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Melting and freezing of Ar in nanopores

D. Wallacher and K. Knorr
Technische Physik, Universita¨t des Saarlandes, D-66041 Saarbru¨cken, Germany

~Received 24 August 2000; published 14 February 2001!

The melting and freezing of Ar condensed into a porous silica matrix~Vycor glass! has been investigated by
heat capacity and vapor pressure measurements for various filling fractions and sample histories. A model is
proposed which explains the reduction of the melting temperature, the thermal hysteresis between melting and
freezing, and the shape and size of the melting and freezing anomaly in terms of interface melting in a
cylindrical geometry. For incomplete fillings, freezing involves delayering transitions in particular of the third
monolayer. The first and second monolayer on the pore walls do not participate in freezing and melting.

DOI: 10.1103/PhysRevB.63.104202 PACS number~s!: 61.43.Gt, 64.70.Dv, 65.40.Ba
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I. INTRODUCTION

It is well established by numerous studies that the melt
point of van der Waals liquids~ranging from cryosystems
such as H2 to larger organic molecules!1,2 and of hydrogen
bonded systems~such as water3–5! embedded in pores i
lower than in the bulk state. Furthermore there is consid
able thermal hysteresis between melting and freezing
melting and freezing~at temperaturesTm and Tf , respec-
tively! appear to evolve continuously as demonstrated by
width of the corresponding anomalies in heat capacity m
surements. The freezing anomaly is usually somew
sharper than the melting anomaly, but both occur below
triple point temperatureT3 of the bulk system, have a rela
tively sharp high-T cutoff and a long wing towards lowT.1

The reduction of the melting temperature scales with the
verse pore radiusR, T32Tm}1/R.3

The finite T range of melting is usually attributed to th
pore size distributionr(R) of the matrix material,6 Vycor
glass being the most prominent one. The material in the
row sections of the pore network is the last to freeze
cooling and the first to melt on heating. This opens the p
sibility of pore size spectroscopy. See, however, our criti
comments in Ref. 7. Most authors have observed that
heat of fusion is lower than in the bulk and occasionally
has been reported that the heat of melting is larger than
heat released on freezing.2,5 See, e.g., Molzet al.8 for Ar and
several other cryoliquids in Vycor. However, Molzet al.
carefully point out that this apparent violation of the first la
of thermodynamics must be an artifact of the employed te
nique, namely, ac calorimetry.

The pores are usually filled by simply letting the liqu
penetrate into the matrix by capillary forces. In our rece
studies of Ar,N2,CO in porous glasses we prepared the p
fillings by condensation out of the vapor phase.9,10 This has
several advantages. Not only are the solid pore fillings
better crystallographic quality, but also fractional pore fi
ings f can be prepared in a controlled way and the va
pressurep vs f isotherms give direct access to the chemi
potential m of the pore filling. The isotherms, both in th
liquid ~see Fig. 1! and the solid state, are at lowf and p
similar that what is obtained by adsorption on planar s
strates, and are in fact well described by the BET model.11,12

Hence there is no doubt that the first material offered to
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porous matrix forms an adsorbate layer on the pore walls
some critical value off andp, capillary condensation occurs
Capillary condensation involves a qualitative change of
condensate-vapor interface and is hence a phase transiti
first order with a hysteresis with respect to adsorption a
filling ~at vapor pressurepf) and desorption and emptying~at
pe , pe,pf).

13 For a cylindrical pore, the condensate-vap
interface is of cylindrical shape for the adsorbate state of
pore filling at lowerf whereas for the capillary condensa
the interface forms a concave meniscus. The pores then
and empty by a lateral motion of this meniscus along
pore. Under ideal conditions these processes should
place at constantpf and pe , respectively. The experimenta
isotherms show that this is approximately so for emptyin
but the filling branch of the isotherms is smeared out, at le
in the liquid state. There are reasons9 to think thatpe ~and
not pf) is close to the equilibrium pressure at which t
capillary condensate in one part of the pore coexists with
vapor and the adsorbate of maximum thicknessde in the
other part. Therefore the difference of the chemical poten
Dm of the capillary condensate and of the bulk state is j
given bykT ln(pe/p0). p0 is the saturated vapor pressure. O
adsorption, a metastable adsorbate film of a thicknessdf
larger thande can be grown on the pore walls. Given th

