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We present a quasielastic neutron scattering (QENS) investigation of the component dynamics in
an aqueous Poly(vinyl methyl ether) (PVME) solution (30% water content in weight). In the glassy
state, an important shift in the Boson peak of PVME is found upon hydration. At higher temperatures,
the diffusive-like motions of the components take place with very different characteristic times,
revealing a strong dynamic asymmetry that increases with decreasing T . For both components, we
observe stretching of the scattering functions with respect to those in the bulk and non-Gaussian
behavior in the whole momentum transfer range investigated. To explain these observations we
invoke a distribution of mobilities for both components, probably originated from structural
heterogeneities. The diffusive-like motion of PVME in solution takes place faster and apparently in
a more continuous way than in bulk. We find that the T -dependence of the characteristic relaxation
time of water changes at T � 225 K, near the temperature where a crossover from a low temperature
Arrhenius to a high temperature cooperative behavior has been observed by broadband dielectric
spectroscopy (BDS) [S. Cerveny, J. Colmenero and A. Alegría, Macromolecules, 38, 7056 (2005)].
This observation might be a signature of the onset of confined dynamics of water due to the freezing
of the PVME dynamics, that has been selectively followed by these QENS experiments. On the other
hand, revisiting the BDS results on this system we could identify an additional “fast” process that
can be attributed to water motions coupled with PVME local relaxations that could strongly affect
the QENS results. Both kinds of interpretations, confinement effects due to the increasing dynamic
asymmetry and influence of localized motions, could provide alternative scenarios to the invoked
“strong-to-fragile” transition. © 2011 American Institute of Physics. [doi:10.1063/1.3592560]

I. INTRODUCTION

The dynamical behavior of interfacial and confined wa-
ter at super-cooled temperatures is a hot topic of research es-
sentially because the properties of biopolymers (proteins and
DNA) depend on the dynamics of water in the first hydra-
tion shell.1–3 In this context liquid-water mixtures or water
confined in nano-cavities are ideal systems for studying hy-
dration water at low temperatures because crystallization can
be avoided even below the homogeneous nucleation temper-
ature (235 K). In addition, the dynamic behavior of super-
cooled water is very controversially discussed in the litera-
ture. One of the questions is the existence of the so-called
“strong-to-fragile” transition. Such transition is postulated be-
cause the characteristic times deduced from neutron scattering
experiments show a very prominent change in their thermal
dependence from high temperature super-Arrhenius to low
temperature Arrhenius behavior in the region between 215
and 228 K.4–9 This observation was interpreted as a fragile-
to-strong transition from the high density (HDL) to the less

a)Author to whom correspondence should be addressed. Electronic mail:
saracapp@gmail.com.

fluid low density phase (LDL) of super-cooled water. How-
ever, by using broadband dielectric spectroscopy (BDS) such
behavior was not observed for protein hydration water10 or
water confined in MCM-41.6 Based on these BDS results,
the neutron scattering phenomenology was explained invok-
ing a split of two relaxations from the main structural relax-
ation at the same temperature as the proposed strong to fragile
transition.6, 10

The dielectric response of aqueous binary mix-
tures typically reveals a water relaxation process at low
temperature.11–15 At high water concentration (roughly cw

≥ 30 wt%), the temperature dependence of the relaxation
time shows a crossover from a high-temperature non-
Arrhenius behavior to low temperature Arrhenius in the tem-
perature range where the system shows a glass transition
process (Tg). In previous works,15 we have associated this
crossover at Tg with the appearance of finite size effects on
water dynamics due to the freezing of the matrix where water
molecules are apparently confined. In addition, the low tem-
perature Arrhenius behavior seems to show some universal
characteristics independently of the solute used in the mix-
ing: the activation energy is (0.54 ± 0.02 eV) and the shape
of the response is symmetric.15
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Exploiting the complementarity of different experimen-
tal techniques can certainly shed some light on this kind
of problems. In particular, the combination of BDS and
quasielastic neutron scattering (QENS) has proved to be
essential to unravel different dynamical aspects of glass-
forming systems, in particular of polymers.16–19 While BDS
covers a huge dynamic window, QENS provides spatial in-
formation and opens the possibility of selective studies in the
system by deuterium labeling. This opportunity is of utmost
interest for the investigation of multicomponent systems,20

and in particular in aqueous solutions where the information
provided by BDS is usually limited to the water component
due to the overwhelming dielectric signal of water dipoles.

As mentioned above, most studies of dynamics in con-
centrated aqueous solutions have been focused on hydrated
proteins.4, 11, 21, 22 Typical biological water environments (for
instance in proteins) include hydrophilic and hydrophobic
sites/regions/interactions. This dual character determines sev-
eral properties such as the tertiary and quaternary structure of
the protein and even more important folding properties could
be governed by these interactions. In this work, we rather ad-
dress the dynamics of an aqueous polymer solution because
synthetic polymers are less complex than proteins. Water-
polymer interactions and their mutual effects on the dynam-
ics are issues of fundamental interest per se, but, in addition,
their investigation could also shed some light on the problems
involving biological samples. In this work, we have namely
investigated a mixture of Poly(vinyl methyl ether) (PVME)
and water (cw = 30%). Like proteins, PVME contains both
hydrophilic and hydrophobic groups to interact with water.
Therefore, water environment in solutions of PVME could
resemble, at least in a naïve way, the water environment of a
much complex protein, and we could expect that some general
aspects of the influence of water on the local dynamics of the
macromolecules could be extensible to biological systems.

The structural characterization of the PVME/water mix-
ture by x-ray diffraction is first presented to address the
changes in the structure factor upon hydration. The main fo-
cus of the paper is on the use of QENS techniques and isotopic
labeling, that have allowed us to characterize the dynamical
behavior of both components. On one hand, QENS on a sam-
ple hydrated with heavy water has revealed the hydrogen dy-
namics of PVME in solution. In addition to the motions in
the supercooled liquid state, we have addressed the question
how the vibrational density of states of PVME hydrogens is
affected by the presence of water deep in the glassy state. On
the other hand, QENS measurements on a fully hydrogenated
sample (combined with the information obtained on the par-
tially deuterated system) have allowed the characterization of
the hydrogen motions in the water component. Both compo-
nents present unusual stretching and non-Gaussian effects in
their intermediate scattering functions, features that are also
reported for biological systems. Calorimetric and BDS studies
on the PVME/water solution were already published by some
of us.23 Here we have revisited those BDS results, which at
very low temperature reveal a process that was not reported in
the previous paper23 and that, as we will show, could strongly
affect the QENS results of the water component. The outcome
of both, BDS and QENS, are considered in a common discus-

sion and a possible scenario is proposed for the dynamics of
both components in the solution. In addition to H-bond forma-
tion, structural heterogeneities and dynamic asymmetry seem
to play crucial roles in the development of the peculiar phe-
nomenology displayed by this mixture and also shared with
biological systems. In addition, striking similarities with the
behavior of polymer blends are found, highlighting the impor-
tance of dynamic asymmetry in all these binary mixtures.

II. EXPERIMENTAL

A. Samples

Poly(vinyl methyl ether) (PVME, chemical formula
[-CH2-CHO(CH3)-]n) with average molecular weight Mw of
21.9 K g/mol was supplied by Sigma-Aldrich in aqueous so-
lution (50 wt%). Dehydrated samples were first obtained by
extensively drying the as received sample in a vacuum oven at
380 K. Complete removal of water was assured by FTIR mea-
surements. Rehydrating the dry samples with H2O or D2O
respectively during one week solutions with water concen-
tration of 30 wt% (H2O) and 32 wt% (D2O) were obtained.
With these concentrations, determined by sample weighting,
the number of water molecules per monomer is equal to ≈ 1.4
for both samples.

