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ABSTRACT

The dielectric relaxation spectra of concentrated aqueous solutions of sucrose-borate mixtures have been
measured in the supercooled and glassy regions in the frequency range of 40 Hz to 2 MHz. The secondary
(B) relaxation process was analyzed in the temperature range 183-233 K at water contents between 20
and 30 wt %. The relaxation times were obtained, and the activation energy of that process was calcu-
lated. In order to assess the effect of borate on the relaxation of disaccharide-water mixtures, we also
studied the dielectric behavior of sucrose aqueous solutions in the same range of temperatures and water
contents. Our findings support the view that, beyond a water content of approximately 20 wt %, the sec-
ondary relaxation of water-sucrose and water-sucrose-borate mixtures adopts a universal character that
can be explained in terms of a simple exponential function of the temperature scaled by the glass tran-
sition temperature (T,). The behavior observed for water-sucrose and water-sucrose-borate mixtures is

Supercooled aqueous solutions
Aqueous glasses

compared with previous results obtained in other water-carbohydrate systems.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The properties of aqueous solutions of carbohydrates are of con-
siderable interest because of their ubiquity and wide range of
applications. Water-soluble carbohydrate polymers are the most
widely used among the biopolymers in industry, and sugar-water
solutions provide simple models of food systems' and have a well-
documented cryoprotectant capacity.? In spite of their importance,
the solvation characteristics of sugars in water have received little
attention for years, as pointed out by Franks and Grigera® in their
1990 review on solution properties of carbohydrates. The super-
cooled and glassy regions of these systems, which are of particular
interest in the stabilization of food and pharmaceutical products
and in the cryopreservation areas of technology,* are still not well
understood.>

The dynamics of aqueous solutions of carbohydrates in the
supercooled and glassy states has been studied using Quasi-elastic
neutron spectroscopy,® RMN,”~® and molecular dynamics.!?"2 The
dielectric relaxation spectroscopy, which permits access to a wide
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time domain range, was applied for the first time by Suggett and
co-workers'>'# and later by Johari and co-workers.!”

Several authors!'>1416-21 haye studied the dielectric relaxation
of water-rich solutions (water contents higher than 30 wt %) in
the high frequency range (above 1 MHz), where the contribution
to the relaxation is essentially due to the hydroxylic groups of
water and the saccharide. Other measurements have been per-
formed at frequencies lower than 1 MHz'>?2727 in the saccha-
ride-rich region (water contents lower than 30 wt %).

Two relaxation processes were observed in aqueous solutions of
saccharides, as in other glass forming liquids: a slow o-relaxation,
only observed above the glass transition temperature (T,), due
to the cooperative rearrangements of the molecules, and a fast
B-relaxation, which extends below T,.

The nature of the B-process in the saccharide-rich region of sac-
charide-water mixtures has been a matter of controversy ever
since the first data were reported. Chan et al.’> argued that the
motion of water molecules is only partially responsible for the
B-relaxation, while Moran et al.,>* based on NMR studies of anhy-
drous glucose and glucose 75 wt %,524 suggested that the motion
of the hydroxymethyl groups should not be used to explain the fast
B-relaxation. Recent studies by Swenson and co-workers?®?” on
glucose, fructose, and sucrose aqueous solutions with water
contents between 20 and 30 wt % led these authors to propose that
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the B-relaxation in these mixtures is mainly due to hydration
water.

Sucrose, as well as other disaccharides, is a natural osmolyte
produced by cells to protect biomolecules against the effects of
freezing, low water activity, and other harsh conditions.?82° Its
dielectric properties in aqueous solutions have been studied in
the past in the water-rich region,!*!72° and more recently in the
sucrose-rich region.?>~%7 It is also known>%>! that the addition of
sodium tetraborate (borax) and other oxyanions to aqueous
sucrose results in the formation of esters, thereby reducing
component mobility and improving protein or cell stability in
co-lyophilized oxyanion-disaccharide matrices.>?-34

