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bstract

The fraction of mobile (unfrozen) water during phase transitions of NaCl–H2O solution and tris(hydroxymethyl)aminomethane (Tris) buffer
olution has been determined by differential scanning calorimetry (DSC). Measurements were carried out in the temperature range between −50
nd +30 ◦C with a heating rate of 2 K min−1. The fraction of mobile water was estimated from the enthalpy of melting of the different frozen
hases present in aqueous solution samples. Results are supplemented by proton NMR intensity measurements in the same temperature range.

small endothermic peak was detected in the DSC curves at the same temperature where the change in the NMR intensity occurs. We assume
hat activation/deactivation of rotational molecular motion of hydration water molecules occurs at the steps of the NMR intensity at higher and

ower temperatures during heating and cooling, respectively. The rotational motion is probably the initial stage of the eutectic phase separation.
ris additive to NaCl solution causes thermal shifts of the small endothermic peak and in the related NMR intensity. These qualitative differences

ndicate interactions of Na+ and Cl− ions with the small organic molecule constituents.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Phase transitions at temperatures below freezing of water are
mportant in the investigation of biological systems [1]. The
nvestigated substances are usually aqueous solutions of proteins
hat also contain buffers and sodium chloride. The interactions
f protein, buffer molecules and NaCl with water on a micro-
copic level have been investigated by proton NMR intensity
easurements [2,3]. Liquid–solid transitions can be character-

zed by the analysis of thermal reactions detected by DSC [4–6].
nthalpies of freezing and melting are distinct from the thermal
nergy associated with heat capacity. Heat capacities are usually
nown and enthalpies of transitions can be determined. Struc-
ural transformations of solutes occur over a longer temperature

ange and the enthalpy changes are slow. Freezing or melting
s distributed over a temperature range due to the various water
hases present in aqueous solution samples and the concentra-
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ion changes of the dissolved substance during transition. Sharp
nthalpy changes are observed at the melting point of the sol-
ent. At cooling, the sample freezes from a supercooled state
nd this appears as a sharp transition.

The present work is the introductory step leading up to the
uantitative determination of hydration level of proteins. We
tudied the NaCl and buffer solutions in order to be able to dis-
inguish clearly the sources of measured effects. The behavior of
he NaCl and buffer solutions without protein allows separating
he effects connected with the hydration of NaCl, buffer and pro-
ein. We used an approach that consisted of DSC supplemented
y NMR intensity measurement [7].

. Experimental

The TA InstrumentsTM heat-flux-type DSC 2920 cell was

mployed. One important parameter that should be taken into
ccount when measuring phase changes using calorimetry is the
eat-conducting path between the temperature sensor, the sam-
le and the heater. A comprehensive analysis of this parameter

mailto:kamasa@szfki.hu
dx.doi.org/10.1016/j.tca.2007.08.001
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then continuous melting of water with maximum at Tf.

The NMR measurement was carried out in the same temper-
ature range during freezing and melting (Fig. 1, bottom panel).
When the liquid is cooled below freezing, the sample remains
0 P. Kamasa et al. / Thermoc

n heat-flux calorimeters are described in [8–12] and cited refer-
nces. Based on those results, we applied correction for sample
emperature described in Appendix A.

The enthalpy changes were obtained from a differential signal
13], which is the temperature difference �T between reference
nd sample branches:

H = K

∫ t2

t1

�Tdt (1)

nce the calorimeter constant K is calibrated, the specific heat
p of a sample of mass m can be determined from the measured
T at a given heating rate q, as follows:

cp = K
�T

q
(2)

he constant K was determined from the latent heat of ice–water
ransition (�HH2O = 333.8 J g−1 [14]) for double distilled water
sed for preparation samples, and measured under the same
xperimental conditions as sample mass and heating rate.

The enthalpy associated with heat capacity is minor in com-
arison to the enthalpies of phase transitions. For known heat
apacities, enthalpies of transitions can be separated. In the case
f an aqueous solution, the enthalpy of ice is subtracted from
he total enthalpy of a partially melted solution.

The result normalized by latent heat of ice–water transition
epresents a water fraction in frozen solution:

raction(H2O) = �Hsolution(T ) − �HH2O(T )

�HH2O
(3)

The number of water molecules associated with one formula
nit of solute can be found as
nH2O

nsolute
= x fraction(H2O) (4)

here x is the numerical ratio of the solvent molecules to the
olute molecules in the completely melted state obtained from
t%:

= Msolute(100 − wt%)

wt% MH2O
(5)

solute and MH2O are molecular masses of solute and water,
espectively.

