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We have combined X-ray diffraction, neutron diffraction with polarization analysis, small angle
neutron scattering, differential scanning calorimetry, and broad band dielectric spectroscopy to
investigate the structure and dynamics of binary mixtures of poly(2-(dimethylamino)ethyl methac-
rylate) with either water or tetrahydrofuran (THF) at different concentrations. Aqueous mixtures are
characterized by a highly heterogeneous structure where water clusters coexist with an underlying
nano-segregation of main chains and side groups of the polymeric matrix. THF molecules are
homogeneously distributed among the polymeric nano-domains for concentrations of one THF
molecule/monomer or lower. A more heterogeneous situation is found for higher THF amounts,
but without evidences for solvent clusters. In THF-mixtures, we observe a remarkable reduction of
the glass-transition temperature which is enhanced with increasing amount of solvent but seems to
reach saturation at high THF concentrations. Adding THF markedly reduces the activation energy
of the polymer β-relaxation. The presence of THF molecules seemingly hinders a slow component
of this process which is active in the dry state. The aqueous mixtures present a strikingly broad
glass-transition feature, revealing a highly heterogeneous behavior in agreement with the structural
study. Regarding the solvent dynamics, deep in the glassy state all data can be described by an
Arrhenius temperature dependence with a rather similar activation energy. However, the values
of the characteristic times are about three orders of magnitude smaller for THF than for water.
Water dynamics display a crossover toward increasingly higher apparent activation energies in the
region of the onset of the glass transition, supporting its interpretation as a consequence of the
freezing of the structural relaxation of the surrounding matrix. The absence of such a crossover
(at least in the wide dynamic window here accessed) in THF is attributed to the lack of cooper-
ativity effects in the relaxation of these molecules within the polymeric matrix. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4946004]

I. INTRODUCTION

Mixtures are ubiquitous in our daily life. Simply by
mixing thermodynamically miscible molecules with different
properties, materials accomplishing the desired requirements
for their end-use can sometimes be tailored. The interval
within which the properties can be tuned depends on the
difference between those exhibited by the neat components.
This applies, for instance, to the dynamical features—
of utmost importance to determine, e.g., the mechanical
properties of the material. In this sense, considering
two starting systems with very different glass-transition
temperatures opens, in principle, a wide range of possibilities
for the vitrification temperature range of the mixture. This
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kind of mixtures is also particularly interesting from a
fundamental viewpoint due to the dynamic asymmetry
characterizing the molecular mobilities of the components.1–18

This refers to the markedly different characteristic times of
the structural relaxations of the two kinds of molecules in
the mixtures. A specially intriguing situation is that found for
systems rich in the slow component. This vitrifies at higher
temperatures than the minority component, leading to a range
of temperatures where the fast molecules try to relax in a frozen
environment. Mixtures of molecules presenting a hugely
different mobility in their neat states can be found in such
widely used materials as plasticized polymers—polymeric
systems containing some amount of smaller (solvent)
molecules.

Water is the solvent in many binary mixtures including
plasticized polymers. The immense relevance of water as
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solvent—in particular, in biological systems—has led to an
enormous effort to characterize its properties in mixtures
with different molecules.19–23 An intriguing behavior has
been reported for the dynamics of water molecules in
concentrated solutions, namely, a change in the temperature
dependence of the characteristic time from an Arrhenius-
like law at low temperatures toward a stronger dependence
that resembles a liquid-like Vogel-Fulcher behavior at high
temperature.21,24–26 Some authors27,28 suggested a relation
between such a crossover and the fragile-to-strong transition
in water. However, in other works,24 it was observed that the
crossover occurred at the glass transition of the mixture, and
so it could be related to a crossover from a situation where the
surrounding medium would experience supercooled liquid-
like dynamics toward a non-equilibrium situation where the
solvent is confined in a rigid glassy environment. Below
the glass-transition temperature, the motions of the water
molecules are restricted by the frozen matrix and, therefore,
are similar to a β-relaxation of a simple glass. Above the
glass transition of the mixture, the water reorientation is
coupled with the α-relaxation of the matrix. Consequently,
the observed crossover could be interpreted as a transition
from a local-like dynamics to a cooperative-like dynamics.
On the other hand, we note that a transition from an Arrhenius
to a non-Arrhenius dependence on temperature has also been
found in the water dynamics confined in MCM-4127 and,
also very recently, in carbon nanohorns.29 These hosts do
not exhibit any glass transition and, due to the nature of the
host, there are not structural rearrangements. Therefore, only
thermal energy could contribute to the crossover. The origin
of this phenomenon is thus, up to date, still controversial.
Another interesting related question is whether or not such a
crossover is also found in other solvent molecules displaying
different interactions among them and with the confining
medium.

Within this framework, we have started a project
consisting of a comparative study of the component dynamics
in binary mixtures of a given polymer and either water
or tetrahydrofuran (THF) as solvents. These two molecules
interact through very different ways: H-bonding is the most
relevant interaction for water, while THF molecules interact
via van der Waals forces. Our interest was twofold: to
determine the solvent effects on the polymeric matrix and to
follow the confined solvent behavior. Regarding this question,
we wanted first to see whether the above mentioned crossover
is present in the dynamics of the solvents. If so, we wanted to
characterize the properties of this phenomenon for both kinds
of molecules in a comparative way. As polymeric matrix
we have chosen poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA). This polymer is soluble in both solvents
and displays a glass-transition temperature at about RT.
This value is appropriate for our investigations since it is
high enough to lead to mixtures with pronounced dynamic
asymmetry and, at the same time, low enough to investigate
the polymer dynamics in a wide temperature range without
solvent evaporation problems. From an applied point of view,
PDMAEMA is of interest for the development of materials
with antibacterial properties30 and used in gene therapy for its
chemical properties.31

In two recently published works we have already
investigated the component dynamics of THF mixtures
with solvent concentration in weight cTHF = 30 wt.%,
corresponding to one THF molecule/monomer.32,33 In those
works, the dynamic study combined dielectric spectroscopy
and quasielastic neutron scattering (QENS) on selectively
deuterated samples in order to characterize the two
components separately and provide spatial information on
the molecular motions involved in the different processes. In
Ref. 32 the polymer dynamics in a mixture with 30 wt. %
of water was also investigated. A heterogeneous distribution
of water molecules in the polymer—likely associated to the
possible presence of water clusters—was invoked to explain
the observed behavior. No experimental evidence for the
existence of those clusters was provided though.