In spite of their technological and biological significance, the
dynamics of disaccharide-oxyanion mixtures have not been
measured before. In this work, we present a dielectric relaxation
study of aqueous systems containing sucrose, borate, and water
(between 20 and 30 wt %). The measurements were performed in
the range of temperature from 183 K to 293 K, and frequencies
between 40 Hz and 2 MHz. The aim of this study is to generate
information pertaining to the dynamics of the B-relaxation in the
sub-T, and supercooled regimes, and to compare the behavior of
the aqueous sucrose to that of sucrose-borate solutions over the
same range of water content and temperature. Our results extend
the p-relaxation map obtained by Champion et al.>> and Swenson
and co-workers?%?? for highly concentrated sucrose-water mix-
tures to water-sucrose-borate mixtures, and help us to rationalize
the role of water and borate in such systems.

2. Experimental
2.1. Sample preparation

Sucrose and sodium tetraborate decahydrate (Na;B407-10H,0)
were obtained from Fluka and Aldrich, respectively, and were used
without further purification. Water was deionized and passed
through a Millipore filter.

Aqueous sucrose-borate mixtures were prepared in screw-
topped Pyrex flasks by adding preweighted amounts of borate to
known quantities of water to prepare supersaturated salt solutions.
The resulting mixtures were heated until complete dissolution of
the salt and added to the corresponding amounts of sugar needed
to obtain the desired borate-sugar concentrations. The resulting
mixtures were heated again until complete dissolution of the
sugar. Two sets of aqueous borate-sucrose solutions of constant
water content (20 or 30 wt %) were prepared.

The maximum boron fraction in each set of solutions was
limited by caramelization reactions, since color development was
favored at high borate and sucrose concentrations.

Aqueous sucrose solutions (20, 25, and 30 wt % water content)
were prepared in a similar way as sucrose-borate-water
mixtures.

Table 1

Concentration (sucrose and borax weight fraction, and sugar and boron molar
fraction) and glass transition temperature of the sucrose-borate (SB) and sucrose (S)
aqueous solutions

Sample Ws WBorax Xs XBoron Tg (K)
S1 0.700 = 0.109 = 201.3
S2 0.750 - 0.136 — 2129
S3 0.800 - 0.174 - 227.0
SB1 0.8008 0.0018 0.1757 0.0026 227.2
SB2 0.7962 0.0045 0.1725 0.0066 227.6
SB3 0.7741 0.0153 0.1585 0.0213 228.8
SB4 0.6726 0.0263 0.1023 0.0272 206.9
SB5 0.6590 0.0402 0.0991 0.0411 208.5

The concentrations of all species in the sucrose and sucrose-
borate solutions, given in weight and molar fraction for compari-
son, are summarized in Table 1.

The onset glass transition temperatures of the sucrose-borate
aqueous solutions (samples SB1-SB5) reported in Table 1 were
determined by differential scanning calorimetry (DSC) using a Met-
tler 822 and STARe Thermal Analysis System version 6.1 software
(Mettler Toledo AG, Switzerland). The instrument was calibrated
using standard compounds (indium, zinc, and lead) of well-defined
melting point and heat of melting. The glass transition tempera-
tures of the sucrose aqueous solutions reported in Table 1 corre-
spond to the fit of the onset transition temperatures reported in
the literature by using the Gordon and Taylor equation® as
informed in a recent work.>®

2.2. Dielectric cell and set up

The dielectric measurements were performed with an Agilent
4294-A Impedance Analyzer in the frequency range of 40 Hz to
2 MHz. The 4294-A covers a wider frequency range (40 Hz
to 110 MHz), but parasitic impedances limited our measurements
to frequencies lower than 2 MHz.

The dielectric cell, constructed in our laboratory, was based on a
design by Hollingworth and Saville,?” in which the large distance
between the liquid region and the edge of the cell suppressed elec-
tric field fringing. The cell consists of two cylindrical copper elec-
trodes (48 mm diameter and 10 mm thick), separated by an
acrylic spacer of 2 mm thickness. To create the sample chamber,
a circular hole (8 mm diameter) was made in the middle of the
spacer. The ratio between the radii of the spacer and the sample re-
gion is equal to 6, ensuring the suppression of edge effects. Two
small holes drilled through the edge of the spacer to the sample
chamber, allowed filling the chamber and keeping it completely
filled during the entire experiment, despite any volume changes
in the sample produced by the temperature variations. The elec-
trode surfaces in contact with the sample were wet polished with
silicon carbide and aluminum oxide up to 0.3 pm and, afterwards,
a thin film of gold was vacuum deposited over these surfaces.

