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We use 2H nuclear magnetic resonance to study the dynamics of deuterated
water in a solution of linear poly (N-isopropyl acrylamide) (pNIPAM, 4 wt%) across
its coil-to-globule transition at a lower critical solubility temperature (LCST)
around 32°C. In agreement with previous studies, we find that the 2H spin-
lattice (T1) and, in particular, spin-spin (T2) relaxation times abruptly decrease
when heating through the LCST, indicating that the polymer collapse causes an
emergence of a water fraction with strongly reduced mobility. To quantify the
dynamics of this slow water fraction, we exploit the fact that 2H field-cycling
relaxometry allows us to measure the spectral density of the water reorientation
in a broad frequency range. We find that the slow water fraction is characterised
by a broad logarithmic Gaussian distribution of correlation times (σLG = 2.3), which
is centred about τLG ≈ 10–9 s near the LCST. Hence, the common assumption of a
Debye spectral density does not apply. We argue that a minor water fraction,
which is located inside the pNIPAM globules and shows dynamics governed by
the disordered polymermatrix, accompanies amajor water fractionwith bulk-like
dynamics above the LCST. The former fraction amounts to about 0.4 water
molecules per NIPAMmonomer. Several findings indicate fast exchange between
these bound and free water fractions on the T1 and T2 time scales.
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1 Introduction

So-called smart polymers have attracted a lot of scientific interest (Lu and Ballauff, 2011;
Scherzinger et al., 2014; Sierra-Martin et al., 2014; Halperin et al., 2015) due to their ability
to reversibly collapse upon external stimuli such as temperature, irradiation with light, or
solvent composition. This gives them great potential in technological applications such as
drug delivery (Nolan et al., 2006), nano sensors and -valves (Richter et al., 2004), anti-
fouling coatings (Yu et al., 2014) of, e. g. artificial joints and to grow cell cultures (Matsuda
et al., 2007; Schmidt et al., 2010). They are also considered as possible model systems for
DNA folding and protein denaturation (Yang et al., 2017). The most intensively studied
representative of this class of polymers is poly (N-isopropyl acrylamide) (pNIPAM) due to a
sharp lower critical solubility temperature (LCST) of 32°C (Halperin et al., 2015), which is
near the human body temperature, rendering this polymer a promising candidate for
applications in medicine and biology.
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Tailoring pNIPAM solutions to a specific application requires a
thorough understanding of the phenomena that affect its coil-to-
globule transition. In this regard, pNIPAM and its derivatives
continue to draw a lot of attention as, despite decades of research
(Halperin et al., 2015), important aspects of the mechanism of the
transition remain unclear. The situation becomes even more
complicated in some mixed aqueous solvents (Backes et al.,
2017a; b), where recently several competing models have been
reviewed (Bharadwaj et al., 2022), or by the addition of salts
(Zhang et al., 2007). There is, however, general agreement that
the solvent plays an essential role for pNIPAM’s coil-to-globule
transition. In particular, the breakage of polymer-water hydrogen
bonds is considered to be a major factor for the chain collapse, as can
also be seen in studies using ultrasound to quickly trigger the coil-to-
globule transition of linear pNIPAM and pNIPAM microgels
(Rahimzadeh et al., 2021; Stock et al., 2023; 2024). As such, it is
important to investigate the polymer-water interplay
around the LCST.

Several studies have set out to describe the water behaviour
across the LCST of pNIPAM (gels) using, e. g., neutron scattering
(Maccarrone et al., 2014; Hammouda et al., 2015; Niebuur et al.,
2019), dielectric spectroscopy (Shiraga et al., 2015; Vijayakumar
et al., 2022; Balachandar et al., 2023), differential scanning
calorimetry (Lai et al., 2013) and molecular dynamics simulations
(Podewitz et al., 2019). An inherent problem of these approaches is
that the water fraction interacting with the polymer is small in the
dilute or semi-dilute regimes and, hence, it is difficult to single out
signal contributions, which directly inform about the pNIPAM-
water interaction. Nevertheless, several studies deduced the number
of bound water molecules per pNIPAM monomer at temperatures
below and above the polymer’s collapse (Ono and Shikata, 2006;
Yang et al., 2017; Yanase et al., 2018). However the results vary
significantly from 8 to 34 below the LCST and 0–3 above this
temperature. Moreover, the studies differed with regard to, e. g.,
polymer concentration and polymer architecture, hampering direct
comparisons.

Nuclear magnetic resonance (NMR) experiments proved to be
very suitable to determine microscopic details of the coil-to-globule
transition of pNIPAM (copolymers) in solutions, gels, and at
interfaces. Important earlier results can be found in a
comprehensive review article (Spěváček, 2009). Performing 1H
and, in some cases 13C, line-shape and relaxation-time studies,
many researchers focused on changes of polymer dynamics
during the chain collapse (Ohta et al., 1991a; Tokuhiro et al.,
1991; Zeng et al., 1997; Deshmukh et al., 2000; Díez-Peña et al.,
2002; Andersson and Maunu, 2006; Kametani et al., 2017).
Furthermore, 1H NMR diffusometry yielded information about
the temperature-dependent hydrodynamic radius (Larsson et al.,
2001; Rusu et al., 2006; Spěváček, 2009). Other studies analysed 1H
and 2H spin-lattice (T1) and spin-spin (T2) relaxation times to
investigate the dynamics of water around the LCST (Ohta et al.,
1991b; Tanaka et al., 1998; Sun et al., 2003; Sierra-Martin et al., 2005;
Rusu et al., 2006; Kametani et al., 2017; Chakraborty et al., 2018).
Commonly, a strong drop of the T1 and T2 times was observed when
heating through the LCST. This finding was taken as evidence that,
above the transition, a water fraction, which hardly interacts with the
polymer and exhibits fast bulk-like dynamics, coexists with a water
fraction, which is captured inside the pNIPAM globules and shows