With the present work we complete this investigation.
Here we address the structural and dynamical features of
THF and aqueous mixtures of PDMAEMA covering a wide
range of compositions (limited by crystallization at high
solvent concentrations). To investigate the structure, we
have combined X-ray diffraction, neutron diffraction with
polarization analysis, and small angle neutron scattering.
The dynamics have been studied by differential scanning
calorimetry (DSC) and broad-band dielectric spectroscopy
(DS). The paper is structured as follows: after the experimental
section, we present the calorimetric results in order to
know the locations of the glass transition temperatures
(Tg) in the different samples. Then, the structural study
is presented. There, we provide the experimental proof of
water clusters, already from rather low water concentrations,
while a homogeneous dispersion of the THF molecules is
observed up to high solvent contents. Moreover, we show
that a nano-phase separation of main-chain and side-group
atoms of the polymer matrix persist in both kinds of mixtures.
Then we move to describe our findings about the dynamical
features. Most of them result from the dielectric study.
Therefore, we first explain what are the main contributions
to the dielectric permittivity in both kinds of mixtures and
how they are analyzed. In the aqueous mixtures, the DS
signal is overwhelmed by the water contribution, but in
the THF mixtures the α and β-processes of the polymer
can be followed, together with a contribution from the
THF component. Then we describe and discuss the results
on the different dynamical processes identified. We start
with the polymer dynamics. The THF mixtures show a
remarkable reduction of Tg and a “stronger” behavior of
the α-relaxation of PDMAEMA even at the lowest THF
concentration investigated (15 wt. %). The shift increases with
the amount of THF but seems to saturate at cTHF = 40 wt.%—
where presumably some THF molecules start to interact
mainly with each other. The DSC results on the aqueous
systems evidence a strikingly broad glass-transition feature,
revealing a highly heterogeneous behavior in accord to the
structural study. Moving to the β-process of the polymer—
only accessible for the THF mixtures—it shows a markedly
lower activation energy than that found in the dry sample
already at cTHF = 15 wt.%, and the results support the scenario
of a hindered slow component of the β-process proposed in
the previous study of the 30 wt. %-composition.32 Finally,
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the solvent dynamics are scrutinized. An analysis of the
apparent activation energy of the water dynamics reveals a
crossover toward a more pronounced temperature dependence
than that dictated by the Arrhenius law characteristic of the
glassy state, which takes place at the onset temperature of
the glass-transition process in all the samples studied. Such
finding puts forward the relevance of matrix mobility on the
origin of the crossover in water dynamics when confined in
this kind of systems. The crossover cannot be found in the
dynamical process of the THF molecules, even at the highest
THF concentrations. This absence is attributed to the lack of
cooperativity effects in the relaxation of these molecules.

II. EXPERIMENTAL

A. Samples

PDMAEMA (see chemical formula in Fig. 1) was
purchased from Polymer Source. The average molecular
weight of the polymer is Mw = 57 000 g/mol, with
polydispersity Mw/Mn = 3.0. PDMAEMA as received was
annealed for 7 h at T = 373 K under vacuum (primary vacuum
≈10−1 Torr) to evaporate possible trapped solvent. Mixtures
with THF (solvent concentration in weight cTHF = 15, 20,
30, 40, and 48 wt. %) and with water (solvent concentration
cH2O = 20, 30, 40 wt. %) were prepared by mixing the dry
polymer with the appropriate amount of solvent during a few
days. The same protocol was used to prepare the mixture with
heavy water with cD2O = 30 wt.% investigated in the neutron
diffraction experiments.

B. Diffraction

The structural features of the samples were investigated by
X-ray (XR) and neutron diffraction. XR measurements were
performed with a Rigaku equipment with a two-dimensional
multiwire X-Ray Detector (Gabriel design, 2D-200X) of
200 mm diameter active area with ca. 200 µm resolution.
The azimuthally averaged scattered intensities were obtained
as a function of scattering vector Q = 4π sin(θ)/λ, where θ
is half the scattering angle and λ = 1.54 Å from Cu K-α

FIG. 1. Left: Chemical formula of PDMAEMA. Right: snapshot of the
coarse-grained molecular dynamics simulations in comb-like polymers pre-
sented in Ref. 34 illustrating the nano-phase separation scenario for polymeric
systems with long side groups. Bigger yellow beads represent coarse-grained
molecular groups along the main-chain and smaller blue beads along the side
groups.

transition photons. Measurements were performed under
vacuum and in transmission geometry. The mixtures were
sandwiched between mica windows and sealed to avoid
solvent evaporation, while the dry sample was prepared as
a film. Due to mica reflections at higher Qs, the Q-range
under investigation was restricted below 1.2 Å−1. The patterns
were collected at different temperatures between −120 and
20 ◦C.

The neutron scattering investigation was performed on
the dry polymer and a sample with 30 wt. % deuterated water.
Heavy water was used in order to achieve a large contrast
between the components. Measurements were carried out by
using the DNS instrument at the Forschungs-Neutronenquelle
Heinz Maier-Leibnitz in Garching (Germany) allowing
polarization analysis. An incident neutron wavelength of
λ = 4.2 Å was used covering a Q-range from Q = 0.2 Å−1 to
Q = 2.67 Å−1. Four different temperatures were investigated
in the range 180 K ≤ T ≤ 280 K. Background correction
was done by subtracting the intensity scattered by an empty
aluminum sample holder. In order to extend the investigation
toward lower Q-values, small-angle neutron scattering
measurements were performed by means of SANS-2
instrument at SINQ, Paul Scherrer Institute in Villigen
(Switzerland). A wavelength of 7.5 Å was used with a sample-
detector distance of 1.2 m. Room temperature conditions were
investigated.

C. Dielectric spectroscopy and differential
scanning calorimetry

Broadband dielectric spectrometer Novocontrol Alpha-S
was used to measure the complex dielectric function ϵ∗(ω)
= ϵ ′(ω) − iϵ ′′(ω), covering a frequency range of f = (ω/2π)
= 10−2-107 Hz. The samples were prepared forming a parallel-
plate capacitor between parallel gold-plated electrodes with
a diameter of 20 mm. Measurements were carried out under
isothermal conditions every 5 K with a temperature stability
better than 0.1 K. The maximum temperature for the dry
polymer (370 K) was chosen to avoid degradation, while
for the mixtures we performed measurements up to 300 K
to prevent a significant solvent evaporation. Differential
scanning calorimeter (DSC) TA Instrument Q2000 was used
to determine the glass-transition temperature Tg of the samples
(sample weights about 10 mg). Hermetic aluminum pans were
used for all the samples. Modulated DSC measurements were
performed with average heating rate of 3 K/min and amplitude
of modulation ±0.5 K with a period of tp = 60 s.