FIG. 1. Adsorption-desorption isotherm~fractional filling f vs
reduced vapor pressure! in the liquid state at 87 K.
©2001 The American Physical Society02-1



f

-
in

m

bl

lid

s

ro
lid
bo
i

he
r
he
ex
e

e
o
ne
f a

a
s
th
i

is
ul
ho
te

nd

ee

pl
am

tra
th
i

in
c
a

ac

e
lue
e
the

ing
atic
sen
of

her-
sate
res-
vi-
rp-

of

ro-
ples
t to
e

On
res
the
st
d

con-
ally

at-

ined

D. WALLACHER AND K. KNORR PHYSICAL REVIEW B 63 104202
total wall area~from the BET analysis of the initial part o
the f vs p isotherms!, the pore volume~from the amount of
material necessary for complete filling,f 51) and the size of
the molecule,de and df can be obtained from the corre
spondingf values. For simplicity, we quote the thickness
monolayer equivalents ML. For Ar,N2,CO in Vycor and
SiO2 xerogels with pore diameters ranging from 5 to 13 n
we obtained values ofde

l 53 ML, de
s52 ML, df

s53 ML. df
l

is not well defined, but definitely much larger, a reasona
estimate is 5 or 6 ML.9,10 Here l refers to the liquid ands to
the solid state.

Assuming phase equilibrium of the liquid and the so
phase atT3 for the bulk system and atTm for the capillary
condensate,T32Tm is related to theDm ’s via T32Tm
5(uDm l u2uDmsu)/DS. DS is the entropy of melting. Thus
the depression of the melting temperature in the pore
related to the fact thatuDmsu,uDm l u, which we have inter-
preted in the sense that the capillary condensate profits f
the attractive wall potential in both the liquid and the so
crystalline state and hence forms a concave meniscus in
states, but that the solid has to allow for lattice defects
order to adapt to the pore geometry.9 In more macroscopic
termsuDmsu,uDm l u means that the radius of curvature of t
meniscus and the contact angleu of the condensate-vapo
interface with the pore wall are larger in the solid than in t
liquid state. For the liquid state, it is usually assumed,
plicitly or tacitly, that u50 and that the radius of curvatur
is equal to the pore radiusR which then leads to a 1/R de-
pendence ofDm ~Kelvin equation!. This also means that th
narrow pores are the first to fill by capillary condensation
adsorption and the last to empty on desorption. More ge
ally, the 1/R dependence results from the competition o
surface and a volume free energy.

Thus some aspects of pore melting are understood
proximately, whereas others, the hysteresis, the heat
freezing and melting, as well as the peculiar shapes of
freezing and melting anomalies are not. Our study deals w
Ar in Vycor. Ar is considered a very simple system, Vycor
a standard matrix material. Hence we think that our res
and interpretations are representative at least for the w
family of van der Waals condensates in porous silica ma
rials, but perhaps also for other combinations of filling a
matrix.

II. EXPERIMENTAL

Some information on the experimental setup has b
given previously.7 We recall that we use Vycor glass~Corn-
ing, code 7930! as porous matrix, but that the present sam
taken from a new batch of Vycor has an avarage pore di
eter of about 10 nm instead of the usual 7 nm.

For a heat capacity measurement on first order phase
sitions with thermal hysteresis, it is essential to change
temperature monotonously. Otherwise one can easily m
parts of the latent heat or get contributions from the melt
and freezing of the same fraction of material more then on
We therefore used a scanning rather than the previously
plied quasiadiabatic heat pulse technique. The heat cap
c is extracted from the heat flowdQ/dt at a given heating or
10420
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cooling rate dT/dt, c}(dQ/dt)/(dT/dt), dQ/dt5ZDT,
whereZ is the heat leak andDT the temperature differenc
between the sample and the thermal shield. A typical va
for DT is 0.25 K. The heat leak is realized by admitting som
mbar of He gas into the space between the sample and
heat shield. We have not determined the value ofZ, but
rather calibrate the heat capacity derived with the scann
technique with the results obtained with the quasiadiab
method. For the heating and cooling rate we have cho
0.05 K/min, large enough to guarantee a sufficient quality
the heat capacity data and slow enough to maintain the t
mal equilibrium between the vapor and the pore conden
at least approximately, as demonstrated by the vapor p
sure data of Fig. 2 which are in good agreement with pre
ous ones7 which have been obtained by isothermal adso
tion and desorption.

