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Urea-glycerol system: Liquid associated structure studied by dielectric spectroscopy
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Dielectric measurements of urea-glycerol mixtures were taken over a wide range of urea concentrations (up
to 7.6M) and temperatures (from 20 to 80 °C). The dielectric properties begin to change as the urea passes a
critical molar fraction, which is independent of temperature and corresponds to a ratio of two urea molecules
to seven of glycerol. Our dielectric data support a cluster containing nine molecules of glycerol, which is
consistent with neutron-scattering data from the literature. Upon addition of urea, two of the glycerol molecules
are substituted with urea to form urea-glycerol coclusters.
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I. INTRODUCTION

Pure liquid glycerol has been extensively studied for
many years, mainly with regard to its good glass-forming
abilities, but also in the domain of protein stabilization and
conservation.'= Still, its associated liquid structure is not yet
clearly understood. In fact, a great variety of experimental or
simulation techniques have been carried out from dielectric
measurement to quasioptical methods and x-ray or neutron
scattering, along with molecular dynamics or mode coupling
theory simulations.”* However, these studies have not led
to a conclusive understanding of the relation between the
microscopic structure of liquid glycerol and its macroscopic
properties. In fact, a large number of authors agree on the
existence of a short-range order in the hydrogen-bonded (H-
bonded) network of liquid glycerol. However, the character-
istic distance of this short-range order and the number of
molecules participating remain a source of discussion. In
parallel, a great number of models and theories based on
quite different mechanisms have been proposed to explain
the experimental data.

Urea has also been studied in detail, mostly with regard to
its protein denaturation properties and its impact on water
structure.>** In spite of these numerous works, the mecha-
nisms of protein denaturation by urea remain unclear.

As far as we know, there have been no published studies
on glycerol and urea mixtures. As these two molecules have
similar size and H-bonding abilities, but opposite effects on
protein structure, we decided to investigate the properties of
the mixture. Herein, we describe the results and propose a
mechanism for the evolution of the dielectric properties of
the mixture over a wide range of concentrations and tem-
peratures (60 K range). The mechanism involves a plausible
structure for the dielectric unit in pure glycerol, hereinafter
referred to as the glycerol cluster, which is transformed into
a glycerol-urea cocluster upon addition of urea.

The experimental techniques are introduced in Sec. II,
before a description of the results in Sec. III. In Sec. IV, our
model is described in detail, along with other supporting ar-
guments. Section V then summarizes our conclusions.

II. EXPERIMENTAL TECHNIQUES

Pure glycerol (99.9%) was purchased from Wako Chemi-
cals and pure urea from MP Biomedicals. The mixtures were
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prepared in a glovebox to prevent water absorption and then
sealed in Mighty vials. The vials were further sealed with
Parafilm before mixing of the solutions using a standard
magnetic stirrer. This operation could take up to two days at
room temperature. To speed this up and also to get a rough
idea of the evolution of saturation concentration with tem-
perature, we heated the samples in an oven to a maximum
temperature of 120 °C. This process resulted in clear solu-
tions for the samples unsaturated at room temperature. For
the samples that were saturated at room temperature, par-
ticles of urea were visible. A noticeable exception was the
most concentrated system. In this system, the urea crystal-
lized at room temperature, so two very distinct phases could
be observed: solid urea crystals and a liquid glycerol-urea
solution. Over the whole urea concentration range, the den-
sity increased by 1%, as measured at 25 °C using a density
measurement system (DMA 4500, Anton Paar).

Then, in the glovebox, we transferred some of each solu-
tion into Eppendorf tubes. This was done at high temperature
(=60 °C, after approximately 20 min in the oven at 100 °C).
In this way, homogeneous solutions (no visible heterogene-
ity) could be obtained even at the highest concentrations. The
obtained samples were then ready for measurement. At tem-
peratures from 20 to 50 °C, time domain reﬂec‘tometry36
(20 MHz—10 GHz) with a Parafilm-sealed cell was used.
These results were combined with air measurements as a
reference to obtain the complex permittivity of the samples.
The temperature control was as precise as 0.1 °C. The qual-
ity of the complex permittivity data was not sufficient for
fittings below 12 MHz and over 1 GHz. These limits were a
result of the multiple reflections effect through the cable (low
frequency) and an instrument limitation (high frequency).
For higher temperatures (60-80 °C), a vector network ana-
lyzer (200 MHz—-40 GHz) was used. As the temperature
could not be precisely controlled (error of 4.5 °C estimated
at 70 °C) with this system, these data were not used for
quantitative discussion or fitting. Mostly, these data allowed
us to check the influence of the considerable variation in
saturation concentration (from =~3.5M at room temperature
to =6M at =100 °C). The fitting procedure is described in
detail in Sec. III B. Briefly, the algorithm is based on simul-
taneous least-squares minimization of the mean deviations
from the measured values for the real and imaginary parts of
the complex permittivity.