III. CALORIMETRIC INFORMATION ABOUT
THE GLASS TRANSITIONS

Figure 2 shows the normalized temperature derivative
of the reversible part of the specific heat dCRev

p /dT during
heating as function of temperature for all mixtures investigated
in comparison with the dry system. This quantity provides
a sensitive method to determine the glass-transitions—the
location of a maximum in this function corresponds to the
inflection point in the specific heat trace which is associated
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FIG. 2. Temperature derivative of the reversible specific heat normalized
to its maximum value for PDMAEMA/THF (a) and PDMAEMA/H2O (b)
mixtures with the indicated solvent concentrations (wt. %). Dry polymer
results are also shown for comparison (black curves). As an example, for dry
PDMAEMA in (a) the dotted line shows the extrapolated linear description
of the low-T flank of the glass-transition peak, and the dashed arrow the
accordingly obtained location of the TDSC

g ,onset-value.

to a given glass-transition process. We will denote as TDSC
g the

Tg-value obtained from the maximum of dCRev
p /dT . Figure 2

directly reveals a pronounced plasticization effect (decrease
of the Tg-value) by addition of solvent. For instance, we note
that adding only a small amount of THF (cTHF = 15 wt.%), a
shift of TDSC

g by about 50 K is observed. Another interesting
parameter is the onset of the glass-transition process TDSC

g,onset,
which can be determined from the temperature at which
dCRev

p /dT deviates from the linear behavior defined by the
low-temperature flank of the peak [see as an illustrative
example the dotted line in the data of the dry system in
Fig. 2(a)]. The values of TDSC

g and TDSC
g,onset and are compiled in

Tables I and II.

TABLE I. Tg -values determined from DSC and DS and parameters ob-
tained by VF descriptions of the characteristic times of the α-relaxation of
PDMAEMA in the dry state and at different THF concentrations by fixing the
pre-factor to that obtained for the dry PDMAEMA (log[τ0(s)]=−11.7).

c wt. % TDSC
g (K) TDSC

g ,onset (K) TDS
g (K) B (K) T0 (K)

0 299 ± 1 285 ± 2 287 ± 1 1666 ± 6 230.8 ± 0.3
15 250 ± 1 230 ± 2 229 ± 1 1946 ± 21 165 ± 1
20 233 ± 1 215 ± 2 221 ± 1 2124 ± 38 152 ± 2
30 214 ± 1 200 ± 2 204 ± 1 1881 ± 6 142 ± 0.3
40 195 ± 1 175 ± 2 190 ± 1 1793 ± 17 135 ± 1
48 169 ± 1 . . . 189 ± 1 1821 ± 7 129.5 ± 0.4

TABLE II. Values of the glass transition temperatures (inflection point)
and onset determined from DSC for the samples with different H2O
concentrations.

c wt. % TDSC
g (K) TDSC

g ,onset (K) TDSC
g ,highT (K)

20 226 ± 4 180 ± 10 264 ± 3
30 221 ± 5 180 ± 5 . . .
40 223 ± 4 180 ± 5 . . .

An increasingly pronounced shift of the glass-transition
temperature upon addition of THF molecules is observed,
reflecting that the plasticization effect continuously increases
with the solvent concentration. The difference between TDSC

g

and TDSC
g,onset—representative for the width of the transition—is

of about 20 K for all THF-concentrations, with exception
of the mixture with cTHF = 30 wt.%. The glass-transition
process in this sample spans over about 14 K, i.e., has the
same width as the dry polymer. Finally, we mention that
for PDMAEMA/THF with cTHF = 48 wt.%, a crystallization
peak at around ∼130 K is found on cooling. This prevents
an accurate determination of the onset of the glass transition.
For lower concentrations, no sign of THF crystallization is
detected during cooling. However, the data for 40 wt. %
THF concentration show a weak hint of melting in the low
temperature region investigated [see Fig. 2(a)].

The aqueous systems also show plasticization; however,
their DSC curves show strikingly different features from
those of the THF mixtures. In particular, the widths of the
glass-transition processes are much larger. Moreover, the peak
position is hardly dependent of concentration for 30 wt. % and
40 wt. % water contents. For the lowest water concentration
investigated, a clear bimodal structure of the curve can be seen.
This sample exhibits thus two glass-transition processes, one
at lower temperatures—roughly with the same characteristics
of that observed for higher water concentrations—and another
one at higher temperatures (about 265 K). Reminiscences of a
second glass-transition process could also be envisaged for the
cH2O = 30 wt.% and cH2O = 40 wt.% samples at about 250 K;
however, the results cannot be considered as conclusive in this
direction.

IV. STRUCTURAL FEATURES

The XR-diffraction results at 293 K are shown in
Fig. 3. In the Q-region below 1 Å−1 the main feature
in the dry system is the presence of a peak centered at
around ≈0.5 Å−1. The position and width of this peak
are not appreciably influenced by the presence of THF for
concentrations cTHF ≤ 30 wt.%, but higher amounts of this
solvent lead to clear additionally scattered intensity in the
low-Q flank of the peak. Contrarily, the effect of water
starts to be notable already for the lowest concentration
investigated. For cH2O = 20 wt.%, a relatively weak but clear
bump appears in the low-Q flank of the peak. With increasing
water concentration, this bump gradually develops leading to
a clearly resolvable additional peak centered at Q ≈ 0.25 Å−1

for cH2O = 40 wt.%. Figure 4 displays the neutron diffraction
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FIG. 3. XR-diffraction patterns obtained on THF-mixtures (a) and aqueous
solutions (b) at 293 K, compared with the results on dry PDMAEMA. Data
have been normalized to the intensity at QI

m ≈ 0.5 Å−1.

results. The neutron intensity coherently scattered by the
mixture PDMAEMA/D2O [Fig. 4(a)] is dominated by a strong
peak at low-Q values (centered in the range 0.2–0.25 Å−1). At
the two lowest temperatures investigated (180 and 220 K), the
intensity and the position of the peak maximum are similar.
Increasing the temperature, the intensity increases and the
maximum shifts toward lower Q values, getting out of the
DNS window close to room temperature. The presence of
such a peak is confirmed by the SANS results at RT shown in
Fig. 4(b).

In addition to the main peak, the DNS results on the
mixture reveal signatures of a weak maximum at around
0.5-0.6Å−1—also visible in the dry sample pattern—and an
enhancement of the correlations with respect to those in the
dry state in the Q-range around 1.5 Å−1 [Fig. 4(a)]. This
feature becomes even more marked at lower temperatures. In
the following, we address the origin of the diffraction peaks

FIG. 4. (a) Ratio between the coherent and incoherent scattering cross sec-
tions measured by DNS on PDMAEMA/D2O with cD2O= 30 wt. % at the
different temperatures indicated. Crosses show the dry PDMAEMA results at
280 K. The inset shows a magnification (with linear abscissa scale) of the area
marked with the dashed rectangle. (b) SANS results on PDMAEMA/D2O
with cD2O= 30 wt. % (squares) and dry PDMAEMA (crosses) at RT.

and try to provide a consistent picture of the structural features
in the samples investigated.

