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Abstract This work was undertaken to investigate ther-
mal and dynamic transitions observed in the temperature
range close to the bulk ice melting temperature in sucrose
solutions. Measurements of thermal (differential calorim-
etry) and dynamic (neutron scattering) properties were
compared in order to give a physical interpretation of the
thermal transitions observed during the thawing of amor-
phous sucrose solutions. In fact, the freezing of biological
material leads to the distinction between different pools of
water: bulk water which becomes ice after freezing,
unfrozen water trapped in the glassy matrix or close to the
interface of solutes can be considered, and finally freezable
confined water with a lower melting point than bulk water
and with properties depending on both the ice presence and
the microstructure of the material. The transition temper-
atures such as glass transition or melting are dependent on
the freezing protocol used and examples of annealing
effects are presented, in order to underline the necessity of
a good temperature control during freezing for the study of
biological material with freezable water.
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Introduction

Water and sugars play an important role in the preservation
of the structural, dynamic, and functional integrity of bio-
logical systems. The removal of water by dehydration or
freezing often results in vast structural and functional
alterations of these systems. The ability of sugars to pre-
serve biomolecules during freezing has been recognized for
years. The disaccharides most often described in literature
for this aim are sucrose, maltose, and trehalose. This latter
bioprotectant has been extensively studied because of its
reputed effectiveness in maintaining naturally the survival
of organisms at subzero temperatures. Its action was firstly
related to the higher value of its glass transition tempera-
ture in comparison with the other disaccharides [1]. It is
now believed to be more related to both specific interac-
tions between sugars and the biological systems limiting
hydrogen bonding with water [2], and the “destructuring”
effect on the water tetrahedral network [3], and the slowing
of water dynamics [4]. In fact, the mechanism of biopro-
tecting action of sugars is not yet clearly elucidated and
remains the focus of many researches [5], but undoubtedly,
it appears that their effect on water organization and
mobility at low water content, during dehydration or
freezing (when a high amount of water is transformed into
ice) can explain their action. Under these more or less dry
conditions, these sugars are excellent glass formers and
their glass transition is widely described by calorimetry
studies in literature. However, the molecular mobility in
sugar glasses around their glass transition temperature (7)
is not so well documented due to the high relaxation time
value reached in this temperature range: dynamic thermal
analysis [6, 7] or dielectric spectroscopy [7, 8] are among
the most employed methods because their measurement
frequency range can be close to the relaxation time of the
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matrix at T, (100 s). Observations in other time domains
are also possible to detect change in mobility around 7, in
sugar-based systems, e.g., water proton relaxation times
measured by NMR show variation through the glass tran-
sition [9]. The mean square displacement measured by
quasi elastic neutron scattering presents an increase in the
temperature range of the glass transition [10]. In the case of
frozen products, the change in dynamics above T, and the
melting of ice both contribute to the decrease in viscosity,
enhancing molecular mobility during thawing.

In fact, the physical status of a frozen product depends on
the cooling procedure. When the temperature is lowered
below the freezing point of the solution, ice is formed. As
the temperature is decreased further, more and more crystals
are formed, the solution remaining liquid around ice crystals
becomes more and more concentrated. When the solute
concentration becomes very high, either the solute is able to
form an eutectic at a given temperature depending on the
nature of the solute, or the concentrated solution goes
through its glass transition and vitrifies as a glass sur-
rounding the ice crystals. When this phase has reached the
maximum concentration which can be achieved just before
vitrification, the remaining liquid solution is called the
maximally cryo-concentrated phase, the solute concentra-
tion of which is usually denoted C;, (weight fraction of
solute) [11]. This phase is expected to exhibit a glass tran-
sition at a temperature Té, which, according to the state
diagram [12], is the temperature of the crossover between
the ice melting and glass transition curves at C’g. Actually, in
the temperature range where T;, is expected to occur, DSC
curves of carbohydrate solutions containing freezable water
show a non-classical shape, different from that observed
with low water content solutions. Indeed, the curve shows
two baseline shifts (at temperatures, we denote T, and T,),
the physical meaning of which is still the subject of debates.

