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Diffraction study of solid oxygen embedded in porous glasses
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Molecular oxygen condensed and solidified in porous silica with pore diameters of 5, 7.5, and 13 nm has
been investigated by x-ray diffraction as function of the filling fraction and the temperature. Two components
of the pore filling can be distinguished: an amorphous layer on the pore walls, about 2 ML thick, with no
conspicuous temperature dependence and the capillary condensate in the pore center that shows the sequence
liquid-y-B of bulk O,, but with reduced transition temperatures. In 5-nm pores#g transformation is
incomplete. In the larger pores remainders of fhe transition have been detected.
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. INTRODUCTION early magnetic studies of Gregdfy* concentrate on rela-
tively low fractional pore fillings that he regards as an ex-
It is well established that the freezing and melting pointsample of an amorphous antiferromagnet. The optical study of
of a vast variety of materials, ranging from cryoliquids to Awschalom and Warnoékhas established the dependence of
water and metals, embedded in narrow pores are reduced afte melting and freezing temperatures as well as of a solid-
that there is considerable thermal hysteresis between freeziffglid transformation temperatufehich they interpret as the
and meltingt~” For \Wcor glass, a prominent porous matrix Y-8 transition on the pore diameter. These authors are also

with a pore diameter of a few nanometer, the reduction iMonNg the first who distinguish between an adsorbate on the
typically of the order of 10%. pore walls and the capillary condensate in the pore center.

Of course, the question arises whether analogous effecolz et al” report heat-capacity measurements on the liquid-

occur for solid-solid transitions. There are in fact some fewSOI'd and the SOl'd'SO."d transition. Both transitions were
found to be hysteretic and similarly shaped anomalies.

examples of structural studies on solidified pore fillings. Ice,. , . 15 ; .

) . . " Schiratoet al.™ performed neutron-diffraction measurements
an obvious candidate for polymorphic transitions, crystal- . ; S
! . ) . . ) on different pore sizes. In 6-nm pores, the solid is found to
lizes in pores in the cubicl) rather than in the ordinary

N . . form structures that are consistent with those of $hend 8
hexagonal () modification and there is no evidence for a y, . yhases. For narrower pores, however, the authors pro-

crystallographic phase transitiBnSolid N, in nanometer pose an amorphous structure that they call less ordered than
pores remains in the high-g structure down to the lowest {he |iquid phase. In all these studies various types of porous
temperature&® The B-a structural phase transition occur- sjlica have been used as substrate.

ring in the bulk system is obviously suppressed. However, in  This paper presents a systematic x-ray-diffraction study
pore-condensed CO, which in the bulk state is isomorphougn O, in silica samples with three different pore sizes as
to Ny, the -« transition still occurs. On cooling thB-a  function of temperature and filling.

transition of CO is shifted to loweF, similar to the melting
transition. On warming an intermediate orientationally disor-
dered fcc phase appears, which is unknown in the bulk $tate.

For previous results on Osee below. _ The porous substrates of our study are a Wcor glass
The pha_se sequence of bulk @ liquid-y-B-«a V\_/l'fh the (Corning that turned out to have an average pore diameter
melting point at 54.4 K and the-B and B-a solid-solid  of 13 nm(see belowand two xerogel§*GELSIL,” Geltech
(first-orde) transitions at 44 K and 23.9 K. The phase is  |nc. Orlando, Fl) with D values of 7.5 nm and 5 nm, as
cubic Pm3n, paramagnetic and orientationally disorderedpecified by the supplier. Both types of porous glass are prac-
with two inequivalent sites with spherelike and disklike ori- tically pure SiQ and there are no indications in our work
entational distributions of the molecular axis. In the rhombo-tpat the pores are in any way different except for the diam-
hedral R3n B phase the molecular axes are all parallel,eter and a slightly larger porosity of the xerogels. For further
along the threefold crystallographic axis. The spins lie in theinformation on the porous substrates, see the electron-
basal plane and form a short-range-ordered version of a 12@nicroscope studies and the small-angle x-ray and neutron
deg Nel state. The lowF monoclinic o phase is a simple studies of Refs. 16—18. Our own small-angle x-ray results
collinear antiferromagnet. The chemical lattice of the indicate that the pores are randomly oriented in space.
phase is derived from thg phase through a homogeneous The samples have been filled with oxygen well above the
distortion of magnetoelastic origin.,Qhus combines struc- bulk melting point by adsorption out of the vapor phase
tural and magnetic aspecs:*?1t is presumably for this rea- (rather than by letting the liquid to be soakedl. ifihe vapor-
son that there is considerably more information ontan  pressure isotherms, that is, the quantitgf O, adsorbed in
on most other smaller molecules embedded in pores: Thihe pores vs the vapor pressuieare shown are in Fig. 1