Figures 3 and 4(a) show that the structure factor of dry
PDMAEMA presents two main maxima in the region below
Q ≤ 2 Å−1, namely, centered at QI

m ≈ 0.5 Å−1 (“peak I”)
and QI I

m ≈ 1.2 Å−1 (“peak II”). Due to the complex
molecular composition of PDMAEMA monomer (see Fig. 1),
attributing these features to specific correlations between
molecular groups is not an easy task. However, comparing
the results with those on similar polymers investigated
by diffraction and molecular dynamics simulations in
previous works, it is possible to provide a picture for
the main structural features of PDMAEMA. We note
the qualitative—and even semi-quantitative—similarity of
its pattern with those reported for other polymers also
containing long and/or relatively bulky side-groups, i.e.,
polymers of the family of poly(n-alkyl methacrylates),35

poly(n-alkyl acrylates),36 poly(itaconates),37 poly(alkylene
oxides),38 polystyrene,39 poly(vinyl pyrrolidone),40 and some
poly(methyl methacrylate)-based polyelectrolytes.41 Those
systems also display a “pre-peak” (peak I) at low Q and
a main peak at around ∼1.2 Å−1. The presence of peak I
has been attributed to a kind of nano-phase segregation
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between side groups and backbones leading to the existence of
nano-domains rich in each of the polymeric subspecies.36,42,43

Such scenario was supported by coarse-grained simulations on
generic comb-like polymers,34 as can be seen in the simulation
snapshot reproduced in Fig. 1. Peak I would be related
to inter-domain correlations.34 In this context, the deduced
value for the average domain size for PDMAEMA is about
dI = 2π/QI

m ∼ 12 Å. Also within this scenario, peak II has
usually been assigned to correlations between atoms belonging
to side groups of different monomers within the nano-domain.
In PDMAEMA it reveals atomic pair correlations with an
average distance of about dI I = 2π/QI I

m = 5.3 Å.
Adding THF does not qualitatively change the features

of peak I, as can be appreciated in Fig. 3. The presence of
a unique maximum in the region Q ≤ 0.7 Å−1 in a similar
position as in the dry sample indicates that the nano-domain
structure remains practically unchanged upon THF inclusion
up to concentrations of about 30 wt. % (i.e., about one
THF molecule/monomer). At higher THF concentrations, the
situation is qualitatively unaltered. However, the increased
scattered intensity in the low-Q flank of peak I and the
slight shift of this maximum towards lower Q-values suggest
the appearance of nano-domains with larger sizes than
those existing in the dry polymer (or in the mixtures with
lower THF concentrations) and the subsequent increase
of the average size of the nano-domains. These results
can be interpreted as follows: For concentrations smaller
or equal to one THF molecule/monomer, THF molecules
are homogeneously distributed around in the sample. They
can be uniformly accommodated within the nano-domains,
occupying sites homogeneously scattered around the sample
and without appreciably distorting the nano-domain structure.
The decrease of the intensity in the minimum between
peaks I and II with respect to the intensity at QI

m could
probably be related to the presence of THF molecules in
the interstices between PDMAEMA side groups, leading to
negative contributions of cross-correlations in this Q-region.
This situation leads to saturation at the 30 wt. % concentration.
Adding more solvent, some PDMAEMA main-chains have to
separate from each other in order to increase the space between
them and put up more THF molecules in the side-group
nano-domain. This effect manifests itself by the increased
scattered intensity at low Q and naturally becomes more
pronounced with increasing THF concentration. We note that
accompanying this effect a kind of partial segregation of
the THF molecules is expected. Interactions would appear
between solvent molecules accommodated very close to each
other within the expanded nano-domains. These molecules
are expected to behave in a different way than those
finding an environment mainly consisting of polymeric side-
groups, as those THF molecules present in the samples with
cTHF ≤ 30 wt.%.

The situation in the hydrated sample is markedly different.
Peak I is still present in the region ≈0.5 Å−1 in both, XR
and neutron patterns [see Figs. 3(b) and 4], suggesting the
persistence of the nano-domain structure in the polymeric
matrix with similar or slightly increased associated nano-
domain sizes with respect to the dry sample, within the
uncertainties. However, a new peak appears in the patterns in

the Q-region ≈0.25 Å−1. The intensity of this peak increases
with H2O concentration and is particularly prominent in the
neutron diffraction data (see Fig. 4). The large difference
between deuterium and proton scattering lengths for this
probe induces a large contrast between molecules containing
deuterated and protonated nuclei. The intense peak found
in the low-Q range of the DNS results can therefore be
attributed to the presence of regions rich in deuterated water
dispersed all over the sample, giving rise to a well defined
correlation distance. The Q-values of the peak maximum
correspond to large average correlation distances in the
range of 25 < d < 31 Å, i.e., much larger than the typical
nano-domain size in PDMAEMA. The tendency of water
molecules to form clusters, i.e., to join together instead of
being uniformly distributed in the sample is well known.
Therefore, it would be reasonable to relate this scattering
contribution to the presence of water clusters, and thereby the
deduced characteristic spatial length to the average distance
between them. Contrarily, the presence of THF clusters
cannot be inferred from the structural results here presented;
neutron diffraction experiments on labelled samples with
30 wt. % THF-concentration presented in Ref. 33 also ruled
out their formation in a PDMAEMA matrix. However, after
the above discussion, increasing the THF concentration above
one molecule/monomer, we could expect the appearance of
regions with enhanced THF/THF interactions scattered around
the sample.

Considering now the thermal evolution of the patterns in
the region of peak I (Fig. 5), for THF mixtures we can observe
a gradual increase of the intensity of this peak and a very slight
shift towards lower Q-values (equivalently larger distances)
with increasing temperature, which could be attributed to
thermal expansion of the nano-domains. The results on the
aqueous solutions reveal a more complex situation. The shift
of the global maximum around 0.5 Å−1 for the 20 wt. %
water concentration sample to higher Q-values when heating
suggests the interplay of different correlations in this region—
including those characteristic for the nano-domain structure—
which are able to evolve at high temperature. Particularly
remarkable are the changes in the structure factor of the
40 wt. % water concentration sample above its glass transition,
suggesting an intricated superposition of different correlations
in this Q-region.

At higher Q-values (1 ≤ Q ≤ 2 Å−1), a broad peak
is found in the diffraction data of the aqueous mixture
[see Fig. 4(a)]. The direct comparison with the dry results
suggests that its main contribution should be attributed to
correlations involving deuterated water nuclei. The shape of
such a peak appears highly dependent on the temperature
range. At high temperature it is centered at around 1.2 Å−1

and characterized by a strong asymmetry, whereas at the
two lowest temperatures investigated (180 and 220 K),
the peak appears more symmetric and the maximum is
shifted toward higher Q-values. We note that very similar
qualitative features and temperature dependence have been
reported for water confined in mesoporous MCM-41.44,45 A
combined study of neutron diffraction and empirical potential
structure refinement (EPSR) simulations45 suggested that the
mesoscopic arrangement of water molecules in the pore could
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FIG. 5. Temperature evolution of the XR-diffraction results on the sample
with cTHF = 40 wt. % (a), cH2O= 20 wt. % (b), and cH2O= 40 wt. % (c), with
the common temperature color code indicated. Data have been smoothed for
clarity.

change as a result of the modified water-water and water-
substrate interactions. Upon cooling, the H-bonds between
water molecules would be strengthened, while those between
water and the wall atoms become weaker. Therefore, at low
temperature the pore would appear more uniformly filled
while the walls are less wet and water molecules are arranged
in a cubic-ice-like structure.44 The analogies found between
the patterns of the two systems suggest that the features
observed for the structure factor at Q ≈ 1.5 Å−1 are related

in our case to intra-cluster organization of water molecules
within the polymeric matrix. This means, such molecular
reorganization would not be directly connected to the above
described structural evolution at the inter-cluster and polymer
nano-domains levels.