The temperature was controlled using the setup shown in Fig-
ure 1. A 10-L Dewar containing liquid nitrogen (A) was connected

Figure 1. Diagram of the liquid nitrogen accessory used for temperature control:
(A) nitrogen Dewar; (B) vacuum chamber; (C) dielectric cell; (D) metal plate; (E)
tube immersed in the Dewar for cooling the plate D; (F) thin film of mica; (G) heater
resistance; (H) vacuum-proof holes for electrical connections; (I) connections to the
vacuum pump; (J) optical window.
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to a vacuum chamber (B), which contained the dielectric cell (C)
located over a metal plate (D) that was cooled by pumping nitro-
gen through a tube (E), with one end immersed in the Dewar and
the other end connected to a vacuum pump (I). The vacuum pump
was also connected to the cell chamber by a two-way valve. There-
fore, before pumping liquid nitrogen into the plate, a vacuum was
created over the cell chamber that prevented vapor condensation
over the dielectric cell surface. The electric insulation between
the plate and the dielectric cell was provided by a thin film of mica
(F).

The plate (D) contained two holes, one for a platinum resistance
and another for a heater resistance (G). The temperature in the cell
was controlled by a Lakeshore 330 Temperature Controller, which
supplied a power output to the heater proportional to the temper-
ature difference between the platinum resistance and the set up
temperature. The temperature of the sample was read with a cali-
brated platinum resistance placed in a hole made in one of the
electrodes near the sample chamber.

The cell chamber contained vacuum-proof holes (H) for the
output of the electrical connections of the Lakeshore 330 with
the heater and platinum resistances, and for the dielectric cell with
the Impedance Analyzer.

2.3. Cell calibration and dielectric measurements

The dielectric measurements were made by applying an AC
voltage of 0.5V to the dielectric cell. A residual capacitance of
31-35pF and a frequency-dependent conductance lower than
4 pS represent the impedance contributions of the plastic spacer
contained between the electrodes. These contributions were sys-
tematically taken into account in the determination of the dielec-
tric properties of the sample by considering an equivalent circuit
where the capacitance and resistance of the acrylic spacer are in
parallel with the corresponding impedance components of the
sample.

The cell constant was determined between 223.2 K and 298.2 K
by measuring the cell capacitance with the empty cell and the cell
filled with anhydrous glycerol. As the static dielectric constant of
anhydrous glycerol is known in this temperature range>® the
determination of the static capacitance difference between the cell
filled with glycerol and the empty cell gave the cell constant value.
This value varied from 38.4+0.4m~! at 298.2K to 39.7 +0.7 m~!
at 223.2 K, and agrees within the error with the geometrical value
(40 £+ 4 m™") at room temperature. The dependence of the cell con-
stant with temperature was fitted using a linear regression.

The correct choice of the proposed equivalent circuit was veri-
fied by comparing the dielectric spectrum of glycerol measured
in this work between 203.2 and 293.2 K, with the results obtained
by Schneider et al.>°

For the measurement of aqueous sucrose-borate and sucrose
solutions, the dielectric cell was filled with the corresponding solu-
tion and placed in the vacuum chamber of the liquid nitrogen
accessory. Vacuum was applied for 30 min before cooling the cell
to 183.2 K. After the desired temperature was reached, the sample
cell was kept for 30 min at that temperature before the frequency
scan was performed. The cell was then heated to a temperature
10 K higher, and the same protocol was applied until a tempera-
ture of 293.2 K was attained. The cell geometry and the high vis-
cosity of the studied solutions ensured that the applied vacuum
did not change the composition of the solution.

