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Reduction of Enthalpy of Fusion and Anomalies during Phase Transitions
in Finely Divided Water
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Solid-liquid phase transitions in finely divided water (FDW) obtained by the adsorption of vapo
large silica surface have been studied with differential scanning calorimetry (DSC). Large redu
of both freezingDHf and meltingDHm enthalpies with decreasing the adsorbed weight has be
observed. A model for the water/silica system, in which a reduced amount of adsorbed water
rise to a smaller size of microdroplets, is introduced to explain the reduction ofDHf , DHm, and other
anomalies during the phase transitions in FDW. [S0031-9007(98)06722-2]
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Nanometer-scale materials with their size-depende
physical and chemical properties have received mu
interest recently [1]. Water, which is certainly the mos
important liquid on Earth, is of a peculiar characte
Thermodynamic properties of bulk water have strong tem
perature dependence and show extreme anomalies un
supercooled conditions [2,3]. But whether its propertie
depend also on size is still an unresolved problem ev
though this is of great importance for fundamental an
applied interests. This paper concerns the enthalpy
fusion DH and phase transitions in finely divided wate
(FDW) with a relatively large free surface.

That the enthalpy of fusion of ice microcrystals ma
be smaller than that of bulk ice has been propos
long ago [4]. Recently the size dependence ofDHm

was observed for nanometer-scale tin particles by L
et al. [1]. Reduction by46% in DHm was found for
a free cluster of 139 sodium atoms [5]. Computation
simulation for gold clusters also has shown a reductio
in DHm [6]. But for FDW the measurements ofDHm

have been done only when it was confined in porou
silica glass matrix. In this case, the free surface of liqu
was negligibly small, and the role of the matrix was ver
large. The measurements showed a reduced [7], increa
[8], or unchanged [9] value ofDHm. To the authors’
knowledge there are no studies concerning measureme
of DHf andDHm for nanometer-scale water with a large
free surface. Theoretical considerations run against t
lack of fundamental understanding of the low-temperatu
behavior of water (the freezing temperatureTf decreases
with size). From the experimental standpoint the proble
is that the heat involved in phase transformations
separate particles is rather too miniscule to be measu
using existing techniques. Therefore, a “compacte
system of dispersed water, the weight of which wou
be sufficient to detect the heat evolved, must be use
But a system of nanometer-scale droplets or ice cryst
suspended in the unlimited vapor phase or formed
a substrate is inunstableequilibrium due to the Kelvin
0031-9007y98y81(5)y1042(4)$15.00
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effect: the larger particles grow at the expense of t
smaller ones.

In this Letter we propose a simple method for obtaini
FDW with a relatively large free surface and prese
results of the differential scanning calorimetry (DSC
study of phase transitions in this system. Large reduct
in both freezingDHf and meltingDHm enthalpies (Jyg)
with decreasing the weight of adsorbed water has b
observed. Reduction in the bulk temperaturesTf and
Tm, thermal hysteresis withTf , Tm, and “soft” phase
transitions have been observed as well. A model in wh
a reduced amount of adsorbed water gives rise to a sma
size of microdroplets has been introduced to explain
observed phenomena.

DSC is widely used to study phase transitions
condensed matter. Scanning experiments, in which
temperature is changed at a constant rate, are used to
termine enthalpies and temperatures of transitions. D
ensures monotonic cooling and warming, and, therefo
no heat is missed [10]. The amount of material requir
can be quite small—often less than a milligram.

Compacted systems of FDW were prepared by eq
librating water vapor with a well defined weight of dr
fumed silica “S 5380” (product of Sigma), which repre
sents a voluminous powder, particles of which form cha
like aggregates with open networks and large void spac
as in Fig. 1 [11]. The pans with a thin layer of pow
der (ø1.5 mm) were placed into desiccators where d
ferent relative humidities (RH) were maintained. Afte
the equilibrium adsorption has been reached (it could ta
several days) a well defined weight of the silica/wat
samples were cold sealed in the standard DSC pan
prevent evaporation. Since annealing for several day
200±C before adsorption showed that a negligibly sm
amount of water was on silica surface, all water on t
samples was considered to be owing to adsorption. T
amount of the adsorbed water was determined by weig
ing with accuracy60.1 mg. The weight of water in
the DSC samples was determined by calculation. D
© 1998 The American Physical Society