Il. EXPERIMENTAL
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FIG. 1. Adsorption isotherms of Ofor the three porous silica
substrates used in this study=85 K for the 7.5-nm xerogel and
T=70 K for 5-nm xerogel and the 13-nm Wcor glass. The quantity
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adsorbed is normalized to the complete filling, the vapor pressure to g
its saturated value. a—0,

T=16K
using reduced unit9=P/Pq, f=n/ny. HerePy is the satu-
rated vapor pressure ang the complete filling. Thé values A P e
actually investigated by x-ray diffraction are 0.89, 0.41, 0.36, 20 30 40 50 60 o
and 0.27 for the 7.5-nm xerogel, 0.90, 0.44, 0.34, 0.27, and 20 [degree]

0.14 for the 5-nm xerogel, whereas the Wcor sample has
been studied with an almost-complete filling of 0.95, only. ~ FIG. 2. Diffraction patterns of a complete filling of,@ 7.5-nm
The pore diameteD can be determined from thep pores at selected temperatures. The background intensity of the
isotherm in two ways. The initial part of the isotherm is due€mpty substrgte has been subtracted. Also shown are patterns of the
to the growth of an adsorbed layer on the pore walls. Her%h're.e crystalline phases, B, y of bulk O, as calculated on the
the isotherm is well described by the Brunauer, Emmett, an asis o_f Ref. 11. The width of the calculated powder lines gives the
Teller (BET) model® A fit of this model to the data yields resolution of the difiractometer.
the active surface. Combining this information with the po-
rosity, the pore diameter can be calculated assuming homdras also been investigated by different types of scans, for
geneous cylindrical pores. The hysteretic part of the isothermnvhich the scattering vector is no longer perpendicular to the
at higherf, f>f, is due to capillary condensatiéh.The  surface of the samples, rocking scans in particular. It turns
vapor pressure at which the pores empty on desorption isut that the samples do not show any texture that they are
related to the radius of curvature of the meniscus of the capsotropic powders in the sense of powder diffractometry.
illary condensate and to the surface tension via the Kelvin The samples are mounted inside an all-metal cell having
equation. It is usually assumed that this radius is equal to ththe shape of an equilateral triangular prism. Two of the faces
pore radius. Clearly, both ways of extracting the pore diamare equipped with Be windows for the passage of the incom-
eter are standard, but require the knowledge of crucial paing and the outgoing x-ray beam.
rametergnamely, the area per molecule for the first method Cooling down a porous sample filled with a condensed
and the surface tension for the second meftat rely on  gas is a problem. There is a temperature interval in which the
some questionable assumptions. We qidtealues based on vapor pressure is of the order of 7to 10”7 Torr, which is
the Kelvin equation. For the two xerogels we arrived atlhe already too low in order to guarantee a good thermal contact
values specified by the supplier. The BET-based values arfigetween the glass sample and the cell walls via the vapor, but
larger by about 20%. still large enough for the distillation of the condensate out of
The x-ray-diffraction setup consists of a conventionalthe pores onto the colder walls to occur on the time scale of
two-circle diffractometer with monochromatized ®y, ra-  the experiment. This loss may be reduced, but not com-
diation emanating from a rotating anode running at 10 kWpletely suppressed by a carefully chosen cooling rate and a
Coupled -6 scans of the Bragg-Brentano scattering geom-good mechanical contact between the glass sample and the
etry have been used. A typical counting time is 30 s per stepcell, but eventually we only managed to keep the material in
For the 29 resolution of the instrument, see Fig. 2. the pores by adding some millibars of He contact gas when
The distribution of diffracted intensity in reciprocal space working at temperatures below 55 K.
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The Bragg peaks of the three solid phases of bujka©
ambient pressure as calculated from the structural data of
Krupskii et al!! and of Barretet al!? are included in Fig. 2.
The Miller indices of the Bragg peaks of tifephase refer to
the hexagonal setting. The width of the peaks of the calcu-
lated patterns reflects thefZresolution of our experiment.
The comparison of the experiment and the calculation shows
that the pore solid is in the phase at 45 K and in thg
phase at 25 K. Not only the strong reflections expected for
the two phases at low scattering angles could be detected but
several weaker ones at higher angles 8uch as (320) or
(113); can also be observed. Thus the pore solid, or more
exactly its capillary condensed component, reproduces the
phase sequence of bulk,@t ambient pressure liquig-8
but with lowered transition temperatures, considerable ther-
mal hysteresis and wide-coexistence regions, as will be dis-