It is supposed implicitly that all the changes in the ther-
al quantities, e.g. in the specific heat and heat of melting

re in direct correlation with the changes in mobility of water
olecules. Heat associated with dilution of the crystalline salt

n the just melt ice during solid–liquid transition was estimated
o be negligibly small, below 2% of the heat of eutectic phase

elting [15]. All DSC experiments were carried out on 20 �l of
iquid that were heated and cooled at 2 K/min.

Details of the NMR method are given in [16]. In the present
xperiment, samples were cooled in nitrogen gas down to

70 ◦C and then heated at 5 K min−1 with measurements car-

ied out at isothermal steps. The sample was determined to be
t thermal equilibrium when the NMR signal intensity was sta-
le for at least 5 min. To obtain the mobile water fraction, the

F
m
i
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ntensity of the corresponding NMR-signal component was nor-
alized to the signal intensity of liquid water measured above
◦C.

.1. Samples

Double distilled water was used as a reference substance
o obtain calibration data and parameters for the temperature
orrection (see Appendix A). Sodium chloride solution was pre-
ared by dissolving the appropriate quantity of NaCl(s) (Aldrich,
8+%) in double distilled water. The buffer solution was pre-
ared from 150 mM NaCl, 50 mM Tris (Sigma) and 1 mM EDTA
Sigma) at pH 7.0 (Tris: tris(hydroxymethyl)-aminoethane;
DTA: ethylene diamine tetraacetic acid) dissolved in double
istilled water.

For each solution composition, we carried out the NMR and
SC measurements on three to five samples prepared indepen-
ently. The obtained data were reproducible within the 2% of
aximum deviation.

. Results

Thermal behavior recorded by DSC and NMR intensity for
wt% NaCl aqueous solution are depicted together in Fig. 1.
he DSC data show two-phase transitions (Fig. 1, top panel).
t cooling, rapid freezing of primary ice from supercooled liq-
id evolves enough heat to make not only a negative heat flow
exothermal) to appear but also to cause a visible increase of the
ample temperature itself (point c1). A second exothermal tran-
ition associated with freezing of the eutectic phase is observed
t point c2. This transition is less rapid with smaller differen-
ial signal. At heating, two endothermic peaks are observed in
everse order. First the eutectic melting is observed at Te and
ig. 1. Thermal response recorded in DSC experiment and evolution of the
obile water fraction obtained from NMR experiment during cooling and heat-

ng of 9 wt% NaCl aqueous solution.
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upercooled until the point c1, where the water spontaneously
reezes. When the remaining unfrozen water phase is cooled
urther, the mobile water fraction slowly drops until a second
ransition at point c2, where the signal intensity falls to zero.
uring heating cycle (open circles), no mobile water is detected
ntil the temperature Te is reached, where the mobility of water
olecules increases rapidly to the value before freezing. From

hat point, the intensity rises smoothly until the temperature Tf,
here only liquid is present.
Comparing DSC and NMR results, the same type of transi-

ions can be easily distinguished. The temperatures of transitions
t cooling may not be exactly the same due to supercooling.
reezing of primary ice was recorded in our DSC experiment at
ifferent temperatures between −14 and −18 ◦C.

All quantitative estimations of heat associated with fractional
elting (enthalpy) were done at heating starting with a frozen

ample at low temperature. We assume the enthalpy difference
etween the solid (completely frozen solution below −45 ◦C)
nd the liquid (above 0 ◦C) states are caused essentially by melt-
ng of ice. According to that assumption, the number of mobile
ater molecules in relation to the number of solute molecules
as obtained from enthalpy of melting using Eq. (4). Series of
SC measurements were carried out at different NaCl concen-

ration; we present here the results for three concentrations of
= 370, 33 and 18 (Fig. 2).

For 0.9 wt% NaCl solution (150 mM, x = 370) the number of
nfrozen water molecules at eutectic phase melting (−21 ◦C),
H2O/nNaCl, calculated from enthalpy data and from NMR

ntensity are estimated to be 10 ± 0.5 and 9.2 ± 0.5, respectively
Fig. 2, top). This value is also in agreement with the value of
0.7 corresponding to 23.3 wt% NaCl of eutectic concentration
olution [17].