VOLUME 81, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 3 AUGUST 1998

i

a

f
g

ze
ity

e
r
H
n

y
e

r

e
.
t

ch
e
r
s

of
te
ly
e

2.

e-
ich
n-
al
g
lt-
e
es
e
r

-
o
ed

d

FIG. 1. Fumed silica (surface areaS ­ 255 6 15 m2yg).
Transmission electron microscopy (TEM).

measurements were carried out with a Mettler DSC-3
(Switzerland) calorimeter. The temperature and ener
scales of the DSC were calibrated to the melting tem
perature of ultrapure indium (99.999%). The accuracy
of calibration was60.2 K for temperature and2% for
enthalpy. The DSC scans were recorded from 200
288 K for a scanning rate 3 Kymin in cooling and heat-
ing modes. Amounts of heat evolved (consumed) durin
freezing (melting) were reproducible to better than5%.

How the adsorbed weight decreases with RH is show
in Table I. Formation of FDW and demonstration tha
a reduced amount of water gives rise to a smaller si
water droplets are as follows. Water adsorbs on silan
groups SiOH distributed statistically on the hydrophob
siloxane SiOSi surface [12]. The activation energy fo
the removal of a water molecule from an isolated SiOH
smaller than from on top of a molecule already adsorbe
i.e., 6 and 10.5 kcalymol, respectively [12,13]. Thus the
adsorbed structure is clustered rather than layered. T
fraction of the surface receptive to water is only betwee
0.15 and 0.25 times its surface area (Plooster and Git
[7]). As the adsorption proceeds, the clusters increa
and the adjacent ones merge (to reduce the total surf
free energy) due to mediation of SiOH between them
form larger liquid regions. At small RH concentration o
TABLE I. RH, weight of dry silica, adsorbed weight of H2O, calculated weights of H2O in the DSC samples and in HVBL, tran-
sition temperaturesTf and Tm, experimentalDHe

fym, correctedDHc
fym and bulkDHb

fym enthalpies of fusion, radii of ice crystals,
andrc andrb , calculated usingDHc

m andDHb
m, respectively.

Dry Ads. H2O in H2O in
RH SiO2 H2O DSC HVBL Tf Tm DHe

f DHe
m DHc

f DHc
m DHb

f DHb
m rc rb

s%d (mg) (mg) (mg) (mg) s±Cd s±Cd sJygd sJygd sJygd sJygd sJygd sJygd (nm) (nm)

94 2023 626 5.8 0.9 220.2 23.2 131.3 149.5 156.6 177.2 288.4 332.2 28.3 15.2
90 1500 152 2.1 1.0 242.1 221.4 72.9 79.2 138.2 150.2 209.3 285.6 4.2 2.2
80 1500 113 1.7 1.0 243.3 224.8 53.3 54.9 132.8 136.6 197.8 278.2 3.8 1.9
0
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molecules in vapor is small, too, and, therefore, size o
condensing clusters is smaller than at large RH. Mergin
events occur more rarely, which leads to the smaller si
of liquid regions. Since the void spaces are large (dens
of fumed silica is very small: water together with the silica
itself occupies less than3% of volume), the liquid-vapor
interface is large. All of these allow us to consider th
liquid regions as a population of microdroplets. Thei
size and size distribution depend on the density of SiO
groups, on the geometrical configuration of chains, and o
RH. Unfortunately, direct measurements of size of ver
small water droplets is a very difficult problem becaus
the droplets easily evaporate during the measurements.

The equilibrium of a microdroplet with respect to vapo
can be stable if the volume available to it is sufficiently
small [4]. Indeed, let the radius of a void space b
90 nm and the radius of a droplet inside it be 10 nm
Then calculations showed that for the variation of drople
radius of only 0.2 nm the changes in vapor pressure whi
arise from evaporation from (or condensation onto) th
droplet is a factor of 3.1, and the changes of vapo
pressure resulting from the variation of the droplet radiu
(Kelvin effect) practically equal zero. Although, the void
spaces are interconnected (Fig. 1), the slow exchange
molecules between the voids cannot rapidly equilibra
the abrupt change in pressure if it had occurred sudden
in some void: molecules would be forced to condens
(evaporate) immediately.