strongly slowed down dynamics. In the dilute and semi-dilute
regimes, which provide most straightforward information about
pNIPAM’s coil-to-globule transition, fast exchange between these
“free” and “bound” water species establishes a common relaxation
behaviour of all spins and, hence, the measured T1 and T2 times
depend on both the respective fractions and mobilities (Sierra-
Martin et al., 2005; Rusu et al., 2006; Starovoytova and Spěváček,
2006). Unfortunately, these contributions cannot reliably be
disentangled based on measurements at a single Larmor
frequency ωL, limiting the available dynamical information. Only
for concentrated solutions, water species with different spin-
relaxation behaviours were observed in T1-T2 correlation maps
when pNIPAM aggregates in the gel phase above the LCST
(Kametani et al., 2017).

Here, we employ 2H NMR to study the solvent dynamics in a
semi-dilute pNIPAM-D2O mixture (4 wt%). In addition to
conventional measurements of the T1 and T2 relaxation times,
we apply field-cycling relaxometry (FCR). While conventional
approaches measure the T1 and T2 times in fixed magnetic
fields and, thus, probe the spectral density of water dynamics at
a single or at most very few Larmor frequencies, FCR uses an
electromagnet to rapidly switch the applied magnetic field and, in
this way, observes the spectral density over a broad frequency
range (Kimmich and Anoardo, 2004; Kruk et al., 2012; Fujara et al.,
2014; Steele et al., 2016; Becher et al., 2022). The capabilities of 1H
FCR were exploited to characterise differences in polymer
dynamics below and above the LCST (Kariyo et al., 2005).
Here, 2H FCR allows us to observe that a slow water fraction
develops during pNIPAM’s coil-to-globule transition and to
quantitatively determine its spectral density. The analysis
indicates strong dynamical heterogeneity or, in other words,
strong deviations from a Lorentzian shape of the spectral
density, which was often tacitly assumed in previous NMR studies.

2 Theoretical background

In 2H NMR relaxation experiments, we probe fluctuations in the
quadrupolar frequency, which is given by (Schmidt-Rohr and
Spiess, 1994):

ωQ � ±
δ

2
3 cos2 θ( ) − 1 − η sin2 θ( )cos 2ϕ( )( ). (1)

Here, δ and η are the anisotropy and asymmetry parameters of the
quadrupolar coupling tensor and the angles θ and ϕ describe the
molecular orientation with respect to the applied magnetic field B0.
In our case of D2O deuterons, the quadrupolar interaction is
described by δ ≈ 2π × 161 kHz and η ≈ 0.1 (Sattig and Vogel,
2014). Under such circumstances, effects of the asymmetry
parameter (~η2) are negligible in 2H NMR relaxation studies and
the rotational correlation function F2(t) of the second Legendre
polynomial P2 (cos θ) is probed in these approaches see Eq. 1.
Explicitly, the 2H T1 and T2 relaxation times depend on the
Fourier transform of F2(t), i.e., the spectral density J2(ω),
according to (Abragam, 1999):

1
T1

� 2
15
δ2 J2 ωL( ) + 4J2 2ωL( )[ ], (2)
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1
T2

� 1
15
δ2 3J2 0( ) + 5J2 ωL( ) + 2J2 2ωL( )[ ]. (3)

Similarly, in supplementary 17ONMR relaxationmeasurements on a
pNIPAM-H17

2 O mixture, we probe fluctuations in the quadrupolar
frequency of the H17

2 O oxygens resulting from the reorientation of
the labelled water molecules.

Usually, it is assumed that molecular reorientation is described
by a single correlation time τ and that the spectral density has a
Lorentzian shape, JL(ω) = τ/(1 + ω2τ2). However, in disordered
systems, molecular dynamics is often described by broad
distributions of correlation times. Various empirical functions
were proposed to consider such dynamical heterogeneity
(Beckmann, 1988). The Cole-Davidson (CD) spectral density,

JCD ω( ) � sin γCD arctanωτCD( )
ω 1 + ω2τ2CD( )γCD/2 , (4)

describes an asymmetric broadening of the distribution of
correlation times, where γCD is a width parameter. It enabled
successful analyses of temperature-dependent T1 and T2 times for
many (viscous) liquids (Rössler and Sillescu, 1984; Dries et al., 1988;
Böhmer et al., 2001; Becher et al., 2022). Therefore, one may expect
that JCD(ω) also characterises the reorientation of free water at
sufficiently large distances from the pNIPAM molecules. A
symmetric broadening can be described by the logarithmic
Gaussian (LG) spectral density:

JLG ω( ) � 1���
2π

√
σLG

∫∞

−∞
exp − ln τ − ln τLG( )2

2σ2LG
[ ] τ

1 + ω2τ2
d ln τ. (5)

Here, the time constant τLG and the standard deviation σLG
characterise the position and width of the underlying distribution
of correlation times. Such LG behaviour results from the Arrhenius
law when a Gaussian distribution of energy barriers governs
thermally activated motion (Beckmann, 1988). Gaussian energy
landscapes are characteristic for many disordered materials,
including polymer matrices. For example, LG behaviour was
found for rotational motion of plasticizer molecules in polymer
matrices (Jansen-Glaw et al., 1989). Hence, one may speculate that
JLG(ω) also describes the reorientation of water captured inside
pNIPAM globules.

