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Freezing and melting of Ar in mesopores studied by optical transmission
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Ar condensates in a porous VWecor glass with an average pore diameter of 10 nm have been studied by optical
transmission. Cooling-heating cycles have been performed through the freezing and melting transition for
samples with different fractional fillings. Freezing leads to a decrease of the transmission up to four orders of
magnitude due to material transport in the pore network that leads to a coarsening of the pore filling. The
results are compared with transmission data on isothermal filling and draining and with heat-capacity data on
freezing and melting.
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[. INTRODUCTION in the main part of the paper, apply this method to thermal
cycles through the freezing and melting transition.

Liquids such as water, organic solvents, and cryoliquids
condensed into small pores freeze and melt at different tem- Il EXPERIMENT AND RESULTS
peraturesT; and T,,, which are both lower than the bulk
triple-point temperatur@ ;.1 =3 The understanding of this be- ~ The porous matrix used in this study is Wcor glass code
havior is not only of academic interest as an example of #930. The Wcor sample has been taken from the same batch
first-order transition in a confined geometry, but is also ofas the one used in our recent heat-capacity dtadhe aver-
practical importance. The phenomenon of frost heave, that isige pore diameter is slightly higher than the standard, about
the growth of ice lenses in soil, rocks, and masonry, relies ol0 nm instead of the usual 7 nm, and the porosity is about
the flow of liquid through pores at temperatures belbyv 30%. A monolithic disk of Wcor 3 mm thick and 10 mm in

For simple van der Waals systems such as Ar and porougiameter is placed in a cell that is mounted to the cold plate
silica substrates, it is established that the pore condensa@ a closed-cycle refrigerator and is connected via a thin
consists of an adsorbed layer on the pore walls, typically twdubing to an all-metal gas manifold. The dead volume of the
or three monolayers thick, and the capillary condensate iiell and of the tubing up to the first valve of the manifold is
the pore centét.This latter fraction usually shows, in con- 8 cn?.
trast to the “dead” wall coating, the phase transitions of its  The cell has two flat windows. The beam of a He-Ne laser
bulk counterpart, though with lower transition temperaturegs directed through the sample at normal incidence. The in-
and thermal hysteresfs, the freezing and melting transition coming and the transmitted intensiti¢g, and |, have been
being the most prominent example. Our recent studies ofneasured with photo-resistors. The symbekpresents the
vapor pressure isotherms, x-ray diffractbnand heat integrated intensity across a pinhole 3 mm in diameter in the
capacity on Ar in cor glass and xerogels have given somestraight-through position 20 cm after the sample. For the
further insights. The temperatur@s and T,, are related, re- measurement dfy, a beam splitter has been placed in front
spectively, to the vapor pressurpg of capillary condensa- of the sample.
tion and py of capillary evaporation. The heat-capacity In a preparatory experiment the vapor pressure and the
anomaly of freezing is narrower than that of melting and istransmission have been measured simultaneously along an
different for partially filled pores prepared by adsorption andisotherm at 86 K, on adsorption and on desorption. At this
desorption. Additionally the freezing anomaly of samplestemperature both bulk and pore condensed Ar are liquid. The
with lower fillings has a satellite about 10 K beldly. vapor pressure isotherm that is the relation of the vapor pres-

These observations suggest that for partially filled poresurep and the amounh of adsorbed Ar is shown in Fig. 1.
the distribution of the material in the pore network is of It is practically identical to that on the sample of the heat-
importance and that this distribution can change upon phaseapacity study. The units used are the fractional filliny
transitions. For the liquid-vapor transition, which is usually =N/Ng and the reduced vapor pressyre P/Pgy, Py is the
probed by vapor pressure isotherms, this view is in facsaturated vapor pressure of bulk fbout 960 mbarandN,
widely accepted. Pagetal’ have observed that Wcor is the amount necessary for complete filling at 86 K. Figure
samples partially filled with hexane prepared by adsorptiorl (lower panel and Fig. 2 show the transmissie1/1, as
are transparent, but for samples prepared by desorption thienction of p andf, respectively.
transmission is lower by several orders of magnitude due to Several fillingsf ranging from 0.05 to an overfilled state,
“pore-space correlations.” In the present paper we will re-f>1, have been prepared by adsorption at 86 K and have
port on such transmission measurements performed on isteeen cooled through the solidification temperatliyelown
thermal adsorption and desorption of Ar in Wecor, and thento 50 K and heated through the melting temperafiyydack
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FIG. 1. (8 The fractional pore fillingf = N/N, and (b) the op- 4 50 55 60 65 0 75 80 & 90