The pore fillings have been prepared by condensation
vapor at 87 K, a temperature well aboveT3583.8 K. We
concentrate on samples for which the filling has been p
duced by adsorption, but also show a few results on sam
where the pores have been filled completely and brough
the desired value off by subsequent desorption. Th
adsorption-desorption 87 K isotherm is shown in Fig. 1.
cooling and heating the amount of material in the po
changes by adsorption out of and by desorption back into
vapor, but the change off is less than 1% and occurs almo
exclusively aboveTm . This effect has been corrected for an
the results shown for heating and cooling scans can be
sidered isosteric. Actually the samples have been therm
cycled at least twice between 87 and 60 K.

III. RESULTS

The heat capacityc versusT curves for a series of filling
fractions is shown in Figs. 3 and 4 as obtained for first he
ing ~after a first cooling down to 60 K! and for a second

FIG. 2. Chemical potential vs temperature isosters as obta
by heating~upper frame! and cooling~lower frame! scans for a
series of fractional fillingsf prepared by adsorption at 87 K.
2-2
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MELTING AND FREEZING OF Ar IN NANOPORES PHYSICAL REVIEW B63 104202
cooling. The sharp spike showing up in slightly overfille
pores (f 51.02) is due to the melting and freezing of the bu
material outside the pores and hence is a marker forT3. The
heating curves match with those obtained previously with
heat-pulse technique. The general shape of the melting
freezing anomaly forf .1 is similar to what has been ob
served for many other systems confined in pores, see,
Ref. 1. As pointed out already in our recent heat capa
study,7 lower fillings which represent the adsorbate film
the pore wall do not show any anomalous contribution a
hence do not undergo a melting phase transition. The ano
lies are related exclusively to the capillary condensed m
rial in the pore center.

Figure 5 shows the entropy of melting and of freezi
DS, derived from the anomalous part of the heat capacity
function of f. DS is proportional to (f 2 f c)S0 , f c5(0.27
60.03), the molar entropy of fusionS0 is ~14.261! J/mol K,
both on melting and freezing. The fractionf c of the ‘‘dead’’
adsorbate layer on the pore walls corresponds to about 2
The value ofS0 agrees with that of bulk Ar.14 Normalizing
DS to the total amount of Ar in the pores including the de
layer would of course yield a molar entropy and heat
fusion lower than for the bulk.

For freezing,DS includes the contributionDS8 from the
second anomaly around 66 K. The 66 K anomaly is an
expected feature appearing at intermediate values off, only.
As function of f, the 66 K anomaly shows up for the firs
time slightly abovef c , is maximum aroundf 50.40 and de-
creases for higherf ~Fig. 5!. The amount of material, the
freezing of which leads to the maximum value of th
anomaly, is equivalent to about 1 ML.

FIG. 3. Heating traces of the heat capacityc for several frac-
tional fillings f. The curves are shifted upwards in steps of 2 J/K
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FIG. 4. Cooling traces of the heat capacity. The vertical offs
are 3 J/K.

FIG. 5. The entropy of melting and freezingDSm andDSf , as a
function of the fractional fillingf, as derived from the anomalou
part of the heat capacity results of Figs. 3 and 4. The contribu
DS8 of the 66 K anomaly is included inDSf , but also shown
separately. The solid line is the result of a linear regression,
slope gives the molar entropy of fusion of the capillary condens
The dashed line in combination with the solid line at lowerf is the
entropy related to the 66 K anomaly on the basis of the mo
described in the text.
2-3
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D. WALLACHER AND K. KNORR PHYSICAL REVIEW B 63 104202
Figure 2 shows the vapor pressure converted intoDm as
function of temperature for some selected values off. The
chemical potential of the bulk liquid is used as zero refere
line. Such m-T diagrams have been discussed in de
recently.9 The chemical potential of the pore filling for an
f ,1 is lower than that of the bulk. Hence the pore fillin
are stable with respect to the bulk state, both in liquid a
solid form, even thoughDm is quite small. Them-T isosters
for f . f c , show a more or less well defined change of slo
which corresponds to the entropyDS of freezing and melting
and hence determines the freezing and melting tempera
of the capillary condensate in this type of experiment.DS
and the characteristic temperatures agree well with the
capacity results. The quasilinear sections ofm-T isosters are
in general parallel to the corresponding sections of the b
Thus the entropy of the capillary condensate away from
melting/freezing transition is about identical to the bulk, bo
in the liquid and the solid state as already pointed out in R
7.

For f values around 0.4, them-T isoster of the solid state
shows a discontinuity at 66 K, which we interpret as a p
allel displacement rather than a kink. This means that the
K anomaly of such fillings is due to the release of heat wh
the system transforms from a metastable state for 66 K,T
,Tf with a higher vapor pressure to the stable state be
66 K.