A differential scanning calorimeter (DSC) TA Instru-
ment Q2000 was used in standard mode to monitor both, the
crystallization of the samples as well as the glass transition
temperature. All the samples were sealed in hermetic alu-
minum pans and a cooling-heating cycle between Tg-100 K
and Tg+30 K, at a rate of 10 K/min, was performed using
helium as transfer gas with a flow rate of 25 ml/min; the an-
nealing time between cooling and heating runs was 2 min.
From the heat flow curves, Tg values were calculated as the
onset point. The glass transition temperatures were found to
be T PV M E

g = 247 K, T PV M E/D2 O
g = 211 K and T PV M E/H2 O

g

= 208 K. In addition no crystallization on cooling was ob-
served for the water containing samples.

For the neutron scattering experiments flat aluminum
holders were used and the sample thicknesses were chosen to
provide a transmission of about 90%, thus allowing multiple
scattering effects to be neglected.

B. Dielectric spectroscopy

A broadband dielectric spectrometer, Novocontrol
Alpha-N, was used to measure the complex dielectric
permittivity ε∗(ω) = ε′(ω) − iε′′(ω) (ω = 2π f ) in the
frequency range 10−2 − 106 H z. The isothermal frequency
scans were performed every 5 degrees over the temperature
range 120 − 250 K . The sample temperature was controlled
with a stability better than ±0.1 K . The same samples were
also measured in a higher frequency range (106 − 109 H z)
by using an Agilent rf impedance analyzer 4192B. For
both measurements parallel gold plated electrodes, with a
diameter of 20 mm for the Alpha-N and of 10 mm for the high
frequency range, were used, whereas the sample thickness
was typically 0.1 mm.
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Finally, to expand the frequency range up to 10 G H z,
measurements at room temperature were made in the fre-
quency range of 50 M H z 10 G H z using an integrated system
of HP8361A vector network analyzer (VNA) and a dielectric
probe kit HP85070E. The sample thickness was 2 cm.

C. Quasielastic neutron scattering

In a neutron scattering experiment, the intensity is mea-
sured as a function of energy transfer (�ω) and momentum
transfer (Q). Q = 4πsin(θ/2)/λ is determined by the scat-
tering angle θ and the wavelength of the incoming neutrons
λ. The measured intensity contains incoherent and coherent
contributions that are weighted according to the correspond-
ing cross sections of the nuclei (σinc, σcoh). Due to the large
value of σinc for hydrogens the neutron intensity scattered by
a protonated sample is dominated by the incoherent contri-
bution of these atoms, revealing thus directly their incoher-
ent scattering function, SH

inc(Q, ω). The Fourier transforms
of SH

inc(Q, ω) are the intermediate incoherent scattering func-
tion SH

inc(Q, t) and the self part of the Van Hove correlation
function G H

sel f (r, t). G H
sel f (r, t) is the probability of a given

hydrogen to be at distance r from the position where it was
located at a time t before. Incoherent scattering looks at cor-
relations between the positions of the same nucleus at differ-
ent times. Since deuterons show a much smaller cross-section
than protons, selective deuteration allows a strong reduction
of the contribution of a given component of the system to
the scattered intensity. We have exploited this labeling tech-
nique to isolate the component dynamics in the PVME so-
lution. In the sample with deuterated water PVME/D2O the
intensity scattered by the water component is mainly coher-
ent and very weak. Diffraction measurements with polariza-
tion analysis on this sample show that the ratio between the
coherent contribution and the total intensity in the maximum
of the static structure factor (Q ≈ 1.5Å−1, see Fig. 1(b)) is
about 17%.24 Thus, the signal of PVME/D2O in this Q-range
is strongly dominated by the incoherent scattering function of
the hydrogens in wet PVME. On the other hand, the inten-
sity scattered by PVME/H2O is basically of incoherent origin
(σinc/σtot = 0.94), and contains both contributions, that of
wet-PVME hydrogens and that from confined water hydro-
gens. Their relative weights are σ PV M E

inc /σ
PV M E/H2 O

inc = 0.69,
σ

H2 O
inc /σ

PV M E/H2 O
inc = 0.31.

1. Time of flight

In the microscopic time region (≈ 0.2 − 20 ps), the
self motions of PVME protons in the dry and wet sam-
ples (PVME and PVME/D2O) were investigated by time-of-
flight (ToF) techniques at 100 K. We used the spectrometer
FOCUS at the spallation source SINQ (Paul Scherrer Insti-
tut, Villigen). With λ = 5Å, the energy resolution of the ex-
periment was δE(HWHM)≈ 45μeV. Background corrections
were performed by subtracting the intensity scattered by the
empty cell and taking self-absorption into account. The detec-
tor efficiency was corrected by the measurement of a standard
Vanadium sample that was also used as resolution. Measuring
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FIG. 1. (a) X-ray diffraction patterns corresponding to the dry sample,
(b) a sample with 30% water content, (c) and a sample with 45%
water content. The shadowed areas show the regions of the first and
the second peak. In (b), we have also plotted for comparison the
patterns of the dry sample (dashed-dotted line) and of water at RT
(Ref. 76). Their intensities have been chosen such that their addition (dashed
line) coincides with the 30% water content pattern at low and high Q val-
ues. The difference between the experimental curve and the dashed line is the
dotted line.

times of the order of 5 h were employed. The elastic intensity
measured at 20 K provided the low-T -reference to normalize
the data. The normalization was done such that the integrated
areas of the spectra at 20 K corresponded to the total scatter-
ing cross-section per PVME monomer in each sample. The
constant-Q spectra were obtained from interpolation of the
data measured as function of constant scattering angle.

2. Backscattering

The backscattering measurements on the PVME/H2O
and PVME/D2O samples were carried out by the IN16
spectrometer25, 26 at the ILL. Working with a wavelength of
6.271 Å, IN16 offers an energy resolution of nearly Gaussian
shape with δE(HWHM) ≈ 0.4μeV and covers a Q-range be-
tween 0.19 and 1.9 Å−1. We investigated the following tem-
peratures: 200 K, 225 K, 250 K, 270 K, 285 K, and 298 K
employing measuring times of about 7 hours. The resolution
function of the spectrometer was determined from the mea-
surement of a sample at 10 K. The acquired data were cor-
rected for detector efficiency, sample container and absorp-
tion using the standard programs available at ILL, thus finally
providing the experimental scattering function. Dry PVME
backscattering results were already published.27
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D. X-rays diffraction

Diffraction experiments were performed at room tem-
perature using a Rigaku SAXS apparatus with WAXS im-
age plate chamber. The MicroMax-002+ X-ray Generator
System is comprised of a microfocus sealed tube X-ray
source module and an integrated X-ray generator unit. Using
Cu Kα transition photons of wavelength λ = 1.54Å are pro-
vided. With WAXS capabilities, we measured diffraction pat-
terns in a Q-range from ≈ 0.7 to 5 Å−1. In addition to the
dry and 30%-hydrated samples, we investigated a sample with
45% hydration level. The samples (transmissions about 0.4)
were hold between Kapton films (transmission: 0.96) and
carefully sealed. As imaging plates are used for WAXS detec-
tion, a conversion of the intensity measured in absolute units
is not easy and the results are delivered in arbitrary units.