tical transmissionr as function of the reduced vapor presspre termperature T [K]

=P/P, of Ar in Wcor at 86 K. o )
FIG. 3. Transmission during the thermal cycles, from 86 K

up to 86 K. Such temperature cycles extended over two dayg_own to 50 K and back to 86 K, for several fillings. Open symbols
During the cycles the valve of the sample cell was closed ifefer to the first, closed ones to the second cycle.

order to keep the dead volume as small as possible, but doinq ) .

so the variation op and off as function ofT is not known.  Pletely at 50 K. We leave this problem till lajefThus the
Thef value of the preparation is a lower bound for the actualcooling-heating cycles are not really isosteric.

filling fraction at lowerT. At 50 K the vapor pressure is At the end of the cycle the vapor pressure is lower than
negligible. Here an upper limit for the actual filling can be initially and close to the vapor pressure of the desorption
obtained by assuming that all the vapor remaining in thédranch of the 86-K isotherm at the chodefror each nomi-
dead volume at 86 K has condensed into the pores on coofalf, the cycle has been repeated once starting from the final
ing. The difference between the upper and the lower bound igtate of the first cycle. The transmissioras a function off
0.19 for lowerf and increases to 0.29 fée=1. (This would 1S shown in Figs. 3—5.

mean that forf =0.80 the pores should be occupied com- 7 Values at the start, at the end of the thermal cycle, and at
the minimum temperature of 50 K of the thermal cycle are

T T T T T T T included in Fig. 2. Here and elsewhere the nominal values of

ok o% O,chO-O J f, as determined from the adsorption/desorption isotherm at
\ 62@‘030—@—%0 ® 86 K, are used. In one case a partial filling, namély
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FIG. 2. The optical transmissior=1/1, as function of the fill- o1 . . . . .
ing fraction in various states. Open circles, adsorption at 86 K; 60 65 70 75 80 85 90
closed circles, desorption at 86 K; triangles, at the start of the ther- temperature T [K]

mal cycles,T=86 K; filled squares, at 50 K, the minimum tem-
perature of the thermal cycles; open squares, at the end of the ther- FIG. 4. Transmission during a cooling/heating cycle of an over-
mal cycle at 86 K. filled sample.
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FIG. 5. Transmission during a cooling/heating cycle of samples :
with f=0.60 prepared by adsorption and by desorption at 86 K. B
205
=0.60, has been prepared by desorption at 86 K, starting 2
from completely filled pores, rather than by adsorption, see g
Fig. 5. 0.0
Figure 6 shows the liquid fraction;, of the capillary 60 70 80
condensate as a function of temperature. This quantity is T (K)

obtaln_ed by integrating the ar_lomalous part of the heat- FIG. 6. The temperature dependence of the liquid fraction of the
capacity data of Ref. 6 as obtained for the first and seconfyye filling, as derived from an integration of the freezing and melt-
coolings, and the intermediate heating. Results are shown fGgg peaks of a heat-capacity experiment on Ar in a Wcor glass with
four filling fractions. Note that in this experiment the varia- the same pore diameter. The data shown are for the(firstand
tion of f with T was negligible, because of a more favorablesecond(O) cooling runs and the intermediate heating (Un.