In the limit of fast motion, i. e., when ωLτ ≪ 1 holds for all
correlation times from the distribution, T1 = T2 is obeyed. Moreover,
the T1 and T2 relaxation times can be related to the mean correlation
time 〈τ〉 of the distribution in a model-free way. Specifically, in this
limit, J2 = 〈τ〉, independent of the exact value of the Larmor
frequency and the shape of the distribution, leading to

1
T1

� 1
T2

� 2
3
δ2〈τ〉. (6)

Hence, in the limit ωLτ ≪ 1, T1 and T2 increase/decrease when
molecular dynamics becomes faster/slower. For the above CD and
LG distributions, the mean correlation times 〈τ〉 are related to the
respective parameters by.

〈τ〉 � τCDγCD (7)
and

〈τ〉 � τLG exp σ2LG/2( ). (8)

In the above discussion, it was assumed that exchange between
molecules with diverse dynamics is fast on the time scale of the
spin-lattice and spin-spin relaxation measurements so that
common T1 and T2 times are established. This pertains in
particular to possible free and bound water species in the
pNIPAM solution. This commonly used assumption of rapid
exchange was supported by the observation of single
exponential relaxation behaviours (Van der Beek et al., 1991;
Sierra-Martin et al., 2005; Rusu et al., 2006; Starovoytova and
Spěváček, 2006). Furthermore, a hydrogen-exchange study
(Ahmed et al., 2009) found that the diffusion of water
molecules in and out of pNIPAM globules was not significantly
hindered even in the collapsed state of pNIPAM. Finally, high-
resolution NMR spectra (Starovoytova and Spěváček, 2006) of
dilute pNIPAM solutions did not show separate lines of free and
bound water although both species are expected to have a
resolvable chemical shift difference of 0.1 ppm (Wang et al.,
2009; Hofmann et al., 2013). Likewise, high-resolution spectra
of the present sample do not provide evidence for distinguishable
lines associated with different water species, implying that
exchange between the different water fractions occurs with a
rate higher than the inverse line distance, i. e., faster than
~10 ms; see Supplementary Material.

Based on these and other (Ono and Shikata, 2006; Nachaki et al.,
2022) findings, we conclude that the fast-exchange limit is obeyed in
the present experiments. In such a situation, the measured relaxation
rates 1/Ti (i = 1, 2) are given by the rate average of the individual
contributions. For example, when bound and free water species with
individual relaxation times Tb

i and Tf
i coexist, we obtain (Van der

Beek et al., 1991):

1
Ti

� R

Tb
i

+ 1 − R

Tf
i

. (9)

Here, R and 1 − R are the fractions of bound and free water,
respectively, and Tb

i and Tf
i reflect the respective dynamics of these

species. Therefore, if Tb
i and T

f
i differ by orders of magnitude due to

strongly different dynamics of the water species, the emergence of
even very small fractions of bound water will change the observed
exchange-averaged relaxation times Ti significantly.

3 Experimental details

3.1 Sample preparation

D2O with 99.9% isotopic purity and (not crosslinked) pNIPAM
with Mn = 40,000 g mol−1 were purchased from Sigma Aldrich. D2O
was used as obtained, while pNIPAM was vacuum dried over night
at 1.6 × 10−5 mbar before sample preparation. After drying,
pNIPAM was quickly filled in NMR glass tubes and weighted
before the solvent was added. For the sample used in the home-
built spectrometers, 3.25 mg and 77.9 µL of dried polymer and D2O,
respectively, were used, resulting in a polymer concentration of
3.6 wt%, or, equivalently, a monomer concentration of 0.6 mol%.
After the pNIPAM was dissolved (within a few minutes), the open
end of the sample tube was flame-sealed while damage to the sample
material was avoided by immersing the lower part in liquid nitrogen.
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The sample for the Bruker spectrometer contained 29.85 mg of dried
polymer and 650 µL of D2O. This sample was sealed with a pressure
cap and sealing film. After preparation, the samples were repeatedly
weighted over the course of several weeks to verify that they were
leak-proof during all measurements.

3.2 NMR measurements

Fixed-field 2H T1 and T2 measurements were conducted at several
B0 fields produced by superconducting magnets. The corresponding
2H Larmor frequencies (ωL/2π) amounted to 24.8 MHz, 46.1 MHz,
and 153 MHz. Explicitly, we used two home-built spectrometers for
the experiments at the two smaller Larmor frequencies and a Bruker
1 GHz-AEON spectrometer for the highest frequency. In these setups,
the T1 times weremeasured using the inversion or saturation recovery
pulse sequences. The waiting times between scans were 5T1 to ensure
full equilibration of the magnetisation but at least 2 s to avoid
unwanted sample heating. The T2 times were measured with the
CPMG sequence (Carr and Purcell, 1954; Meiboom and Gill, 1958).
To avoid sample heating also in these experiments, the number of
pulses was limited to ~30 per scan and the waiting time between scans
was increased to 30 s. In order to nonetheless cover the entire decay of
the transversal magnetisation, we combined measurements with
various interpulse delays while taking care of sufficient overlap of
the respective magnetisation decays. In doing so, we ensured that,
even for longer interpulse delays, diffusion during these periods did
not interfere with echo formation and, thus, did not impair the
measured T2 times. Supplementary 17O T1 measurements were
performed using the same methodology at a 17O Larmor frequency
of 40.7 MHz.