III. RESULTS AND DATA ANALYSIS

A. Structure

Figure 1(a) shows the WAXS results on dry PVME. The
pattern shows two main peaks below 2 Å−1: a first one cen-
tered at about 0.9 Å−1 and a second one located at about
1.5 Å−1. With increasing water concentration [see Figs. 1(b)
and 1(c)] the relative height of the two peaks varies, becoming
more intense the peak at 1.5 Å−1. Furthermore, an increase of
the intensity could also be envisaged for the wet samples in
the higher-Q region, where dry PVME shows a peak at about
2.7 Å−1.

B. Calorimetry and dielectric spectroscopy

The dielectric response of PVME-aqueous solutions was
previously reported in the low frequency range (10−2 −
106 H z).23 Basically, it was found that at low temperatures
it shows a broad and symmetric peak due to the reorientation
of water molecules. However, we note here that such descrip-
tion is not satisfactory to account for the high frequency part
of the spectra at very low temperatures below ≈ 150 K (see
Fig. 2, where only one single main symmetric relaxation pro-
cess is shown by the lines). In such range it is necessary to
add a high frequency (“fast”) process that was not consid-
ered in the previous publication. We note that this fast process
cannot be ascribed to the presence of water crystallites since
(i) the DSC measurements demonstrate that the sample was
free of crystallyzation23 (ii) the relaxation times of ice are
much longer than those here deduced for the fast process.
Therefore, the complex part of the spectra have been fitted us-
ing two Cole-Cole (CC) functions28 and a conductivity term

ε∗(ω) = ε(ω) − iε(ω) = −i
σ0

ε0ω
+

2∑
i=1


εi

[1 + (iωτi )αi ]
(1)

where σ0 is the dc conductivity and ε0 is the vacuum permit-
tivity. 
εi is the dielectric strength, τi is the characteristic re-
laxation time and αi gives account for the symmetric broad-
ening of the i th process (i = 1, 2: “slow,” “fast”). Figure 2
shows the data at 145 K along with the result of the fit-
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FIG. 2. Dielectric loss spectra obtained for the wet sample (cw = 30%) at
the temperatures indicated (in K). The solid lines show the slow-component
contribution to the spectra. For the temperature of 145 K, the fit (dashed-
dotted line) containing also a fast (dotted line) contribution has been included.
For temperatures above T ≈ 200 K the “fast” process cannot be resolved.

ting procedure. The temperature dependence of the relax-
ation time of both processes is presented in Fig. 3 together
with the derivative of the specific heat measured by calorime-
try. The strong and well defined peak in the derivative curve
marks the glass-transition of the PVME/H2O system. Below

-10

-8

-6

-4

-2

0

2 3 4 5 6 7 8 9

1000K/T

lo
g

 [
τ m

ax
(T

)(
s)

]

0

0.02

0.04

0.06

d
C

p
/d

T
 (

a.
 u

.)

FIG. 3. (a) Derivative of the specific heat of PVME/H2O as function of the
inverse temperature. (b) Relaxation map of the PVME/H2O system. Filled
symbols: NS characteristic times at Q = 1Å−1 for the PVME (�) and water
(�) components. Empty symbols: DS relaxation times for the slow (�) and
fast (�) processes. Results obtained on dry PVME are shown for compari-
son: α- (�) and β-process (∇) observed by DS, and NS characteristic times
at Q = 1Å−1 (�) (Ref. 27). The time corresponding to the maximum of the
associated distribution has always been represented to compare results corre-
sponding to different spectral shapes. Solid, dashed-dotted, and dotted lines
are VF laws (see text) and the dashed line is an Arrhenius fit to the “slow”
process below 200 K. Shadowed area indicates the region of the calorimetric
glass-transition in the wet PVME system.
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FIG. 4. Spectra obtained with FOCUS at Q = 2.0Å−1 for dry PVME (dotted
lines) and PVME/D2O (solid lines). The dashed line shows the resolution
function.

the calorimetric glass transition, the temperature dependence
of the relaxation times can be described by Arrhenius equa-
tions τ (T ) = τ∞ exp(E/kB T ), where for a simple activated
process τ∞ corresponds to a molecular vibration time and E
is the activation energy. From the fits, E results to be 0.51 eV
and 0.20 eV , with log(τ∞) equal to −17.8 and −12.00 for
the slow and fast processes respectively. The temperature de-
pendence of the relaxation time of the “slow” process crosses
over from a non-Arrhenius dependence above Tg to an Arrhe-
nius behavior below Tg , as observed for other water contain-
ing systems at temperatures close to Tg .15

C. Time of flight

The spectra in Fig. 4 show the dynamic scattering law
S(Q = 2Å−1, ω) for dry and wet PVME measured at FOCUS,
PSI, at 100 K. In absence of relaxational processes, as it is
expected at this temperature, the inelastic part of the neutron
scattering spectra is determined by the H-weighted vibrational
density of states (VDOS) g(ω): Sinel (Q, ω) ∝ g(ω)/ω2. In
glasses, the main feature of the VDOS is the so-called Boson
peak of controversial origin, that manifests as a broad peak
in the region around 1-5 meV. The spectra in Fig. 4 clearly
reveal a Boson peak which is located for the dry PVME at
about 1.5 meV and for wet PVME at a much higher energy of
about 3 meV. It is evident that hydration has an impact on the
microscopic dynamics of glassy PVME.

D. Backscattering

Figure 5 displays the IN16 results obtained for the
PVME/D2O sample in the supercooled liquid state. The gen-
eral features are qualitatively similar to those shown by dry
PVME at higher temperatures.27 The spectra do not show an
elastic component but only a quasielastic feature that broad-
ens with increasing Q and T , suggesting diffusive-like dy-
namics of PVME hydrogens in the solution. We remind that
the width of the spectrum is directly related with the inverse
of the characteristic time of the observed process. At the same
Q and T -values, the spectra recorded for the fully protonated
PVME/H2O sample are broader than those of PVME/D2O
(see as an example Fig. 6). As both contributions, that of
PVME-protons and that of water-protons, are present in the
PVME/H2O spectra, it immediately follows that water mo-
tions are faster than polymer motions.
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FIG. 5. Spectra obtained by IN16 on the sample where the polymer is proto-
nated and the water is deuterated, for T = 285 K and three Q-values (a) and
for Q = 0.65Å−1 and three temperatures (b). The solid lines are the obtained
fitting curves (Eq. (2) with βwet PV M E = 0.3). The instrumental resolution
function is shown with the dotted lines.

In the supercooled liquid state and in the Q-region
explored by BS techniques, the decay of the intermediate
scattering function corresponding to atomic (H) motions of
glass-forming polymers is usually phenomenologically de-
scribed by a stretched exponential or Kohlrausch-Williams-
Watts (KWW) functional form:

Sinc(Q, t) = A exp

[
−

(
t

τw (Q, T )

)β
]
. (2)

Here, β is the stretching parameter accounting for the devi-
ations from exponential behavior. It can take values between
0 and 1, and for polymers is usually of the order of 0.5.29 τw

is the characteristic time which in general depends on both,
Q and temperature. The prefactor A is an effective Lamb-
Mössbauer factor that parametrizes the contribution of the fast
dynamics (leading to decay of the correlation function in the
ToF-window).