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.75.174209

BRUN et al.

PHYSICAL REVIEW B 75, 174209 (2007)

70 : . . . .
60
50
40
W 30
20
10

30 1 1 1 1 1

FIG. 1. Dielectric increment (top) and loss
(bottom) at 30 °C with increasing urea concentra-
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tion from pure glycerol up to a urea concentration
of 6.2M (step =~0.5M). Data are shown for fre-
quencies in the range 10 MHz-10 GHz, but the
useful range for quantitative interpretation is lim-
ited to 12 MHz-1 GHz.
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III. EXPERIMENTAL RESULTS AND ANALYSIS
A. Raw spectra and initial analysis

Figure 1 shows the real permittivity and loss at a tempera-
ture of 30 °C with increasing urea concentration. Between
two successive curves, the urea concentration increases by
approximately 0.5M. The spectra are qualitatively similar
over the entire temperature range (20—80 °C).

In Fig. 1, one can identify two different domains of urea
concentration in terms of the influence of a further addition
of urea. At lower concentrations, addition of urea induces a
shift in the position of the relaxation peak toward lower fre-
quency and an increase in the dielectric increment. At higher
concentrations, addition of urea mainly induces an increase
in the dielectric increment, without a noticeable shift in the
peak position.

This behavior is much more apparent in Fig. 2, where the
peak position and peak value are plotted as a function of urea
molar fraction over the entire temperature range (20—80 °C).
From these data, we can extract a critical urea molar fraction
Xy This critical value is not correlated with temperature,
which indicates that it has no relation to the saturation con-
centration (=3.5M at room temperature).

This critical molar fraction x,,=0.22—0.23 corresponds to
a condition where there are two molecules of urea for seven
molecules of glycerol. This ratio is used as the starting point
for the model we introduce in Sec. IV.

B. Fitting of data

A natural approach to further data analysis is to fit the real
and imaginary permittivities. This gives us more information
about the processes that occur and how they combine to gen-

erate the observed peak. For pure glycerol, it is known that
the main dielectric relaxation process is well described by a
Cole-Davidson function,?”3® which is equivalent to the
Havriliak-Negami function with a=1:

__Ae
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where j is the imaginary unit, w is the angular frequency, €.
is the limiting high-frequency permittivity, Ae is the dielec-
tric strength, 7 is the relaxation time, and « and B lead to
symmetric and asymmetric broadenings of the relaxation
function, respectively.

First, we tried to fit our data using only one Havriliak-
Negami (HN) process. In this case, as can be seen in Fig. 3,
a and S strongly depend on the urea molar fraction. In fact,
the sharp decrease in «, simultaneous with the increase in S,
can be explained by the existence of a second, slower relax-
ation process. As this process gains importance, a second
loss peak would appear on the low-frequency side of the pure
glycerol loss peak. This would induce an artificial symmetri-
zation (B approaching 1) and a consequent broadening («
decreases) of the loss curve. This interpretation is supported
by the fact that the minimum « and the maximum 3 occur at
a molar fraction where a relaxation process induced by urea
can be reasonably expected (x,~0.1, see Fig. 4).

According to the previous analysis, we can say that the
observed loss curve results from the superposition of two
relaxation processes. As a hypothesis for fitting, we assumed
that the pure glycerol cluster relaxation was not modified by
the addition of urea. Therefore, one of the processes would
correspond to the pure glycerol relaxation while the other
would correspond to the relaxation of the urea-glycerol co-
cluster. Thus, we fixed the characteristics of the pure glycerol
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e FIG. 2. The different symbols represent tem-
peratures of 20 °C (solid squares), 30 °C (open
triangles), 40 °C (solid triangles), 50 °C (open
circles), 60°C (solid circles), 70°C (open
- squares), and 80 °C (solid diamonds). Top: the

Peak value

i critical molar fraction (roughly indicated by the
vertical dashed line) is clearly visible as the peak
position reaches a constant value. Bottom: the
evolution of the peak value also exhibits this
criticality as it changes from a second-order poly-
1 nomial region to a linear region (the dotted lines
are just guides for the eyes).

Urea molar fraction

cluster relaxation according to our pure glycerol data (7
=12ns at 30°C; a=1 and B=0.69, constant from
20 to 50 °C), which were in good agreement with previously
published values.3”3® For the cocluster, only the relaxation
time was fixed. This value was extracted from the fits of
solutions at urea molar fractions close to the critical value,
where the contribution of the pure glycerol process becomes
insignificant. Figure 4 shows a typical fit at an intermediate
concentration where both cluster populations produce a simi-
lar dielectric increment. The good quality of the fits over the
entire urea concentration range validates our initial hypoth-
esis. Among the fitting parameters, the dielectric strengths
and shape parameters (a and B) of the cocluster need more
detailed consideration.