x—ray intensity

{ ] L ] . ] )
20 25 30 35 40 45 cussed below. _
26 [degree] Does the capillary condensate eventually transform into

the low-T « phase? In an x-ray diffraction experiment the
FIG. 3. Diffraction patterns for four different fillings of 7.5 nm B-« transition of bulk Q shows up via a splitting of some
pores at 41 K. The background intensity of the substrate has begnowder lines, in particular of the (11@}ine. See the calcu-

subtracted. lated patterns ofx and 8 bulk O, in Figs. 2 and 4. The
experiment fails to give clear-cut evidence for such a split-
IIl. RESULTS AND DISCUSSION ting, but at 16 K, the lowest temperature of our setup, the
(110)4 line is somewhat broadened in the 7.5-nm pores and

A. Structures slightly split in the 13-nm poreéFig. 4). The T dependence

For all three pore sizes the diffraction patterns are liquid-2ctually suggests that these subtle changes of the peak pro-
like at higher temperatures, but show Bragg peaks at lovileés have almost saturated at 16 K such that we do not ex-
temperatures. See Fig. 2 for an overview ogidthe 7.5-nm  PeCt much more of a change below 16 K. A magnetic study
xerogel. The pattern recorded at 50 K, a temperature wefff Oz in the same samples has produced convincing evidence
below the bulk triple point, suggests that the pore filling is'Of the A-a transition to occur at about 20 K in the 13-nm

still liquid at this temperature. The broad peak arourdl 2 pores and at about 18 K in the 7.5-nm pofé€ombining

—30 deg is interpreted as the first maximum of the structuréhe magnetic and the structural information we propose that a

factor of the liquid. The maximum shifts to larger angles on’B'a'”k.e antiferroma_gne_tic ordering of the spins stil takes
X o ’ . : e ) place in pores of this size, but the accompanying homoge-
cooling. Within the experimental error this shift is consistent

. . g T neous magnetoelastic distortion of the lattice is reduced and
with the thermal expansion coefficient of the bulk liquex- 9

) . replaced by more local strains.
trapolated to temperatures below the bulk melting point * "the \yidth of the powder lines exceeds the instrumental

