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Solid N, and CO in nanoporous glasses
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N, and CO condensed into nanoporous glasses have been investigated by vapor pressure measurements and
x-ray diffraction as a function of temperature and fractional filling. The pore material is stable with respect to
bulk condensation for any fractional filling. The adsorbate on the pore walls has to be distinguished from the
capillary condensate in the center of the pores. This distinction can be made not only in the liquid, but also in
the solid state. The solid capillary condensate is quasi-hcp at higher temperatumesnains in this state
down to the lowest temperatures, even in pores as large as 130 A diameter, whereas CO transforms into the
orientationally ordered®a3 phase. On heating an orientationally disordered intermediate phase with a fcc
center-of-mass lattice is observg¢80163-18209)08941-9

[. INTRODUCTION molecules of the cell points along one of the faurll)

directions®’” However, the entropy change at theg transi-

When materials are confined within small pores in thetion of N, is only 63% of that of CO. Furthermor@-N, is

range of a few nm, their properties may be substantiallystable over a much wider temperature interval thfagO;
modified with respect to the bulk state. It is, e.g., well knownsee Table I. In short, properties that depend on the spherical
that the melting temperature is significantly reduced in suctaverage of the intermolecular interactions, such as melting,
pores'? Considerable effort has been spent on understandingre similar; the properties that depend on the anisotropic part

the liquid state of pore condensed systérfigut there are of the intermolecular interactionsT(,;,AS,z) show pro-

only a few investigations of the solid state. nounced differences. The small dipole moment of CO ap-
Recently, we have reported on the structure, thermodypears to have no effect on the structure.
namics, and melting of pore condensed°AFfhe present Our first x-ray diffraction patterns on solid,;Monfined in

study deals with Bland CO, nonspherical molecules which a porous glass with an average pore diameter of 50 A
have orientational degrees of freedom. The major objectivehowed that this sample remained Huegth a lot of stacking
is insight into the effects of the confinement on a structurafaults) down to the lowest temperaturdsdere we present
phase transition, namely, theg transition. N and CO are additional measurements on M pores with 25, 75, and 130
molecules of similar size and shape. As bulk systems, the}A as well as investigations of pore condensed CO in pores
have closely related structural and thermodynamic propemith 75 A diameter.
ties: see Table I. The melting temperature and entropy of
melting are almost equal. BqlkzNand CO are isomo_rphous Il EXPERIMENT
in both solid phases. The high-temperaty@ehase is hcp
with a practically idealc/a ratio. Here the molecules are  The experimental setup allows the simultaneous measure-
orientationally disordered due to rapid reorientations. Atment of volumetric adsorption isotherms and x-ray diffrac-
lower temperatures the bulk solids undergo a first-ordetion patterns x=1.542 A). Details have been provided
phase transition into the: phase(cubic, Pa3), which in-  elsewheré. The thermodynamic state of the pore condensed
volves a change of the center-of-mass lattice from the hcpmaterial will be given in terms of the variables temperature
stacking sequencéAB... to the fcc-stacking sequence T, reduced vapor pressune=p/psa, and filling fraction
ABC. .. and an orientational ordering of the molecular axesf=N/Ny; ps.(T) is the saturated vapor pressure of the
i.e., of the quadrupole moments, such that each of the foupulk. N is the number of molecules in the sample ci,the
number necessary for the complete filling of the poMsgis
about 10 mmol.

The matrix materials used in our study are two controlled
pore glasses, xerogels “Gelsil” with nominal pore diameters
of 25 and 75 A as specified by the manufactuf@eltech

TABLE I. Thermodynamic data of Nand CO(Ref. 19; T3
triple-point temperatureT,;z, a-8 phase transition temperature;
AS,,, entropy of meltingAS,z, entropy change at the-g transi-
tion; Q, quadrupole momend, dipole moment.

N, co Inc. Orlando, FL and a Vycor glass with a pore diameter of
130 A. The porous glasses have been checked by routine
T8 (K) 63.15 68.9 characterization in form of N adsorption-desorption iso-
Top (K) 35.61 61.55 therms at 77 K based on the Brunauer-Emmett-Teller
AS,, (J/mol/K) 11.43 12.27 (B.E.T) analysis for the initial part of the isotherm and on
AS,z (J/mol/K) 6.446 10.30 the Kelvin equation for the vapor pressure necessary for
Q (cgs units —1.4x10726 —2.5x10728 emptying the pore3.
d (D) 0.12 Some results have been obtained by adsorption and de-