For f 50.22, that is for an adsorbate layer of about 2 M
on the pore walls, them-T-isoster bends over smoothly
without any apparent kink, from about parallel to the bu
solid at lowT to about parallel to the bulk liquid at highT.
Figure 6 shows results on hysteresis loops extending from
to 87 K, that is from a temperature well below the 66
anomaly to a temperature well aboveTm . Shown isc(T), for
the first cooling, the first heating and the second cooling s
for a sample withf 50.62 prepared by adsorption at 87 K

FIG. 6. The heat capacity forf 50.62 of the first cooling, the
first heating, and the second cooling run. The second heating
~not shown! is identical to the first heating run. The left~right!
panel refers to a sample prepared by adsorption~desorption! at
87 K.
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well as for a sample with the same value off prepared by
desorption at 87 K. The results are identical for both meth
of preparation, except for first cooling.

Figures 7, 8, and 9 show the results of ‘‘incomplete
thermal cycles. In Fig. 7 a sample withf 50.61 is cooled
down from a temperature well aboveTm to a temperature
Tmin and heated up again. In Figs. 8 (f 50.61) and 9 (f
50.41) heating starts at a temperature well below 66
brings the sample up to a temperatureTmax, whereupon the
cycle is completed by recooling.

IV. INTERPRETATION AND DISCUSSION

Melting is a first order phase transition and hence
volves a liquid-solid coexistence, interfacial energies, me
stable states, and nucleation. In fact, there have been
tempts to explain the thermal hysteresis of melting in po

un

FIG. 7. Heat capacity results off 50.61 for ‘‘incomplete’’
cooling-heating cycles. Cooling~left panel! starts at 87 K and stops
at Tmin . Heating~right panel! brings the sample back to 87 K. Tmin

is varied from 60 K~top! to 77 K ~bottom!.

FIG. 8. Heat capacity results off 50.61 for ‘‘incomplete’’
heating-cooling cycles. Heating~left panel! starts at 60 K and stops
at Tmax. Cooling ~right panel! brings the sample back to 60 K.
2-4
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MELTING AND FREEZING OF Ar IN NANOPORES PHYSICAL REVIEW B63 104202
by different shapes of the solid-liquid interface and of t
critical nucleus, such as spherical or cylindrical.15 It is also
obvious that the pore size distribution is of relevance. In R
7 we assumed independent cylindrical pores with differ
radii described by a Gaussian distributionr(R). Starting out
from Dm andT32Tm being proportional to 1/R, the asym-
metric shape of the melting anomaly forf 51 could be ex-
plained qualitatively, but it turned out that the width of th
distribution had to be chosen twice as large compared
what has been determined by small angle scattering and
tron microscopy.16

Thermal equilibrium in completely filled pores

In the following we consider a homogeneous cylindric
pore. In case of a liquid-solid coexistence, the interface
the two phases is likely to be of cylindrical shape with o
phase in the pore center and the other one next to the
wall, either with the liquid or with the solid next to the wal

The wall in this context is the pore wall coated with th
dead layer of about 2 ML of Ar. The pore radius availab
for the active part of the pore filling is hence reduced
about 42 Å, instead of the nominal radius of about 50
From the fact thatuDmsu,uDm l u, one expects that the liquid
can accommodate to the amorphous structure of the dre
wall much more easily than a crystalline fcc pore solid.
this situation the net interfacial energyDg5gws2gwl2g ls
is expected to be positive15 ~‘‘ w’’ for wall ! and the pore
filling can profit from the intrusion of a liquid shell betwee
the wall and the solid in the pore center. See Fig. 10 fo
schematic view of the pore cross section. Analogous vie
have been propagated for other first order phase transitio
interfaces,17 surface melting in particular18 ~where the sur-
rounding medium is not the glass matrix but the vapor!. For
a cylindrical geometry it is essential to realize that—in co
trast to planar interfaces—the area of thes-l interface and
the l ands volume fraction depend on the distancer of this
interface from the pore center. Correcting the energy fu
tional of the planar geometry for this point, the free ener
FL per unit length of the pore is obtained as

FIG. 9. Analogous to Fig. 8, but forf 50.41 or equivalently
3 ML.
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FL5p~R22r 2!L
T32T

T3
12prg ls12pR~gwl1Dge2d/j!