The purpose of this study is to contribute to the under-
standing of these events, at least to better identify the tem-
perature of the onset of mobility in frozen solutions.
Whatever the physical meaning of these transitions, one
may think they induce an increase in molecular mobility
concerning the sugar groups and/or the water molecules.
These two transitions were only seen with DSC and no other
method, e.g., mechanical spectroscopy, shows similar
behavior in the glass transition temperature range [13].
Glassy materials are not at equilibrium and their properties
such as density or molecular mobility may depend on the
way of their formation. Therefore, sucrose solutions were
investigated by neutron scattering with a thermal treatment
similar to the one used for DSC experiments, to ensure the
transformation of all freezable water into ice, i.e., in order to
obtain samples in pseudo-equilibrium state at the maximum
cryo-concentration. Elastic and inelastic neutron scattering
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experiments were carried out to determine the dynamics in
these solutions in the picosecond range (rotation of sugar
hydroxyl group, water diffusion motions and hydrogen bond
vibration). Neutron scattering experiments were done in
water-sucrose solution or in deuterium-exchanged H/D
sucrose solution in order to measure in a separated way the
onset of water mobility and the onset of sucrose mobility,
respectively. Thermodynamic properties changes induced
by the use of deuterium are taken into account in the dis-
cussion of the results.

Materials and methods

The sucrose (Merk) was first freeze-dried and then dehy-
drated under vacuum in the presence of P,Os. Labile pro-
tons were exchanged against deuterium atoms through
dissolution of the hydrogenated powder in D,0 and freeze-
drying; this step was repeated twice in order to obtain dry
sucrose D/H. Sucrose solutions were prepared in H,O and
D,0 at given concentrations by weighing. Concentrations
are expressed in weight percentage.

DSC measurements

The thermal properties of solutions were studied using two
calorimeters, which gave complementary results in terms
of resolution, sensitivity and ability to go to very low
negative temperatures (down to —120 °C): a Perkin-Elmer
DSC-7 (curves showed with endothermic events up) and a
TA instruments Q1000 (exothermic events up). The dis-
tinction of the results between the two equipments was
kept; indeed, no normalization for the heat flow direction
was done because the sensitivity and resolution of the two
equipments are different. Both were equipped with a liquid
nitrogen cooling accessory, and helium gas was used for
low temperature experiments. Cooling and heating rates of
10 °C/min were used throughout these studies. The tem-
perature calibration was made using the melting point of
water, cyclohexane and indium and energy calibration
using pure indium. Hermetically sealed 20-ul aluminum
pans were used for all measurements; an empty pan was
used as reference. The sample weight was around 5 mg.

Annealing and aging

Frozen glassy materials need to be characterized in terms of
glass transition of the maximally freeze concentrated state.
The unfrozen phase is plasticized by unfrozen water and has
a glass transition at temperature T;,. Maximum freeze con-

centration requires annealing, i.e., holding within a narrow
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temperature range, between the glass transition and initial ice
melting temperatures, where time-dependent ice formation
can occur [14, 15]. Therefore, sucrose solutions were cooled
down to —80 °C; then to ensure the crystallization of all
freezable water, the first cooling was followed by a first
heating up to above the glass transition temperature range,
then the sample was cooled to —80 °C again. In fact, the first
limited heating allowed a further cryo-concentration of the
unfrozen fraction and only the second heating scans were
used to determine the temperature of the characteristic fea-
tures. In the following, we will use the term annealing
for thermal treatments consisting in a temperature scan
(10°/min) at temperature just above the glass transition
temperature (7,), followed by a cooling at temperature below
T,. In some experiments, an aging treatment consisting in a
waiting time in isothermal conditions below T, was also
carried out.

Neutron scattering measurements

Study of dynamics in 20% sucrose/H,O and 20% sucrose
(H/D)/D,O mixtures has been performed using both the
backscattering spectrometer IN13 at the Institut Laue
Langevin (ILL, Grenoble) for incoherent elastic measure-
ments and the time-of-flight spectrometer Mibemol at the
Laboratoire Léon Brillouin (LLB, Saclay) for incoherent
inelastic measurements.