The temperature and concentration ranges covered in this study
include the supercooled and glassy regions of the supplementary
phase diagram of sucrose aqueous solutions as shown in Figure
2. The effect of the added borate on T, is important but it does
not modify the qualitative aspects of the phase diagram. Therefore,
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Figure 2. Supplemented phase diagram of the sucrose-water mixture showing the
equilibrium curves for the liquid-solid transitions, the non-equilibrium glass
transition temperature, and the region (gray box) where the dielectric relaxation
study was performed. The filled circles correspond to the glass transition temper-
atures of the sucrose-borate samples SB1-SB5.

the supercooled and glassy regions were also investigated for the
sucrose-borate system.

In the temperature range where only one relaxation process
was observed and polarization of the electrodes was absent, the
complex dielectric constant, £'(f)=¢&(f) — i¢"(f), was fitted with
Eq. 1:

. Ae . g
g =tx+ % - (1)
1+ (iwTp) 0

where ¢ is the conductivity of the sample, &g is the permittivity of
the vacuum, Agg is the dielectric increment of the p-process, 7 is
the relaxation time of the same process, w = 27tf is the angular fre-
quency, and the exponent h reflects the width of the Cole-Cole*°
relaxation processes. This function has been used to describe the
secondary dielectric relaxation for many other systems.*!*42

At higher temperatures, Eq. 1 did not describe adequately the
dielectric dispersion and relaxation spectra, since the o-relaxation
and the polarization of the electrodes contributed to these spectra
in the low frequency limit. Besides, separation of these two contri-
butions was not possible, considering the limited frequency range
covered in this work.

3. Results
3.1. Analysis of the dielectric relaxation of sucrose solutions

The dielectric losses as a function of temperature at constant
frequency of the sucrose solutions having water concentrations
20, 25, and 30 wt% were measured. The isochrones (fixed fre-
quency, f=5kHz) curves (logé&” vs T) exhibit two peaks; the one
above T,, which corresponds to the o-relaxation, is stronger than
the peak close to T4, which is associated with the p-relaxation. At
higher frequencies, the B-relaxation peaks shift to higher tempera-
tures and merge with the primary relaxation peaks. Only the
B-relaxation process was analyzed in this work.

The parameters corresponding to the fits performed using Eq. 1
are reported in Table 2. Figure 3 shows, as a way of example, the
dispersion and relaxation spectra of aqueous sucrose with
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Table 2
Conductivity, B-relaxation times, and other parameters obtained by fitting & () with
Eq. 1 for sucrose-borate and sucrose aqueous solutions

T (K) log(a/Sm™1) £ log(zy/s) hy Agg
S1 183.2 —-11.0 5.0 —3.49 0.41 404
193.2 -8.0 5.1 —4.38 0.42 39.5
203.2 -8.0 4.8 -5.16 0.41 46.6
213.2 -7.5 0.9 -5.80 0.35 61.5
S2 183.2 -85 4.7 —2.74 0.36 374
193.2 -8.2 4.8 —3.72 0.38 32.8
203.2 -9.1 49 —4.47 0.39 323
213.2 -8.2 4.7 —5.21 0.39 36.8
2232 -7.4 3.1 —5.88 0.37 46.8
S3 193.2 -11.2 5.2 -1.61 0.30 373
203.2 —-14.7 5.4 —3.28 0.34 23.8
213.2 -15.9 5.7 —4.13 0.38 21.1
2232 -12.6 6.0 —4.78 0.40 20.8
233.2 —-12.3 6.5 -5.40 0.42 22.7
243.2 -8.0 6.0 —-5.92 0.40 294
SB1 193.2 -11.7 6.1 —2.18 0.31 32.7
203.2 —-11.2 6.4 —-3.54 0.35 245
213.2 -9.1 6.7 —4.33 0.39 22.9
223.2 -8.2 6.9 —4.83 0.40 23.9
233.2 -7.6 6.9 —-5.37 0.39 27.5
SB2 183.2 -15.4 5.1 -1.27 0.30 26.6
193.2 -12.9 5.2 —2.24 0.31 26.4
203.2 —-12.5 53 —-3.31 0.34 23.2
213.2 —-13.1 5.5 —4.19 0.37 213
2232 —-12.4 5.7 —4.82 0.39 21.8
233.2 -84 5.7 -5.37 0.38 25.2
SB3 183.2 -11.5 5.0 —-1.31 0.28 29.2
193.2 —-16.0 5.0 —2.18 0.28 28.2
203.2 -15.6 5.4 —-3.84 0.35 19.7
213.2 -99 5.6 —4.44 0.37 204
223.2 —8.8 5.6 —4.88 0.37 23.0
SB4 183.2 —-12.5 7.9 —-3.27 0.37 32.1
193.2 -9.0 7.9 -3.97 0.37 34.7
SB5 183.2 -8.7 6.5 -3.16 0.35 21.1
193.2 -11.8 6.6 -3.96 0.37 22.0