A detailed description of the home-built field cycling
relaxometer can be found elsewhere (Kresse et al., 2011). Briefly,
an electromagnet is used to quickly switch the applied magnetic field
B0 and, in this way, measure the T1 relaxation time in a broad range
of Larmor frequencies ωL. In particular, the field-cycling approach
allows one to overcome the low signal-to-noise ratios inherent to T1

measurements at low magnetic fields. In total, our 2H field cycling
experiments cover a range of 5 kHz ≤ ωL/(2π) ≤ 4.6 MHz.

In the home-built fixed field setups, a cryostat operated by
utilising liquid nitrogen as cooling agent was employed to set
temperature. For the Bruker spectrometer and the field-cycling
relaxometer, temperature was controlled using a tempered gas
flow. In all setups, temperature accuracy was better than ±1 K
and temperature stability better than ±0.5 K. The 90° pulse
lengths were ~3 µs in the home-built setups, including the field-
cycling relaxometer, while they amounted to ~200 µs in the
153 MHz setup. Further details about the home-built setups can
be found in previous work (Schiller and Vogel, 2024).

To determine T1 relaxation times, we fit the experimental
magnetization dataM(t) with amodified stretched exponential function:

M t( ) � ΔM 1 − A exp − t

T1
( )β⎡⎣ ⎤⎦⎛⎝ ⎞⎠ +M1. (10)

Here, A = 1 and A = 2 in saturation-recovery and inversion-recovery
experiments, respectively, while the fit parameterM1 serves to adapt
the equation to experimental imperfections or the situation in field-

cycling measurements. The stretching parameter β in Eq. 10 allows
for possible nonexponential 2H spin-lattice relaxation in disordered
materials. However, the analysis revealed that the recovery occurs in
a single exponential manner in the present measurements, i. e., β ≈ 1,
see Supplementary Material. As aforementioned, this finding means
that, provided slow and fast subensembles exist, rapid exchange
between them occurs on the T1 time scale. With this in mind, we fit
the CPMG data with single exponential decays to extract T2 times.

4 Results

4.1 Measurements in fixed fields

In Figure 1, we show 2H T1 and T2 relaxation times of D2O in the
pNIPAMmixture for a fixed Larmor frequency of ωL = 2π ·46 MHz.

FIGURE 1
2H T1 and T2 relaxation times of the D2O-pNIPAM mixture at a Larmor
frequency of ωL = 2π ·46 MHz. Results obtained during heating and
cooling show only minor differences if any. For comparison, data of
neat D2O are included as solid line (Hindman et al., 2003). The
vertical dashed line marks the LCST.

FIGURE 2
Renormalised spin relaxation times Tsolution

i /Tneat
i . Here, Tsolution

1

and Tsolution
2 are the T1 and T2 values of the pNIPAM solution reported in

Figure 1, while Tneat
1 � Tneat

2 of neat D2O were taken from the literature
(Hindman et al., 2003). The vertical dashed line marks the LCST.
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Both T1 and T2 react to the LCST of pNIPAM with a rapid decrease.
Similar changes across the LCST were observed in previous NMR
works (Ohta et al., 1991b; Tanaka et al., 1998; Schönhoff et al., 2002;
Kariyo et al., 2005; Sierra-Martin et al., 2005; Kametani et al., 2017).
While T1 ≈ T2 below the LCST, as expected for fast liquid dynamics
with ωLτ≪ 1, T2 is notably shorter than T1 above the coil-to-globule
transition. Except near the LCST, both relaxation times increase
when the temperature is increased, reflecting the corresponding
speedup of water reorientation.

To remove this trivial effect and focus on the influence of
pNIPAM, we renormalise T1 and T2 on their corresponding
values in neat D2O (Hindman et al., 2003) in Figure 2. The step-
like decrease of T1 and T2 across the LCST is even more apparent on
the basis of the renormalised relaxation times. The temperature of
the coil-to-globule transition is in agreement with LCST values of
305 K in the literature (Halperin et al., 2015). Note that the LCST
transition of pNIPAM was reported to be mildly broadened and
shifted to higher temperatures when deuterated solvent is used
(Shirota et al., 1999). Moreover, the renormalised data reveal that

a heating-cooling hysteresis in the range from around 305 K–315 K
is very small, consistent with previous results (Sierra-Martin et al.,
2005; Rusu et al., 2006).

Naively one might assume that T1 and T2 increase rather than
decrease when heating through the LCST because the accessible
surface of collapsed pNIPAM is reduced (Vijayakumar et al., 2022)
and polymer-water hydrogen bonds are broken so that less solvent
molecules are slowed down by the interaction with the polymer. This
could, however, be overcompensated if water molecules in contact
with pNIPAM experience a particularly strong slowdown when the
polymer is collapsed. The observation that T2 is shorter than T1

above the LCST is a first hint that such very slow water fraction
emerges during the coil-to-globule transition. Specifically, because
T2, unlike T1, depends on J2 (0), see Eqs 2, 3, this difference suggests
that, above the LCST, some water molecules do not obey the limit of
fast motion (ωLτ ≪ 1) in the fixed-field measurements. Because
detailed information about the dynamics of this slow water species is
not available from conventional high-field T1 and T2 measurements
at a single or at most very few Larmor frequencies, we will use 2H
FCR for further quantification below.