In an inelastic neutron-scattering experiment, the mea-
sured quantity providing physical information about the
studied system is the scattering function S(g,w); here, ¢ is
the modulus of the momentum transfer and o is the energy
transfer. The incoherent scattering function at a given
temperature (7) can be written as the sum of three terms:

S(q, ) = e 2" (Ag(q)0(w) + [1 = Ao(q)] See(q, )
+ SineL(q, o) (1)

where ¢ 2D js the Debye—Waller factor, A(g) is the
elastic incoherent structure factor, d(w) is the Dirac delta
function, Sqr(g,w) is the quasielastic incoherent structure
factor and Singr(g,w) is the inelastic incoherent scattering
function.

The first term takes into account the elastic response
of the system, and under quite general conditions the
following expression holds:

2W(q,T) = 1/3<%>u2(T)q2 which can be used to derive
the Debye-Waller factor. The quantity (u*(T)) is to be
thought of as an average atomic mean square displacement.

The second term appearing as a broadening of the elastic
peak gives information about the diffusive and relaxational
movements of the molecules, while the last term describes
their vibrational behavior.

With both spectrometers, the sample container was an
aluminum hollow cylinder with a 21 mm outer diameter
and a sample layer of 0.6 mm thickness. Measurements
were performed in a temperature range going from —83 to
17 °C for 20% sucrose solutions in H,O or D,O. In this
latter case, the signal is mainly due to scattering from
the non exchangeable protons of the sucrose molecules.
Sample container and absorption-corrected intensity were
normalized by the value corresponding to the lowest tem-
perature (T, = —83 °C). For elastic neutron-scattering
experiments, the sample temperature was changed by 2 °C
step and kept constant 10 min before the record of the
elastic scan. The calculated average temperature change as
a function of time was 0.34 °C min~' during cooling and
heating treatments. For inelastic measurements, the tem-
perature was kept constant during 75 to 180 min depending
on experiments.

With IN13, a relatively large range in scattering vector
q (0.3 A< qg<5.5 A~y was considered.

The integrated intensity corresponds to the average of
the scattering intensity recorded on all g range; and the
value of this ¢ range was not changed during the temper-
ature scan range.

With Mibemol spectrometer, the incoming neutron
wavelength was 1 = 5.2 A leading to elastic energy reso-
lution of 100 peV.

In order to change time scale resolution, the mean
square displacement is showed for the Mibemol results
(20 ps), and, for IN13 (80 ps), the intensity value of
InS(g, w = 0)vs.g>, which is proportional to the mean
square displacement, is presented as function of tempera-
ture. Spectra analysis was done during one cooling and
two heating scans with Mibemol, but only one scan was
done with IN13. According to the relation S(g,w) =

e (0R)/ 3, the plot of log S(q, w) versus ¢> allowed the
determination of (u,) (slope) for each temperature. Then,
the change in slope of (u,) (Mibemol) or of log S(g, = 0)
intensity value (IN13) as function of temperature is the
expression of a change in the dynamics during heating.

Results and discussion
Study of thermal transitions by DSC experiments

Sucrose solutions with concentrations 20, 30 and 60% in
H,0 and 20 and 60% in D,O were analysed by DSC.

A temperature treatment was done to ensure the trans-
formation of all freezable water into ice; the same type of
annealing was widely described in the literature for
carbohydrate solutions [16, 17] and biopolymer-sucrose
mixtures [15]. Thus, after annealing between T, and T,, at

@ Springer



D. Champion et al.

Heat row/\Ng'1

Temperature/°C

Fig. 1 DSC curves of a 30% sucrose H,O solution (straight line) and
a 30% partially deuterated sucrose solution in D,O (dash line) during
heating after an annealing treatment between T; and T,. The inset
presents an enlargement in the temperature range from -60 to —20 °C.
The respective values for thermal transitions T, T, were —43.6
(£0.4) and —32.8 (£0.4) for 30% sucrose H,O solution, and —38.9
(£0.5) and —27.9 (£0.7) for 30% partially deuterated sucrose
solution in D,O