25wt % water concentration. The solid lines correspond to the
results obtained by fitting ¢ and &” with Eq. 1, which reproduces
correctly the experimental data.

The conductivity values reported in Table 2 are only indicative.
Their uncertainties are large in comparison with the dielectric
relaxation strength and they do not show a systematic behavior
with temperature. Although, as expected, the general trend of the
conductivity is to increase with temperature and decrease with
sugar concentration.

The B-relaxation times reported in Table 2 are in good agree-
ment with recent data by Swenson and co-workers?® for sucrose
solutions with 25 and 30 wt % water concentrations. The tempera-
ture dependence of the B-relaxation time follows a typical Arrhe-
nius behavior:

T =1g-exp (%) 2)

where E, is the activation energy and 7, is the value of the relaxation
time extrapolated to infinite temperature. The values of E, and tq
obtained for the samples S1-S3 are reported in Table 3 and the relax-
ation times as a function of the inverse temperature are plotted in
Figure 4, together with data reported by Jansson et al.2®

3.2. Analysis of the dielectric relaxation of sucrose-borate
solutions

Figure 5 shows the dielectric relaxation spectra of aqueous su-
crose and aqueous borate-sucrose solutions with 30 wt % water
concentration at 183.2 and 193.2 K.
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Figure 3. Dielectric dispersion (a) and relaxation spectra (b) of S2 at (O) 183.2 K,
(A)193.2K, (O) 203.2 K, (V) 213.2 K, (¢) 223.2 K. The solid lines correspond to the
fits of ¢ and &” (w) performed with Eq. 1.

Table 3
Arrhenius parameters for the B-relaxation processes in aqueous sucrose and sucrose-
borate solutions

Sample log(to/s) E, (k] mol™')
S1 —-20.0+x0.3 581

S2 —20.1+0.2 60.9 £0.9

S3 —22+2 74+6

SB1 -20x2 677

SB2 —21%1 68 +£2

SB3 —22+2 74+8

The parameters obtained by fitting the B-relaxation in aqueous
borate-sucrose solutions with Eq. 1 are reported in Table 2 and the
corresponding curves, for SB4 and SB5, are plotted in Figure 5. As it
was previously mentioned for sucrose aqueous solutions, the -
relaxation time for sucrose-borate aqueous solutions follows Eq.
2 with 79 and E, values reported in Table 3.

The value of hy obtained for the secondary process varies be-
tween 0.3 and 0.4, with hg values similar to the ones reported for
sucrose aqueous solutions and for a glucose water solution with
25 wt % water concentration.>® It can be observed that h;, increases
slightly with temperature, as observed in sucrose aqueous solu-
tions and other carbohydrate-water mixtures, indicating that the
relaxation is more stretched at lower temperatures.
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Figure 4. Arrhenius plot of the p-relaxation times of sucrose and sucrose-borate
aqueous solutions obtained in this work: (@) S1, (A) S2, (W) S3, (@) SB1, (A) SB2,
(W) SB3, (#) SB4, () SB5. Data reported by Swenson and co-workers?® for sucrose
aqueous solutions with 30 (O) and 25 (A) wt % of water and by Champion et al.?
(%) for 1 wt% water content are also plotted. The solid lines correspond to the
Arrhenius fits of the data obtained in this work and others for aqueous sucrose.
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Figure 5. Dielectric relaxation spectra of (O) S1, (V) SB4, and (J) SB5 at 183.2 (a)
and 193.2 K (b). The solid lines correspond to the fits of ¢ (w) performed with Eq. 1.

