Figure 
5a,c). The resulting critical temperatures are added to Table 1.

Figure 5. (a) Temperature dependent dynamic correlation length fast from DLS for 
the fast mode of all solutions at a polymer concentration of 9 wt% (a, b) and 25 
wt% (c, d) and the CD3OD contents given in (a). The dashed and full lines in (a) and 
(c) are fits of eq. 8 with ν fixed at values of 0.50 or 0.63, respectively. The arrows 
mark the cloud points Tcp. (b, d) Same data as in (a, c), plotted in a double-
logarithmic representation of vs. Tc-T including the fitting curves, using the values 
of the fitting parameters obtained for  = 0.63. The insets in (b) and (d) show the 
same data along with fits of eq. 8 with the exponent  being fixed at 0.50.

As an alternative, we use the value of  = 0.63, which was 
predicted for 3D Ising behavior and was previously observed in 
polymer solutions close to the critical temperature.61,62,63 For 
the 9 wt% and 25 wt% solutions in pure D2O, these fits are 
indistinguishable from the ones in which  was fixed at 0.5 in 
the range explored experimentally. Judging from the reduced  
values, the fits with  = 0.63 are slightly better than the ones 
with  = 0.50 for all solutions (9 and 25 wt%) except the one 
with the polymer concentration of 9 wt% in pure D2O. Possibly, 
this tendency towards 3D Ising behavior is related to the large-
scale dynamic heterogeneities, which are very prominent in the 
cases where  = 0.63 provides the better fits. 

A parameter emerging from the fits of eq. 8 to the fast data is 
the critical temperature Tc. The values are given in Table 1. They 
decrease with increasing polymer concentration and with 
increasing content of CD3OD and are slightly higher than the 
cloud points Tcp. The behavior of the dynamic correlation 
lengths is in agreement with the one of the static correlation 
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lengths reported for PNIPAM in D2O of similar polymer 
concentrations: For polymer volume fractions of 0.0783 and 
0.213, the exponent ν increases from 0.451 to 0.569.20 The 
values of the static correlation lengths reported in this study at 
23 °C are ca 1.67 and 1.04 nm, respectively. Thus, the ratios of 
the dynamic and the static correlation lengths are  4 𝜉𝑑/𝜉𝑠 ≈
and 6 for the low and high concentration, respectively. These 
values are of the same order of magnitude, but higher than the 
values around 2, which were reported for semidilute solutions 
of polystyrene (Mw = 105 g mol-1, concentration 0.1 g mL-1) in 
organic solvents.64

In Figure 5b and d, the fast data along with the fits with  = 0.63 
are replotted in log-log representation as a function of Tc – T, 
and the linear behavior confirms the validity of eq. 8. Since the 
same ν value describes the data from both polymer 
concentrations and all CD3OD contents, the dynamic behavior 
of the motion of the monomers within the blobs seems to be 
unaffected by the cosolvent. (For comparison, the fits with  = 
0.50 are shown in the insets.) The graphs show that, for both 
polymer concentrations, fast decreases upon addition of CD3OD 
for the same Tc – T values and that the values are very similar 
for 10 and 15 % of CD3OD. Thus, the dynamics of the motion 
within the blobs is affected by the presence of CD3OD, but is 
similar for 10 and 15% CD3OD.

Thus, using DLS, two relaxation modes are identified in the one-
phase regime, which were known from PNIPAM in pure D2O, 
namely a fast one, attributed to the cooperative motion of 
segments within the blobs, and a slow one, attributed to long-
range dynamic heterogeneities or, in other words, to the 
relaxation of a cage, which is formed by a number of correlated 
blobs. In the 9 wt% solution, the slow mode is particularly 
pronounced at CD3OD contents of 10 and 15%, and it is very 
prominent at all CD3OD contents for a polymer concentration of 
25 wt%. For all solutions having a polymer concentration of 9 
wt%, the slow decay is fully in the accessible time window of 
DLS. It is broad in pure D2O, but close to single-exponential at 
the higher CD3OD contents. In contrast, at 25 wt%, it is not fully 
within the accessible time window and the large-scale 
heterogeneities cannot be fully characterized. For all solutions 
studied, the fast mode shows the expected diffusive behavior 
fast  q2, and the associated related dynamic correlation length 
follows fast  |T – Tc|-ν. For the solution with a polymer 
concentration of 9 wt%, ν = 0.5, i.e. the mean-field prediction, 
fits the data best, whereas for all other solutions, 3D Ising 
behavior (ν = 0.63) gives slightly better agreement with the 
data. The critical temperatures Tc are slightly higher than the 
respective cloud points Tcp.

Chain dynamics 

NSE experiments were performed to study the chain 
dynamics.65,66 The q-values chosen for NSE (0.03-0.21 Å-1) cover 
the range over which the static concentration fluctuations 
typically decay.67 We note that the length scales corresponding 
to these q-values are in the range of the Kuhn length of PNIPAM 
(40 Å).68. Because these q-values are significantly larger than the 

ones probed in DLS (< 310-3 Å-1), we expect to observe the 
chain dynamics at smaller length scales. The samples were 
measured at temperatures 21-32 °C, always below the 
respective cloud point, i.e. in the one-phase state. 