V. DYNAMICAL FEATURES

A. Processes resolved by broadband
dielectric spectroscopy

1. THF-mixtures

Due to large conductivity contributions it is not possible
to clearly resolve the high-temperature process related to the
structural relaxation of PDMAEMA in ϵ ′′(ω). Therefore, the
analysis of the dielectric α-process of the polymer was carried
out on the real part of ϵ∗(ω), ϵ ′(ω), where DC-conductivity
does not contribute. In particular, we considered the derivative
of ϵ ′(ω) with respect to log(ω), ∂ϵ ′(ω)/∂ log(ω), since this
function exhibits a maximum at a similar frequency as the
ϵ ′′(ω) relaxational counterpart.46,47 As an example, Fig. 6
shows ∂ϵ ′(ω)/∂ log(ω) for representative concentrations at
T = 250 K.

The contribution of the polymer α-relaxation was
described in terms of the usually invoked Havriliak-Negami
function

ϵ∗(ω) = ϵ ′(ω) − iϵ ′′(ω) = ϵ∞ +
∆ϵ

[1 + (iωτHN)α]β . (1)

Here, α and β are shape parameters and τHN the characteristic
time. Accordingly, the data were fitted by the corresponding
expression

FIG. 6. Derivative of ϵ′(ω) with respect to log(ω) at T= 250 K of
PDMAEMA/THF with c = 20, 30, and 40 wt. %. The process giving rise to
the peak is the α-relaxation of the polymer. Dotted lines show the fits with
Eq. (2).



154903-8 Goracci et al. J. Chem. Phys. 144, 154903 (2016)

∂ϵ ′(ω)
∂ logω

∝ ℜ
 (iωτHN)α
[1 + (iωτHN)α]β+1


. (2)

The good quality of the fits is shown in Fig. 6. The
characteristic time τmax—defined as the inverse of the
frequency ωmax at the ϵ ′′(ω)-peak—was then calculated using
the relationship46

τmax = τHN

 sin( αβπ
2+2β )

sin( απ
2+2β )

1/α

. (3)

Moving now to the glassy state, Fig. 7 shows the
imaginary part of the dielectric response of PDMAEMA/THF
at selected temperatures. At low concentration two peaks
are well resolved. The intensity of the low-frequency loss
peak increases with THF concentration, suggesting motions
of solvent molecules as its main origin. At high THF
concentration this process almost covers the high-frequency
peak. Considering the location and expected strength of the
contribution of the β-relaxation of the polymer to the dielectric
response, this high-frequency contribution could be attributed
to the β-relaxation of the polymer, modified by the presence
of solvent. The validity of such hypothesis was proved by
quasielastic neutron scattering experiments for the sample
with 30 wt. % THF-concentration.32

To describe these relaxational processes symmetric Cole-
Cole (CC) functions were used46

ϵ∗cc(ω) = ϵ∞ +
∆ϵ

[1 + (iωτcc)αcc] , (4)

with τcc (≡ τmax) the Cole-Cole characteristic relaxation time
and αcc the shape parameter. The data were fitted to the sum
of two CC functions, taking into account both the polymer
and the THF contributions above identified.

2. H2O-mixtures

Due to the high conductivity contribution, it is not possible
to resolve the dielectric signature of the PDMAEMA structural
relaxation. At lower temperatures, only one process is
detected. Figure 8 shows the loss tangent tan(δ) = ϵ ′′(ω)/ϵ ′(ω)
of the dielectric response at T = 160 K. The intensity of this
peak is much more intense than those displayed by dry
PDMAEMA and increases with water concentration. This
symmetric peak could be well described by a CC function.

B. Polymer dynamics

1. Segmental relaxation

For the THF-mixtures, detailed information about the
segmental polymer dynamics related with the glass-transition
phenomenon was obtained from the dielectric study. The
deduced values of τmax for this process are presented in Fig. 9.

These times clearly show a Vogel-Fulcher (VF)
temperature dependence,

τ = τ0 exp
(

B
T − T0

)
. (5)

Here, τ0 is a prefactor with the meaning of an inverse attempt
frequency, B is an activation term and T0 is the so-called

FIG. 7. Imaginary part of the complex dielectric permittivity at different tem-
peratures below Tg : (a) PDMAEMA/THF 20 wt. %; (b) PDMAEMA/THF
30 wt. %; and (c) PDMAEMA/THF 40 wt. %. Continuous lines show the
fit curves, while dashed (dotted) line represents the THF (PDMAEMA β-
relaxation) component at the lowest temperature.
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FIG. 8. Tan(δ) of the complex dielectric permittivity of PDMAEMA aqueous
mixtures at T = 160 K and different water concentrations: 20 wt. % (green
circles), 30 wt. % (red diamonds), and 40 wt. % (blue squares). Lines are
Cole-Cole fits.

FIG. 9. Inverse temperature dependence of the characteristic times of
PDMAEMA α-relaxations in the dry state and at different THF concentra-
tions obtained by DS. Dashed lines are fits with VF expression.

VF-temperature at which the characteristic time would
diverge. Very similar VF prefactors τ0 are obtained for the
different samples. Therefore, assuming that such parameter
does not depend on the THF amount, the curves in
Fig. 9 were obtained by Eq. (5) with a common prefactor
log[τ0(s)] = −11.7. The such deduced VF parameters B and
T0 are included in Table I.

We may define the dielectric spectroscopy temperature of
glass transition (TDS

g ) as the temperature at which the relaxation
time determined by this technique is τ = 100 s. Based on this

FIG. 10. Relaxation times of the polymer α-relaxation as function of the
temperature scaled by the dielectricTg (Angell’s representation). Empty sym-
bols refer to PDMAEMA in the dry state, while filled symbols represent the
characteristic times in THF mixtures: cTHF = 15 wt. % (red circles), 20 wt. %
(oranges squares), 30 wt. % (green diamonds), 40 wt. % (light blue triangles),
and 48 wt. % (dark blue down triangles).

definition, Fig. 10 shows an Angell’s plot (log(τmax) vs TDS
g /T)

of the results obtained at different concentrations. Samples
with THF show a “stronger” behavior (less curved) than the
sample in the dry state. Data corresponding to the different
THF mixtures collapse on the very same curve. This result
was not expected a priori and suggests that the effect of
solvent on fragility, once it is induced already at relatively
small concentrations (≤15 wt.% in the case of this system),
does not essentially depend on concentration. Whether this is
a general effect in plasticized polymers and its origin will be
subject of future investigations.