Oh et al.** noted that, as it occurs with this study, h; increases
with temperature for glucose solutions containing 3-15 wt % of
water and reaches a constant value close to 0.7 at high tempera-
tures. They also observed that hg increases slightly with the con-
tent of water as observed here and as noted by Jansson et al.?% in
carbohydrate-rich biological materials.

The results reported in Table 2 suggest that the addition of bo-
rate does not change significantly neither the B-relaxation time nor
the magnitude of the relaxation process (Agg) of the sucrose solu-
tions with 20 wt % of water. On the other hand, in the samples with
30 wt % of water and higher borate-disaccharide molar ratio, the
B-relaxation in sucrose-borate aqueous solutions is slower than
that corresponding to the sucrose solution. What is more, the
magnitude (Agg) of the relaxation process decreases with borate
content, as can be observed in Figure 5.

4. Discussion

It is observed that, in both the sucrose and the sucrose-borate
solutions at constant temperature, an increase in the concentration
of sucrose slows down the B-relaxation (Fig. 4). In an attempt to
rationalize this behavior, we analyzed the change of the B-relaxa-
tion times with temperature by resorting to a Tg-scaled Arrhenius
plot (log t vs T,/T). In this way, the differences in p-relaxation times
with concentration level off and the behavior observed in Figure 6
emerges. The Arrhenius plots for the B-relaxation times merge onto
a common line for the three sucrose and the five sucrose-borate
aqueous solutions studied in this work, covering the supercooled
(Tg/T< 1) and the glassy regions (T,/T>1). Note, however, that
the B-relaxation times reported by Champion et al.?® for the
1 wt % water content sucrose solution deviate from this common
line.

This behavior was also observed for other carbohydrate-water
mixtures, as shown in Figures 7 and 8 for glucose and maltose,
respectively, where a common relaxation time is observed for all
samples of constant at T/T values, at water concentrations above
15 wt %. Below this water concentration, the relaxation time at
constant Ty/T decreases with water content.

B-Relaxation times shown in Figure 7 were obtained from data
reported by Chan et al.'®, Noel et al.,>*** and Moran et al.>* The T,
values of glucose aqueous solutions were calculated with the Gor-
don and Taylor equation®® using experimental onset-T, data

4
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0.9 1.2 1.5
T,/T

Figure 6. Ty-scaled Arrhenius plot for the dielectric relaxation times of sucrose and
sucrose-borate aqueous solutions: S1-S3 (@), SB1-SB5 (@), data reported by
Swenson et al.2® on sucrose aqueous solutions with 30 and 25 wt % water content
(O) and by Champion et al.?> for aqueous sucrose with 1 wt % water concentration
(+).
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Figure 7. Tg-scaled Arrhenius plot for the dielectric relaxation times of glucose
aqueous solutions. B-Relaxation times for 0 wt % water content reported by Chan et
al.'> (@), Noel et al.** (A), and Noel et al.>?> (W). Glucose aqueous solution with
5wt % ()2 10wt % (0),'°> 12 wt % (0),22 15 wt % (@),"° 25 wt % (A),** and 30 wt %
(®)'° water concentrations.
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Figure 8. T,-scaled Arrhenius plot for the dielectric relaxation times of maltose
aqueous solutions. B-Relaxation times for water concentrations: O wt % (), 7 wt %
(A), 15wt % (), 19wt % (0), and 23 wt % (@), reported by Noel et al.?2

reported by Luyet and Rasmussen,*® and Roos and Karel.*® Relaxa-
tion times plotted in Figure 8 correspond to data reported by Noel
et al?> with T, values calculated with the Gordon and Taylor
equation®® using experimental onset-T,; data reported by Green
and Angell,*” and Roos.*®