The IN16 PVME/D2O results were described by Eq. (2).
Given the controversy raised30 about the fitting procedure in-
volving FT of KWW functions that was followed in some
QENS works, we mention here that in our case this function is
constructed by a superposition of Lorentzian functions (FT of
single exponential decays) weighted by suitable distributions
of characteristic times (see Ref. 31). In this way, the problems
related with the standard fitting procedure for narrow lines are
avoided. In a first analysis we tried to determine the value of
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FIG. 6. Spectra obtained by IN16 on the fully protonated sample at Q
= 0.65Å−1 and two temperatures: 250 K (a) and 270 K (b). Thick solid line
is the obtained fitting curve with the two contributions, from water and poly-
mer, shown as thin solid and dashed-dotted lines, respectively. As explained
in the text, the PVME contribution has been fixed according to the results ob-
tained in the analysis of the PVME/D2O sample. The instrumental resolution
function is shown as dotted lines for comparison.

the shape parameter βwet PV M E by leaving it free. Values be-
tween 0.2 and 0.4 were obtained. Fixing βwet PV M E = 0.3 (the
average value) a good description of the spectra was achieved,
as can be seen in the examples of Fig. 5. The such obtained
characteristic times τwet PV M E

w are shown in Fig. 7 as func-
tion of Q for different temperatures. The spectra recorded at
225 K were elastic for the IN16 resolution.
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FIG. 7. Momentum transfer dependence of the characteristic times of the
PVME component in the solution obtained by fixing β PV M E = 0.3. Solid
lines show a Q−4-dependence.
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FIG. 8. Momentum transfer dependence of the T -averaged shape parameter
(a) and the characteristic times (b) of the water component in the solution
obtained by fixing β PV M E = 0.3. Dotted line in (a) marks the value β = 0.5
and solid lines in (b) show Q−2-dependencies.

Information on the dynamics of the water component can
be obtained from the PVME/H2O-spectra. The total interme-
diate incoherent scattering function in this sample can be ex-
pressed as

SPV M E/H2 O
inc (Q, t) = fH2 O SH2 O

inc (Q, t)

+ fPV M E Swet PV M E
inc (Q, t). (3)

The weights fH2 O and fPV M E are determined by the corre-
sponding cross-sections: fH2 O = σ

H2 O
inc /σ

PV M E/H2 O
inc = 0.31,

fPV M E = σ PV M E
inc /σ

PV M E/H2 O
inc = 0.69. Taking into account

the results reported for confined water dynamics in other
systems,32, 33 in a first approximation the incoherent scatter-
ing function of water protons SH2 O

inc (Q, t) maybe described
by a KWW function (Eq. (2)). As input for Swet PV M E

inc (Q, t)
we considered the results obtained from the analysis of the
PVME/D2O sample and fixed the values of the parameters
in Swet PV M E

inc (Q, t) to those above determined (βwet PV M E

= 0.3, τwet PV M E
w as in Fig. 7). In order to reduce the number

of free parameters in the fitting procedure, we assumed that
the amplitudes A parametrizing the fast dynamics of both,
PVME and H2O hydrogens, were the same. The resulting
βH2 O -values did not show any clear and systematic variation
with temperature. The averaged values over all temperatures
are shown as function of Q in Fig. 8(a), and Fig. 8(b) dis-
plays the characteristic times τ H2 O

w obtained imposing the T -
averaged βH2 O -values in the fits.
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IV. DISCUSSION

A. Structure

The interpretation of diffraction results in multicompo-
nent systems is extremely difficult mainly due to the pres-
ence of cross-terms corresponding to correlations involving
atoms of different components. The combination of results re-
vealing different partial structure factors (e.g. X-rays and NS
on samples with different deuteration labels) might help this
interpretation, but without the support of (properly validated)
MD-simulations the univocal assignment of the peaks to the
different atomic pair correlations is practically impossible.
Such a combined investigation is indeed very interesting but
beyond the scope of this work. Our discussion is thus based
on qualitative arguments.

The most salient effect of hydration on the WAXS
patterns is the increase of the structure factor in the region
corresponding to the second peak already existing in dry
PVME at 1.5 Å−1. This enhancement becomes more impor-
tant with increasing water concentration. From simulations
on the dry sample, Saelee et al.34 showed that the first peak
mainly contains correlations involving main-chain atoms
while the second peak is predominantly due to correlations
involving side-group atoms. This interpretation has been re-
cently confirmed35 by molecular dynamics simulation results
on dry PVME properly validated with neutron scattering
experiments.27 The position of the first diffraction peak does
not move upon hydration. Since this peak most probably
reveals inter-chain distances between main-chain atoms, our
results point to similar characteristic distances between near-
est neighbor chains in the dry and the wet samples. As water
can form H-bonds with the oxygen atoms in the side groups
of PVME, it could be expected that the water molecules
would be preferentially located close to these atoms. This
hypothesis seems to be supported by the observed enhance-
ment of the peak at 1.5 Å−1. Apparently, the correlations
involving water atoms emerge with the same associated
characteristic lengths as the side groups in dry PVME. In this
framework, inclusion of water would not disturb appreciably
the short-range order of PVME. In fact, the correlations at
such characteristic length scales (relating side-groups) would
be even potentiated by the presence of water.

In addition to the hydrophilic oxygen atom, the side
group contains a hydrophobic methyl group and together
with the addition of water molecules we may thus expect
some structural self-organization on the molecular scale. The
question arises where the water is located, in hydrophilic
or hydrophobic regions or in nano-sized bulk-like “pock-
ets.” Molecular dynamics (MD)-simulations on some hydro-
gel models by Tamai et al.36 have shown that in a PVME
cell with cw = 50%, 19% of the water molecules are in hy-
drophilic regions, 58% in hydrophobic regions and 23% in
bulk regions. Though lower water concentrations were not in-
vestigated for the PVME hydrogels, the results in poly(vinyl
alcohol) and poly(N-isopropylacrylamide) point to very small
amount of bulk-like water for cw = 25%. In that work, it
was also found that water-water hydrogen bonds are enhanced
around hydrophobic groups, especially when they are, like
in PVME, in a side group. Our results would be compati-

ble with such scenario. The diffraction data for the 45% hy-
dration level show a somewhat specially marked feature at
≈ 1.5Å−1. We note that in this range, the structure factor of
low-density amorphous ice presents a peak.37 In addition, we
could not discard the presence of additional contributions in
the wet samples at Q-values above 2 Å−1. High-density amor-
phous ice shows a peak in this region.37 The X-ray pattern of
liquid water at RT has been included in Fig. 1(b) for com-
parison. The dashed line shows the simplest combination of
the patterns corresponding to dry PVME and bulk-like water
that best accounts for the experimental results of the 30% wa-
ter content sample. The dotted line is the additional intensity
in the experimental data with respect to that. This extremely
simple decomposition suggests that the pattern could contain
bulk-like water contributions and that the cross-terms involv-
ing PVME and water correlations would be most important
close to the second peak of dry PVME. However, this is ob-
viously not the only possible combination compatible with
the experimental data and no conclusive statements can be
drawn from it. The only evidence for the existence of wa-
ter aggregates in this sample is the qualitatively different be-
havior of the water dynamics as observed by BDS (for cw

< 30% only Arrhenius-like behavior is observed, against the
crossover found for 30% and above).