Below the LCST, the T1 and T2 times of D2O in the solution are
smaller than those in the neat liquid and, hence, the renormalised
values of the pNIPAM solutions are smaller than unity. Specifically, the
ratio r of the relaxation times of the studied solution and the neat
solvent amounts to r ≈ 0.8 well below the LCST. This finding, which
again agrees with previous results (Sierra-Martin et al., 2005; Rusu
et al., 2006), has several origins. First, it reflects the general increase in
viscosity ηwhen adding a solute, which, due to η∝ τ∝T−1

1 in the limit
of fast motion, leads to a shorter T1 time in the pNIPAM solution than
in neat D2O. In addition, a ratio r < 1 results because, even for
pNIPAM’s coiled state, deuterons experiencing slower than bulk-like
dynamics exist, e. g., deuterons in the hydration shell of the polymer,
and lead to slower average dynamics and, hence, a reduced T1 time in
the pNIPAM solution. Specifically, it is evident from Eqs 6, 9 that in the
limit of fastmotion, the ratio r of the spin relaxation timesTi of the neat
solvent and the studied solution yields the inverse ratio of the respective
mean correlation times 〈τ〉 and, thus, the average slowdown s of water
reorientation due to the presence of pNIPAM molecules:

1
r
� Tneat

i

Tsolution
i

� 〈τsolution〉
〈τneat〉

≡ s. (11)

One might object that the observed drops of the 2H T1 and T2

times across the LCST do not reflect changes of water dynamics but
result from altered relaxation behaviour of the small fraction of
deuterons, which arrived at the amide groups of the polymer by
chemical exchange. For example, one might argue that pNIPAM’s
side group motion changes during the coil-to-globule transition
such that the amide deuterons exhibit shorter T1 and T2 times above
the LCST than below and, as a result, the measured exchange-
averaged relaxation times decrease upon heating through this
temperature. To dispel this objection, we performed
supplementary 17O T1 measurements. In these experiments,
chemical exchange with the polymer does not play a role and the
results exclusively reflect water (H17

2 O) reorientation. We find that
the drop of T1 across the LCST is similar for 2H and 17O, see the
Supplementary Material, indicating that the effect clearly results
from changes in water reorientation.

FIGURE 3
2H spin-lattice relaxation rates 1/T1 (ωL) for the D2O-pNIPAM mixture at
temperatures (A) up to the LCST and (B) above the LCST. Data below
and above ωL = 2π × 107 Hz were obtained from field-cycling and
fixed-field measurements, respectively. The horizontal solid lines
in panel (A) reveal that no significant frequency dependence is
observed at T ≲300 (K). They were calculated from the frequency
independent CD contribution of freewater using the obtained average
slowdown of s= 1.25; see text for details. The solid lines in panel (B) are
fits with Eq. 12.
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Thus, in agreement with previous studies (Ohta et al., 1991b;
Tanaka et al., 1998; Schönhoff et al., 2002; Kariyo et al., 2005; Sierra-
Martin et al., 2005; Kametani et al., 2017), our 2H NMR findings
indicated that a slow water fraction emerges during the coil-to-
globule transition of pNIPAM. This conclusion was confirmed by
new 17O NMR results. However, such measurements at a single
Larmor frequency do not allow one to independently determine the
amount and the slowdown of the emerging bound water fraction.

4.2 Field cycling relaxometry

Next, we apply 2H FCR to analyse the evolution of the spectral
density of D2O reorientation across pNIPAM’s coil-to-globule
transition in more detail. In Figure 3, we see that the FCR
approach yields T1 times over a frequency range of three
orders of magnitude and by adding T1 data from
measurements in superconducting magnets more than
4 decades are covered. In this figure, we do not show T1 (ωL)
but rather 1/T1 (ωL), which is related more directly to the spectral
density J2 (ωL), see Eq. 2. In panel (A), the field-cycling and fixed-
field data consistently show that, in the accessible frequency
range, the 1/T1 rates of the D2O-pNIPAM mixture do not
exhibit a significant dependence on ωL at T ≲300 K. Such an
absence of 1/T1 dispersion is expected for the limit of fast motion,
i. e., for Larmor frequencies in the range ωL ≪ 1/τ, where the
spectral density has a frequency-independent value, see Eq. 6. For
the temperatures shown in panel (B) and also the higher
temperatures shown in panel (A), we see that a frequency
dependence of 1/T1 develops when heating through the LCST.
Specifically, 1/T1 (ωL) significantly increases when the Larmor
frequency is decreased, indicating the emergence of a slow
dynamical process. Thus, above the LCST, a minor fraction of
D2O, which shows slowed-down reorientation and adds a broad
low-frequency dispersion, accompanies the major proportion of
D2O, which shows fast bulk-like reorientation outside the
accessible frequency range and, hence, contributes with a
frequency-independent 1/T1 plateau. In the following text, we
refer to these fractions as bound (b) water and free (f) water,
respectively.