~see Ref. 19 for the spherical geometry!. Here the first term
is the difference of the volume free energies of the liquid a
the solid, and the last term considers the fact that the o
parameter of the solid phase can vary in space o
smoothly. Thereby a coherence lengthj enters into the prob-
lem. d is the thickness of the liquid layer in contact wit
wall, r the radius of the solid core,r 1d5R, andL the latent
heat of fusion,L5T3 DS. The dependence ofFL on r is
shown in Fig. 11 for three temperatures. The equilibriu
value r 0(T) of r is given by the absolute minimum ofFL .
The volume fractionf l of the liquid corresponding tor 0(T)

FIG. 10. Schematic view of the cross section of a complet
filled pore at a temperature somewhat belowT0. Shaded: dead ad
sorbate layer, wavy: intruding liquid layer, cross hatched: crys
line material in the pore center.

FIG. 11. The free energyFL per unit length as function of the
radiusr of the solid core in the pore center for three temperatur
as calculated from the model described in the text. The individ
curves have been shifted vertically in order to coincide forr 50.
The value chosen for the coherence lengthj is 1 ML.
2-5
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D. WALLACHER AND K. KNORR PHYSICAL REVIEW B 63 104202
is shown in Fig. 12. Starting at lowT, the liquid layer on the
wall grows on heating. At some temperatureT0,T3 a criti-
cal valuer c of r 0 is reached at which the remaining sol
core in the pore center melts all at once. This happens w
the release of energy due to the elimination of thes-l inter-
face can compensate for the heat of fusion necessary fo
melting of the residual solid in the pore center. This effec
pecularity of the confined geometry, suppresses the di
gence of thickness of the intruding liquid layer which wou
occur in planar geometry. There is also some analogy
capillary condensation where the growth of the adsorb
film is stopped and the vapor phase in the pore cente
displaced by the condensate. Since the model is based o
competition of a volume and a interfacial energy,T32T0 is
proportional to 1/R. The anomalous part of the heat capac
is obtained fromLd fl /dT. There is a singular part, a laten
heat of L@12 f l(r c)# at T0 and a nonsingular part, whic
shows up as a long tail at lowerT, due to the growth of the
intruding liquid layer.

Evidence for the existence of a liquid layer at tempe
tures well below the apparent melting temperatureTm is
available not only from the low-T tail of the heat capacity
anomaly, but also from NMR results on various po
fillings20 which call for a mobile, liquidlike fraction of the
pore filling at rather lowT. We also think that the ultrasoni
results of Molzet al. on Ar in Vycor8 can be explained by
such a liquid layer. These authors in fact mention tha
appears that there is ‘‘some liquid remaining at temperatu
as low as 25 K,’’ but later on propose that the peculiar b
havior of the ultrasonic velocity and attenuation is not due
some residual liquid but to the thermally activated diffusi
of vacancies within the solid.

Metastable states and hysteresis in completely filled pores

The free energy functional predicts a first order melting
freezing transition of the pore center atT0 with inherent
metastable states~Fig. 11!. The solid core surrounded by th
wetting layer can be superheated up to a temperatureT1 ,

FIG. 12. The volume fractionf l of the liquid as function ofT, as
calculated from the model~see text!.
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T0,T1,T3 and the pore liquid can be supercooled down
T2 , T2,T0. Thus a natural explanation of the hystere
between freezing and melting is supplied. The model in
present form actually suggests unrealistically low values
T2 . Note, however, that the minimum ofFL(r ) at r 50
which represents the supercooled liquid is only margina
stable at lowT. Obviously ~and not surprisingly! the model
does not describe a very thin cylindrical solid core in t
pore center correctly. Quite generally spinodal temperatu
of mean field models are of little significance, because th
mal fluctuation and heterogeneous nucleation usually red
the range of metastability in real systems. Therefore we
justified to calculate ‘‘effective’’ values ofT1 andT2 from
the following ad hoc assumption. At the equilibrium tem
peratureT0 the free energy barrier between the coexisti
states has a certain valueEb(T0), see Fig. 11. We then sim
ply assume that the metastable states disappear at those
peratures for which the barrierEb(T) from the metastable
state to the stable state is reduced to some fractionx of
Eb(T0). The results onf l including metastable states as ca
culated withx50.43 are also shown in Fig. 12. The locatio
of T1 and T2 with respect toT0 is asymmetric,T12T0
being much smaller thanT02T2 . Furthermore there is a
more fundamental asymmetry between the metastable s
of cooling and heating. It is only on cooling that the ne
phase has to nucleate, namely, in the pore center. On he
the liquid already exists as shell at the pore walls everywh
in the pore network and thel -s boundary just has to move
forward for the pore filling to melt completely. For a cylin
drical geometry the model shows that there is an energy
rier for the radial motion of thel -s boundary towards the
pore center, but this is not necessarily so for other geo
etries. We think in particular of pores with a blind end. He
the l -s boundary can move out of the blind end along t
pore axis without having to overcome a barrier. Hence
metastable states predicted for superheating are irrelev
The pore fluid can be supercooled, but the pore solid can
be superheated. In the following we therefore identify t
phase equilibrium temperatureT0 with the melting tempera-
ture Tm and the lower spinodal temperatureT2 with the
freezing temperatureTf .