ratio of the pore volume and the dead volume. The informa-

tion onx;ig(T) will be helpful for the discussion of the trans-

mission data. hysteresis is usually ignored and the observed filling-

draining hysteresis is interpreted by referring to the Kelvin
equation in combination with “pore blocking.” The Kelvin

[ll. DISCUSSION equation relates the reduced vapor prespucethe curvature
of the liquid-vapor interfacéwith interfacial energyr and a
radius of curvature), kgTIn(p)=—20v,,/r, v, IS the molar

In order to arrive at an at least qualitative understandingsolume of the liquid. Assuming that the liquid wets the pore
of the behavior of the transmission of the cooling-heatingwalls completely, the radius of curvature of the concave me-
cycles the isothermal adsorption-desorption behavior is disniscus of the liquid is equal to the pore radi(r more
cussed first. Thé-p isotherm(Fig. 1) is of the type usually exactly to the pore radius reduced by the thickness of the
observed for simple liquids in Wcor. The initial reversible preadsorbed laygrin a pore network characterized by a dis-
part at lowerp up to a filling f ;~0.35 is due to the formation tribution of pore radii, one therefore expects that at a given
of a film on the pore walls. The value 6f corresponds to a pressure all pores up to a radiusare filled, where andp
coverage of about three monolayers. Forf; the pores fill  are related via the Kelvin equation. It is assumed that this is
via capillary condensation, a process that is hysteretic witlso on adsorption. On desorption, however, pore blocking
respect to filling and draining. According to the theoreticalcomes into play® Larger pores that are ready to empty ac-
models of Evereftand of Saam and Caldor a cylindrical  cording to the Kelvin equation can do so only if they have a
pore of uniform cross section the filling branchpat p, and  connection to the vapor phase outside the porous matrix.
the draining branch of the isotherm @t=py, P¢<Pa, Thus liquid in pores with small diameters blocks the evapo-
should be vertical in the regime of capillary condensationration of larger pores behind. This model leads to a
For the pore network of Wcor both branches, the adsorptiomercolation-type invasion of the vapor into the pore network
branch in particular, have a finite slope. This is due to theupon desorption gb=p4. The onset of desorption is there-
distribution of pore radii. For pore networks the single-porefore sharp, phase-transition-like, in agreement with the ex-

A. Vapor pressure 86-K isotherm
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perimental result of Fig.(&). Pageet al. have complemented terms of a single Mie scattering event is no longer meaning-
their transmission data by a light-scattering experiment jusful for 7<0.8. The lowest transmission observed in this study
at the onset of desorptidnThey observed a dependence of is about 10%, suggesting_* values of the order of some
the intensity as function of the scattering angle which ishundred nanometers. The largely different transmission of
compatible with a fractal exponent. This is what is expectedhe adsorption and the desorption branch of the capillary
for a percolation process. All this points towards pore block-condensation regime {<f<1) are in qualitative agreement
ing but on the other hand simulations have shown thatvith the pore blocking concept. On adsorption the pore lig-
blocked pores can empty via fluctuations in the bottleuid resides in those pores that have a radius smaller than that
neckst! given by the Kelvin equation for the chosen vapor pressure
p. The average distance between such liquid plugsffor
slightly larger thanf. (and correspondingly between vapor
bubbles forf approaching unityis therefore of the order of