B. Effect on the vibrational properties of PVME
in the glassy state

In the deep glassy state the Boson peak is clearly
observed in both the dry and the hydrated sample, as it is
shown in Fig. 4. In the hydrated one the Boson peak position
is shifted from 1.5 meV (corresponding to the dry sample)
to ≈3 meV and the intensity is less pronounced as well.
In the higher frequency range instead, both samples show
almost identical spectra, suggesting that water slightly affects
the higher frequency vibrational modes of the polymer. A
similar hydration-induced shift of the Boson peak has already
been observed for proteins in neutron scattering experiments
and molecular dynamics simulation studies.38–42 Nakagawa
et al. suggested that the presence of hydration water affects
the protein energy landscape making it more rugged. At
low temperature the protein motion is trapped in a local
minimum causing the characteristic Boson peak frequency
to shift to higher values.43 On the other hand, a comparative
study focused on the effects of the hydrogen bonds on the
Boson peak intensity and energy has been performed on
different hydrogen-bonded molecular glasses by inelastic
neutron scattering measurements.44 In that work, the authors
found a general relation between the hydrogen-bond density,
the Boson peak energy and the Boson peak intensity: as
the number of hydrogen bonds increase, the peak intensity
decreases and the peak energy increases. According to those
results, the Boson peak shift in the PVME/D2O sample with
respect to the dry sample could be ascribed to the effect of the
hydrogen bonds formed in presence of water. The hydrogen
bonds would deform the harmonic potential at the local
minima provoking the shift of the Boson peak frequency.
Another possible interpretation could be the presence of a
distribution of elastic constants45 in the wet sample. Those

Downloaded 09 Jan 2012 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



204906-8 Capponi et al. J. Chem. Phys. 134, 204906 (2011)

corresponding to the H-bonds with water would be “harder,”
leading to the observed shift of the Boson peak.

From the Q-dependence of the decrease of the elastic
FOCUS signal we can also deduce the values of the mean
squared displacements 〈u2〉,

Ielastic(Q, T )

Ielastic(Q, T → 0)
= exp

(
−〈u2〉

3
Q2

)
. (4)

At the temperature investigated (100 K) 〈u2〉dry PV M E

= 0.066 Å2, while 〈u2〉wet PV M E = 0.043 Å2. Thus, the ampli-
tude of the vibrations in the glassy state appears to be slightly
reduced in the presence of water. We note that from our struc-
tural results we expect some water molecules to be “attached”
to the side-groups of the polymer through H-bonds. A de-
crease of the vibrational amplitude due to this bonding would
be expected. The role of H-bond networking effect in the
Boson peak frequency and the amplitude of the vibrations will
be investigated in future works on PVME mixtures with other
solvents that do not form H-bonds.

C. Water dynamics as revealed by neutron scattering

To describe the water component in the QENS spectra
KWW functions have been used with βH2 O -values close to
0.5 (Fig. 8), always smaller than 1—the value corresponding
to regular and homogeneous diffusion. Similar stretching pa-
rameters have been reported for hydration water in the case
of biological samples (see, e. g., Ref. 32). At the same time,
within the uncertainties, the Q-dependence of τ H2 O

w follows
a power-law τ H2 O

w ∝ Q−2 in the IN16 window—the behavior
expected for simple diffusion. As the spectral shape is not ex-
ponential, this Q-dependence implies that the displacements
of water hydrogens are not distributed according to a Gaus-
sian function.

The observed stretching of the water signal could be at-
tributed to a distribution of mobilities. It is well known that
(at least from a mathematical point of view) stretched expo-
nential relaxation functions can be obtained from the super-
position of single exponentials:

ϕ(t) = exp

[
−

(
t

τw

)β
]

=
∫ +∞

−∞
g(log τ ) exp

(
− t

τ

)
d(log τ ) (5)

the characteristic times of which (τ ) are distributed according
to given distribution functions g(log τ ). For example, Fig. 9(a)
shows that proposed by Rajagopal et al.31, 46 giving rise to a
KWW function with β = 0.5:

g

[
log

(
τ

τw

)]
= ln(10)

(
τ

4πτw

) 1
2

exp

(
− τ

4τw

)
. (6)

In a simple diffusion process, the characteristic time is de-
termined by the diffusion coefficient D as τ = D−1 Q−2. A
distribution of mobilities g(log τ ) can be thus originated by a
distribution of diffusion coefficients and the total intermediate
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FIG. 9. (a) Distribution of characteristic times for single exponentials
(Eq. (6)) and assumed to be extensible to stretched exponentials for the case
of the PVME component (Eq. (11)). The superposition of single exponentials
(Eq. (5)) gives rise to the KWW function with β = 0.5 shown as solid line
in (b). The result of superimposing KWW functions with β = 0.5 according
to Eq. (12) and characteristic times as in (a), Eq. (11), leads to the empty cir-
cles in (b) that can be described by a KWW function with β = 0.36 (dashed
line). The relation between its characteristic time τw and the reference value
of the distribution τ ′

w is τw = 0.8τ ′
w . The vertical arrow in (a) marks the cor-

responding value of τ
dr y PV M E
w at 298 K.

scattering function is given by

ϕ(t) = exp

[
−

(
t

τw

)β
]

=
∫ +∞

−∞
g(log D−1) exp

(
− Q2t

D−1

)
d(log D−1). (7)

As in the case of Eq. (5), by properly choosing the distri-
bution g(log D−1), a KWW time dependence of the result-
ing intermediate scattering function can be easily reproduced.
However, now the “stretched variable” is X = Q2t , i.e., the
“conjugated” variable (showing the same dimension) of the
distributed magnitude D−1. As consequence, the result-
ing scattering function reads as exp[−(Q2t/D−1

w )β], which
characteristic time is τw = D−1

w Q−2. Therefore, the Q-
dependence of the resulting characteristic time is that of each
of the elementary diffusion times, τ ∝ Q−2. Thus, we could
rationalize the observed Q-dependence of the characteristic
times and shape parameter of confined water assuming a dis-
tribution of mobilities or diffusion coefficients associated with
slightly different local environments for the water molecules.
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D. PVME dynamics in the α-relaxation regime as
revealed by neutron scattering

From the BS results on the PVME/D2O sample we can
address the question how the segmental polymer dynamics
is affected by the presence of water. We first summarize the
results obtained for dry PVME in this Q-region well above
Tg to set the reference for comparison. In a recent work that
combines IN16, neutron spin echo (NSE) and FOCUS results
with molecular dynamics (MD) simulations,27 we have shown
that the intermediate scattering function of PVME hydrogens
can be described by a KWW function with βdry PV M E = 0.5.
As above mentioned, this value is in the range usually found
for this parameter in glass-forming homopolymers (e. g. 0.5
for head-to-head polypropylene (HHPP) and poly(ethylene
propylene) (PEP),47 0.55 for poly(vinyl ethylene) (PVE),48

between 0.4 and 0.65 for polybutadiene (PB),49 between 0.4
and 0.57 for polyisoprene (PI),50 0.5 for poly(ethylene oxide)
(PEO),51 0.5 for poly(methyl methacrylate) (PMMA)52). The
characteristic times obtained for Q = 1.0 Å−1 are represented
as function of temperature in Fig. 3(b). They perfectly match
those obtained by DS. The coincidence of the absolute values
of the characteristic times from DS and incoherent scattering
at Q = 1.0 Å−1 is an empirical observation that usually holds
in glass-forming polymers.16, 53 Both sets of data can be de-
scribed by a Vogel-Fulcher (VF) expression

τ = τ∞ exp
B

T − To
(8)

with the values τ
dry PV M E
∞ = 0.12 ps, Bdry PV M E = 1481.5 K

and T dry PV M E
o = 202 K.