sorption at constant temperatures, most, however, by cooling
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Lol e voed tion and desorption. See our work on Ar for a discussion of
’ * this transition and its connection with the melting transition.
0.8 _ The capillary condensate in the center of the pores empties
j ] on desorption at a characteristic presspge leaving behind
0.6 - - an adsorbate film on the pore walls. Following density func-
o4l . | tional calculations we will assume thag (and notp,) is the
' ../" equilibrium vapor pressure of the capillary condensite.
“é 02 “‘.,.—-'" T=77K The lower panel of Fig. 1 shows the adsorption-
E= Che desorption isotherm of Nat T=52 K. Here the pore filling
E oof ' ' is solid (see the diffraction patterns of Fig).3'he equilibra-
2 tor XA tion time of the vapor pressure at highes several hours.
g o8 . | The general shape of the 52 K isotherm is similar to that
' l Ef of the liquid state. The initial parts of the isotherms at
0.6 — R - T=77 and 52 K are in fact identical. However, the adsorp-
e ,°' tion branch of the hysteretic region is much steearis
0.4 - o f n lower, and the hysteresis loop is wider than in the liquid
02l . e ® - S state. In summary, the isotherms of Fig. 1 shpw that the pore
. filling is stable with respect to the condensation of the bulk,
0.0 ] | | | both in the liquid and solid regimes, that the adsorbate state

" 0.00 0.25 0.50 0.75 1.00

at lowf is practicallyT independent, and that not only in the
reduced pressure p

liquid, but also in the solid state the pores can be filled via a
FIG. 1. Adsorption-desorption isotherms of k a 75 A con-  first-order phase transition, namely, capillary condensation.
trolled pore glasg“Gelsil” ) in the liquid state at 77 K and in the Figure 2 shows diffraction patterns of solid ik several
solid state at 52 K. types of porous glass for almost complete filling. Note that
the contribution of the substrate to the diffraction pattern has
and heating with approximately constant filling fractions. been subtracted, properly accounting for tllependent ab-
Such “quasi-isosteric” experiments are adequate at highegorption of x rays. The figure also includes diffraction pat-
temperatures where the pore condensate is in equilibriurﬂgrns of the two phases of bUlkzNJthh have been prepared
with its vapor at sufficiently large vapor pressures. Problem%y evaporation onto the external surface of the porous glass
arise at lowerT, in our experiment below about 45 K, be- sgmple. The diffraction patterns of the solid confined in
cause of an extremely slow equilibration of the vapor presnores of different size show littl# dependence: see Fig. 2
sure. See the discussion in Ref. 5. Below 50 K some mbar 6y T=20K. Thus one can rule out a structural phase tran-

He contact gas have been added into the cell. sition within the solid state down to 16 K, the lowest tem-
perature investigated. The widths of the reflections increase
Ill. RESULTS AND DISCUSSION with decreasing pore diameter. The diffraction pattern ob-

tained for the smallest pores, with a diamdber 25 A, is of
the type which is typical for an amorphous structure. The
The 77 K adsorption-desorption isothefras function of  patterns for pores witl =130 and 75 A are very similar.
p for the 75 A xerogel is shown in Fig. 1. It has been re-They show five Bragg peaks, which all coincide with reflec-
corded by adding consecutively small amounts of gas intdions of bulk hcpB-N,, although with altered intensity ratios
the cell and by allowing the pressure to relax toward theand enhanced linewidths. TI&02) reflection is missing: the
equilibrium value in each step. At this temperature the(103) reflection is extremely broadened, but can be still iden-
equilibration time is several minutes. tified. Analogous observations have been made in neutron
The general shape of the isotherm including the hysteretidiffraction studies on Bland D, in Vycor glasst**2where in
part can be understood in terms of adsorption and capillarfact the similarity to a hcp pattern was even lesser. Recently,
condensation of liquids in cylindrical poréghe initial part  we have shown that the differences between the bulk hcp
of the isotherm is similar to what is obtained for physisorp-diffraction pattern and the diffraction pattern of the confined
tion on planar heterogeneous substrates. For low fractionalolid N, in 50 A pores can be reasonably well explained by
fillings f, the N, molecules form a thin adsorbate film on the finite size and stacking faulfsThis concept also holds for
pore walls. Owing to their amorphous state of the matrix, thesolid N, confined in the somewhat larger pores of 75 and 130
walls have to be regarded as a heterogeneous substrate #iof the present study. Here we arrive at stacking fault prob-
adsorption. A quantitative analysis shows that the fqvart  abilities around 0.3 for both diameters and the crystallite
of the isotherm is reasonably well described by the B.E.TsizesL given in Table Il as derived from the linewidths of
model. The resulting parameters are the specific surface aréaur powder lines by means of the Scherrer formileex-
of 560 nf/lg and the B.E.T. heat of adsorption of 660 ceeds the pore diameter. Obviously, the confined solid can
cal/mol? Here we assumed an area per molecule of 16.2 A develop crystalline coherence along the pores over quite a
At higherf, at a characteristic pressysg, as defined experi- distance. The largest value bbofis obtained from the width of
mentally from the point of steepest ascent, a first-order phastae (002 reflection, suggesting that maximum coherence is
transition into the capillary condensed state occurs. The trambtained for crystallites which are grown in an orientation
sition is accompanied by hysteresis with respect to adsorpsuch that thes axis is parallel to the pore axis.