Figures 6 and 7 show the resulting representative normalized 
intermediate scattering functions S(q,t)/S(q,0) at polymer 
concentrations of 9 and 25 wt%, respectively. They show a 
single decay, which is attributed to density fluctuations on 
molecular length scales. For the solutions with the higher 
polymer concentration, the decays are significantly slower than 
at the lower polymer concentration, as expected. The 
S(q,t)/S(q,0) curves could be fitted with a stretched exponential 
function (eq. 5), giving the relaxation rate  NSE and the 
stretching exponent, NSE. According to initial fits, the value NSE 
= 0.63 describes the data best, being indicative of main chain 
dynamics. This value was fixed throughout to obtain accurate 
values for NSE. The deviation from a single exponential decay 
may in part be ascribed to the polydispersity of the polymer, but 
also to the nature of the dynamic process. Due to the scatter of 
the data and the (in some cases) limited time range, other 
values of  also give satisfactory fits, and we refrain from using 
this parameter to identify a specific dynamic process.69,70 
Overall, the fits obtained in this way are good. Only for the 25 
wt% solution with 15 % CD3OD, slight deviations are present 
(Figure 6f and g).
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Figure 6. Representative intermediate scattering functions S(q,t)/S(q,0) from NSE on the solutions having a polymer concentration of 9 wt%  in pure D2O (a-c) or containing 10 % 
(d,e) or 15 % CD3OD (f-h) at the temperatures and q values given in the graphs. Lines are fits of stretched exponentials as described in the text. 
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Figure 7. Representative intermediate scattering functions S(q,t)/S(q,0) from NSE on the solutions having polymer concentrations of 25 wt%  in pure D2O (a-c) or containing 10 % 
(d,e) or 15 % CD3OD (f,g) at the temperatures and q values given in the graphs. Lines are fits of stretched exponentials as described in the text. 

Figure 8. Relaxation rates ΓNSE vs q2 resulting from model-fitting the intermediate structure factors from NSE measurements on the solutions having polymer concentrations of 9 
wt% (a-c) and 25 wt% (d-f) in pure D2O (a, d) or containing 10 % CD3OD (b, e) or 15 % CD3OD (c, f) at the temperatures given in the graphs. Symbols: experimental data, full lines: 
linear fits in the same colors as the respective data.
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The resulting average relaxation rates ΓNSE (eq. 6) are plotted 
vs. q2 to determine the nature of the dynamics (Figure 8). For 
diffusional dynamics, ΓNSE is expected to be proportional to q2, 
which is indeed observed at all temperatures and for all solvent 
mixtures. The diffusion coefficients, as determined from the 
slopes of the linear fits of ΓNSE vs. q2 are compared with the 
ones from the fast mode in DLS (Figure 4). While for the polymer 
concentration of 9 wt%, the agreement between DLS and NSE is 
excellent, deviations are observed in the values for 25 wt%. For 
instance, the values from NSE at 24-25 °C are a factor of ~4.4-
7.0 lower than the ones from DLS at the same temperature. The 
reason for this discrepancy may be the enhanced large-scale 
dynamic heterogeneities in the latter solutions. The diffusion 
coefficients obtained by NSE are averaged over both types of 
dynamic domains. Due to the significantly larger q-values, i.e. 
the smaller length scales probed in NSE, the diffusion coefficient 
may appear reduced compared to the fast mode probed in DLS.

Conclusions
The dynamics of two concentrated solutions of PNIPAM in 
D2O/CD3OD is investigated in dependence on the solvent 
composition in the one-phase state with the aim of 
characterizing the effect of co-nonsolvency on the collective 
and the chain dynamics. Theory predicts changes of the 
hydration layer of the PNIPAM chains upon addition of a 
cosolvent, resulting in a chain contraction. Based on that, we 
expected that these conformational changes have a strong 
effect on the chain dynamics as well as on the dynamics of the 
polymer segments within a blob. Since the polymer-polymer 
interactions may be altered by the addition of cosolvent as well, 
we address rather high polymer concentrations. 
DLS reveals two relaxation modes. The fast mode is attributed 
to the relaxations of chain segments within the blobs. The 
corresponding correlation length increases with CD3OD 
content, as the cloud point is approached, which is consistent 
with the expected chain contraction. Its scaling behavior with 
temperature is consistent with the expression from mean-field 
theory for the 9 wt% solution in pure D2O, whereas all other 
solutions are slightly better described by the scaling law for 3D 
Ising behavior. We suspect that the latter behavior observed at 
small length scales is related to the particularly strong large-
scale dynamic heterogeneities obvious from the dominant slow 
mode in these solutions. This dominance may be attributed to 
an enhanced interaction between the polymers mediated by 
the cosolvent in the solutions far above the overlap 
concentration. 
While DLS probes the collective dynamics, NSE monitors the 
dynamics on the chain level and at smaller length scales, 

allowing to explore details of the diffusive motion. A single 
decay is observed, which can be described by a stretched 
exponential function, and which is diffusive. The resulting 
diffusion coefficients coincide with the ones from the fast 
relaxation observed in DLS at the lower polymer concentration. 
For the more concentrated solution, the values from NSE are a 
factor of ~4.4-7.0 lower, and we attribute this discrepancy to 
the dynamic heterogeneities at large length scales. In the NSE 
experiment, the diffusion coefficient is an average over these 
two types of dynamic domains, which leads to a shift towards 
lower values. 
We conclude that, with the methods used, shifts of the 
relaxation times and the corresponding diffusion coefficients 
and correlation lengths are observed upon addition of up to 15 
vol% of CD3OD, but no qualitative changes. A correspondence 
between the fast segmental dynamics and the large-scale 
heterogeneities is found. We note that the present systems – 
concentrated polymer solutions in aqueous solution with a 
cosolvent – realize a more complex situation than the one 
described by current theories for co-nonsolvency, which seem 
to address the static behavior of single chains exclusively. More 
experimental and theoretical work is needed to bridge this gap.
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ToC text

The polymer dynamics in concentrated solutions of poly(N-isopropyl acrylamide) in water/methanol 
mixtures is investigated using light and neutron scattering.
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