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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 vapor on
large silica surface have been studied with differential scanning calorimetry (DSC). Large reduction
of both freezingAH,; and meltingAH,, enthalpies with decreasing the adsorbed weight has been
observed. A model for the water/silica system, in which a reduced amount of adsorbed water gives
rise to a smaller size of microdroplets, is introduced to explain the reductidmdof AH,,, and other
anomalies during the phase transitions in FDW. [S0031-9007(98)06722-2]

PACS numbers: 68.35.Rh

Nanometer-scale materials with their size-dependengffect: the larger particles grow at the expense of the
physical and chemical properties have received muckmaller ones.
interest recently [1]. Water, which is certainly the most In this Letter we propose a simple method for obtaining
important liquid on Earth, is of a peculiar character.FDW with a relatively large free surface and present
Thermodynamic properties of bulk water have strong temresults of the differential scanning calorimetry (DSC)
perature dependence and show extreme anomalies undaudy of phase transitions in this system. Large reduction
supercooled conditions [2,3]. But whether its propertiesn both freezingAH; and meltingAH,, enthalpies I/g)
depend also on size is still an unresolved problem evewith decreasing the weight of adsorbed water has been
though this is of great importance for fundamental andbserved. Reduction in the bulk temperatuf®s and
applied interests. This paper concerns the enthalpy df,,, thermal hysteresis witll; < T,,, and “soft” phase
fusion AH and phase transitions in finely divided water transitions have been observed as well. A model in which
(FDW) with a relatively large free surface. a reduced amount of adsorbed water gives rise to a smaller