Figure 10 shows the master curve constructed scaling
the characteristic times of dry PVME τ

dry PV M E
w (Q, T ) to a

common reference temperature of 298 K by using Eq. (8).
The good superposition obtained implies that the Q- and
T -dependence of τ

dry PV M E
w can be factorized as follows:

τw = D−1
e f f (T ) f (Q) (9)

where Def f is an effective diffusion coefficient. In the re-
gion Q � Q� ≈ 0.7Å−1, f (Q) ∼ Q−x with x = 4. We note
that the exponent x = 4 is just equal to 2/βdry PV M E . Insert-
ing this Q-dependence of the characteristic time in Eq. (2),
as the product xβ =2, it immediately follows that Sinc(Q, t)
is a Gaussian function with respect to the Q-variable.54, 55

In the higher-Q range above Q� (more local scales) devia-
tions of τ

dry PV M E
w (Q, T ) from this Q-dependence and conse-

quently from the Gaussian approximation can be found. This
kind of behavior has already been observed in a number of
polymers.47, 48, 50, 52, 56–58 These deviations can be interpreted
as due to the non-Gaussian events taking place within the
cage imposed by the neighboring atoms, that finally lead to
the decaging involved in the structural relaxation.57, 59 Dry
PVME data are consistent with the Mode Coupling Theory
(MCT) phenomenological predictions.27 Thus, the concept of
caging –at the basis of this theory– plays a fundamental role in
the dynamics of this polymer as observed in the BS window.
As can be seen in Fig. 10, the results of dry PVME can also be
well described in the framework of the anomalous jump diffu-
sion model,50, 57 a very simple approach that incorporates the
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FIG. 10. Master curves obtained for dry PVME (Ref. 27) (upper curve) and
PVME in the solution (lower curve) at the reference temperature of 298 K.
Different symbols correspond to characteristic times obtained at the temper-
atures indicated in K and corrected for T -dependent shift factors a(T ). Solid
lines show the Q−4-dependence. Dashed lines correspond to descriptions
with Eq. (10) with τ

dr y PV M E
o = 5.3 ns, �

dr y PV M E
o = 0.65 Å, τwet PV M E

o
= 19 ps, �wet PV M E

o = 0.3 Å, and β = 0.5 in both cases.

ingredient of caging by considering a distribution of jumps
underlying the diffusive-like motion of protons in the α pro-
cess. In this model, an atom remains in a given site for a time
τo, where it vibrates around a center of equilibrium. After τo,
it moves rapidly to a new position. The characteristic time
follows the law

τw = τo

(
1 + 1

�2
o Q2

) 1
β

, (10)

where �o is the preferred jump distance. From the limit of
this equation τw (Q → 0) = τo�

2/β
o Q−2/β (that reproduces the

expected Gaussian behavior) we may define the effective
jump diffusion coefficient as Def f = τ−1

o �
2/β
o , such that τw (Q

→ 0) = D−1
e f f Q−2/β . Then f (Q) in Eq. (9) can be expressed

as f (Q) = (�2
o + Q−2)1/β . For dry PVME, �o is found to

be 0.65 Å (see Fig. 10). This value is larger than those ob-
tained for main-chain hydrogens in PI (0.42 Å)50, 57 and PB
(0.5 Å),60 and close to the 0.6 Å reported for all the hydrogens
in PVE.48, 60 We note that in dry PVME we are also consid-
ering both, main-chain and side-group hydrogens; therefore,
the relatively large value found for �o might be a consequence
of the intrinsic dynamic heterogeneity arising from different
mobilities of the diverse kinds of hydrogens in the monomer.
In PVE the four distinguishable kinds of hydrogens in the
monomer were independently analyzed in the framework of
the anomalous jump diffusion model, resulting in a distribu-
tion of values for the �o-parameter ranging from 0.32 Å for
methyne main-chain hydrogens up to 0.76 Å for methylene
side-group hydrogens. For dry PVME, the MD-simulations27

show a difference in the value of �o between 0.56 Å for main-
chain hydrogens and 0.75 Å for methyl-group hydrogens.

We now consider the results of PVME dynamics in
the hydrated state. The obtained characteristic times for Q
= 1.0 Å−1 are shown as solid diamonds in Fig. 3(b). They
are clearly faster than those of dry PVME. The limited
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resolution of NS does not allow following the tempera-
ture dependence of these characteristic times toward the
glass-transition, and the dielectric signal of PVME in
the solution is masked by that of water. However, as-
suming that the calorimetry results [Fig. 3(a)] reflect the
freezing of PVME motions in the solution (since the
polymer represents the majority component in the sam-
ple) the glass-transition temperature deduced by DSC
would correspond to the “effective” glass-transition of
the PVME component in the solution. This implies a
Tg-shift of 37 K for wet PVME arising from the presence
of water –the well-know “plasticization” effect . The ques-
tion arises whether the effect of water on the temperature de-
pendence of the characteristic time of PVME can be just de-
scribed by a shift in the glass-transition value (equivalently, in
the Vogel temperature To in Eq. (8)). Under this hypothesis,
i. e., assuming T wet PV M E

o = 165 K, τwet PV M E
∞ = τ

dry PV M E
∞

and Bwet PV M E = Bdry PV M E we obtain the dashed-dotted
curve in Fig. 3(b), which perfectly describes the experimental
data. It is worth noting that an analogous effect is found in
polymer blends, where the vicinity of segments of chains of
other kind (and displaying different intrinsic mobilities) also
induces a change in the glass-transition temperature of each
of the components in the mixture (see, e. g., Refs. 61 and 62).

In addition to plasticization, two other effects caused by
hydration are observed in PVME dynamics: (i) a clear ad-
ditional stretching (βwet PV M E = 0.3 vs βdry PV M E = 0.5)
and (ii) strong deviations from Gaussian behavior in the
whole Q-range investigated. Extreme stretching of the inter-
mediate scattering function has also been reported for hy-
drated proteins63 and non-Gaussian behavior has also been
found in NS studies of biological samples.64, 65 In our case,
the deviations from Gaussian behavior are deduced from the
Q-dependence τwet PV M E

w ∝ Q−x , x = 4 (Figs. 7 and 10) to-
gether with the value of 0.3 for the stretching parameter. In
this case, the product xβ is about 1.2, i. e., much smaller
than the value of 2 corresponding to the Gaussian approxima-
tion. We remind that for the water component we have also
found stretching (βH2 O ≈ 0.5) and deviations from Gaussian
behavior (x H2 OβH2 O ≈ 1). In Sec. IV C, these findings have
been rationalized as due to a superposition of simple diffusive
process originated by the existence of heterogeneous environ-
ments in the solution. The water results would be compatible
with the distribution function shown in Fig. 9(a). It is natu-
ral assuming that these heterogeneous environments would
produce an analogous distribution of mobilities for PVME
hydrogens. We thus consider that the functional form of the
PVME response in solution is KWW with a stretching param-
eter βo, and the characteristic time τwet PV M E

w,βo
varies from one

region to the other in the sample according to the function
g(log τwet PV M E

w,βo
). This function would have the same func-

tional form as that observed for the characteristic time of the
water component [Eq. (6), Fig. 9(a)]:

g

[
log

(
τwet PV M E

w,βo

τ ′
w

)]
= ln(10)

(
τwet PV M E

w,βo

4πτ ′
w

) 1
2

× exp

(
−τwet PV M E

w,βo

4τ ′
w

)
. (11)

Here τ ′
w is a reference timescale. The resulting response of

PVME in the solution would then be given, in parallel to
Eq. (5), by:

ϕw (t) =
∫ +∞

−∞
g
(

log τwet PV M E
w,βo

)

× exp

⎡
⎣−

(
t

τwet PV M E
w,βo

)βo
⎤
⎦d

(
log τwet PV M E

w,βo

)
. (12)

where the integral kernel is a stretched exponential function
with βo. In analogy with the case of water, where we have
assumed “bulk”-like (simple diffusion) behavior for the dis-
tributed functions, for βo we will assume a value equal to
0.5, i. e., that of dry PVME. Figure 9(b) shows with open
circles the result of such superposition. This function is well
described by a KWW (dashed line) with a characteristic time
τw = 0.8τ ′

w and a value of 0.36 for the stretching parameter,
i. e., very close to that used for the parametrization of the wet
PVME scattering function. Thus, the stretching of both com-
ponents is reproducible by assuming single-component-like
functional forms and basically the same underlying distribu-
tion of mobilities,66 i. e., invoking a common heterogeneous
environment as the possible source.