—38 °C for sucrose-H,O solution and —33 °C for
sucrose—D,0 solution, frozen samples were cooled down
again; the second heating scan is presented in Fig. 1 for
sucrose solutions in H>,O and exchanged sucrose in D,0.
The two frozen solutions exhibit the same curve shape with
transitions characterized by two baseline shifts in the heat
flow curves and an endothermic peak for the ice melting
(characterized with the peak temperature Ty;, which was
shown to represent the equilibrium freezing temperature of
the solution [12]). The H,O substitution with D,O induced
a temperature enhancement of these thermal events
(Fig. 1). The physical meaning of these two step transitions
has been studied, most often based on DSC results or more
recently based on the interpretation of modulated DSC
observations. It was initially suggested [18] that the lower
temperature transition (7;) was a minor transition of the
solution which devitrifies and that the glass transition of
the maximally freeze concentrated solution (Tg’ ) was the
higher temperature transition (T,). However, at the same
time, it was shown [19] that the onset of the first transition
corresponded to the onset of the dynamics in the solution.
Later, from annealing experiments [11] and theoretical
prediction of the Ty curve [12] (based on water activity
concept) it was concluded that, in fact, the theoretical T;,,
determined on the state diagram as the crossover of the T,
and ice melting temperature curves as a function of water
content, did not correspond to the T, or T, transitions but
was at a temperature between these two transitions. The
higher temperature transition (T,) was also described as the
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onset of ice crystals dissolution [11, 19, 20]. More recent
studies have used modulated temperature DSC (MTDSC)
in order to distinguish the reversing from the non reversing
events, but using the same technique, different authors
gave opposite conclusions about the meaning of the two
transitions. According to Knopp et al. [21], T, may cor-
respond to the onset of ice dissolution because a high
portion of the heat flow at this temperature was found to be
non periodic (in the non-reversing part of the signal).
Moreover, the heat capacity change for the lower temper-
ature transition (T;) was found independent of the sucrose
dry matter content in sucrose solutions at concentrations
10-80%, as expected because the cryo-concentrated phase
has a constant sucrose concentration. On the contrary, a
decrease in the relative heat capacity change of the higher
transition (T,) as a function of the solution concentration
increase was observed, in support of the conclusion that
this transition was linked to the ice fraction in the sample.
Conversely, Aubuchon et al. [22] suggested that the second
transition in 40% sucrose solution exhibited non-fully
reversing heat flow on cooling and heating, similar to a
glass transition with enthalpy relaxation. Goff et al. [23]
also concluded for a 40% sucrose solution that the higher
temperature transition is a glass transition as the lower
temperature one. The authors ascribed this transition to a
concentrated non-equilibrium sucrose phase, more con-
centrated than the equilibrium cryoconcentrated phase,
which may be located around or within the rapidly nucle-
ated ice and/or constitute inclusions within the crystals
themselves. Actually, MDSC does not allow ascribing
transition T, to a melting step or enthalpy relaxation event,
because these features are both observed in the non-
reversing part of the signal. Other kinds of investigations
are therefore needed.

Moreover, depending on the thermal history of the
sample, the appearance of these transitions can be changed.
Isothermal treatments were applied on a 30% frozen
sucrose solution in which maximum cryo-concentration
had been fulfilled by means of annealing, in order to study
the relaxation effects induced by aging at different tem-
peratures (Fig. 2). An increase in the heat flow amplitude
of the T, transition was observed after 3 h aging at
—50 °C, below the T, transition. Indeed during the DSC
rescan of this sample, an endothermic peak was superim-
posed on the endothermic step-wise change, due to the
glass transition. This behavior is known as enthalpy
relaxation (or glass structural relaxation) of a glassy sample
stored close to but below its glass transition temperature
and which is dependent on ageing time and temperature
difference between storage temperature and 7,. This
relaxation effect was shown to be analogous to the one
observed in samples without ice [13, 24, 25] and reflects
the possible evolution of the material in the glassy state.
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The same isothermal treatment was carried out at
—40 °C, below the T, transition. The rescan showed only
one transition with an increase of the endothermic signal
and with a peak onset at about —40 °C. Unlike the sample
without aging treatment, no marked thermal event corre-
sponding to a glass transition was seen below —40 °C. The
same type of experiment was carried out with a 60%
sucrose solution in D,O (Fig. 3). For this high dry matter
content, it was difficult to obtain the maximally freeze
concentrated phase even with several temperature treat-
ments of annealing or aging. Actually, a glass transition
phenomenon can be seen at a lower temperature (—47 °C)
than expected from the sucrose—D,O state diagram

Endo up
0.5 W/g

Heat flow/Wg™'