That the enthalpy of fusion of ice microcrystals may size of microdroplets has been introduced to explain the
be smaller than that of bulk ice has been proposedbserved phenomena.
long ago [4]. Recently the size dependence Ao, DSC is widely used to study phase transitions in
was observed for nanometer-scale tin particles by Lacondensed matter. Scanning experiments, in which the
et al.[1]. Reduction by46% in AH, was found for temperature is changed at a constant rate, are used to de-
a free cluster of 139 sodium atoms [5]. Computationattermine enthalpies and temperatures of transitions. DSC
simulation for gold clusters also has shown a reductiorensures monotonic cooling and warming, and, therefore,
in AH,, [6]. But for FDW the measurements &H,, no heat is missed [10]. The amount of material required
have been done only when it was confined in porougan be quite small—often less than a milligram.
silica glass matrix. In this case, the free surface of liquid Compacted systems of FDW were prepared by equi-
was negligibly small, and the role of the matrix was verylibrating water vapor with a well defined weight of dry
large. The measurements showed a reduced [7], increasédmed silica “S 5380” (product of Sigma), which repre-
[8], or unchanged [9] value oAH,,. To the authors’ sents a voluminous powder, particles of which form chain-
knowledge there are no studies concerning measuremerlike aggregates with open networks and large void spaces,
of AHy andAH,, for nanometer-scale water with a large as in Fig. 1 [11]. The pans with a thin layer of pow-
free surface. Theoretical considerations run against thder (=1.5 mm) were placed into desiccators where dif-
lack of fundamental understanding of the low-temperaturdéerent relative humidities (RH) were maintained. After
behavior of water (the freezing temperatuiedecreases the equilibrium adsorption has been reached (it could take
with size). From the experimental standpoint the problenseveral days) a well defined weight of the silica/water
is that the heat involved in phase transformations osamples were cold sealed in the standard DSC pans to
separate particles is rather too miniscule to be measurgatevent evaporation. Since annealing for several days at
using existing techniques. Therefore, a “compacted200°C before adsorption showed that a negligibly small
system of dispersed water, the weight of which wouldamount of water was on silica surface, all water on the
be sufficient to detect the heat evolved, must be usedamples was considered to be owing to adsorption. The
But a system of nanometer-scale droplets or ice crystalamount of the adsorbed water was determined by weight-
suspended in the unlimited vapor phase or formed oing with accuracy*0.1 mg. The weight of water in
a substrate is inunstableequilibrium due to the Kelvin the DSC samples was determined by calculation. DSC
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molecules in vapor is small, too, and, therefore, size of
condensing clusters is smaller than at large RH. Merging
events occur more rarely, which leads to the smaller size
of liquid regions. Since the void spaces are large (density
of fumed silica is very small: water together with the silica
itself occupies less tha®% of volume), the liquid-vapor
interface is large. All of these allow us to consider the
liquid regions as a population of microdroplets. Their
size and size distribution depend on the density of SiOH
groups, on the geometrical configuration of chains, and on
RH. Unfortunately, direct measurements of size of very
small water droplets is a very difficult problem because
the droplets easily evaporate during the measurements.
The equilibrium of a microdroplet with respect to vapor
can be stable if the volume available to it is sufficiently
3 small [4]. Indeed, let the radius of a void space be
h | W66846 6O OKU 60K L0%mm | & 90 nm and the radius of a droplet inside it be 10 nm.
) - Then calculations showed that for the variation of droplet
FIG. 1. Fumed silica (surface arefl =255 = 15m’/g).  radius of only 0.2 nm the changes in vapor pressure which
Transmission electron microscopy (TEM). arise from evaporation from (or condensation onto) the
droplet is a factor of 3.1, and the changes of vapor
measurements were carried out with a Mettler DSC-3(ressure resulting from the variation of the droplet radius
(Switzerland) calorimeter. The temperature and energyKelvin effect) practically equal zero. Although, the void
scales of the DSC were calibrated to the melting temspaces are interconnected (Fig. 1), the slow exchange of
perature of ultrapure indium99.999%). The accuracy molecules between the voids cannot rapidly equilibrate
of calibration was*0.2 K for temperature an@% for  the abrupt change in pressure if it had occurred suddenly
enthalpy. The DSC scans were recorded from 200 tin some void: molecules would be forced to condense
288 K for a scanning rate 3 #nin in cooling and heat- (evaporate) immediately.
ing modes. Amounts of heat evolved (consumed) during Results of the DSC measurements are shown in Fig. 2.
freezing (melting) were reproducible to better tih. It is seen that a reduction of @ shifts the peaks of
How the adsorbed weight decreases with RH is showithe curves towards the low temperature region and de-
in Table I. Formation of FDW and demonstration thatcreases the surface area under the DSC signal, which
a reduced amount of water gives rise to a smaller sizeletermines the integrated amount of heat evolved (con-
water droplets are as follows. Water adsorbs on silanotumed) during transitions. Strongly pronounced thermal
groups SiOH distributed statistically on the hydrophobichysteresis is clearly seen. Broad maxima in the freezing
siloxane SiOSi surface [12]. The activation energy forexotherms demonstrates that heat, contrary to the melt-
the removal of a water molecule from an isolated SiOH isng endotherms, evolves stepwise. This together with the
smaller than from on top of a molecule already adsorbedasymmetric shape of the curves (at warmer temperatures
i.e., 6 and 10.5 kc@ol, respectively [12,13]. Thus the a larger amount of heat is evolved) confirms that the
adsorbed structure is clustered rather than layered. Thedsorbed structure is not a continuous film, but rather
fraction of the surface receptive to water is only betweera population of microdroplets with a wide size distribu-
0.15 and 0.25 times its surface area (Plooster and Gitlition. Indeed, if it were layered then there would be no
[7]). As the adsorption proceeds, the clusters increasphase transitions because for the given amount adsorbed
and the adjacent ones merge (to reduce the total surfa¢@able |) the thickness of the films would be 4, 1.3, and
free energy) due to mediation of SiOH between them tdl monolayers, respectively. A continuous film is formed
form larger liquid regions. At small RH concentration of only on thefully hydroxylatedsurface, when the number

TABLE I. RH, weight of dry silica, adsorbed weight of,B, calculated weights of +D in the DSC samples and in HVBL, tran-
sition temperature§, andT,,, experimentalAH; ,,, correctedAHj,, and bquAH}’/m enthalpies of fusion, radii of ice crystals,
andr, andr,, calculated usingAH¢, and AH?,, respectively.