As can be seen from Figs. 2—5, there are changes of the characteristic lengthy of the pore network. Sinckg is
transmission by several orders of magnitude, both as funcsonsiderably smaller than there is little attenuation of the
tion of f at 86 K and as function of for a constant amount light beam by scattering processes. However, the situation is
of gas in the cell. Because of these enormous changes of tldifferent for desorption. Compare a given fillirigprepared
transmission it is difficult, if not impossible, to compare the by adsorption and by desorption. For adsorption this filling
results with a model covering the entirerange, but never- consists of many small pieces of condensate in the narrowest
theless some qualitative statements can be made. We refergections of the pore network, whereas on desorption—
the dependence of the transmissionfandp at 86 K first.  because of pore blocking—some of the condensate resides in
Empty Wecor glass, Wcor glass with an Ar coating on the pores with larger diametefsvith terminating menisci in nar-
pore walls (0<f<f.), and also Wcor completely filled with row sections Therefore the average diameter of the filled
a nonabsorbing optical medium such as Ar are pretty transsections of the pore network is larger than for adsorption.
parent. For these limiting cases, witlvalues around 0.8, the The filled regions are bigger in size and fewer in number.
attenuation of the laser beam is to the larger part due tdhe average distance between them is larger and can ap-
reflection losses from the windows and from the sampleproach\. This causes strong scattering and hence low trans-
leaving little for scattering losses within the sample. This ismission. In a complementary view, one may refer to the frac-
not unexpected since the variation of the refractive index tal nature of the invading vapor clusttrat and slightly
within the sample between the fused silica matrix,,( above the percolation threshold, that is, fsepy. The dis-
=1.45) and the pore fillingr(,=1, 1.23, 1.28, for Ar vapor, tribution of material in the pores is much more coarse
liquid Ar, and solid Ar, respectivelytakes place on a char- grained on desorption than on adsorption.
acteristic lengthLy that is small compared to the wavelength
of light (\y,c=632.8 nm).L, is of the order of 20—25 nm,
as suggested by the appearance of a peak of the neutron or
x-ray intensity as function of the momentum transfer in These ideas are transferred to the temperature cycles. For
small-angle-scattering experimentd. ; has been interpreted the lowest filling,f=0.05<f, the transmission is close to
as the average distance of adjacent pores. Empty and comnity and does not depend dn Changes of- occur only for
pletely filled Wcor can be, therefore, approximately re-partially filled samples withf > f that contain some capil-
garded as a homogeneous optical medium, the refractive inary condensatdin addition to the adsorbed layers on the
dices of which can be estimated on the basis of effectivepore wallg. Cooling leads to a drop of the transmission. This
medium expressions. One arrives at a refractive index fodrop occurs at well-defined temperatur€gs that coincide
empty Wecor of aboun,=1.32, and at about;=1.39 and  with the temperature of the freezing anomaly of the heat-
1.40 for Wycor filled completely with liquid or solid Ar. The capacity experiment and correspondingly with the drop of
strong attenuation of the laser beam that is observed for thihe liquid fractionx;, of the capillary condensaté~ig. 6),
desorption branch of the isotherf, f<1) is therefore not  derived from the heat-capacity results. In Fig. 7, we show the
due to the mismatch between the matrix and the medium ivalues of T; as function off. T; decreases somewhat with
the pores, but is rather due to the fact that the empty andecreasind. It is well known that the depression of the melt-
filled regions, with indicesi, andn¢, separate on a length ing and freezing temperature in completely filled pores with
scale comparable th. Pageet al. speak of long-range cor- respect to the bulk triple-point temperattrgscales roughly
relations in the pore space. In situations withless than with 1/r. This suggests that low fractional fillings should
10 2 the outgoing laser beam can hardly be identified anyhave lower transition temperatures than large fillings,
more, the sample is illuminated as a whole. This calls forsince—at least for samples prepared by adsorption—Ilow fill-
multiple scattering within the sample. The energy transporings occupy the sections of the pore network with smaller
can then be described by a random-walk process with a meatiameters.
free pathL* . Assuming that there is no interference between Most remarkable are the low transmission values obtained
the various trajectories of the scattered beam and that thafter solidification(Fig. 3), which—as far as the magnitude
coherence length of the radiation is larger than the samplef this effect is concerned—are comparable to those obtained
dimensionLg, this leads to a relation analogous to Ohm’son the desorption branch of the 86 K isotherm. We therefore
law, 7 ~L*/Ls.1% Note that an interpretation of the results in suggest that freezing triggers a rearrangement of the pore

B. Transmission at 86 K

C. Freezing-melting cycles
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- v - r - - T weaker than initially. Obviously some material has been
transferred from smaller to larger pores.