Similar results were obtained for melting of frozen solutions
ith higher solute concentrations (Fig. 2, middle and bottom),
owever, the lower DSC traces may originate from the fact that
he normalization was based on the latent heat of melting of ice
t 0 ◦C. The ice in the sample is melting at a wide range of tem-
erature below 0 ◦C for which the latent heat of transition has a
maller value as a function of temperature. Melting temperature
s independent of the concentration. There is a close agreement
ith the NMR results. The effect of supercooling is observed at

ooling (Fig. 2, open symbols).
A different freezing behavior was observed for the Tris buffer

olution at the same concentration of 150 mM NaCl (Fig. 3).
hile freezing of pure sodium chloride solution took place in

wo stages, freezing of the eutectic phase of buffer solution was
ot detected in this experiment (left panel, Fig. 3). At heat-
ng, the Tris solution exhibited similar behavior as the NaCl
olution—two stages of melting were observed (right panel,
ig. 3). A small endothermic peak in the buffer was shifted to
lower temperature (−24.6 ◦C) and then a continuous increase
f heat was recorded up to 0 ◦C as in the NaCl solution.

To determine the temperature, at which the eutectic phase

f the buffer solution forms during cooling, the DSC experi-
ent was repeated several times as follows. The samples were

ooled to different temperatures below −38 ◦C and then the
elting endotherm was recorded while heating (Fig. 4). Cool-

o

m
s

ig. 2. Number of water molecules associated with one NaCl unit for different
olution concentrations. Solid lines represent results from DSC experiment. The
MR results are depicted by symbols, at cooling—open and at heating—solid.

ng to −38 ◦C and a little below had no effect on eutectic phase
ormation—no endothermic peak was observed at heating. After
ooling to −39.2 ◦C, a slight endotherm was observed at around
24 ◦C. The traces of melting do not change with extent of cool-

ng below −42 ◦C. That means that total freezing of eutectic
hase takes place at around −42 ◦C in the buffer solution.

The NMR experimental results (Fig. 5) confirm the above
onclusion. Part of the water rapidly freezes at point c1 when
upercooled by several degrees. The remaining mobile fraction
s stable until the point c2, where it decreases to zero. The tem-
erature of −42 ± 0.5 ◦C of this transition is rather stable, as we
ave recorded during many experiments, in contrast to the super-
ooled NaCl solution with sharp freezing at higher temperatures
between −12 and −14 ◦C). The discrepancies between the
esults for NaCl and Tris stem from the fact that the NaCl–H2O
utectic is a true binary eutectic. Such a system solidifies and
elts at a single temperature while the eutectic observed in Tris

ample is that of a “pseudo-binary” eutectic observed in multi-
omponent systems which changes phase in varying proportions

ver a finite temperature range.

Further analysis in the region of −20 to −45 ◦C indicates
ore complex transformations during heating for the buffer

olution than for the NaCl solution as illustrated in Fig. 6. The
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Fig. 3. DSC traces obtained during cooling (left) and heating (right)
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ig. 4. The eutectic phase melting of buffer solution at heating recorded after
ooling to different temperatures are indicated.

obile water fraction in NaCl solution obtained by Eq. (3) is

ero in both NMR (open triangles) and DSC (solid line) until
he actual temperature reaches eutectic melting Te(NaCl). On
he other hand, the buffer solution exhibits similar transition of

ig. 5. Mobile water fraction obtained from NMR intensity signal for buffer
olution during cooling and heating.
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for 150 mM sodium chloride solution and for buffer solution.

utectic phase melting at Te(buffer), which is preceded by the
ppearance of a small mobile fraction, beginning from temper-
ture TH = −42 ◦C. The growth of the mobile fraction by NMR
ntensity (open circles) has a step-wise character with plateau up
o −30 ◦C and then data follow at the same level with DSC. The
nitial growth obtained by DSC is smooth. This difference orig-
nates from the principles of two methods. The NMR intensity
ignal represents the number of protons as existing in a given
hase, especially protons in a mobile state [3]. The normalized
ater fraction obtained from heat capacity is related to the micro-

copic motion of the molecules—linked to the total energy U of
he microscopic system, which is temperature-dependent. This
s the reason in numerical values of mobile water fraction at
arly stage of melting at −42 ◦C.

The comparison of curves made between the buffer and sim-
le NaCl solutions depicted in Figs. 2–6, reveals qualitative
ifferences between the two solutions. The most significant is
hat complete freezing of buffer solution takes place at −42 ◦C
s was found in experiment illustrated in Fig. 4. Freezing of
aCl solution took place at not lower temperature than −37 ◦C
n our experiment. Also at heating the partial melting for buffer
olution is observed at −42 ◦C. The low and relatively constant
emperature of freezing of buffer solution is a consequence of

ig. 6. Mobile water fraction obtained from DSC and NMR experiments for
aCl and buffer solutions during heating.
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he hydration of the solute molecules Tris and EDTA as the NaCl
oncentrations are the same in the NaCl solution and in the buffer
olution.