The width of the peak narrows on cooling, by about 10%;eso|ytion by far. For thes phase the intrinsic width is inde-
between 60 K and 50 K, suggesting an increase of the COfsendent of sirg within the experimental error. This suggests
relation length of the liquid. the finite sizel of the crystallites rather than inhomogeneous
At lower T the patterns show relatively well-defined |attice strains to be the dominant reason for the line broad-
Bragg peaks. Here the pore condensate or at least a part ofghing. The values derived far are given in Table I. For all
is obviously crystalline. As already mentioned above and disthree substrates studiddis close to, in fact somewhat larger
cussed in detail in our previous work on MRefs. 7 and 2L than, the pore diametdd even though the difference df
one can distinguish two components of pore solid, an amorand D is of the order of the experimental error. The free
phous coating of the pore wallfor f<f;) and a capillary diameter available for the capillary condensate is actually
condensed solid in the pore centéor f>f.). The Bragg lower than the nominal pore diametér by about 1 nm,
peaks of the solid state stem from the capillary condensatéecause of the amorphous layer on the walls. Thus we pro-
As can be seen from the isotherms of Fig. 1 thevalue(of  pose that they crystallites are coherent across the free pore
the liquid regime is about 0.35 for the 7.5-nm and 0.4 for diameter but are somewhat larger along the pore axis, such
5-nm pores, what in both cases corresponds to a limitinghat the resulting isotropic average settles at a value
thickness of the adsorbate layer of roughly three monolayeslightly larger thanD.
equivalents. In the solid regimé&, can be estimated from the Schiratoet al. have observed relatively sharp Bragg peaks
evolution of the diffraction pattern with See Fig. 3 for the the width of which translates into a value bfbetween 60
7.5 nm pores at 41 K: Fof=0.27 the pattern is that of the and 100 nm, an order of magnitude larger than the pore
amorphous wall coating. Fof=0.36 first indications of diameter of 6 nm. Sharp Bragg peaks can, of course, be due
sharper features superimposed on the amorphous backgroutwlbulk material outside the pores. We recall our discussion
appear, which fof =0.41 have developed into Bragg peaks. of the problems when cooling down pore fillings.
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FIG. 4. The variation of the
(110 reflection of theB phase at
lower temperatures for D
=7.5 nm, left, andD=13 nm,
right. The splitting as expected for
a-B transition of bulk Q is
shown for comparison.

x—ray intensity

5I5 5IB b7 5I5 56 57
20 [degree] 20 [degree]

In the B8 phase the linewidth varies from peak to peak in afile keeping the intensity ratio of the two peaks fixed at the
peculiar way. Here the analysis of the data requires somealue of bulk3-O,. The stacking fault probabilityv is then
comments.L is treated as a second-rank tensor, with theobtained from the width in excess to what is caused by finite
major axis along the threefold crystallographic axis. The size. The results are shown in Table |. The values/aug-
structure can be understood as the fcc structure stretchegbst that stacking faults are definitely a prominent defect of
along one of the body diagonals and the axes of the OB-O, in pores, but on the other hand they are much less
molecules aligned along this direction. Hence, ghphase is  abundant than in the truly spherical close-packed hcp phase
expected to be susceptible to stacking faults and we considef pore-condensed Nwith w=0.3). The fact that the same
stacking faults as a source of line broadening, in addition tovalue ofw has been observed for=13 nm and 7 nm could
finite size, by generalizing the pertinent models developednean that in3-O, the stacking faults are not so much needed
for spherical close-packed structufés?®The determination for a matching of the crystallites to the pore geometry, but
of the width of the peak$003), (110, (006), and (113 is  are debris left over from the-g transition.
straightforward, since these peaks do not overlap with others. Most remarkable are the different valueslof andL, .
Furthermore, it turns out that these peaks are not affected byhereas L. is of the order of the pore diametér, is about
stacking faults. Hence their intrinsic width is relatedlio  three times larger. Obviously thg crystallites can grow
The components of thie tensor,L., andL, (=L,=Ly) can alongc over a considerable distance. This must mean that
be determined directly from the width @03 [or (006)] and  they have a strong tendency of being aligned withdtais
(110, respectively. The widths of the overlapping peaksalong the pore, which in turn requires the molecular axes to
(10D and (012, which form the broad maximum around point alongc, parallel to the walls. Analogous observations
20=33 deg, have been derived from fits of a two-peak prohavggbeen made for the hcp phase of pore-condengeadl

Cco?