The decrease of TDS
g with increasing THF concentration

takes place monotonically, in a similar way as observed by
DSC up to cTHF = 30 wt.%. At the highest concentrations,
the dielectric results point to a less pronounced concentration
dependence of the glass transition. This could be understood
taking into account that DSC is sensitive to both components
in the mixtures. While at low THF concentrations the
calorimetric signal is dominated by the polymer contribution
(that is by far the main component of the mixture), for higher
solvent concentrations THF is also significantly contributing.
We also notice that the relaxation times of the highest
concentration (48 wt. %) are very similar to those obtained
for PDMAEMA/THF 40 wt. %, leading to the same TDS

g ,
within the uncertainties. This could indicate that beyond a
given concentration in the range 40-48 wt. %, any added THF
molecule does not affect the polymer segmental dynamics—
at least as monitored by DS—anymore. We will see that
the inferred partial segregation of THF molecules at this
high concentration has impact also in other dynamical
features.

For the hydrated samples, polymer dynamics are not
accessible by DS but the information is extracted from the DSC
results. The glass-transition features revealed by calorimetry
are very different from those in the THF mixtures (see Fig. 2
and Tables I and II). First, the broadening of the main process
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is extremely pronounced (TDSC
g − TDSC

g,onset ≈ 45 K). This should
be a consequence of extremely heterogeneous environments
for polymer segments in the water mixtures. Second, the
lower glass-transition temperature value of ≈225 K is
rather insensitive to water concentration. This glass-transition
temperature might be interpreted as that corresponding to the
most probable local composition in the mixtures. We note that
this TDSC

g -value is similar to that observed for the THF-mixture
with cTHF = 30 wt.%, i.e., one THF molecule/monomer.
Following the above discussion, the homogeneous distribution
deduced for the THF molecules in PDMAEMA implies that
for such concentration all monomers are affected by the close
proximity of one THF molecule. Apparently, the effect on the
polymer dynamics by water molecules in such most probable
composition regions is similar to that caused by one THF
molecule. Finally, the clear bimodal character of the curve
at the lowest water concentration investigated points to the
presence of specially poorly hydrated regions in this mixture,
reflecting probably a situation of phase separation.

2. β-Relaxation

In a previous work focused on the cTHF = 30 wt.%
sample,32 DS and quasielastic neutron scattering (QENS)
techniques were applied. The synergetic analysis of DS and
QENS results on dry PDMAEMA and its mixture with THF
suggested two kinds of side-group molecular motions—a slow
and a fast one—contributing to the β-process of the polymer
in the dry state. Based on the spatial information provided by
QENS, a model for the geometry of the motions involved in
the fast process was proposed. They would involve the side
group and be spatially confined. For the methylene hydrogens,
the motion would be restricted within a disc of about 3 Å of
radius. The side-group methyl-group hydrogens would also
participate in this process—in addition to rotate. In this case,
the dimension of the disc defining the local motion would be
determined by the distance between the centers of mass of
the methyl groups, namely, 3.3 Å. Upon addition of solvent,
this process would remain essentially unaltered, while the
population involved in the slower one would be reduced.
With the present investigation considering a wide range of
THF concentrations, we aim to check the consistency of the
proposed scenario for the polymer β-process.

For all THF mixtures investigated, the β-process
associated to the polymeric component displays similar
features, which clearly differ from those in the dry state:
(i) a strong decrease of the dielectric strength of this
process as soon as THF-solvent is added, even at the
lowest concentration investigated. Within uncertainties, the
relaxation strength ∆ϵ in the mixtures is independent on
temperature and proportional to the polymer concentration:
i.e., ∆ϵ ≈ 0.05(1 − cTHF) whereas in the dry state ∆ϵ ≈ 0.13.
This shows that the dielectric strength in the mixtures remains
always weaker than expected by a factor close to 3 (ii) a
clear narrowing is observed for the loss peak, evidenced
by the higher values of the αcc parameter in the mixtures,
since we found αcc = 0.45 − 0.47 in the mixtures whereas
αcc = 0.25 − 0.30 in the dry polymer (iii) the characteristic
times exhibit a markedly weaker temperature dependence [see

FIG. 11. Inverse temperature dependence of the characteristic times of the
PDMAEMA β-relaxation in the dry state (empty symbols) and in THF
mixtures (filled symbols). Dashed lines are Arrhenius fits.

Fig. 11]. This was successfully described by Arrhenius laws

τ = τ0 exp
(

Ea

kBT

)
. (6)

The obtained parameters are shown in Table III. Within the
uncertainties, the relaxation times of all mixtures present a
rather similar activation energy, which is clearly lower than
that of PDMAEMA in the dry state. In addition, the values of
the prefactors τ0 in the mixtures are reasonable to correspond
to an inverse attempt frequency, contrarily to the case of dry
PDMAEMA. All these findings point to the presence of two
contributions to the β-relaxation of dry PDMAEMA. The
faster component would persist upon THF addition, while
the slower contribution would be suppressed by the presence
of the plasticizer. Thus, the present investigation strongly
supports the scenario proposed in the previous DS and QENS
work32 and demonstrates that the suppression is dramatic even
for very small amounts of added THF molecules.

TABLE III. Arrhenius parameters of the characteristic times of PDMAEMA
β-relaxation in THF mixtures at different solvent concentrations. The prefac-
tor of the THF process (with activation energy fixed to Ea = 500 meV) is also
listed.

PDMAEMA β-relaxation
THF

c wt. % Ea (meV) log[τ0 (s)] log[τ0 (s)]
0 340 ± 10 −16.1 ± 0.2
15 250 ± 15 −13.3 ± 0.4 −18.2 ± 0.1
20 255 ± 15 −13.5 ± 0.4 −18.1 ± 0.1
30 260 ± 15 −14.1 ± 0.4 −18.8 ± 0.1
40 280 ± 15 −15.2 ± 0.4 −20.0 ± 0.1
48 240 ± 20 −13.5 ± 0.4 −19.2 ± 0.1
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C. Solvent dynamics

1. H2O

It has been reported that water dynamics in solutions of
hydrophilic polymers, biopolymers, and small glass-forming
materials shows a series of universal features.24 Particularly,
at temperatures below 200 K there is a water related dielectric
relaxation with characteristic times following an Arrhenius
temperature dependence with an activation energy close to
540 meV. Moreover, in most of the systems investigated,
the temperature dependence of the water relaxation time
changes from the Arrhenius-like behavior at low temperatures
towards a stronger dependence resembling that of a liquid-
like Vogel-Fulcher behavior at higher temperature.21,24,26

Interestingly, a similar behavior has also been found for
the water dynamics confined in rigid nanostructures.27,29 The
characteristic times for water dynamics in the mixtures with
PDMAEMA are plotted in Fig. 12(a) as function of the inverse

FIG. 12. Parameters characterizing the dynamics of water in aqueous
PDMAEMA mixtures at the water concentrations indicated: (a) Inverse tem-
perature dependence of the relaxation times. Dashed lines are Arrhenius fits
of the low temperature results. (b) Shape parameter αcc as function of the
characteristic time.

temperature. For the three concentrations investigated, they
show a similar behavior. At low temperatures the process
exhibits an Arrhenius-like dependence. Table IV compiles
the values for Ea and log(τ0) obtained from the Arrhenius
low-temperature description. We notice a slight reduction
of the activation energy as the concentration increases but,
within the uncertainties, the values are in the range reported
for the “universal” water related dielectric relaxation above
described.