T T T T T T T T 1
-60 -50 -40 -30 -20 -10
Temperature/°C

Fig. 2 DSC curves during heating of a 30% sucrose H,O solution
after an annealing treatment at —35 °C (curve 1) and after a 3 h
isotherm at —50 °C (curve 2) and —40 °C (curve 3)
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Fig. 3 DSC curves during heating of a 60% sucrose D,O solution
after an annealing treatment at —35 °C (curve 1) and after a 100 min
isotherm at —35 °C (curve 2)

because the unfrozen phase was vitrified with a solute
concentration below the maximum cryo-concentration
level. After an isothermal treatment at —35 °C for
100 min, the glass transition is more clearly visible and a
high endothermic peak can be seen, which is better
resolved from the bulk ice melting. The use of D,O as
solvent in this highly concentrated solution allowed a better
distinction between the two transitions in the temperature
range below the bulk melting peak. For either diluted or
concentrated solutions, it appears that the pre-melting peak
(T,) increased in intensity and may change in temperature
with an isothermal treatment at temperature above the glass
transition. This energy excess could be due to the merging
in temperature of two effects: the glass transition and the
earlier ice melting. Even if it merges with the glass tran-
sition trace, this peak is more like a melting peak than the
pattern expected for a simple glass transition. Moreover,
we noticed that a small shoulder remained visible into the
bulk melting peak (T = —28 °C).

Sucrose is not the only solute to show these two tran-
sitions at negative temperatures. This pattern was widely
described for the maximally cryoconcentrated phase of
other sugars solutions: glucose, fructose [26], maltose,
sorbitol [27], and galactose [16]. However, it was less often
identified in polysaccharide solutions [15] due to the low
intensity of the AC,, jump for the first transition, which may
be merged into the DSC baseline. As a consequence, the
temperature of the second transition, which is better
marked on curves, was often used as the 7', of the solution.
The other explanation is that T, and T, coincided at the
same temperature, as reported for high molecular weight
carbohydrates by Roos and Karel [14]. We show in Fig. 2
that the merging of the two transitions is dependent on the
thermal history of the sample.

The disappearance of the first transition characterized as
T, (curve 3 in Fig. 2) could be due to a shift of the glass
transition at higher temperature and its superposition to the
other thermal events. This change in temperature may be
induced by the “dehydration” of the glass-forming solution:
a part of liquid water becoming ice. This transformation of
water into ice was kinetically dependent because the
annealing treatments with temperature scan at 10°/min did
not allow this change of water physical state, but longer
isotherm conditions like aging facilitated it if carried out at
temperature above T;. According to Franks [28], the
interactions of water—water molecules in ice are expected to
be stronger than water—sucrose molecules, and this may
contribute to this dehydration of the sucrose solution in
favor of an increase of ice pool. Moreover, in liquid solu-
tion, the mobility of water molecules in interaction with
solutes, i.e., sugars or proteins, is not much slower than in
pure water [29] which may help the ice crystal growth.
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The occurrence of a minor endothermic event just before
the major endotherm representing the melting of bulk ice
was already described for the wheat storage proteins, glu-
ten, wherein the minor peak was assigned to the melting of
ice confined to capillaries formed by gluten [30, 31]. In
fact, the freezing and melting behavior of water in meso-
porous material such as silica gel [32] or Vycor [33] is
known to be influenced by the confinement of water in
narrow pores, changing its properties from those in the bulk
phase due to the surface contribution to the water free
energy. The freezing and melting of water in the inner
region of the pores was found to occur at temperatures
below the bulk freezing or melting point, the temperature
depending on the pore size [34]. We suggest that in frozen
sucrose solutions a part of the freezable water is in a
confined neighborhood between the bulk ice crystals
formed during cooling and may crystallize into smaller ice
crystals during a prolonged aging in a favorable tempera-
ture range. To further investigate this water confinement,
the Gibbs—Thomson theory was used [35], which demon-
strates that an entrapped liquid has a lower melting point
than its counterpart in the bulk and their equation predicts
that the melting point depression AT, for a small crystal of
size r is given by:

ATm = Tm — Tm(l’) = 405LTm/(r AHm pS)

where ogp is the surface energy of the solid-liquid
interface, T}, is the normal (bulk) melting point, T,,(r) is
the melting point of crystals of size r, AH,, is the bulk
enthalpy of melting (per g of material) and pg is the density
of the solid. This may be written more simply in the form
[36]:

ATm = KGT/r

with Kgr, a constant that depends on the liquid, the pore
geometry and the wetting nature of the pore walls. Based
on this theory, the pore diameter was estimated from the
empirical model proposed by Brun et al. [37] giving an
approximation of the mean pore radius for spherical ice
crystals, which is inversely proportional to the depression
of the melting temperature:

r = —32.33/AT + 0.68

where r is the mean pore radius (nm) and AT is the melting
point depression.