So far we have shown that distributions of mobilities
would explain the stretching of the PVME scattering func-
tion. The question that arises now is as follows: how does the
distribution function of relaxation times that reproduces the
experimental findings compare with the characteristic time
in dry PVME? From the direct comparison of the master
curves (Fig. 10) and the previous discussion it is clear that
there is a shift in the characteristic times toward smaller
values in the solution. Let us first consider the Q-range
below Q�, where dry PVME shows Gaussian behavior.
In this region, τwet PV M E

w is just proportional to τ
dry PV M E
w

(τwet PV M E
w = ατ

dry PV M E
w ). The temperature dependence of

α is given by the ratio between the VF equations describ-
ing wet and dry PVME results, and it takes the value of
α = 0.075 for the reference temperature of the master curves.
The vertical arrow in Fig. 9(a) shows the corresponding po-
sition of the value of τ

dry PV M E
w at this temperature, showing

that τ
dry PV M E
w is about the longest time that can be found

in the solution. Most wet PVME hydrogens would move
about 5 times faster than in bulk. Thus, in this Q-regime, the
phenomenology observed for wet PVME could be described
assuming the above scenario with reference times of the
distributions like in Eq. (9), i. e., τ ′

w = D′−1
e f f (T ) f (Q)/0.8,

where D′
e f f = Ddry PV M E

ef f /α and f (Q) the same as in the dry
sample. As it has been shown above, the resulting τwet PV M E

w

would then display the same dependence as τ
dry PV M E
w ,

namely Q−4, according to the experimental findings
(Figs. 7 and 10). We note that in the Q-range above Q�,
however, this simple picture does not apply. There, τwet PV M E

w

shows a different Q-dependence than τ
dry PV M E
w . Neverthe-

less, it can still be factorized, like for dry PVME, according
to Eq. (9). If we assume the validity of the scenario of
superposition of KWW functions (Eqs. (12) with (11),
that reproduces the stretching), then we have to admit a
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different Q-dependence f (Q) of the characteristic times of
PVME dynamics in the solution with respect to the bulk in
this high Q-range. Invoking the description of τwet PV M E

w
in the framework of the anomalous jump diffusion model
(Eq. (10)), we could explain the results assuming that the
characteristic length involved in the elementary jumps is
reduced to about �o = 0.3 Å by the presence of water
(see Fig. 10). This would imply a more continuous-like
diffusion of PVME atoms in the solution. We also note
that for dry PVME the characteristic time at Q� is much
larger than for wet PVME, for which Q� ≈ 1.5Å−1. The
ratio τ

dry PV M E
w (Q�

dry PV M E )/τwet PV M E
w (Q�

wet PV M E ) is about
3 orders of magnitude, i. e., much larger than that of about
13 for the characteristic times in the Gaussian regime of dry
PVME below 0.6 Å−1: the decaging process would take place
rather soon in the hydrated polymer.

At this point it is worth commenting that if the value of
Q� would be correlated with the location of the first structure
factor peak, as suggested in some works,16 this peak should
be shifted toward higher Q-values in presence of water. Our
WAXS results do not show hints of such a shift.

The above proposed is one of the simplest possible sce-
narios one could invoke to give account for the behavior
of the polymer in presence of water. Of course, we cannot
discard other possibilities or the existence of other ingredi-
ents not captured by the distribution of mobilities induced by
structural heterogeneities that would also lead to deviations
from Gaussian behavior at local length scales. In particular, it
would be expected that the formation of a H-bond with wa-
ter in the side-group would slow down the dynamics of the
methyl-group with respect to the main-chain. This could give
rise to an additional dynamic heterogeneity in PVME dynam-
ics, which could translate into an additional broadening of
the diffusivities (this could explain the “extra”-stretching in
βwet PV M E from 0.36 – see above discussion, Fig. 9 – to the
observed one of 0.30). Moreover, the hindrance imposed by
the H-bond would be expected to lead to smaller values of the
preferred jump distance �o for the methyl-group hydrogens,
leading to the resulting decrease of the value deduced for �o

of all the hydrogens in our above analysis. Unfortunately, with
the data at hand the dynamics of the different PVME hydro-
gens in the aqueous mixture cannot be selectively resolved
and we cannot quantify this effect.

E. “Fast” processes observed by dielectric
spectroscopy

The characteristic times of the “fast” process resolvable
in the dielectric spectra at low temperatures (squares with
crosses) very much coincide with those corresponding to
the β-process of dry PVME (inverted triangles). This leads
to think that the “fast” process in PVME/H2O could have
its origin in the motions involved in the β-relaxation of
PVME. From the concentration dependence of the amplitude
of the “fast” process it is deduced that water molecules also
participate in this relaxation. Therefore, the “fast” process
could be seen as due to the polymer localized motions
involved in the β-relaxation of pure PVME and some water
dynamics directly induced by the polymer motions.67 In

Ref. 67, the molecular motions corresponding to the
β-process in dry PVME were assigned as the free rotational
motions of the methyl ether groups around the bond connect-
ing the oxygen and the main-chain carbon. The observation
that the dynamics of water molecules reflect to some extent
this kind of rotational motions would support the hypothesis
that water is located close to PVME side-groups, forming
H-bonds with oxygen atom and/or in the vicinity of the
methyl group, as suggested by the diffraction data and found
in the simulations of Ref. 36.

F. Putting the different observations into a context

In the following, we compare the results corresponding
to both components (discriminated by NS) and the relaxation
techniques study and put the observations into a context.

The characteristic times deduced for water from NS
experiments at Q = 1.0 Å−1 are shown as solid squares in
Fig. 3(b). They are much faster than those observed for the
polymer component (solid diamonds), implying a strong
dynamic asymmetry in the system. In an operative way, the
dynamic asymmetry in a binary system 
 can be defined as
the ratio between the characteristic time of the slow compo-
nent and that of the fast component. This ratio increases with
decreasing temperature, implying that the dynamic asymme-
try in the system is enhanced when the temperature decreases.
For example, at 280 K 
 = 100 and at 250 K, 
 = 1000. In
the region T � 225 K, the polymer component is expected to
be effectively frozen with respect to the water component and

 assumes an effectively infinite value. Slower mobilities are
also found in proteins than in the corresponding hydration
water, as for example in Refs. 32, 64, 68, and 69.