Regarding the width of the relaxation function, the values
of the αcc-parameter are shown in Fig. 12(b) as function
of the characteristic time. Note that the low temperature
Arrhenius regime corresponds to characteristic times larger
than ≈10−3 s. The αcc-values observed in this region reveal
a broader distribution of relaxation times at cH2O = 20 wt.%.
This suggests a rather inhomogeneous environment at such
low water concentration, while, increasing the water amount,
the environment around the water molecule would become
more uniform. This is in accord with similar results found in
other hydrated polymers.48

Figure 13 displays the reduced dielectric strength as
function of water concentration for both mixtures. This

TABLE IV. Activation energy (Ea) and pre-exponential factor [log(τ0)] of
the characteristic times of water in PDMAEMA mixtures at low temperatures
as obtained from an Arrhenius fit.

c wt. % log[τ0 (s)] Ea (meV)

20 −17.9 ± 0.3 560 ± 10
30 −17.7 ± 0.3 535 ± 10
40 −17.5 ± 0.2 520 ± 10

FIG. 13. Solvent-concentration dependence of the reduced dielectric strength
of the solvent processes in THF (a) and aqueous mixtures (b). Lines are guides
for the eye.



154903-12 Goracci et al. J. Chem. Phys. 144, 154903 (2016)

quantity has been defined as ∆ϵTR/csolvent, where ∆ϵ
corresponds to a temperature TR at which the loss peak is
well centered in the experimental window (≈103 Hz). In this
way we remove the trivial effects of temperature and solvent
concentration. While for THF we observe a nearly constant
behavior, for water this quantity drops dramatically when
decreasing the concentration below ≈30 wt.%. A similar
behavior has been found in other aqueous solutions.21,48 It
has been suggested that at low concentration the reorientation
of the water dipole moment is somehow restricted, reflecting
a strong interaction with the polymer. Increasing the water
amount, water molecules would tend to join together leading
to the presence of water clusters in the sample. As a
consequence, water molecules could orientate more easily,
as water-water interactions are more advantageous than those
with the PDMAEMA. Hence, the dielectric strength increases
more than expected according to the extrapolation from low
concentrations. This is in fact the behavior here reported,
also in agreement with the finding of evidences for the
presence of clusters already at the lowest concentration here
investigated.

Above a given temperature, the temperature dependence
of the water process becomes more pronounced than the
Arrhenius law observed at low temperatures, which, as
aforementioned, has also been found in other hydrated
systems. In order to establish the possible connection of
this crossover temperature Tc with the glass transition of the
mixtures, we have calculated the apparent activation energy
Eapp as

Eapp = kB
d(ln τ)
d(1/T) . (7)

The results are shown in Fig. 14. Within the uncertainties, Eapp

starts increasing with respect to the low-temperature value at
around 180 K, independently of concentration. This value of
Tc is lower that those usually reported in the literature, most
of them lying around 200-220 K. We recall that Tc has usually
been identified with the average glass-transition temperature
of the system. In our case, Tc coincides with TDSC

g,onset. The
exceptionally broad feature of the glass-transition process in
our samples has allowed distinguishing this difference. This
finding emphasizes even more the role of the matrix mobility
as the main responsible of the crossover of water dynamics
behavior in these mixtures.

2. THF

The question now is whether we observe a crossover
for THF dynamics in the mixtures. In the previous work on
the sample with cTHF = 30 wt.%,33 the dynamical process
observed for THF by DS was characterized by an Arrhenius-
like temperature dependence of the characteristic time which
persists over more than 9 orders of magnitude in time. Thus,
no evidences for such a crossover could be identified. The
QENS results put forward the restricted nature of this process,
determining a size of about 8 Å for the volume within which
THF hydrogens’ motions are restricted.

Figure 15 shows the characteristic relaxation times of the
THF process for the different concentrations investigated.

FIG. 14. Temperature dependence of the temperature derivative of the re-
versible specific heat (a,c,e) and the apparent activation energy of the water
process in PDMAEMA/water solutions (b,d,f) for the three concentrations
investigated. Horizontal dashed lines show the average activation energy de-
scribing the Arrhenius behavior observed at low temperature [see Fig. 12(a),
Table IV]; dotted lines are guides to the eye for the higher temperature
behavior. The shadowed area indicates the range where both lines meet.

Solvent dynamics becomes faster as its concentration is
increased with exception of the 48 wt. % concentration,
where the relaxation times become larger than those at
40 wt. %—another signature of the particularity of this
high concentration. For all compositions, the results are
well described by single Arrhenius laws [Eq. (6)] with the
same activation energy (Ea = 500 ± 7 meV) in the whole
temperature range investigated. Thus, no signatures of the
crossover are revealed.
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FIG. 15. Inverse temperature dependence of the characteristic times of the
relaxation of THF in PDMAEMA/THF mixtures at the THF concentrations
indicated. Dashed lines are fits with Arrhenius laws with fixed activation en-
ergy Ea = 500 meV. Dashed arrow marks the location ofTDSC

g corresponding
to cTHF = 48%.

Regarding the shape of the relaxation, it is possible to
identify two different situations. At high THF concentrations
(40 and 48 wt. %) the αcc-parameter shows clearly smaller
values (αcc = 0.25 − 0.30) than for the samples with a lower
amount of THF (αcc = 0.29 − 0.37), reflecting the structural
heterogeneities identified for higher concentrations.

We also comment that we cannot discard that some
fraction of the dielectric response attributed to the α-relaxation
of PDMAEMA is in fact due to reorientations of THF
molecules coupled with the polymer and participating in the
main structural relaxation. This situation has been reported in
some binary mixtures.2,49,50

3. THF vs water

In the following we address the question: what could be
the reasons for such a different behavior of these solvents?