For a comparison with the experimental data it is nec
sary to choose a suitable pore size distributionr(R) and to
decide whether pores of different diameter freeze and m
independently or not.

A calculation of the freezing and melting anomaly for
Gaussian distributionr(R) of independent pores is shown i
Fig. 13. The parameters@Rpore550 Å, the variance of the
distribution s510 Å, g ls52.1 dyn/cm,Dg51.9 dyn/cm,
j54.1 Å ~1 ML!, and T3 ,L,x as given above# have been
chosen in a way to obtain agreement with the experiment
the melting anomaly and for the onset of freezing. Clea
the calculated freezing anomaly is much too broad.

How can it happen that the freezing peak is narrower th
the melting peak? For freezing we abandon the idea of in
pendent pores and refer to coupled pores in the follow
sense@for ease of discussion let us assume thatr(R) extends
from Rmin to Rmax#. On cooling, solidification should occu
first in the center of the largest pore atT2(Rmax). If the pores
2-6
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MELTING AND FREEZING OF Ar IN NANOPORES PHYSICAL REVIEW B63 104202
are now coupled, this solid acts as nucleus for solidificat
and eliminates metastable supercooled states in the cente
all narrower pores for whichT0(R) is larger thanT2(Rmax).
This should give rise to ad-like heat capacity signal a
T2(Rmax). On further cooling the centers of the remainin
pores then solidify at their individual equilibrium temper
turesT0(R). Thus the freezing temperatures are spread
over a T interval the width of which is given byD f
5T2(Rmax)2T0(Rmin). This has to be compared with theT
interval of meltingDm5T0(Rmax)2T0(Rmin). D f is smaller
thanDm . If T2(Rmax),T0(Rmin), which means large therma
hysteresis and narrow pore size distribution, the centers o
pores freeze at a single temperature, namely,T2(Rmax). The
present system appears to be close to this latter case,
not only the freezing anomaly is relatively sharp, but a
there is little overlap of the freezing and the melting anom
~Fig. 13!.

The results on the ‘‘incomplete’’ thermal cycles suppo
these ideas. Figure 7 shows results obtained by cooling f
a high temperatureT, T.Tm down to a temperatureTmin and
subsequent heating. The heating traces always show
same well defined endpoint of melting independent of
actual value ofTmin . This means that irregardless of ho
much material is actually solidified on cooling, melting a
ways is completed atT0(Rmax). Only the size of the melting
anomaly depends on the fraction of material~in the larger
pores! which has been solidified previously on cooling dow
to Tmin and which then remelts on heating. In Fig. 8 t
sample is heated up from a low temperatureT, T,Tf , to a
temperatureTmax and recooled afterwards. This time the o
set of freezing does depend onTmax. If Tmax is above the
endpoint of meltingT0(Rmax), all material is liquified and
hence solidification on subsequent cooling starts

FIG. 13. The freezing and melting anomaly of the heat capa
both of the experiment (f 50.93, continuous curves! and of the
model ~circles!. The parameters of the model and of the Gauss
distribution of the diameters of independent pores have been ch
in a way to obtain agreement for the melting anomaly and for
onset of freezing.
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T2(Rmax). If on the other handTmax is lower thanT0(Rmax),
the material in the narrower sections of pore network wh
has been liquified by heating up toTmax, directly solidifies
on cooling at the individual equilibrium temperaturesT0(R)
because of the persistence of solid in the larger pores w
then acts as nucleation center for solidification in the n
rower pores.@Note that these experiments have been carr
out for f 50.61, and not forf 51. HenceRmax should not be
identified with maximum pore radius ofr(R) but with the
radius of the largest pore which is actually occupied.#

Incomplete thermal cycles on the melting of pore fillin
in Vycor had been studied previously by Molzet al. These
authors summarize their heat capacity results on O2 and the
ultrasonic results on Ar by saying that freezing is extrem
irreversible, whereas melting is more nearly reversible. T
is consistent with our ideas.