Dry Ads. H,O0in H;Oin
RH SiO, H,0 DSC HVBL Ty T AHf AH: AH; AH; AH;’- AH? Fe rp
(%) (mg) (mg)  (mg) (mg) (°C) (C) (/g (/g (/g (/g (/g (/g  (hm)  (nm)

94 2023 626 5.8 09 —202 —3.2 131.3 1495 156.6 177.2 2884 3322 283 152
90 1500 152 21 1.0 —-421 -214 72.9 79.2 138.2 150.2 209.3 285.6 4.2 2.2
80 1500 113 1.7 1.0 —433 -248 53.3 549 132.8 136.6 197.8 278.2 3.8 1.9
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by the configuration of the surface field, formed by the
(a) disordered SiOH groups, and its interaction with water

1.7m
W molecules) is greater than zero and has a distribution: the

consequence is that heterogeneous freezing occurs at a
M cooler and broader temperature range. A low-temperature
tail is due to the freezing of the smallest drops, and the
larger ones formed on the surface with an ordered structure
5.8 mg of SIOH. In the latter case the influence of a HVBL is

large, and homogeneous freezing starts from outside the
HVBL at temperatures lower than40 °C [2,16].
60 @ -40 20 0 Smooth endotherms are due to gradual melting of ice

crystals with a wide size distribution. It is known that

Exothermal --->
10 000 mW

Temperature (C) small crystals melt at lowered temperatures [18,19]. De-
(b) pression of melting point,, is a quasilinear function of
A W’*—— crystal radius- and is given by the Gibbs-Thomson equa-
ig tion [20]
=H 2 me — 1, = 27wTo, 2)
28 piAHr
ég 5.8 mg whereo;,, is ice/water interface energy, is the density of
&) ice, andTy = 273.15 K. In equilibrium thermodynamics
all parameters entering Eq. (2) assume the well defined
- - - guantities which are independent of size. But it does
-40 -20 0 not seem very likely that nanometer-scale particles should
Temperature (C) possess the macroscopic properties. For instance, recently

_ _ an assumption has been expressed that the reduction in
FIG. 2. Effect of the adsorbed weight on the freezing (a) andA 7 in small systems may also be responsible for the soft
melting (b) behavior of FDW obtained on fumed silica. transitions, the width of which depends A [5,21].

of SIOH per nm (silanol number) is larger than 5 Hysteresis betweeff; and7,, is due to the essential

[12]. In this case strong and highly directional hydro- asymmetry between_freezing and melting. _In the formgr
gen bonds between the surface and polar water moIecuI% iﬁ:r}cine?gsga:nnsgtmg(:sgu?e Ol\r/]ertﬁoemfés'ée'bpungﬁ?gon
form a high viscosity boundary layer (HVBL) of up phase n T 9
to 3 monolayers [12,14,15] where water remains- an energy barrier is absent or it may be very small.

osen even at very ow temperaure [8.16] The ol 1 0% Dema conductuly of e anc e tert
of such matrixes on phase transitions in different lig- 99 P

uids (including water) has been studied intensively, an r?etérlgfoprreopsgt?:tggr]til;lwgly g?cn(;otlhr? sgfrfa(;etel:lt% trr:srrl‘rC]:I.
the level of understanding is high [10,16]. However,  SU : up ing or-w ' ’

in our case the low density (silanol number2 [17]) WhEereas_ ther:e :sdnc; sup%rhtﬁatmg Qf I'fhe' d ic f
and dorderea arangement of SO groups fesen e SIS S48 1 e el ooy for
role of the matrix. HVBL can be formed only on the follows: (i)%he’amount of the aasorbed water decreases
concave surface, i.e., in the contact points between sil-". R "
with RH; (ii) the peak transition temperatures with <

g::laﬁgretlrcles, where the density of SiOH groups canTm are far below the bulk melting point and decrease with