One favorable ingredient to observe the crossover in the
DS window for the aqueous mixtures is the very low value
of TDSC

g,onset ≈ 180 K. In the samples with cTHF & 40 wt.%
the value of TDSC

g,onset is comparable or should be even lower.
However, as illustrated in Fig. 15 for the highest concentration,
no hints for deviations from the Arrhenius dependence can be
noticed, even in the neighborhood of TDSC

g . We could argue
that possible crystallization at this concentration may be the
reason. As can be appreciated in this figure, the crossover
is also missing on the DS data of the cTHF = 40 wt.%
sample, which does not present this kind of problems.
Directly comparing the results on both solvents at the same
concentration c = 40 wt.% in Fig. 16, we realize that THF
dynamics is about three orders of magnitude faster than water
dynamics in the mixtures. Therefore, for THF the crossover—

FIG. 16. Inverse temperature dependence of the temperature derivative of the
reversible specific heat (a) and the characteristic times of the water component
obtained by DS (b) in mixtures with 40 wt. % solvent concentration. Blue
color corresponds to the mixture wit THF as solvent and red color to the
aqueous solution. In (b), triangles display the α-relaxation and circles the
THF relaxation. Squares represent the water process. Dashed lines are VF or
Arrhenius fits (see the text). Shadowed area indicates the onset region of the
calorimetric glass transitions.

if it exists—should occur in the range of characteristic times
of about 10−7 s, i.e., demanding methods accessing higher
frequencies. We have tried to extend the dielectric study
on this sample by a high frequency dielectric spectrometer.
Unfortunately, the contribution to the data from the “excess
wing” of the α-process has prevented a reliable determination
of the characteristic time in such frequency range. We note
that, due to its low value, the Arrhenius prefactor for this
THF dynamical process cannot be attributed to a realistic
attempt frequency. Therefore, at some point there should be a
change in the temperature dependence of this process toward
a lower activation energy. Such kind of behavior has recently
been reported for methyl-THF in polystyrene.51 To detect
this effect, other kind of measurements selective for the THF
component dynamics and extending the dynamic range would
be required, like, e.g., QENS. With the results at hand, what
we can firmly state is the absence of crossover for THF
dynamics in the dynamic window explored in this work.

We speculate that in the case of water in polymer
matrices,21,24–26 the crossover is observed due to the strong
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cooperativity effects on the dynamics of water molecules
within the sample. With decreasing temperature, these effects
become progressively enhanced, down to the region where
the characteristic time of this relaxation reaches high values
(of the order of microseconds or even longer). Apparently,
THF motions in the mixtures with PDMAEMA do not
experience such a pronounced cooperativity. The results on
the two kinds of mixtures would be understood assuming
that the key ingredient for developing cooperativity effects
is the direct interaction between solvent molecules. This is
favored if there is a significant number of nearest neighbors
of the same nature around a given solvent molecule. This
situation is found if the solvent forms clusters, as we have
demonstrated for water molecules interacting via H-bonds
in our mixtures. On the contrary, specially at concentrations
cTHF ≤ 30 wt.%, THF molecules seem to be screened from
each other by the side-groups of the polymer. Though at
higher concentrations we expect an enhancement of the
THF/THF interactions, this seems not to be enough to lead to
a significant fraction of cooperatively relaxing THF-regions
in the mixtures.

We finally comment on the possibility of the presence
of a glass transition associated to the THF component in the
mixtures, as it has been reported for mixtures of THF or
methyl-THF with other polymers.2 If present, this transition
would be expected at very low temperatures, in the range of
120-130 K [see Figs. 15 and 16(b)]. To address this question,
we have extended the DSC study to lower temperatures on
the sample with 30 wt. % (maximum concentration without
hint of crystallization). The results can be found in Figure S1
of the supplementary material.52 They show no clear hint for
a glass-transition process in this range, though its presence
cannot either be completely discarded.

VI. CONCLUSIONS

Our structural analysis indicates that THF molecules
tend to homogeneously accommodate within the PDMAEMA
nano-domains, being predominantly surrounded by polymeric
side-groups. However, above a saturation concentration of one
THF molecule/monomer, a more heterogeneous situation is
found where some of the nano-domains have to expand to
put up more THF molecules, which interact also with each
other. Nevertheless, clear evidences for clusters, like a well
defined peak in the diffraction pattern, are not found in THF
mixtures. On the contrary, water molecules—much smaller
than THF molecules and strongly interacting via H-bonding—
have a pronounced tendency to cluster. Aqueous mixtures are
characterized by a highly heterogeneous structure where water
clusters coexist with an underlying nano-segregation of main
chains and side groups of the polymeric matrix. We have
identified a change in the intra-cluster structural features
that could be attributed to a variation of water/water and
water/polymer interactions in the range 230 K ≤ T ≤ 260 K.
In addition, rearrangements of the structure at nano-domain
and inter-cluster level occur at high temperatures, where all
the polymeric chains can move, the most hydrated as well as
the driest regions.

The dynamics (α and β-processes) of the polymer
component in the mixtures with THF—accessed by both,
DSC and DS techniques—are strongly affected by the solvent.
We observe a remarkable reduction of the glass-transition
temperature and a “stronger” behavior of the α-relaxation
of PDMAEMA even at the lowest THF concentration
investigated (15 wt. %). The plasticization effect is enhanced
with increasing amount of THF but seems to reach saturation
at cTHF

w = 40 wt.%—where presumably some THF molecules
start to interact with each other. Regarding the β-relaxation,
a rather similar activation energy is found in all the mixtures,
which is markedly lower than that found in the dry sample.
This could indicate that, already at cTHF

w = 15 wt.%, a slow
component of PDMAEMA β-relaxation observed in the dry
state is highly hindered by the presence of solvent molecules,
as it was proposed in our previous work.32

The source for information about polymer dynamics
in aqueous solutions is DSC. These results evidence a
strikingly broad glass-transition feature, revealing a highly
heterogeneous behavior in agreement with the conclusions
from the structural study. Independent of the macroscopic
composition, there seems to be a preferential local
concentration in the aqueous mixtures, the glass-transition
associated to which is similar to that found in the THF mixtures
with cTHF

w = 30 wt.% (i.e., where all monomers are affected
by the solvent molecules). The DSC results for the 20 wt. %
water content, i.e., about 2.7 water molecules/monomer, reveal
a bimodal feature that could be attributed to the presence of
much poorly hydrated regions than the average—a kind of
phase-separated situation.

Deep in the glassy state—below the onset of the glass
transition—the dynamics of both solvents can be described
by an Arrhenius temperature dependence with a rather similar
activation energy. However, the values of the characteristic
times are about three orders of magnitude smaller for THF
than for water. Increasing the temperature, a crossover is
found toward increasingly higher apparent activation energies
for water molecules, while the same Arrhenius law persists
in the case of THF. We note that we have identified the
crossover temperature in the aqueous samples with the
onset of the glass transition and not with the average
glass transition. This assignment becomes clear in these
samples because the glass-transition process is particularly
broad—a property probably induced by the nano-domain
underlying structure of the polymer matrix—and strongly
supports the interpretation of the crossover as a consequence
of the freezing of the structural relaxation of the surrounding
matrix. The absence of a crossover (at least in the wide
dynamic window here accessed) for THF is attributed to
the lack of cooperativity effects in the relaxation of these
molecules. We hypothesize that these effects only arise if
the number of nearest neighbors of the same nature around
a given solvent molecule is above a certain threshold. That
is, they can appear in clusters like those formed by water
molecules but are not developed for THF molecules in the
mixtures—THF molecules are screened from each other by
the polymeric side groups for cTHF

w ≤ 30 wt.%, and start
to experience direct interactions with other THF molecules
at higher concentrations. However, crystallization enters the
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game in the THF mixtures before clusters formation can be
resolved.
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