In the T -range above 225 K the characteristic times of
water at Q = 1.0 Å−1 overlap very well with the dielectric
spectroscopy results. The empirical observation that the DS
characteristic times coincide in absolute value with the inco-
herent scattering times at this Q-value supports the interpre-
tation that the DS signal is reflecting the water component.
The combined set of data (DS, Microwaves and NS) in this
high temperature range shows that the water behavior presents
some curvature indicative of cooperative-like motions. In this
region, the data can be described by the VF shown in Fig. 3(b)
as a dotted line, that corresponds to τ H2 O

∞ = 0.15 ps, B H2 O

= 897 K and T H2 O
o = 158 K.

Below 225 K we observe that both, DS times and NS
times deviate toward a weaker T -dependence. Thus, our NS
results also show what has been attributed to the “strong-
fragile transition” in other NS studies on water-containing
systems and criticized by others.22, 30 We note that in the
present case this transition occurs in the region of the overall
glass-transition temperature of the sample (shaded area
in the figure) which, as above commented, is mainly due
to the “effective” glass-transition of the PVME majority
component. Therefore, the crossover found at about 225 K
can be interpreted as a signature of the onset of confinement
of water by the freezing of the surrounding polymer matrix.
The origin of this phenomenon should then be attributed to
the strong dynamic asymmetry developed in the system at

Downloaded 09 Jan 2012 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



204906-12 Capponi et al. J. Chem. Phys. 134, 204906 (2011)

low temperatures, in a similar way as it has been found in
polymer blends (see below).58, 62, 70–73

We also note that the characteristic time obtained from
NS at 200 K is faster than that deduced from the dielectric
spectra at the same temperature and seems to approach the
“fast” dielectric process (squares with crosses). The “fast”
process in PVME/H2O cannot be resolved above 145 K (see
Fig. 2). We may assume that it can be represented by the
β-relaxation of dry PVME, that can be well followed to-
ward higher temperatures due to the higher value of its
glass-transition temperature. As can be seen in Fig. 3(b), the
timescale deduced from the NS experiments is close to that of
the PVME secondary relaxation, but slightly slower. We could
conclude that the dynamics observed by NS for water hydro-
gens at 200 K is a combination of both, the “slow” and the
“fast” processes detected by DS, but would be mainly influ-
enced by the “fast” process. In this framework, the source of
deviations from the VF-like T -dependence of the NS results
would be the occurrence of water motions strongly coupled to
the PVME process involved in the β-relaxation.

As a general comment, it is worth emphasizing the
analogies found between the behavior in the solution and
that reported for miscible polymer blends. The phenomenol-
ogy of polymer blend dynamics shows two main aspects:
broadening of the responses with respect to those of the
homopolymers and dynamic heterogeneity (distinguishable
mobilities of the different components). As we have seen,
these two features are also present in the PVME/H2O-system.
In polymer blends, the additional stretching is attributed to
concentration fluctuations in the sample. In the particular case
of the blend PVME / polystyrene, the additional broadening
of the PVME response with respect to that of bulk PVME
was described in terms of a distribution of “PVME”-like
responses.74 That situation is completely analogous to the
one here presented. Moreover, under certain conditions,
polymer blends can also show strong dynamic asymmetry.
This happens approaching the “effective glass-transition” of
the slow component in blends where the Tg-values of the ho-
mopolymers are very different. In some of such blend systems
(where the slow component is also the majority component),
confinement effects for the fast chains have been reported
that strongly resemble those here observed for water (e. g.,
Arrhenius-like temperature dependence of the characteristic
times in the low-T region, where the slow component is
frozen62, 70).

Finally, we note that the shift in the To-value of wet
PVME with respect to the dry sample also implies a
change in the fragility of the polymer, defined in the usual
way as

m = d(log10τ )

d
(
Tg/T

) . (13)

The value of m decreases from mdry PV M E = 85 to mwet PV M E

= 72. In solution, the polymer becomes “stronger” in
the Angell’s classification. Network glass-forming systems
are usually “strong” in this meaning. This observation is
compatible with a relevant presence of H-bondings in the
system.

V. SUMMARY AND CONCLUSIONS

The structural characterization suggests that the correla-
tions involving water atoms emerge with the same associated
characteristic lengths as the side-groups in dry PVME and
that inclusion of water does not appreciably disturb the av-
erage inter-chain distances of PVME. The patterns could also
be compatible with the presence of bulk-water-like correla-
tions, that would suggest the existence of aggregates of water
molecules in the sample.

By combining neutron scattering and H/D labeling, we
have selectively studied the dynamics of the two components,
water and polymer, in the PVME/H2O system revealing the
following:

(1) Strong impact of the presence of water on the vibrational
density of states of PVME deep in the glassy state.

(2) Stretching of the scattering functions with respect to
those of the components in the bulk.

(3) Non-Gaussian behavior in the whole Q-range investi-
gated for both components.

(4) Strong dynamic asymmetry, that increases with decreas-
ing temperature.

(5) For T � 225 K, deviations of the temperature depen-
dence of the characteristic time of the water component
from its high-temperature behavior.

As we have been commenting along the discus-
sion, similar observations have been made in biological
systems.75 On the other hand, the dielectric spectra basi-
cally revealing H2O dynamics show two main processes
at low temperatures:

(6) The “fast” process can be attributed to water motions
strongly coupled with the β-process of the PVME com-
ponent as observed in the dry sample.

(7) At T ≈ 225 K, the “slow” process undergoes a transition
from Arrhenius-like at low temperatures to VF at high
temperatures.

The comparison of dielectric spectroscopy with neutron
scattering results has supported the interpretation of the di-
electric data as characteristic for the water component.

To explain these results we propose:
Points (2) and (3) can be explained invoking a distribu-

tion of mobilities for both components, probably originating
from structural heterogeneities present in the sample. The ex-
istence of water clusters as proposed e. g. in the MD simula-
tions work of Tamai et. al36 could be one source of such het-
erogeneities. In solution, PVME would move faster and in a
more continuous way than in the bulk. The latter finding could
be due to the formation of H-bonds with water molecules,
one of the possible reasons also for Point (1). The broad dis-
tribution of mobilities found for the polymer could also be
partially due to H-bond formation, that could slow down the
methyl-group dynamics with respect to the main-chain dy-
namics. However, from our measurements we cannot resolve
the dynamics of both kinds of hydrogens.

Point (5) could be due to the participation of water
molecules in fast motions coupled with PVME local relax-
ations - the water dynamics in the NS window seems to
be mainly dictated by the “fast” process (Point (6)). The
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deviation expressed in Point (5) could also be interpreted as
a signature of the onset of confined dynamics of water by the
freezing of the PVME matrix. This would also be the origin
of Point (7), which would be explained without invoking any
“strong-fragile” transition. We remind that the strong slow-
ing down of PVME motions has been directly selectively ob-
served by the neutron scattering experiments. In this scenario,
the dynamic asymmetry directly proved by the neutron scat-
tering experiments (Point (4)) would be the key ingredient. In
this context, we note that the overall phenomenology found
strongly resembles that observed for polymer blends with dif-
ferent glass-transition temperature for the two homopolymers
and where H-bonds do not necessarily exist. This similarity
supports the above interpretation of some of the results in
PVME/H2O as consequence of the dynamic asymmetry in the
system.

Finally, we would like to emphasize the parallelism found
between the dynamical features of our “simple” system and of
biological samples. This confirms that our polymer solution
captures many properties observed in systems of biological
nature. Therefore, without forgetting the obvious relevance of
H-bond formation, we suggest that the importance of hetero-
geneous environments, local (secondary) relaxations of the
macromolecules and dynamic asymmetry deduced here for
the case of our polymer/water mixture could also be extensi-
ble to biological systems.
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