TABLE |. Coherence length. of the y phase, the coherence

lengths in the basal plane and alanyd-, andL., and the stacking

fault probabilityw of the 8 phase for the three pore diamet&s B. Phase transitions

investigatedD andL are in units of nanometer. The freezing and melting of the capillary condensate can
be identified through the appearance and disappearance of
y phase B phase the Bragg peaks of the phase and somewhat more indi-
D L L, L, W rectly from the concomitant change of the intensity of the
amorphous or fluidlike component of the diffraction pattern.
13 16 125 39 0.07 Figure 5 shows the integrated intensity of the (21@flec-

tion for D=7.5 nm. Freezing starts at 49.2 K and is more or
less complete at 48 K. Melting starts at 48 K and is com-
5 6 45 pleted at about 52 K. Thus the liquid-solid transformation of
the capillary condensate shows a thermal hysteresis, both

7.5 9 9 23 0.07
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and heating. Figure 6 shows a compilation of all data avail-
able from the literature on the freezing and melting points of
(210)Y peak O, in porous glassesT;—T,, and T3—T; are reasonably
well proportional to 1D. This kind of dependence has been
L T P W mentioned in many previous publications on pore
S F melting®%2-2The problem is thati) this relation is of little
. . predictive value since it results quite generally from the com-
Voot petition of a volume-free energy and an interfacial energy
"\ A%y and that(ii) it is not clear at all whether this relation is
4 4 exactly fulfilled or not, mainly because tlievalues are sub-
3 ject to large systematic errors and because different groups of
‘, A, authors use different ways for the determinatiorDof
\ A Figures 7-10 illustrate the-gB transition of pore con-
densed @. Figure 7 shows th& dependence of the intensity
44 48 48 50 52 54 of two selected Bragg peaks representing the two phases in-
temperature [K] volved for D=7.5 nm and 13 nm. There is considerable
thermal hysteresis, even more than for the freezing/melting
FIG. 5. The variation of the integrated intensity of t{#&10) transition. The width ofy-B coexistence is abo® K both
peak of they-phase upon freezing®) and melting &) for D on cooling and on warming. Figure 6 shows the transforma-
=7.5 nm. tion temperatures ., (for cooling andT 4., (for warming,
as determined from the midpoints of the coexistence regions,
freezing and melting taking place significantly below theplotted as function of . The data of previous studies is
bulk triple point T3, the melting process being smeared outalso included. The value of , ;=44 K (and also ofT;
over a largefl range than freezing. These observations are in=50 K) reported by Schiratet al. for D=6 nm is rather
qualitative agreement with previous work op (Refs. 2 and  close to the bulk value, which may mean that the diffraction
3) and other molecules embedded in nanometer pores. As wamatterns of these authors were actually contaminated by a
have shown recently for the melting of Ar, such a behaviorcontribution of bulk material. The transformation tempera-
can be explained in terms of a first-order phase transition itures are again roughly proportional to D1/ For D
a confined cylindrical geometry, an important point being the=7.5 nm and 13 nm, the-B transition is more or less
intrusion of a wetting layer of the higl-phase between the complete, even though occasionally we have obseryed
pore wall and the lowF phase in the pore centeriFor a  residues temperatures well beldly.;. See e.g. the weak
quantitative comparison with previous results o5y @e de-  (210), peak in the 25 K pattern of Fig. 2.
fine the freezing and melting temperatdreand T, as the For the sample with the smaller pord3€5 nm), how-
midpoints of the liquid-solid coexistence regions on coolingever, they-g transformation of the capillary condensate is