Results of the DSC measurements are shown in Fig.
It is seen that a reduction of H2O shifts the peaks of
the curves towards the low temperature region and d
creases the surface area under the DSC signal, wh
determines the integrated amount of heat evolved (co
sumed) during transitions. Strongly pronounced therm
hysteresis is clearly seen. Broad maxima in the freezin
exotherms demonstrates that heat, contrary to the me
ing endotherms, evolves stepwise. This together with th
asymmetric shape of the curves (at warmer temperatur
a larger amount of heat is evolved) confirms that th
adsorbed structure is not a continuous film, but rathe
a population of microdroplets with a wide size distribu
tion. Indeed, if it were layered then there would be n
phase transitions because for the given amount adsorb
(Table I) the thickness of the films would be 4, 1.3, an
1 monolayers, respectively. A continuous film is formed
only on thefully hydroxylatedsurface, when the number
1043
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FIG. 2. Effect of the adsorbed weight on the freezing (a) a
melting (b) behavior of FDW obtained on fumed silica.

of SiOH per nm2 (silanol number) is larger than 5
[12]. In this case strong and highly directional hydro
gen bonds between the surface and polar water molecu
form a high viscosity boundary layer (HVBL) of up
to 3 monolayers [12,14,15] where water remainsun-
frozen even at very low temperature [9,14]. The rol
of such matrixes on phase transitions in different liq
uids (including water) has been studied intensively, a
the level of understanding is high [10,16]. Howeve
in our case the low density (silanol numberø2 [17])
and disordered arrangement of SiOH groups lessen
role of the matrix. HVBL can be formed only on the
concave surface, i.e., in the contact points between
ica particles, where the density of SiOH groups ca
be larger.

Depression ofTf and soft freezing are due to the
following two reasons: (i) statistical origin of equilibrium
freezing, which states that the probability of density an
configuration fluctuations favoring ice formation is large
for larger volumes [2]. IfN0 is the initial number of
droplets of volumeVd, then the number of the unfrozen
onesN is given by [2]

N ­ N0 exp

√
2sVdygd

Z T0

T
JsT 0d dT 0

!
, (1)

whereg ­ 2dTydt is the cooling rate andJsT 0d is the
ice nucleation rate. The formula shows that supercooli
of larger droplets is smaller than that of smaller one
(ii) The value of thecontact angle for ice(determined
1044
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by the configuration of the surface field, formed by th
disordered SiOH groups, and its interaction with wat
molecules) is greater than zero and has a distribution:
consequence is that heterogeneous freezing occurs
cooler and broader temperature range. A low-temperat
tail is due to the freezing of the smallest drops, and t
larger ones formed on the surface with an ordered struct
of SiOH. In the latter case the influence of a HVBL i
large, and homogeneous freezing starts from outside
HVBL at temperatures lower than240 ±C [2,16].

Smooth endotherms are due to gradual melting of i
crystals with a wide size distribution. It is known tha
small crystals melt at lowered temperatures [18,19]. D
pression of melting pointTm is a quasilinear function of
crystal radiusr and is given by the Gibbs-Thomson equa
tion [20]

Tm ­
2siwT0

riDHr
, (2)

wheresiw is ice/water interface energy,ri is the density of
ice, andT0 ­ 273.15 K. In equilibrium thermodynamics
all parameters entering Eq. (2) assume the well defin
quantities which are independent of size. But it do
not seem very likely that nanometer-scale particles sho
possess the macroscopic properties. For instance, rece
an assumption has been expressed that the reductio
DH in small systems may also be responsible for the s
transitions, the width of which depends onDH [5,21].