Partially filled pores

For fractional fillings f, f c, f ,1, the temperatures o
maximum heat capacity as well as the high-T cutoffs of the
anomalies shift to slightly lower values. This is readily e
plained by the 1/R dependence of the melting temperature
combination with the fact that forf ,1 not all but only the
pores up to some maximum value of the pore radiusR are
occupied. Surprising features are the appearance of the 6
anomaly on cooling and the dependence of the heat capa
of the first cooling run on the sample preparation.

As pointed out above, the entropyDS8 related to the 66 K
anomaly is maximum forf 50.4 where it corresponds to th
entropy of freezing of about 1 ML. Forf around 0.4 which is
equivalent to about 3 ML, freezing thus occurs at 66 K
temperature well below the main freezing anomaly of t
higher fillings. Melting for f 50.4 on the other hand is a
expected. It takes place between 75 and 79 K, that is in
lower-T part of the melting anomaly as observed at high
fillings. This is documented not only by the results of show
in Figs. 3 and 4, but also by the ‘‘incomplete’’ heating
cooling cycles of Fig. 9: After heating up toTmax.80 K, the
66 K anomaly of the subsequent cooling run is fully dev
oped. For lower values ofTmax the size of the 66 K anomaly
is reduced. After heating up for example toTmax575 K ~low-
est curve of Fig. 9!, the 66 K anomaly has about one quart
of its original size, only. Thus the material which freezes
the anomalously low temperature of 66 K, melts somewh
around 75 to 80 K. For the 66 K anomaly to show up
freezing, it is necessary that the material involved starts
as liquid.

As mentioned in the Introduction, the adsorptio
desorption isotherms show that the maximum filling fracti
f c of the adsorbate on the pore walls at which capillary co
densation sets in is equivalent to 3 ML in the liquid state, b
only equivalent to 2 ML in the solid state. The values quot
refer to stable adsorbate layers, as obtained by desorp
Accordingly cooling must eventually remove the third a
sorbed fluid layer and convert it into solid capillary conde
sate. This is a delayering transition. We think that the 66
anomaly is due to such a transition. The peculiar depende
of DS8 on f can be explained in terms of the third layer in th
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‘‘empty’’ part of the pore network, only. Assuming that th
third layer delayers and freezes at 66 K independent
whether there is solid capillary condensate in the rest of
pore or not,DS8 should be proportional to (f 2 f c)/(0.4
2 f c) for f c, f ,0.40 and to (12 f )/(120.4) for 0.40, f
,1. This type off dependence is indicated in Fig. 5. Th
experiment is in reasonable agreement with this assump

According to this view, freezing in a partially filled por
proceeds as follows. The liquid capillary condensate in
filled part of the pore freezes at temperatures around 76
the third layer in the empty part, however, remains liqu
down to 66 K where it delayers and joins the solid capilla
condensate.

The same type of process, in particular in connection w
‘‘triple point wetting,’’ is very common in adsorbed multi
layers on planar substrates. Here thenth liquid monolayer
delayers and solidifies as bulk solid at some temperatureTn
belowT3, for van der Waals interactions between the ads
bate molecule and the substrateT32Tn is proportional to
n23. Delayering and solidification occurs when the layer li
of the m-T diagram, usually parallel to vapor-bulk liqui
coexistence line, intersects the vapor-bulk solid coexiste
line.21 In fact them-T diagram for cooling of Fig. 2 is remi-
nescent of such multilayer phase diagrams, the capillary c
densate playing the role of the bulk state.

Delayering involves solidification, as pore solid in th
present case, and is a phase transition of first order. T
there should be a thermal hysteresis between delaye
freezing and layering/melting. On heating the 66 K anom
is absent, the melting of the material which originally form
the third layer contributes to the melting anomaly of t
capillary condensate. The third liquid layer is reestablish
upon melting of the pore filling.

This interpretation suggests that there are three diffe
arrangements of the material in the pores~see Fig. 14!. On
heating, the intermediate state with the third liquid layer c
existing with the solid capillary condensate is bypassed.
intermediate state accessible on cooling, only, must be m
stable since its vapor pressure is higher and itsm-T isoster is
offset to higher values compared to the reference state
tained by heating where the third layer is absent~Fig. 2!.