80 | -
Altogether ther(T) traces(Fig. 3) are reminiscent of the
Xiiq(T)-hysteresis loops of the heat-capacity experintEig.
76 | 6), apart from the fact that the former do not close at the end

of the cycle, after melting.

In the following, secondary features of the transmission
1 data will be discussed that are related to the 66 K anomaly of
the heat-capacity experiment and the corresponding step of
Xiig(T), f=0.33, 0.46, and 0.62, of Fig. 6. Based on the
observation that the onset val@igof capillary sublimation is
somewhat lower than for capillary condensation, the 66 K
i | anomaly has been interpreted by a delayering of the third
e ey Y liquid layer on the pore walls in the “empty” part of the pore
02 03 04 03 06 07 08 network. (The first and second monolayers adsorbed on the

filling fraction f walls do not participate in phase changes and can therefore

be ignored in this context Upon this process, material is
removed from the walls and solidifies in very much the same
way as the capillary condensate doe§ at On heating, the
third layer is restored not at 66 K but only later,Tat. For
lower fillings, represented in Fig. 6 by the data ©or0.33,
filling leading to a coarser distribution similar to that ob- all the crystalline material that is eventually formed stems
tained by desorption. Figure 2 collects datas§h) obtained  from this process. For larger fillings, sée 0.46 and 0.62 of
by isothermal desorption at 86 K and by cooling down to 50Fig. 6, crystallization occurs in two steps, the first one rep-
K. The two sets of data can be almost superimposed by shiftesents the freezing of the capillary condensate that exists
ing the latter to highef by about 0.3f-units. Some of this already in the liquid regime and the second one the delayer-
shift may be due to the condensation of vapor out of the deaphg and freezing of the third monolayer. Thus there i a
volume into the pores which has been mentioned aboveange on cooling, 66 K T<T;, in which the solidified cap-
Nevertheless, it appears that the minimumrag located at a illary condensate coexists with the top layer of the wall coat-
lower f than for isothermal desorption. This view is sup- ing still being liquid. For even higher fillings the empty frac-
ported by thef dependence of the transmission at the end otion of the pore network is of course small and the 66 K
the cycle(Fig. 2). Here the transmission is minimal fér anomaly could no longer be detected in the heat-capacity
about 0.5. This corresponds to a situation where about (0.6xperiment(seef=0.93, Fig. 6. The present transmission
—fo)/(1—f)=30% of the pores are filled with the capillary results confirm the existence and the hysteretic behavior of
condensate. the delayering process: the heating and cooling branches fi-

In the subsequent heating runincreases with increasing nally merge below 66 K, that is, after termination of delay-
temperaturdFig. 3). Below 63 K the heating branch retraces ering. For thef =0.19 sample of the transmission stugge
the cooling branch. At highef, a kink of 7(T) can be ob- inset in Fig. 3 and for thef=0.33 sample of the heat-
served, the temperature of which coincides with the tempereaeapacity study, almost all the freezing occurs at about 66 K.
ture T, of the melting anomaly of the heat-capacity experi-Obviously these samples started out at 86 K with no capil-
ment, that is, with the kink ok;(T). Results onl,(f) are  lary condensate in the pores. For larethe transmission is
shown in Fig. 7. In the liquid state at and slightly abog  already lowered by the freezing of the capillary condensate,
the transmission is lower than at the start of the cycle. Fohere the 66 K process leads to a small dip of the cooling
the lowest fillings §=0.22,0.27) further heating, back up to trace with the transmission being lower on cooling than on
86 K, restores the initial value af, whereas for higher fill- heating. The hysteresis due to the 66 K process can be fol-
ings a difference with respect to the initial state remains. Thdowed up to the largest fractional fillingi,=0.80, of the
transmission values at the end of the cycles 86 K, are  transmission study.
included in Fig. 2. Thus, there are examples that the cooling- For all fillings a second cooling-heating cycle has been
heating cycle leads to a remanent change of the transmissiqgrerformed, starting from the final state of the first cy@tey.
at and slightly abovél,,,. As mentioned already above the 3). In cases for which the transmission was restored after the
vapor pressure at the end of the cyqde, is lower than the first cycle, the second cycle is practically identical to the first
adsorption pressurg, at which the samples have been pre-one, see, e.gf,=0.27. For the other fillings, the solidifica-
pared, p4<p:i<Pa, Pi—Pyg<0.02. It appears that even the tion temperaturel; of the second cycle is somewhat larger
melted pore filling keeps some memory of the arrangemerthan that of the first cycle, typically b T;=0.8 K (Fig. 7).
of the solid state. Referring to the scaling relatiom;—T,~ 1/, i=s,m, this