integr. x-ray intensity

detoom — 4 — b e A —f

cooling heating
55

50

FIG. 6. Phase-transition tem-
peratures of @ plotted vs the in-
verse pore diameter. This study:
(@,0), Ref. 15: @,0), Ref. 22:
(A,A), Ref. 2: x (filed and
empty, Ref. 3: (*,X). The first
symbol stands for freezing and
melting, the second for the solid-
solid transition that in the diffrac-
tion studies is identified ag-gB
i J transition.
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-
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FIG. 7. The variation of the integrated intensity of tt#00)
reflection of they phase and of th€d03) reflection of theB phase
across they-g transition for cooling @) and heating A) for D
=13 nm and 7.5 nm.

incomplete. This is illustrated in Fig. 8. The diffraction pat-

terns at higher temperatures, e.g., at 36 K for cooling and 41

K on heating are single phase The patterns at low tem-
peratures are superpositions pfand 8 patterns, as can be
seen, e.g., from the coexistence of (21@nd (110). The
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FIG. 8. Diffraction patterns for an almost complete filling (
=0.90) for D=5 nm. The patterns are actually the differences
betweenf=0.90 andf =0.41 and, therefore, represent the capillary-
condensed part of the pore filling, only.

Figure 10 displays th& dependence of the molar volume
vm as derived from the peak positions of theand thep
phase. FoD=5 nm, v, values for both phases are avail-
able over a widdl range because of the incomplete transfor-
mation.v ,, of the capillary condensate is larger than for the
bulk and it increases with decreasing pore s{&@r clarity,
the values foD =13 nm are not included in the figure, they
are slightly lower, but very close to the values for 7.5 hm.
The difference between the molar volumes of ghand the
v phase appears to be the same as for bulk 10 the 8
phase the excess of the molar volume with respect to the
bulk is practically entirely due to an increased value of the
lattice parametea, rather thanc. See the(110) position in
Fig. 4. Note that the Bragg angle of this peak depends,on
only. We think that this peculiar increase of the cell volume

o2}

L

volume fraction

|
0.0 0

l 1
30 40

temperature [K]

FIG. 9. Wolume fraction(as derived from the intensities of the

variation of the volume fractions of the three phases liquid Bragg-reflections of the and the@ phasg of the phases liquidy,

v, B with temperature is shown in Fig. 9. The fraction
stabilizes at lowT at about 40%.

B of the capillary condensate in 5-nm pores as function of tempera-
ture on cooling ©O) and heating ).
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T
[K] FIG. 11. First maximum of the diffraction pattern of the amor-
FIG. 10. Temperature dependence of the molar volume ofithe phous component of the pore fillin®,=5 nm, f=0.14 and 0.34,
and B8 phase in pores witlD=5 nm (®,0) and 7.5 nm &,A). equivalent to about 1 and 2 ML on the pore walls. The background
Open symbols refer to cooling and closed ones to heating. The solidf the substrate has been subtracted.
line is for bulk G, Ref. 11.
mention this point explicitly because of an intriguing obser-
is due to the lattice defects that are necessary in order teation of Schiratoet al. For a slightly underfilled sample of
match the crystallites to the pore geometry. The strain field irO, in a xerogel withD=3.5 nm, these authors have ob-
the vicinity of such a defect also changes the orientations oferved a neutron-diffraction pattern that at 60 K is of the
the neighboring @ molecules. In thg8 phase the molecules same type as those shown in Fig. tdnd in Fig. 2,T
next to a defect are tilted out of the direction, thereby =50 K). At 20 K, however, the maximum of the structure
expanding the lattice within the basal plane, but with practifactor had almost completely disappeared. Such a change
cally no effect alonge. could be due to a distillation of material out of the pores, but
There is some dependence of the structural properties artbey reject this simple explanation and suggest instead that
of the phase-transition temperatures of the capillary conderthe loss of the maximum is due to an increase in structural
sate on the fractional fillingfor a given porous matrix. Thus disorder, such that at low temperatures the amorphous pore
the Bragg peaks for lowvalues slightly larger thafi, are a  solid is more disordered than the liquid. Our results do not
bit broader than for complete fillings. It is the melting tem- agree with this reasoning.
peratureT, that shows the stronge$tdependence. FoD
=75 nm, T,,=47 K, 48 K, and 50 K and forf =0.36,
0.43, 0.89, respectively. Such effects are readily explained by
the pore size distribution. The narrower pores are the firstto The y-g transition of pore-condensed,&hares many