We think that Tris is a neutral agent from the
haotropic/kosmotropic point of view. Tris-buffer solution is
sed to wash out chaotropic agents from biological samples.

Described results point aspect of protein-independent hydra-
ion of solute ions abolished by the presence of the protein.

. Conclusions

Several conclusions can build up from the above-described
xperimental results, concerning the low concentration solutions
etween inorganic and organic chemistry.

. The DSC signal provides a macroscopic characterization
through the heat capacity and the heat of transition, while
the appropriate NMR signal intensity is directly propor-
tional to the number of mobile water molecules and furnishes
microscopic data. To analyze quantitatively effects recorded
by these two methods, the integral value – the enthalpy –
obtained from the heat flow, is qualitatively equivalent to the
NMR signal intensity. The heat contributions not ascribable
to the heat capacity of ice were interpreted as coming from
mobile water molecules.

. Steps of the NMR intensity have character of hysteresis loop
versus temperature and are a result of activation/deactivation
of rotational molecular motion of hydration water molecules
at the appropriate temperatures. The rotational motion is
probably the initial stage of the eutectic phase separation (the
literary interpretation of thermal properties of salt solutions
(brines) [18,19]). A small endothermic peak was detected in
the DSC curves at the same temperature where the thermal
hysteresis exists in the NMR intensity curves. For quantita-
tive analysis, enthalpies of transitions were calculated from
DSC data. There is good agreement for NaCl solutions, for
all studied hypoeutectic concentrations.
. The thermal behavior and the value of NMR intensities them-
selves are characteristically different for NaCl solution and
Tris, that reveals the differences in the quantity and the
kinetic behaviors of hydration shell water molecules. Tris

a

s
m

Fig. A.1. Schematic diagram of the heat-flux TA Instruments DSC (left)
ig. A.2. Sketch illustrating the temperature gradient through the path between
lock and sample. The value of x = 0.4 is characteristic to the TA2920 cell
owever it can differ even for the same type of calorimeter.

and EDTA additives to NaCl solution cause thermal shifts of
the small endothermic peak and in the related NMR intensity
hysteresis. These qualitative differences indicate the interac-
tion of Na+ and Cl− ions with the small organic molecule
constituents.
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ppendix A. Sample temperature correction

The heat-conducting path from the temperature sensor to
he sample depends on the construction of the calorimeter. The
ketch in Fig. A.1(left) shows the principle of the construction
f the DSC cell for the discussion of heat paths between sample

nd thermocouple and block.

The relation between measured temperature Tsmeas and real
ample temperature Ts can be found by considering an electrical
odel of the sample branch in the calorimeter cell illustrated in

and of electrical circuit illustrating situation during melting (right).
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[17] O.B. Yatsenko, I.G. Chudotvortsev, Inorg. Mater. 38 (2002) 1079.
4 P. Kamasa et al. / Thermoc

ig. A.2(right). There are two sources of heat with infinite heat
apacity, which means they have a constant temperature inde-
endent of the heat flow rate from or to the sample. One of them
s the block temperature Tb, maintained by the temperature pro-
ram. The second one is the sample at the melting temperature,
hich does not change during transition from ice to liquid. Con-

idering the circuit in the equilibrium state, the voltage UTsmeas

easured as compared to the environment equals to:

Tsmeas = (UTb − UTs )
R2

R1 + R2
+ UTs (A.1)

here R denotes thermal resistances, R1 between block and
hermocouple, and R2 between the sample and the thermocouple.

Taking into account the above-mentioned analogy between
oltage and temperature, the sample temperature can be found
s

S = Tsmeas − xTb

1 − x
(A.2)

here x is the fraction of thermal resistance of the path between
he sample and the thermocouple, R2, with respect to thermal
esistance between the sample and the block, R1 + R2:

= R2

R1 + R2
(A.3)

The effect of heat-conducting paths can be also analyzed
raphically considering the temperature gradient along the
lock-sample thermal path as illustrated in Fig. A.2. The
onstruction of the figure is based on three points: block

emperature, Tb, measured temperature, Tsmeas, and a sample
emperature at melting, Ts. The formula for calculating the value
f the sample temperature Ts is found from the similar triangles
ith its perpendicular sides: Tb − Ts, x + 1 − x and Tsmeas − Ts,

[

[

a Acta 464 (2007) 29–34

as Eq. (A.2). The value of x can be found by iteration Eq. (A2)
ill the sample temperature, Ts, will be approximately constant
t melting.
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[9] G.W.H. Höhne, Thermochim. Acta 22 (2) (1978) 347–362.
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