The variation ofT,, with f is in fact weaker than that of observation is consistent with a transfer of pore material
T;. Referring to the scaling of transition temperatures withfrom smaller to larger pores during the first cycle. A much
the pore radius this means that the dependence of the averasfgonger increase off; has been observed in the heat-
diameter of the occupied pores drafter solidification is  capacity experiment foir=0.46(Fig. 6). Presumably the dif-

temperature T [K]

68 -

FIG. 7. The freezing[{l) and melting temperaturesX) of the
first (open symbols and the secondclosed symbols cooling/
heating cycle. The bulk triple temperature of A=283.8 K.
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ference of the two experiments is related to the refilling ofCole, p increases monotonously with the pore radiuand
the smallest pores due to the condensation of vapor out of theith the ratio of the intermolecular and th@ttractive
dead volume on cooling down from 86 K in the second cyclemolecule-substrate interaction. On the basis of this model,
of the transmission experiment. This effect was negligible incondensation in small pores is always favored with respect to
the heat-capacity study. large poreqas long as capillary condensation occurs at all
We also tried temperature cycles on a completely filledlt is hard to see how this situation can be reversed without
sample. Since the pore filling contracts on cooling and unsuppressing capillary condensation completely. Introducing
dergoes a volume change at freezing and meltfrthe only  extra energy contributions such as an interfacial energy be-
way that guarantees complete filling during the entire cycldween the pore solid and the dead layer on the pore walls or
is to start from a sulfficiently overfilled staté>1.2. In the an elastic energy of the strained pore solid may modify the
present study the additional problem arises that the transmislependence gb on the pore radius, but a situation with a
sion is sensitive to the formation of bulk material on thenonmonotonous dependence oA u, that is, with a mini-
faces of the sample and on the windows. The pertinent remum with respect to appears unlikely.
sults are shown in Fig. 4. A small increase &t aboutT, The rearrangement and coarsening in the solid state is
signals the solidification of the bulk material. Pore freezingmore likely due to metastable states, states that are meta-
leads to a small dip for 75 KT<77 K. Thereafter the stable with respect to competing arrangements in the pores,
transmission of the solidified filling is identical to that of the but stable with respect to the bulk state outside. No doubt
liquid state suggesting that the sample remains indeed consuch states can exist. The hysteresis of the vapor pressure
pletely filled on cooling. On heating the transmission de-isotherms and of thermal cycles provides direct evidence.
creases, this effect culminates at 80 K. Based on photographs We have recently proposed a simple thermodynamic
we relate this behavior to the thermal expansion of pore fill-modef that explains not only the depressionTgfand T, in
ing and to the jump of the molar volume upon melting. Ma- pores but also the hysteresis of solidification and melting,
terial pushed out of the pores forms solid aggregatesncluding ther dependence of the equilibrium melting tem-
(“snow”) on the external faces of the Wcor sample. ThisperatureT, and of the temperatures of the upper and lower
leads to increased light scattering and lower transmission. A¢énds of the freezing-melting hysteresi®, and T_. The
T; this bulk solid melts into a smooth liquid film and the model refers to a completely filled uniform cylindrical pore
transmission increases. Apart from the interference of thand postulates a liquid matching layer between the solid in
bulk material outside the pores this behavior is in agreemerthe pore center and the walls. On cooling solidification oc-
with the extrapolation of ther(T) cycles of the partially curs first in the center of the largest poresTa{r =r 9. In
filled cases td = 1. The high transmission of the completely order to explain the different widths of the freezing and the
filled sample is a further support for the idea that the boef ~ melting anomaly of the heat-capacity experiment, we have
solidified partially filled samples is due to a rearrangement ofairgued that the pores are actually coupled in the sense that
the material in the pores since this can happen for partiahe first solid formed at _(r a9 in the largest pore acts as
pore occupation, only. nucleus for solidification and eliminates metastable super-
Figure 5 shows results on cooling-heating cycles ofcooled states in the centers of all smaller pores for which
samples withf =0.60 prepared alternatively by adsorption Ty(r) is larger thanT _(r 40 - It is this migration of material
and by desorption at 86 K. The first thermal cycle of thefrom smaller to larger pores that explains qualitatively the
sample prepared by desorption is close to the second cycle eésults of the present study.
the sample prepared by adsorption. This confirms that the In the following, we try to relate the freezing-melting hys-
arrangement of the material in the pore network induced byeresis of partially filled pores to the adsorption-desorption
solidification is similar to what is obtained by isothermal hysteresis. Translating the reduced vapor pressures of the
desorption. solid (s) and the liquid(l) capillary condensate on adsorption
(a) and desorptior{d) yields four chemical potential differ-
encesA u of the pore filling with respect to the bulk system.
IV. CONCLUSIONS The individual quantities show approximately a linGade-