For urea molar fractions between 0.1 and x,., the values
of a and 3 are stable and represent well the properties of the
cocluster relaxation with the following values:

a=0.88, p=0."77.

At lower molar fractions, the small contribution of the co-
cluster relaxation prevents any precise determination of these
parameters. Indeed, the shape of the peak is mainly deter-
mined by the relaxation properties of the pure glycerol clus-
ters. Thus, the dispersion of a and B merely reflects the
errors in the determination of the fitting parameters over this
range. Above the critical molar fraction, @ monotonously
increases to reach a value of 0.95, while 8 decreases down to
0.72. This evolution can be reasonably explained by a corre-
sponding evolution of the relaxation properties of the coclus-
ter in this high-concentration range. For the moment, we do
not have any consistent explanation for the behavior in this
range and focus here on the behavior up to the critical molar
fraction, which we model in the next section.

0.5

As for the dielectric strengths, represented in Fig. 5, and
their evolution with urea concentration, the behavior is quite
straightforward: the dielectric strength due to relaxation of
the glycerol cluster decreases while the dielectric strength
due to cocluster relaxation becomes predominant. Still, we
should note that this evolution is linear, which will be of
considerable importance in Sec. IV C. A critical molar frac-
tion x,,=0.22-0.23 (corresponding to a concentration of
3.3M) is again observed, as the dielectric strength corre-
sponding to pure glycerol reaches zero and the increase in
dielectric strength of the cocluster attenuates.
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FIG. 3. Evolution of « (squares) and B (triangles) with urea
molar fraction for data taken at 30 °C and fitted using only one HN
process. The nonmonotonous evolution can be interpreted as an
indication that two HN processes are required to describe the be-
havior (see text for more details).
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FIG. 4. Fits of the dielectric increment (top)
and loss (bottom) at a molar fraction of 0.093
(T=30 °C). The solid line is the sum of the indi-
vidual HN fitting contributions (dashed lines),

and the square symbols indicate the experimental
data points. The characteristic parameters for the
two HN processes are, for the pure glycerol clus-
ters, Ae=21, 7=1.2ns, a=1, and B=0.69 (only
Ag is varied over the entire concentration range),
for the coclusters, Aeg=25.1, 7=2.257ns, «
=0.88, B=0.77, and £,,=3.95 (only 7 is fixed).
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IV. DISCUSSION

We propose here the structures for the glycerol cluster,
i.e., the elementary unit in the dielectric relaxation process,
and the cocluster formed with urea.

A. Discussion of raw dielectric data

Considering our data, we noted the existence of a critical
molar fraction corresponding to a ratio of two urea molecules
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FIG. 5. Dielectric strength, fitting parameter for the pure glyc-
erol cluster (triangles) and cocluster (squares) relaxation processes,
as a function of the urea molar concentration at 30 °C. The linear fit
of the pure glycerol dielectric strength (solid line) is shown to il-
lustrate the argument developed in Sec IV C. The ratio r of the
slope to the intersection, as defined in Sec. IV C, is rz—%
=0.296M".

9.0

to seven molecules of glycerol. By a similar reasoning as
developed by Mashimo et al.,*® we deduce that a glycerol
cluster must at least consist of nine molecules. This cluster
can be substituted by two molecules of urea to form a co-
cluster consisting of two urea and seven glycerol molecules.

B. Further evidence from literature

In order to demonstrate our model, we first interpret the
experimental data from Garawi et al.’ confirmed by various
molecular-dynamics simulations'®?3243! in relation to our
dielectric data. Figure 6 shows the raw data for d,(r) as
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FIG. 6. Data from Garawi et al. (Ref. 9), (solid line) and the
corresponding number of glycerol molecules as a function of dis-
tance from the center molecule (dashed line) calculated using Eq.
(1). The dotted lines indicate the size of the dielectric cluster and
the number of glycerol molecules included within it.
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given in the original paper (obtained for liquid glycerol at
296 K),” along with the calculated number of glycerol mol-
ecules as a function of the distance from the center molecule.

To calculate the number of molecules within the cluster,
we assumed that the so-called mixed intermolecular correla-
tion factor® g(r) was identifiable to the center-of-mass corre-
lation factor. Thus, we used the following formula, which
assumes a spherical symmetry:

dy(r) =4mrpy[g(r) - 1],

d
p(r) = pyg(r) = % + P

R
N(R)=f 47’ pyg(r)dr, (1)
0

where p,, is the average density (or macroscopic density)
and r (or R) is the distance from the center molecule. The
meaning and relevance of using d;(r and g(r) to describe the
neutron-scattering data are detailed in Ref. 9.