. . the weight of water in the DSC samples; (iii) experimental
Depression of7; and soft freezing are due to the ; ¢ e )
following two reasons: (i) statistical origin of equilibrium enthalpies AHy,,, calculated by dividing the integrated

freezing, which states that the probability of density anqsvgl(l)_ugrt] dozivi;etﬁ;[e SZIJQE va\ﬂ?eht gfrewsantweatl’le??ﬁ;a?ﬁe as
configuration fluctuations favoring ice formation is larger "~ " ™ , JIm
for larger volumes [2]. IfN, is the initial number of €nthalpies of bulk watetAHy,, calculated affy and T,

droplets of volumeV,, then the number of the unfrozen &ccording to Eq. (3-26) from [2]. . .
onesN is given by [2] When consideringAH; and AH;, the question arises

whether the reduction is actual or is caused by (i) part

To
N = N, eXD(-(Vd/y)f J(T’)dT/>, (1) of the heat was missed; (ii) part of the water evaporated
T during loading the DSC pans; (iii) part of the water
wherey = —dT/dt is the cooling rate and(7') is the  remained unfrozen. It was said above that DSC ensures

ice nucleation rate. The formula shows that supercoolingno heat is missed [10]. The evaporated weight was
of larger droplets is smaller than that of smaller onesestimated to be smaller th&% and smaller for smaller
(i) The value of thecontact angle for ice(determined RH. Weight of the unfrozen water in the HVBL was
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calculated using surface area of silica and silanol numbewriding us with the good photograph of silica and 1. Ford,
For a HVBL with thickness of three monolayers, the A. Laaksonen, and J. Makela for helpful discussions.
weight is 46 = 2.76 mg per g of silica. This gives a
fraction of the unfrozen water 0.15, 0.45, and 0.59 for the
samples with 5.8, 2.1, and 1.7 mg of water, respectively.
Most likely, this welght of HVBL is overestimation, since A Bogdan, J. Chem. Phy406 1921 (1997). S.L. Lai
our nuclear magnetic resonance (NMR) measurements ., ‘opos Rev. Lett77, 99 (1996); R. R. Vanfleet and
gave the fraction smaller than 0.05 for the comparable ;. Mochel, Surf. Sci.341 40 (1995); M. Wautelet,

[1] B.E. Wyslouzil et al., Phys. Rev. Lett.79, 431 (1997);

weight of 8.6 mg at-60 °C [11]. But even subtraction of J. Phys. D24, 343 (1991).

the unfrozen water gave the corrected values of enthalpie$2] H.R. Pruppacher and J.D. KlettMicrophysics of

AHf and AH, smaller than those of bulk. Accuracies Clouds and PrecipitationKluwer Academic Publishers,

of caIcuIatedAH;/m are7.6%, 14.4%, and16.3% for the Dordrecht, 1997), Chaps. 3,5,7,9.

weights of 5.8, 2.1, and 1.7 mg, respectively. [3] C.A. Angel, in Water and Aqueous Solutions at Subzero
CorrectedAH¢, and bulk AH,Z were used in Eq. (2) Temperaturesedited by F. Franks (Plenum Press, New

for calculation of radii of ice crystals corresponding York and London, 1982), Vol. 7, p. 1.

to 7,,. The temperature dependence mf,, was taken [4] R. Defay and I. PrigogineSurface Tension and Adsorp-

into account according to Eq. (5-47) from [2]. Itis seen ., It\|/|on él(_:ﬁrrlﬂ(rﬂagts,;\:emé;(o;k/ 'F‘{c;cdoﬂéégfgs)’ggh?fégl%_

from Table | thatr. > r,. To find out which of them are G: Bertsch Scienc.,é77 )1/6.19 (19'97)_ T '

physically more reasonable we calculated approximately[s] F. Ercoleséi, W. Andre,oni, and E. Tosatti, Phys. Rev. Lett.

the fraction of surface covered by water using both sets of * g 911 (1991).