The present results strongly suggest that the initial conPendence, the slopesr entropies being close to the bulk
figuration of the pore liquid for which the liquid occupies all reference statesThe lines Auy(T) and Aug(T) and the
pores up to a certain diameter is changed upon freezindines A,u'd(T) and Aug(T) intersect at temperatures that
Material moves, presumably by distillation inside the poreagree well with theT; and T,,, respectively. Previously we
network, from smaller to larger pores and the arrangemerntiave argued that this is so because on cooling the system is
turns from fine to coarse. Why is this so? As far as we unbrought onto the adsorption branch due to condensation of
derstand, equilibrium thermodynamics cannot give an anvapor out of the dead volume whereas on heating some pore
swer. The present and previous experiments on Ar irfilling evaporates into the dead volume, hence the system is
nanometer-size pores in silica matrices leave no doubt thain the desorption branétiThe present results show that this
both the liquid and solid pore condensates are stable withiew is too naive, but that it is the rearrangement of the
respect to the bulk condensate. The reduced vapor prgssurenaterial upon freezing that produces a state with a vapor
of the pore condensate is less than unity and accordingly theressure and a partition of the pore material that is similar to
chemical potential differencdA u=kTIn(p) with respect to what is obtained by isothermal desorption. Thus the coinci-
the bulk is negative for both states. According to Saam andence ofT,, and T; with the intersections of the mentioned
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coexistence lines of tha-T diagram is by no means acci- network effects are thought to contribute to the hysteresis of
dental. adsorption-desorption isotherms. The liquid-solid as well as
Our thermodynamic model offers an explanation of thethe liquid-vapor transition in porous samples are unfortu-
thermal freezing/melting hysteresis in a completely fillednately “inverse problems”: the amount of experimental in-
uniform pore. The previous heat-capacity and the preseﬁprmation that can be extracted is little compared to the com-
transmission studies have shown that network effects have fJex geometry of pore space.
be considered in addition. The pores are coupled and nucle-
ation in one part of the network is of importance for the other
parts of the network, even to the extent that material trans-
port takes place. The situation is quite similar to the liquid- This work has been supported by the Deutsche Fors-
vapor transition in pores. Here, too, both single-pore anadhungsgemeinschafSonderforschungsbereich 377
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