According to Garawi et al., the peak centered at about
5 A represents molecules which are orientationally corre-
lated to the central one. This view is supported by the pres-
ence of detailed structures in this peak. Indeed, these struc-
tures are considered by some authors to be representative of
H-bonding-induced orientation correlation.*’ From a dielec-
tric point of view, we thus claim that this peak is represen-
tative of molecules belonging to the same cluster as the cen-
tral molecule. Integrating over a distance of approximately
6.3 A, which corresponds to the perimeter of this first high-
density ring [d;(r)>0], we obtain eight molecules. If the
central molecule is included, the number of molecules of
glycerol in the cluster is 9.

In addition, we considered the work of Arndt et al.'* From
dielectric measurements of glass-forming liquid in nanop-
ores, the authors study the effect of confinement on the dy-
namic glass transition properties. For measurements of glyc-
erol, they obtain a relaxation rate that is identical to bulk
values for temperatures down to 190 K and a pore size down
to 25 A (diameter). To analyze the data more precisely, they
use a theory based on the existence of two categories of
molecules, namely, bulklike molecules and interfacial mol-
ecules. The authors finally claim that bulklike behavior oc-
curs in subvolumes as small as 7 A (diameter) with an inter-
facial layer of 9A, although they themselves noted that these
sizes are based on a very rough estimation. Thus, our esti-
mation of a glycerol cluster size of 12.6 A (diameter) is still
in good agreement with their report.

l.14

C. Fitted dielectric data and final validity test

In addition to the above evidence, we performed a test to
confirm the validity of our model using the values obtained
from fitting.

In general, the measured dielectric increment can be re-
lated to the number of clusters per unit volume by a simple
proportionality relation as follows:

PHYSICAL REVIEW B 75, 174209 (2007)

TABLE 1. Values of the ratio r at various temperatures.

T (°C)* 20 30 40 50
r (M 0.292 0.295 0.281 0.289

“Data for temperatures over 50 °C were not included as the fittings
of these data, and the corresponding r values were not very accu-
rate.

Ae=nC,

where Ae is the measured dielectric strength, C is a propor-
tionality constant, and n is the number of dielectric units
(clusters) per unit volume.

Using the results presented in the Appendix, we can test
the validity of our model by fitting a linear regression of the
dielectric increment below x,., as shown in Fig. 5. In this
way, we obtain the ratios of the slope to the intercept, as
listed in Table 1. The very good agreement between these
values and those calculated using our model (0.30M~') con-
firms the model’s validity.

V. CONCLUSION

In conclusion, we have proposed a reasonable model for
transformation of a glycerol cluster into a glycerol-urea co-
cluster with increasing urea concentration. In our model,
each cluster consists of nine molecules, with two of the glyc-
erol molecules substituted with urea in the cocluster. Besides
our own data, this model is supported by various literature
data, including neutron-scattering data and dielectric spec-
troscopy data for nanopores. A final test of the validity of the
model using parameters extracted from fitted data confirmed
that the model correctly describes the data below the critical
molar fraction x,.. Despite its simplicity, the model is con-
sistent with experimental data from very different sources,
which provide additional validation in our opinion. The be-
havior of the glycerol-urea system above x, (increase in
dielectric increment without a shift in peak position) remains
unclear. We will work toward clarifying this in the future.

APPENDIX: DIELECTRIC STRENGTH AND UREA
CONCENTRATION

If we consider the concentrations of urea and glycerol, u
and g, respectively, then, according to our model, we have
the following relations:

=G (A1)

where CO and G refer to the cocluster and the pure glycerol
cluster, respectively.
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We also have a linear relation between the urea and glyc-
erol concentrations:

g=—au+ g,

where a and g, (pure glycerol concentration) can be deter-
mined experimentally by linear fitting or calculated using the
following equations:

LQ&

M,
a=—"—
M

k)

QU

u="g

_ e

go—M

g

where the indices g and u refer to glycerol and urea, respec-
tively, d is the density, and M is the molecular weight. At
25 °C, we obtain

PHYSICAL REVIEW B 75, 174209 (2007)
a=0.62,

go=13.7. (A2)
Experimentally, we have the following at room temperature:

a=0.66,

go=13.65.
Thus, Eq. (A1) becomes

(A3)

Thus, we should have r=—%=0.30M‘1 from Eq. (A2)
and r=0.31 M~! from Eq. (A3).
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