To consider the existence of two D2O species with
distinguishable dynamics, we assume that the spectral density
J2 (ωL) is a weighted sum of two contributions:

J2 ωL( ) � RJLG ωL( ) + 1 − R( )JCD ωL( ) (12)
with 0 ≤ R ≤ 1 and JCD and JLG given by Eqs 4, 5, respectively.
Thereby, the CD spectral density accounts for the faster free water
species at sufficiently large distances from the pNIPAM molecules,
which shows bulk-like reorientation, often characterised by such CD
behaviour, whereas the LG spectral density describes the slower
bound water species, which strongly interacts with the polymer and,
hence, should experience a Gaussian energy landscape typical of
disordered matrices. We note that the use of a CD form is not critical
to our results but other spectral densities allowing for a constant
value in the studied frequency range could have been employed as
well. However, we determined that a LG spectral density better
describes the observed increase of 1/T1 (ωL) at small Larmor
frequencies than several other functional forms, e.g., a CD form.

Using this weighted superposition of JCD (ωL) and JLG (ωL) in Eq. 2,
we fit the 1/T1 (ωL) data of the D2O-pNIPAM mixture, as will be
described next.

Free fits suffer from the fact that the dynamics of free water is too
fast to result in a 1/T1 (ωL) dispersion in the accessible frequency
range, interfering with a reliable determination of the parameters of
JCD. Explicitly, free water obeys ωL ≪ 1/τ in the whole frequency
window and, hence, yields a frequency-independent contribution to
the spectral density, JCD = 〈τf〉 = τCDγCD, see Eq. 7. The
corresponding 1/T1 (ωL) plateau is clearly observed when bound
water is absent well below the LCST, see Figure 3A, but a flattening
out of the 1/T1 dispersion at the highest of the studied Larmor
frequencies implies that such plateau also exists above the LCST, see
Figure 3B. Therefore, it is sufficient to use JCD = 〈τf〉 in the fit
analysis. Moreover, when we assume that the reorientation
dynamics of free water molecules at sufficient distances from the
pNIPAM molecules is not affected by the coil-to-globule transition,
it is possible to predetermine this frequency-independent value at all
studied temperatures based on existing knowledge. Specifically,
using Eq. 11 and identifying 〈τsolution〉 with 〈τf〉, the slowdown s
of water dynamics in the solution can be obtained by comparison of
the dispersion-free T1 times well below the LCST with the values for
neat D2O (Hindman et al., 2003), see Figure 3A. An average over the
results for temperatures in the range 280–300 K yields a slowdown
of s = 1.25, which is consistent with the above finding of r = 0.8 in the
fixed-field measurements. Keeping this value of s fixed even above
the LCST, yields 〈τf〉 from the results for neat D2O (Hindman et al.,
2003). Having obtained the CD spectral density at all temperatures
in this manner, the remaining free fit parameters are the fraction R of
bound water and the time constant τLG and standard deviation σLG
of its LG distribution.

In Figure 3, we see that the fits with this two-species model, see
Eq. 12, well describe the FCR data. In particular, the low-frequency
process associated with the slow water fraction is well described by
the LG spectral density JLG at all temperatures T ≥ 306 K. As
aforementioned, such a shape of the spectral density is not found
in pure (viscous) liquids or polymer melts, where CD behaviour
prevails, but it is often observed when a mobile component moves in
a disordered matrix so that thermally activated motion is governed
by a Gaussian distribution of energy barriers. Aside from the
previously mentioned plasticizer molecules in polymer matrices
(Jansen-Glaw et al., 1989), such a situation was also reported for
mobile ions in disordered solid electrolytes (Haaks et al., 2017;
Winter et al., 2020). Moreover, LG-like behaviours, explicitly, Cole-
Cole spectral densities, were used to describe water dynamics in the
hydration shells of proteins and polymers (Cerveny et al., 2004;
2008; Lusceac et al., 2011). Thus, the observed LG shape confirms
the above suggestion that the low-frequency process can be assigned
to a water fraction which strongly interacts with pNIPAM.
Explicitly, we propose that the bound water species moves inside
the dense polymer matrix formed by the collapsed pNIPAM
globules and, in this way, shows rotational dynamics as they
would result from a Gaussian distribution of energy barriers.

The resulting fit parameters are displayed in Figure 4. First, we
focus on the findings at temperatures T ≥ 306 K. The time constant
of the LG contribution, which specifies the peak position of the
associated distribution of correlation times, amounts to τLG ≈ 10–9 s
near the LCST and decreases when the temperature is increased. The
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standard deviation σLG, which describes the width of the
distribution, has a basically temperature-independent value of
σLG ≈ 2.3. Thus, the LG distribution has a full width at half
maximum of more than two orders of magnitude, indicating that
very strong dynamical heterogeneity results from the interaction of
bound water with the pNIPAMmolecules in their collapsed state. To

quantify the difference in the dynamics of free and bound water, it is
important to characterize the respective distributed dynamics with
the same type of average. Here, we utilize the mean correlation times
〈τf〉 and 〈τb〉 for this comparison, where the latter is available from
τLG and σLG using Eq. 8. In Figure 4B, we see that 〈τb〉 is about
3 orders of magnitude longer than 〈τf〉 well above the LCST.
Altogether, the 2H FCR analysis shows that the interaction with
pNIPAM globules leads to strongly slowed down and much more
heterogeneous water dynamics.