After a rough estimation of AT, we found a depression
of —26 °C for the 30% sucrose water solution and —29 °C
for the same solution in D50, this results in around 2 nm
pore radius. As regards the 60% sucrose solution in DO, it
appears that the AT decreases from —22 to —18 °C after a
100 min isotherm at —35 °C, which facilitates the growth
of this ice crystal population.
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For such crystal size, Johari [38, 39] suggested that
water droplets smaller 15 nm radius would freeze to cubic
ice in the —110 to —50 °C temperature range whereas
bigger droplets freeze to hexagonal ice. This provides a
thermodynamic basis for the occasionally found presence
of cubic ice in the atmosphere. So a possible explanation of
low temperature pre-melting is that cubic ice formed dur-
ing the relatively high speed cooling rate in DSC, trans-
forms into hexagonal ice. It may be that the endotherm
produced during this second order phase transition is
responsible for the measured T, transition, but at the
moment no clear evidence for the production of cubic ice
in sugar solutions is known. However, based on experi-
mental studies, several authors [40—42] have concluded
that the water in the interior of silica pores can crystallize
into the I, cubic phase or that both /. and hexagonal phase
I;, may cohabit due to the confinement [40]. The detection
of the cubic phase is expected to depend on the ratio 1./
and/or on the stabilization of the cubic phase by the sup-
pression of its transition into hexagonal ice phase.

Study of dynamics by neutron scattering experiments

In parallel to the study of the thermal properties of frozen
sucrose solutions with DSC, dynamics at a picosecond scale
was measured using two types of neutron spectrometer:
respectively, a backscattering (IN13) spectrometer for
elastic neutron scattering experiments (results expressed
as integrated intensity: InS(g,w = 0)vs.¢?) and a time-
of-flight (Mibemol) spectrometer for both elastic neutron
scattering experiments (results expressed as mean square
displacement) and the determination of the state density
with inelastic neutron scattering experiments.

With the time-of-flight spectrometer, two slope changes
of the mean square displacement ((#*)) were noticed in the
temperature range from —80 to 25 °C in sucrose/H,O
mixture (Fig. 4). The main change in the (u”) evolution
was obtained in the highest temperature range, around
—13 °C; more precisely at —14 (£2) °C for the cooling
step and —11 °C, during the heating one. The sharp
increase in (u”) evolution corresponds to an increase in
mobility due the melting of ice. The second change in (%)
evolution has been determined in a lowest temperature
range (insert in Fig. 4). A statistical treatment of points
allows a significant distinction between two sets of points
characterized by a different slope, which evidences a dif-
ferent evolution as a function of temperature. Indeed, in
order to be sure of a change of slope in (u”) evolution
(instead of a simple logarithmic evolution of (u?) as
function of temperature), data were analysed using a linear
regression process. If the data of the all temperature range
from —80 to —15 °C were considered, then the linear
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for 20% sucrose solution in H,O measured with Mibemol spectrom-
eter (5.2 A resolution). Full symbols show replicated measurements
obtained during the cooling of the sample; empty symbols show
results obtained during heating. In the inset, the region across the
dynamic transition is evidenced; a statistical treatment of the data was
done to determine the temperature of the slope change

regression coefficient 7* was lower than the ones obtained
in considering two sets of data (one from —80 °C to 55 °C;
the other from —30 to —15 °C). The calculated crossover
point between the two linear regressions of (u”) versus
temperature was taken as the dynamic transition tempera-
ture. The value of the mathematical crossover between the
two straight lines is —37 °C. With IN13 spectrometer, the
change in slope of the S(g, w = 0) intensity as a function
of temperature for the same solution is around —33 + 5 °C
(Fig. 6b), which is in agreement with the previous result. A
dynamic transition has been reported in literature at the
same temperature (—40 °C) with the same technique
(IN13) for a 50% sucrose—H,O solution [10].