fill on adsorption and to undergo a phase transition on heafeatures with pore melting and freezing: The transition tem-
ing. perature is lowered with respect to the bulk state, the tem-

perature shiftAT being roughly proportional to I¥; the
transition shows thermal hysteresis and involves phase coex-
istence; and the heat capacity anomalies have a shape very
Figure 11 shows théfirst) maximum of the diffraction  similar to those of freezing and meltirg.
pattern of the amorphous componefit=0.14 and 0.3%in The y-B transition of bulk Q is a reconstructive transi-
5-nm pores. For the lower filling,= 0.14 that corresponds to tion, with no group-subgroup relation between the high-
somewhat less than 1 ML adsorbed on the pore walls, thiand the lowT phase and hence necessarily of the first order.
feature shows nd dependence. We think that here the O Reconstructive and other “martensitic” transitiGh° are
molecules are basically immobile, pinned to favorable adknown to react sensitively to lattice defects by showing ther-
sorption sites on the pore walls. Fbr=0.34, equivalent to mal hysteresis and occasionally incomplete transformations.
roughly 2 ML, there is still no evidence for any major struc- This is so because transformation strains play a vital role.
tural change, such as a phase transition, even though théhe local strain fields surrounding the defects, subsitutional
maximum shifts to larger scattering angles and sharpenas well as topological ones, interfere with the transformation
somewhat on cooling. Obviously the upper part of the adstrains and thus modify the nucleation and growth of the
sorbed bilayer does show thermal contraction and some irproduct phase. Thus there is practically no therya hys-
crease of the correlation length towards [@wNote that the teresis in well-annealed bulk,Gamples, but in @rich pre-
overall intensity of the maximum is aboutitindependent. We  cipitates from Ar-Q mixtures, that is in microcrystals possi-