In the liquid regime (T.Tm) pore emptying leaves be
hind a stable adsorbate film the maximum thickness of wh
corresponds to 3 ML. On adsorption the adsorbate laye
the pore walls can be grown to a somewhat larger crit
thickness of about 5 or 6 ML, all ML beyond the third on
are metastable and are removed if once capillary conde
tion has occurred. The results of cooling and heating cyc
on samples withf 50.62 as prepared by adsorption and d
sorption in the liquid regime are shown in Fig. 6. The sam
prepared by adsorption consists initially of about 5 ML
the pore wall. The first cooling trace of this samp
shows—in addition to the 66 K anomaly—a main freezi
anomaly which is actually split into two~possibly even
three! components. All other cycles are as expected and
dependent on the sample history. Hence we propose to r
the components of the split freezing anomaly of the fi
cooling run to the simultaneous process of delayering
conversion into solid capillary condensate of the fourth a
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fifth ~and perhaps traces of the sixth! metastable fluid mono-
layer in very much the same way as this happens for the t
stable fluid layer at 66 K. In contrast to the third layer, t
metastable higher layers are of course not restored on he
back into the liquid regime. This view is supported by t
shape of them-T diagram as obtained for cooling~Fig. 2!.
See them-T lines for f 50.61 and the neighboringf values of
0.46 and 0.79.

Discrete adsorbed layers in porous glasses are u
pected. The atomically rough walls of the glass matrix a
variations of the pore radius have been thought to smear
any signature of discrete monolayers. Indeed, even the
examples of vapor pressure adsorption isotherms fail to s
such steps. On the other hand, one may argue that the
layer on the pore walls smoothes the walls, and that the h
capacity~as a second derivative of the free energy! is more
sensitive a probe than the vapor pressure~as a first deriva-
tive! in particular if the heat capacity signal is enhanced
the anomalous response at a first order phase transition

V. SUMMARY

Our study has shown that the latent heats of freezing
melting in nanopores are identical with the heat of fusion

FIG. 14. Schematic picture of the three different types how
pore material organizes itself in a partially filled pore. The arran
ment at the top refers to the liquid state, that at the bottom to
solid state at very lowT. On cooling the metastable arrangeme
shown in the center, exists in aT interval ranging fromTf ~about 76
K! to 66 K.
2-8
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the bulk state when referring properly to the mobile part
the pore filling, that is to the material in excess to a de
adsorbate layer of about two monolayers on the pore wa

The reduction of the melting temperture with respect
the bulk, the long low-T tail of the heat capacity anomal
and the thermal hysteresis between freezing and melting
be explained by the concept of melting at interfaces adap
to the cylindrical pore geometry: A quasiliquid ‘‘wetting’
layer intrudes between the wall and the solid core, grows
heating and finally leads at some critical thickness to
melting of the residual solid in the pore center. The hyst
esis is due metastable states connected with this latter
order transition.

According to the Clapeyron equation cited in the Intr
duction, the reduction of the melting temperature is relate
the fact thatuDm l u.uDmsu. Previously we had to resort t
lattice defects in order to account for this inequality, t
present model supplies a perhaps somewhat more ele
geometric interpretation in terms of interfacial energies.

The shape of the freezing and melting anomaly, the fre
ing anomaly being sharper than the melting anomaly, and
peculiar freezing and melting behavior as observed in inco
plete thermal cycles supply strong evidence that the mel
takes place at the equilibrium phase transition temperat
T0(R) of the individual pores. On cooling, however, th
o

ys
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metastable state of the supercooled liquid is of importan
The solid occurring first in the widest pore acts as nucle
for the freezing of narrower pores. This gives rise to a re
tively sharp freezing anomaly of the heat capacity, despite
a relatively broad pore size distribution.

For fractional pore fillings, heat capacity anomalies ar
ing from individual adsorbed monolayers residing in tho
parts of the pore network which are not filled with capilla
condensate have been detected. Such layers show delay
and freezing transitions on cooling where they convert i
solid capillary condensate and melt as such on subseq
heating. The third monolayer is reestablished on melti
higher layers, which are instable with respect to desorpt
are not.

Thus melting and freezing in pores is quite complex
process, but the major ingredients, namely, the change o
character of a first order phase transition when evolving a
wall, the elimination of an interface due to the confined g
ometry and layering and delayering are well established c
cepts in other fields of condensed matter physics.
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