The bound water fraction is very small. It amounts to R =
0.002–0.003 above the LCST. To follow its evolution during the coil-
to-globule transition, we extend the range of our fit analysis to lower
temperatures, where less prominent 1/T1 (ωL) dispersions lead to
enhanced statistical uncertainty. Therefore, unlike in the above
discussed fits at T ≥ 306 K, where σLG was treated as free
parameter, we fix the standard deviation of the LG contribution
at the average of the values at such higher temperatures, σLG = 2.3,
when fitting data at lower temperatures. The results of fits with this
constraint are shown as open symbols in Figure 4. We observe that R
is negligibly small below 300 K and rapidly increases when heating
across the LCST, confirming that the emergence of the slow water
species is caused by pNIPAM’s coil-to-globule transition. The fit
result of a significant temperature dependence of τLG near the LCST
should be taken with great caution because of the marginal 1/T1

dispersion below 306 K, see Figure 3A.
Although only a very small water fraction strongly interacts with

the polymer at a given instant, it should be noted that an exchange
between bound and free water fractions occurs in the course of time.
Moreover, we need to consider that a small value of R is a direct
consequence of using a dilute solution. Specifically, considering the
large molar fraction of water (99.4 mol%) in our sample, R =
0.002–0.003 still implies that 0.3–0.45 water molecules per
NIPAM unit are slowed down. Currently available other
estimates of the number of water molecules per NIPAM unit in
the collapsed state of the polymer scatter significantly, e. g., values of

FIGURE 4
Parameters of the LG spectral density JLG obtained from fitting
the 2H 1/T1 dispersions in Figure 3: (A) weighting factor R, (B)
correlation times τLG, and (C) standard deviation σLG. In all panels, the
solid symbols at T ≥ 306 K result from fits treating σLG as a free
parameter, while the open symbols indicate that the standard
deviation was fixed at the average value σLG = 2.3 at lower
temperatures, where the fit results suffer from significant statistical
uncertainty. Furthermore, blue data are smoothed by a running
average over 4 consecutive data points. For comparison, the mean
correlation times of bound water (〈τLG〉≡〈τb〉) and free water
(〈τCD〉≡〈τf〉) are included in panel (B). The vertical dashed lines mark
the LCST.

FIGURE 5
Temperature-dependent 2H T1 relaxation times for the indicated
Larmor frequencies (ωL/2π). The green data are frommeasurements in
superconducting magnets, the brown and yellow data are obtained
from the field-cycling data in Figure 3 by cutting alongωL = const.
The lines are T1 values calculated based on the fit results for JLG
and JCD.
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0.2–0.4 (Lele et al., 1997), 1.8 (Vorob’ev and Faleev, 2005), 4.5
(Balachandar et al., 2023), 6 (Philipp et al., 2014), and 8 (Heskins
and Guillet, 1968) were reported. However, it should be mentioned
in this context that these values may characterise metastable states
because waiting-time dependent T2 measurements indicated that the
captured water molecules are expelled from the pNIPAM globules
on the time scale of ~4 days (Starovoytova and Spěváček, 2006).

To check the results of our FCR analysis for consistency, we use
the obtained fit parameters to calculate the evolution of the T1 and T2

times across the LCST for various fixed Larmor frequencies ωL. In
doing so, a running average is applied to mitigate the statistical
fluctuations of the LG parameters and, thus, smoothen their
temperature dependence. The resulting smoothed parameters are
included in Figure 4. It can be seen in Figure 5 that the calculated T1

values well reproduce the temperature dependence of the
experimental T1 times for all studied frequencies. In particular,
the observation that the change across the LCST is much
stronger for lower values of ωL is well captured. This effect
results from the finding, see Figure 3, that, above the LCST, the
slow reorientation of the bound water influences the spectral density
particularly at lower frequencies, whereas the fast dynamics of the
free water continues to dominate J2 at higher frequencies. Likewise,
we observe in Figure 6 that the JLG and JCD spectral densities
obtained from the above T1 analysis even allow us to
satisfactorily describe the variation of T2 across the LCST.
Because T2, unlike T1, depends on J2 (0), see Eq. 3, the former
relaxation time changes less than the latter when the Larmor
frequency ωL is varied in our case. Furthermore, the fact that the
fits exclusively involved T1 data, which are independent of J2 (0),
may rationalise the observation that the experimental T2 data, which
strongly depend on this contribution, are less accurately described by
the predictions calculated therefrom. Altogether, the determined
spectral densities of the bound and free water fractions consistently
describe the T1 and T2 relaxation times of the studied D2O-pNIPAM
mixture in broad temperature and frequency ranges. This is evidence
that a small water fraction emerges during the collapse of the
pNIPAM molecules, which shows much slower and more
heterogeneous reorientation dynamics than bulk water.