D. Comments on they-B transition

C. Amorphous component
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bly containing a few percent of Ar impurities, a hysteresis ofpore filling and emptying in context with sorption isotherms
5 K has been observéd Clearly, there are lots of defects in may be helpfuf? The change of the-3 interface withT is
pores and the effects just described are expected to be inm fact analogous to that of the vapor-liquid interface as func-
portant for a detailed understanding of the3 transition in  tion of vapor pressure. The-8 transition afT in the former
narrow pores. On the other hand one would not understandase corresponds to capillary condensation in the latter. The
why AT should be proportional to I/ in this scenario. This propagation of they-8 interface through the pore network
peculiar behavior rather points to a geometric origin. Wedue to nucleation and growth is likely to be a percolation-
recall that the simple phenomenological model we have protype process that depends sensitively on the connectedness
posed recently for the freezing and melting in pores is by n@and the accessibility of the cavities and throats of the pore
means specific to a melting transition, but can be applied tmetwork. Such effects should be more pronounced the
the present case as well. For a completely filled pore, thersmaller the pore diameter and perhaps lead to the incomplete
are three relevant interfacial energies,,, oz, andoz. transformation in the 5-nm pores.
The subscripts denote the phases that are in contact at the
interface, ‘w” stands for the pore wall or more exactly for
the amorphous layer on the walls. In the pofeg; is shifted
downward and they phase thus stabilized with respect to the  Obviously solid Q in pores down to at least 5 nm forms
B phase. This suggests thaf, <o,z which is in agreement a nanocrystalline component in addition to an amorphous
with the idea that a disordered phase should be able to adjusbmponent next to the walls. The nanocrystalline component
more easily to a particular geometry. In fact, orientationallyobeys the phase sequence liqyigs of the bulk system. We
disordered “plastic” phases are known to have very low sur-find the formation of a crystalline solid, of the solid in
face energies with respect to the liquid and often do not shovparticular, in pores as narrow as 5 nm quite remarkable. After
any faceting. Let us, therefore, assume thetr=o,,; all, the pore diameter available for the capillary condensate
—ow,—0,5>0. In case this relation holds, theg transi-  amounts to just a few lattice parameters, 6 in fact for the
tion can proceed as follows: Already at low temperaturessolid in the 5-nm pores. Furthermore, the building principle
well belowT%”‘, a cylindrical shell of they phase intrudes of the y phase, a stacking of “spheres” and “disks,” is defi-
between the amorphous layer on the pore walls andythe nitely much more intricate than the simple close packing of
phase in the pore center, thereby reducing the interfacial erspheres of, e.g., fcc Ar or hgg-N, and CO.
ergies at the expense of volume-free energy. On warming, In order to match to the walls, the nanocrystalline solid
the thickness of this shell increases and finally at a charadas to pay a price in the form of lattice faults; one type of
teristic temperaturely, To<T>4*, the remainingB solid  which, namely, stacking faults @-O,, could be identified in
transforms all at once intgy. This happens when the release the diffraction pattern. The size of the crystallites in the ra-
of interfacial energy to the elimination of the 8 interface is  dial direction is limited by the pore walls. Along the pore
equal to the latent heat necessary for4hg transition of the ~ axis the crystalline coherence can extend over somewhat
core. The model ignores any pressure difference across tharger distances. In thg phase the main symmetry axis of
curved interface and thus implicitly assumes that the phasdse lattice and the molecular axes show a preference of being
are incompressible. It supplies a natural explanation of th@ligned parallel to the pore axis.
1/D dependence and the thermal hysteresis gf. See Ref. The question whether the-g3 transition takes place in the
7 for the free-energy functional, metastable states, and apores could not be definitely answered. Presumably there is
example of theT dependence of the fraction of the high- still an antiferromagnetic ordering of the spins, but the mag-
phase. netoelastic deformation is reduced. Melting and freezing ap-

The results of the present experiments are in genergiear to be analogous to pore-condensed Ar. 7H@ transi-
agreement with this view but on the other hand cannot protion is particularly sensitive to the confinement in the pores.
duce direct proof for the model. The low-y fraction for  In the smallest pores studied this transformation remains in-
D=5 nm and even the loW- y remainders in the larger complete. The peculiar behavior of both the melting and the
pores mentioned earlier should not be identified with what isy-8 transition with a 1D dependence of the downward shift
called above an intruding shell. VaryingA o within reason-  of the transition temperature, thermal hysteresis with respect
able limits suggests that this shell should never grow largeto cooling and heating and coexistence regions appears to be
than 1 or 2 ML and it is obvious that the diffraction pattern @ natural consequence of the confined geometry: the high-
of such a thin layer would be very weak and would have ndemperatures phase nucleates first as thin layer next to the
more than little resemblance with the pattern of bytk pore walls and finally spreads across the pores, a process
Thus, it is presumably more appropriate to refer not to asimilar to capillary condensation.
layer of y material but to a “matching” layer that mediates ~ Note added in proofRecently, another article on oxygen
between the3 solid in the pore centefwith molecules ori-  in mesopores has been publisHéd.
ented preferentially along the pore gxand the amorphous
bilayer on the pore wallgperhaps with molecules preferen-
tially aligned perpendicular to the walls

A complete understanding of theg-8 transition also has This work has been supported by the Sonderforschungs-
to consider network effects. Here concepts developed fobereich 277.

IV. SUMMARY
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