The mean square displacement measured for the 20%
sucrose H/D/D,0O mixture (observation of sucrose dynamic)
is shown on the same plot as the H,O sucrose solution
(observation of water dynamic) (Fig. 5). The change in the
(u?) evolution around —6 °C (%1) is the consequence of the
ice melting, which is shifted to higher temperature in com-
parison with the H,O solution, as expected according to the
thermodynamic properties of D,O (Fig. 1). So, the sucrose
dynamic is increased by the ice melting, as expected by the
dilution effect. Another dynamic transition was seen in this
solution at lower temperature around —48 £ 5 °C, which
was confirmed with IN13 measurements (Fig. 6a). This
dynamic transition are far below those reported by Magazu
for 50% sucrose—D,O solution [10], where the main
dynamic transition which was observed at —23 °C was
probably due to the onset of ice melting. The difference in
cooling and heating scan rate between experiments reported
in literature could also explain the difference in transition
temperature identification.

The effect of proton substitution by deuterium appears
to decrease the temperature of the dynamic transition
although the opposite was expected owing to the DSC

Fig. 5 Temperature dependence of the mean square displacements
for 20% sucrose solution in H,O (triangle) and D,O (square)
measured with Mibemol spectrometer (5.2 A resolution)
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Fig. 6 DSC traces (left scale) and integrated intensity of the elastic
scattering obtained with IN13 spectrometer (right scale) of 20%
sucrose solutions in D,O (a) and in H,O (b)

transition temperature (Fig. 1) and the water replacement
by deuterium. However, according to the proton/deuterium
contrast in neutron scattering, the experiments in H,O and
D,O solutions do not correspond to the same observation:
in H,0, the dynamic transition of water is mainly observed,
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and in D,O0, it is the dynamics of the sucrose molecule (with
its non exchangeable protons) which is mainly investigated.
So, we can conclude that the dynamic transition of sucrose
in a D/H-concentrated mixture is at a temperature lower
than that observed for the water solution. Making a parallel
with DSC results (Fig. 6), it is possible to ascribe the T,
transition to the glass transition of the sucrose—unfrozen
water mixture. The water dynamic change seen in H,O
solutions at —37 °C (Mibemol) or —33 °C (IN13) is cor-
related to the second DSC transition T,, and so should be
due to a pre-melting of small ice crystals.

The reported correlation between the glass transition
temperatures of the cryo-concentrated phase obtained from
the calorimetric and neutron scattering measurements may
be questioned, because the time scale of investigations is
completely different for the two techniques: around 100 s
for calorimetry and around ps for neutron measurements.
However, the thermal histories of samples for neutron or
DSC experiments are not strictly identical because the
scanning rates during the recording of the results were
different: For DSC, the heating rate was constant at
10°/min and for neutrons experiments, it was a step-by-step
evolution of temperature every 2 °C with a waiting time of
10 min for each step. This latter temperature profile could
induce an aging of the sample during the course of the
experiments. The analysis of the aging effect (Fig. 2)
allows us to conclude that the glass transition temperature
increased with aging and this could explain why the
dynamical transition of sucrose determined with neutrons
techniques reaches a temperature close to the DSC one
although the different explored time scales. Another
remark can be made for the similarity of the temperatures
of the dynamic change in H,O and D,0 sucrose solutions
measured with the two neutron spectrometers, which
themselves explore different time scales. Because the
observation windows are different, we did not expect to
obtain the same temperature for the glass transition. After
deuterium exchange on the sucrose molecule, we suggest
that the main part of the neutron signal comes from the non
exchangeable protons of the sucrose molecule backbone
and that all their dynamic modes were devitrified together,
making possible the mobility simultaneously at different
time scales. In other words, at the temperature of the glass
transition of the maximally cryo-concentrated phase, the
main relaxation of the sucrose molecule and the secondary
relaxations (local mobility of atom groups) merged toge-
ther. From these experiments, we also conclude that there
is no noticeable change in water dynamics (Fig. 6b) in the
temperature range of the sucrose glass transition.