Considering the systems studied in this work, the mean value of
the activation energy of the secondary relaxation of sucrose and
sucrose-borate aqueous solutions for water contents between 20
and 30 wt % is around 70 + 13 k] mol~! (see Table 3). Similar values
were reported for other concentrated solutions of saccharides in
water. Noel et al.* reported activation energies of 59 k] mol~! for
glucose 90 wt % and 62 k] mol~! for maltose 90 wt %. They also
found that the activation energy decreases with water content,
reaching values of 42 k] mol~! for dry glucose and 45 k] mol~' for
dry maltose. Although these values are not in agreement with
those reported for glucose by Chan et al.,'> a detailed analysis of
the literature suggests that this behavior is common to all the sac-
charides for which data are available. In sucrose/water mixtures

the activation energy of the B-process decreases from approxi-
mately 64 k] mol~! for water contents between 20 and 30 wt % to
50 kj mol ! for 1 wt % water.?®

As it can be observed in Figures 6-8, the situation for p-relaxa-
tion at water concentrations below 15wt % is different from the
observed behavior at water contents between 15 and 30 wt %. This
water content limit coincides with the water percolation concen-
tration obtained by coarse grain molecular dynamics simulations
performed by Molinero et al.'>*° These authors found that water
forms extended clusters in the carbohydrate matrix that percolate
at water contents between 10 and 18 wt % for sucrose-water mix-
tures*® and at 18 wt % for glucose-water solutions.'?

If we assume that the B-relaxation is due to both relaxation of
the hydration water interacting with the saccharide and the sac-
charide itself at low water contents, it is reasonable to expect that
the motions of the water molecules are determined by the saccha-
ride packing since water clusters are isolated among them. The
addition of the first one or two water molecules to the dry saccha-
ride leads to a growing water cluster structure, with relaxation
times that become faster at constant temperature. However, when
these relaxation times are compared at the same T,/T value, the
relaxation rate diminishes with water addition.

At water contents above approximately 15 wt %, the addition of
water varies the relaxation times, which remain constant when
they are scaled by the glass transition temperature. Therefore, it
can be thought that once the water cluster structure percolates,
the addition of water to the system at constant Tg/T does not mod-
ify the p-relaxation time. In this region, the addition of water at
constant temperature (decreasing Tg) or the increase of tempera-
ture at constant water content leads to a decrease of Tg/T, and con-
sequently an increase in the relaxation rate.

The fact that the B-relaxation of sucrose-borate solutions scales
with T,/T in the same way as the sucrose solutions implies that the
higher preservation ability of formulations containing borate,
when compared at constant temperature, could be simply due to
their higher glass transition temperature. That is, at the same tem-
perature, a sugar solution containing borate and the same water
concentration has a higher T,/T value and, consequently, the
B-relaxation is slower and so is the mobility of reactants that
participate in deterioration reactions.

The addition of borate to aqueous sucrose solutions also
decreases the strength of the B-relaxation (Agg), probably due to
the decrease in the number of molecules capable to orient in an
electric field (water molecules hydrating the borate ions and the
-OH and -CH,O0H groups of the disaccharide forming esters with
the borate ions).>°

In the case of proteins, Cicerone and co-workers®!>? have re-
cently shown that protein dynamics are strongly coupled to the
solvent dynamics in the glassy state; the higher the fluctuations
in the matrix, the higher the conformational fluctuations in the
protein. Therefore, the dielectric studies of aqueous solutions of
sugar and other polyols near the glass transition could provide a
useful comparative test of the stabilization power of such systems.

5. Conclusions

We have analyzed the secondary (B) dielectric relaxation of
aqueous sucrose solutions and sucrose-borate mixtures in the
range of water concentration from 20 to 30wt%, and have
observed a common behavior when the dielectric relaxation time
is scaled according to the glass transition temperature. The B-relax-
ation times reported for sucrose solutions at a water content of
1wt % show that the relaxation rates, when scaled with T, are
considerably faster than those corresponding to solutions having
higher water contents. We propose that this change of behavior
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with water content arises for water concentrations close to the
percolation values reported by molecular dynamics, and can there-
fore be explained in terms of the formation of the water structure.

We found that the addition of borate to aqueous sucrose solu-
tions does not alter the B-relaxation behavior when plotted in
terms of a scaled temperature T,/T. We therefore propose that
the efficacy of the disaccharide-borate mixtures for protein stabil-
ization is partly due to an increase of the Tg.
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