Hysteresis betweenTf and Tm is due to the essential
asymmetry between freezing and melting. In the form
case an energy barrier must be overcome, i.e., nuclea
of the ice phase must occur. In the case of meltin
an energy barrier is absent or it may be very sma
The low thermal conductivity of ice and large laten
heat of fusion make melting gradual (in comparison wi
metal) propagating slowly from the surface into the ic
Therefore, substantial supercooling of water is norm
whereas there is no superheating of ice.

Experimental data and the main thermodynamic fe
tures of Fig. 2, listed in Table I, can be summarized
follows: (i) the amount of the adsorbed water decreas
with RH; (ii) the peak transition temperatures withTf ,

Tm are far below the bulk melting point and decrease wi
the weight of water in the DSC samples; (iii) experiment
enthalpies,DHe

fym, calculated by dividing the integrated
amount of heat by the weight of water, decrease
well; and (iv) the values ofDHe

fym are smaller than the
enthalpies of bulk water,DHb

fym calculated atTf andTm

according to Eq. (3-26) from [2].
When consideringDHe

f and DHe
m the question arises

whether the reduction is actual or is caused by (i) pa
of the heat was missed; (ii) part of the water evaporat
during loading the DSC pans; (iii) part of the wate
remained unfrozen. It was said above that DSC ensu
no heat is missed [10]. The evaporated weight w
estimated to be smaller than3% and smaller for smaller
RH. Weight of the unfrozen water in the HVBL was
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calculated using surface area of silica and silanol numb
For a HVBL with thickness of three monolayers, th
weight is 46 6 2.76 mg per g of silica. This gives a
fraction of the unfrozen water 0.15, 0.45, and 0.59 for t
samples with 5.8, 2.1, and 1.7 mg of water, respective
Most likely, this weight of HVBL is overestimation, sinc
our nuclear magnetic resonance (NMR) measureme
gave the fraction smaller than 0.05 for the compara
weight of 8.6 mg at260 ±C [11]. But even subtraction o
the unfrozen water gave the corrected values of enthal
DHc

f and DHc
m smaller than those of bulk. Accuracie

of calculatedDHc
fym are7.6%, 14.4%, and16.3% for the

weights of 5.8, 2.1, and 1.7 mg, respectively.
CorrectedDHc

m and bulk DHb
m were used in Eq. (2)

for calculation of radii of ice crystalsr corresponding
to Tm. The temperature dependence ofsiyw was taken
into account according to Eq. (5-47) from [2]. It is see
from Table I thatrc . rb . To find out which of them are
physically more reasonable we calculated approximat
the fraction of surface covered by water using both sets
radii and compared the results with the experimental d
(see above). Since the droplets formed are not sphe
and the contact angle for water is 55± [22] (the size of
microdroplets is sufficiently large to use this macrosco
parameter), it was assumed that their volume isø1y5
that of the spherical droplet. The fractions calculat
using rc are 0.18 and 0.22 (forrb , 0.41 and 0.45) for
the weights 2.1 and 1.7 mg, respectively. The go
agreement with the experimental data obtained forrc is
easy to explain. At low RH microdroplets are forme
mainly on the parent SiOH when no rehydration (SiOSi1

H2O ! 2SiOH) takes place. At large RH rehydration an
capillarity condensation lead to increasing the fraction
surface covered with water, which is difficult to calculat
Finally, an interesting finding concerning theDHe

fym and
DHc

fym is that the differenceDHec
m -DH

ec
f decreases with

decreasing water, as shown in Table I. This is in contr
to the bulk case, when lowering temperature leads to
increase ofDHb

m-DHb
f . This behavior may be due to th

fact that for very small particles the difference betwe
the specific heats of water and ice becomes smaller.

In summary, in contrast to embedding water in ful
hydroxylated matrix, the present method allows us
obtain a system of FDW with relatively large free surfac
The samples prepared in such a way are ideal for stu
of melting and freezing behavior with DSC, NMR. Th
reducedDHf andDHm observed (for the first time) with
decreased water adsorbed on silica surface is evident
cannot be explained from the traditional experimen
viewpoints. Within the context of the proposed model t
experimental data show that smaller water droplets h
decreasedDHf andDHm as well asTf andTf .
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