radii and compared the results with the experimental dataj7] M. N. Plooster and S.N. Gitlin, J. Phys. Cheitb, 3322

(see above). Since the droplets formed are not spherical (1971); G.G. Litvan, Can. J. Cheri4, 2617 (1966).

and the contact angle for water is 5R2] (the size of  [8] W.A. Patrick and W.A. Kemper, J. Phys. Che#2, 369

microdroplets is sufficiently large to use this macroscopic ~ (1938).

parameter), it was assumed that their volume=is/5 [9] G.K. Rennie and J. Clifford, J. Chem. Soc. ¥B, 680

that of the spherical droplet. The fractions calculated _ (1977).

using r. are 0.18 and 0.22 (for,, 0.41 and 0.45) for [10] E. Molzetal, Phys. Rev. B48, 5741 (1993).

the weights 2.1 and 1.7 mg, respectively. The good'!] 2' gogganet %lll\;l] (K:O:IO'O: 'nf]erfc"’lclf %c;1t77,f79 (151%6);

agreement with the experimental data obtainedrfors 95 (fgg%'i] and M. tulmaia, /. L-ofloid Infertace L

easy to explain. At IQW RH microdroplets'are fprmed [12] R.K. ller, The Chemistry of SilicgWiley, New York,

mainly on the parent SiOH when no rehydration (SiGSi 1978), Chaps. 5 and 6.

H,O — 2SiOH) takes place. Atlarge RH rehydration and[13] K. Klier and A.C. Zettlemoyer, J. Colloid Interface Sci.

capillarity condensation lead to increasing the fraction of 58, 216 (1977).

surface covered with water, which is difficult to calculate.[14] K. Overloop and L. Van Gerven, J. Magn. Reson1@d,

Finally, an interesting finding concerning thef?,, and 179 (1993).

AHS,,, is that the difference\Hg-AH* decreases with [15] D- 'g- ”B?(‘jsse“* fE-A-SB,%“Che?:é angl OA.-C- Zettlemoyer,

decreasing water, as shown in Table I. This is in contrast ‘I]E A OBgLCrllgiera?‘ge A CC:' Z4ét3emo(1er7 J) CDo'I:EIi d%ﬁf:r?:ée

to the bulk case, Wgen lowering temperature leads to an Séi.é?, 649 (1968). T yer, .

increase ofAHf;l-AHf. This pehawor may be due to the [16] J-C. Li, D.K. Ross, and R.K. Heenan, Phys. Rev. B

fact that for very small particles the difference between ~ 45 6716 (1993); R. Mu and V.M. Malhotra, Phys. Rev.

the specific heats of water and ice becomes smaller. B 44, 4296 (1991); J. Warnock, D.D. Awschalom, and
In summary, in contrast to embedding water in fully M. W. Shafer, Phys. Rev. Let67, 1753 (1986); J. L. Tell

hydroxylated matrix, the present method allows us to and H.J. Maris, Phys. Rev. B8, 5122 (1983).

obtain a system of FDW with relatively large free surface.[17] H. Barthel, Colloid Surf. A, Physicochem. Eng. Aspects

The samples prepared in such a way are ideal for studies 101 217 (1995).

of melting and freezing behavior with DSC, NMR. The [18] J.H. Bilgram, Phys. Refl53 1 (1987).

reducedAH; and AH,, observed (for the first time) with [19] M. Wautelet, Eur. J. Physl6, 283 (1995); P.R. Couch-

decreased water adsorbed on silica surface is evident and Man and W.A. Jesser, Nature (Londdr§9, 481 (1977);

cannot be explained from the traditional experimenta P. Buffat and J-P. Borel, Phys. Rev.18, 2287 (1976).

. . L 20] C.L. Jackson and G.B. McKenna, J. Chem. Ph98.
viewpoints. Within the context of the proposed model the ] 9002 (1990). s

experimental data show that smaller water droplets havg1) p. Labastie and R.L. Whetten, Phys. Rev. L68, 1567
decreasedH,; andAH,, as well asT; and7. (1990).
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