To further illustrate our findings for bound water, we
characterise the reorientation of this species by an NMR
susceptibility χNMR (ωL). For this purpose, we first determine the
contribution of bound water to the 1/T1 (ωL) dispersion by
subtracting the contribution of free water from the experimental
data, explicitly,

R

Tb
1 ωL( ) �

1
T1 ωL( ) −

1 − R

Tf
1 ωL( ). (13)

In doing so, Tf
1(ωL) is calculated based on Eq. 6 from the mean

correlation times 〈τf〉 used in the above analysis. Then, we
exploit that an NMR susceptibility can be obtained when
multiplying spin-lattice relaxation rates 1/T1 (ωL) by the
respective Larmor frequencies (Kruk et al., 2012; Becher
et al., 2022), or in our case of bound water:

χbNMR ωL( ) ≡ ωLR

Tb
1 ωL( ). (14)

Figure 7 shows the thus determined NMR susceptibilities of
bound water. In this susceptibility representation of the results, it
becomes particularly clear that the bound water shows a very broad
susceptibility peak and, hence, very strong dynamical heterogeneity,
which is well described by a LG distribution of correlation times. The
susceptibility peak is even broader than the accessible frequency
range. Specifically, information about its high-frequency flank is not
available from the present 2H NMR relaxation study. Due to the
prominent dynamical heterogeneity in combination with the small
fraction of the bound water, the faster of these molecules do not
cause a notable 1/T1 dispersion before the contribution of the major
fraction of free water governs the experimental findings at
sufficiently large Larmor frequencies ωL.

FIGURE 6
Temperature-dependent 2H T2 relaxation times for the indicated
Larmor frequencies (ωL/2π). The lines are T2 values calculated based
on the fit results for JLG and JCD obtained from the above T1 analysis.

FIGURE 7
NMR susceptibility of the bound water fraction, χbNMR(ωL) ≡
ωLR/T

b
1 (ωL), at various temperatures above the LCST. The solid lines

are the corresponding fits with a LG distribution of correlation times.
The data and fits were calculated from the results of the above
1/T1 (ωL) analysis using Eqs 13, 14. To illustrate the broadening of the
peaks, NMR susceptibilities calculated for a LG distribution of
correlation timeswith a smaller standard deviation of σLG = 1.0 (dashed
line) and for the case of a single correlation time τ, i.e., for a Lorentzian
spectral density and a Debye susceptibility (dotted line) are included.
The latter data are scaled to coincide with the fit of the experimental
data at 340 K in the height and position of the maximum.
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5 Conclusion

2H NMR relaxometry yielded valuable insights into the
reorientation dynamics of D2O in a semi-dilute solution of linear
pNIPAM (4 wt%) across the LCST. Consistent with previous results,
we observed that the 2H T1 and T2 relaxation times abruptly decrease
when pNIPAM undergoes a coil-to-globule transition at ~32°C. This
indicates that the major fraction of free water becomes accompanied
by a minor fraction of bound water, which strongly interacts with the
collapsed chains and shows slow dynamics. However, it is difficult to
independently determine the amount and the slowdown of the bound
water fraction based on such temperature-dependent T1 and T2
measurements at a single Larmor frequency ωL.

Therefore, we employed 2H FCR for T1 measurements over a
broad range of Larmor frequencies ωL. Moreover, we exploited the
fact that the resulting frequency-dependent relaxation rates
1/T1 (ωL) provide straightforward access to the spectral density
J2 (ωL) of D2O reorientation.We found that 1/T1 (ωL) can be described
by a superposition of LG and CD spectral densities associated with the
dynamics of bound and free water species, respectively. Because of the
fast dynamics of free water, only the low-frequency plateau of the CD
spectral density was observed in the accessible range of Larmor
frequencies ωL. This contribution was predetermined from 1/T1 data
of neat D2O and fixed in our fit approach.

The reorientation of bound water was well described by the LG
spectral density. Hence, bound water shows prominent dynamical
heterogeneity, resembling the motion of various molecules or ions in
disordered matrices. Specifically, the underlying LG distribution of
correlation times is described by a standard deviation of σLG ≈ 2.3,
corresponding to a full width at half maximum of more than two
orders of magnitude. Hence, the common assumption of a Debye
spectral density does not apply. The peak of the LG distribution is
located at τLG ≈ 10–9 s near the LCST and shifts to shorter times when
the temperature is increased. The difference in the dynamics of free
and bound water was characterized based on the respective mean
correlation times, 〈τb〉 and 〈τf〉. We found that the interaction with
the pNiPAMglobules leads to a slowdown of water dynamics by about
3 orders of magnitude. Various findings indicated fast exchange
between bound and free water on the T1 and T2 time scales.

The possibility to observe both the height and the position of the
1/T1 (ωL) dispersion in FCR allowed us to disentangle effects of the
dynamics and the fraction of bound water on the NMR relaxation
behavior and, in this way, obtain an estimate for the amount of water
molecules captured inside the pNIPAM globules above the LCST.
Such disentanglement was not possible in previous studies using a
single Larmor frequency (Ohta et al., 1991b; Tanaka et al., 1998;
Schönhoff et al., 2002; Kariyo et al., 2005; Sierra-Martin et al., 2005;
Kametani et al., 2017). In the studied solution, the fraction R of bound
water is very small, ca. 0.2%–0.3%. However, because of the dilute
conditions, this value still corresponds to ~0.4 bound water molecules
per NIPAMmonomer. In the literature, a broad range of numbers was
reported. In this context, it should be noted that the bound fraction
may decrease in the course of days (Starovoytova and Spěváček, 2006).

Altogether, 2H NMR relaxometry, in particular, our 2H FCR
analysis, revealed that, during the coil-to-globule transition of
pNIPAM, a small fraction of bound water emerges, which exhibits
very heterogeneous and strongly slowed dynamics. Importantly, our
approach provided quantitative information about these effects. We

propose that these water molecules show the observed reorientation in
the interior of the collapsed polymers, but are capable of escaping
from these captivities on longer time scales.
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