As expected before, the dynamic transition T, in
hydrogenated samples can find its origin in pre-melting of
small ice crystals (inducing a change of diffusion proper-
ties) but also could be due to modification of ice crystal
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Fig. 7 Inelastic neutron scattering measured with Mibemol spec-
trometer (5.2 A resolution). Temperature dependence of the state
density for 20% sucrose solution in H,O

itself (change of vibrational properties). Quasielastic (for
diffusive motion study) and inelastic (for vibrational
property study) neutron scattering experiments were per-
formed. Surrounding T,, no change on quasielastic spectra
was observed (data not shown). The inelastic part of the
spectra was also studied in order to follow the density of
vibrational states of the H bonds as a function of temper-
ature (Fig. 7). It is well known [43] that the INS spectra of
water or ice can be subdivided into different regions: on the
one hand, the intermolecular vibrations with the transla-
tional and librational modes, and on the other hand, the
intra-molecular vibrations with the bending and stretching
modes. The intermolecular vibrations are characterized by
two sharp peaks at 26 and 35 meV which are due to the
translational lattice vibrations. At higher energy, there are
librational modes which spread over a large energy band
from 51 to 123 meV [44, 45]. This band arises from the
rotation of the water molecule around the center of mass
giving rise to large amplitude motions of H-atoms that
determine an intense band in the INS spectrum [43]. It is
generally accepted that strong coupling between rotational
modes causes the broadness of the band [46].The libra-
tional band of ice Ih observed by INS has been explained as
a convolution of three Gaussians centered at 79, 97 and
117 meV [44]. The peak energies in frozen sucrose water
mixtures are close to those of pure ice Ih with a difficult
distinction between the different librational bands. The
librational frequency decreases as the temperature increa-
ses with a sharp change due to the melting of ice, giving a
spectrum close to that of water with a maximum at around
65 meV [47]. We can notice that the librational band is
broader at —33 °C than at other temperatures and this
temperature is close to the transition T, observed in DSC.
The formation or transformation into /. may induce a
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change of the librational band width as already observed
with ice XI and I, [41].

Conclusions

We have shown in this article a good agreement of the
transition temperatures for glass transition and ice melting
in sucrose solution by different methods of investigation:
DSC (thermal) and Neutron Scattering (dynamic proper-
ties). Experiments were carried out with different resolu-
tion and sensitivity equipments, but results are compared.
Neutron scattering data give evidence that the second
transition T», seen in DSC just below the main ice melting
peak, is the consequence of a property change of water. So,
the thermal transitions T; and T, observed in sucrose
solution by DSC appear to be of different nature: the first
one at the lowest temperature corresponds to the glass
transition of the sucrose—unfrozen water mixture and the
second one at higher temperature is the melting of small ice
crystals. The reported data showed that, in cryo-concen-
trated solution, a part of water has the same behavior as
water confined in the geometry of a mesoporous solid.
These results allow us to conclude that, after freezing,
sucrose solution may act as a confining medium due to the
cryo-concentration and to bulk ice formation. The confined
water induces the formation of smaller ice crystals; with
the possibility that these crystals go through a cubic phase
before they transform into hexagonal ice.

The presence of these small ice crystals is induced by
both the presence of bulk ice and a “rigid” molecular
structure either created by pore walls as for protein or
existing because the cryo-concentrated liquid phase is close
to its glass transition and is thus at high viscosity level.

To summarize, the freezing of a diluted solution may
lead to the formation of three pools of water with different
properties: (1) bulk water which becomes the bulk ice after
freezing, (2) the unfrozen water trapped in the glassy
matrix or close to the interface of porous material as pro-
tein can be considered, (3) and freezable confined water
with a lower melting point than bulk water and with
properties depending on both the presence of ice and the
microstructure of the material.

Moreover, we highlighted in this article, the importance
of the freezing protocol of the sample and its effect on the
temperature of transitions such as glass transition or ice
pre-melting. However, only few investigations of the
dynamics by neutron scattering reported with precision the
temperature scans of the sample. Depending on the dry
matter but also on annealing treatment the onset of ice
melting can be at different temperature, and induces a
dynamical change due to the dilution of the sample.

The better the freezing effect on the structure organi-
zation of the medium will be known, the better we will be
able to control the preparation of biological materials by
freeze drying for example.
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