A. Nitrogen
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FIG. 3. Diffraction patterns of Nconfined in a 75 A controlled
pore glass taken in temperature step4 & on cooling and heating
through the temperature range of melting.

xX-ray intensity

N, in GELSIL 754, T=20K and T, is 61 and 49 K, respectively. The relative shift
=1—Tm/Tg“”< of the melting temperature relative to the
triple point of the bulk system is approximately proportional
to the inverse pore diameter,0l/ Analogous observations
have been made in many types of material in confined ge-
ometries, ranging from small molecules to organic chain
molecules and metal$1°The proportionality ofs and 1D
stems from the competition of a surface and a volume en-
ergy, and is thus of simple geometric origin and of little help
for discriminating between different modéfsin our recent
work on confined Ar we have worked out the connection of
Tg and T, with the difference of the chemical potential of
5 20 25 80 35 40 45 50 55 60 the pore and bulk condensates.
scattering angle 20 (deg) Figure 4 shows diffraction patterns as a function of filling,
0.21<f<0.94, which have been recorded in connection with
FIG. 2. Diffraction patterns of a bulk Nfilm below and above adsorption steps of the 52 K isotherm of Fig. 1. For
Tog and of N, confined in porous glasses with various pore diam-<(.73 the diffraction patterns have a broad maximum at
eters. All patterns are for practically completely filled poresTat ghout 29 =27° and a second weak and even broader one
=20K. around 48°. These patterns are characteristic of the highly
. S . . disordered, amorphous structure of the adsorbate state of the
Figure 3 shows the mqst significant part of the'd|ffract|oninitia| part of the isotherms. A comparison to adsorbed
pattern for pores W'th a_dlam_etér of 75 Aon (_:o_o_lmg_ and_ monolayers on planar homogeneous substrates gives further
h_eatmg through the liquid-solid transition. Solidification, in- insight into these structures. ,Nmonolayers on graphite
dicated by the appearance of ##90, (002, af.‘d(ml) hcp (001 form a two-dimensional triangular center-of-mass
Bragg peaks, occurs a_t abolit=54 K, melt_mg at about latticel” We have calculated the powder diffraction pattern
Tn=58 K. Thus there is a thermal hysteresis of about 4 K.yt g,ch 4 Jattice for different sample sizesnd arrive at an
For the pore diameters of 130 and 25T is 58 and 47 K acceptable description of the lofapatterns by choosing val-
TABLE Il. The coherence length calculated from the width of ues pr of thf Ord‘?f of 20 A: see Fig. 5 fdr=0.11. T.he first
the reflectionghkl) for N, in pores with different diameter. maximum is identified as thel0) p?ak' the second is QUe to
the strongly broadened, overlappifidl) and(20) reflections
of the triangular lattice. The resulting next-neighbor distance

N, in GELSIL 254, T=20K

(hkl) L A) D (A) ) N . . . .

is 4.1 A. This is close to the distance in the orientationally
(100 181 disordered hcgB phase of bulk M. Hence we think that the
(110 119 75 N, molecules of the adsorbed layer on the pore walls are
(002 274 randomly oriented. The resulting area per molecule is 14.5

A?, significantly smaller than the value of 16.2 Jvhich is
(100 201 usually chosen for the B.E.T. analysis of the surface Htea.
(110 159 130 Forf up to a value of 0.65, the diffraction pattern does not

(002 450 change much, apart from an increase of the diffracted inten-
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FIG. 6. The second moment of the first maximum of the diffrac-
tion patterns of Fig. 4which develops at highef into the hcp
reflections(100), (002, and (101)] as a function of the fractional
filling f.

X-ray intensity

ong

A sible for the quasi-hcp component of the diffraction pattern.
/\\ This is also documented in Fig. 6 which shows ftaepen-
dence of the width of the first maximum of the diffraction

A pattern. Clearly, there is a break at the onset of capillary
A condensation arounti=0.73. Thisf value corresponds to a
thickness of wall coating of roughly four monolayers. For

higherf, the patterns can be decomposed into the amorphous

: . : : contribution of the adsorbate on the walls and the quasi-hcp

20 30 40 50 capillary condensate, the amount of the latter part being

scattering angle 20 (deg) given by f—0.73. Analogous observations have been made
for confined Ar,

FIG. 4. The diffraction pattern of the solid state of, NT

=52K) in 75 A pores as a function of fractional fillirfy .
B. Carbon monoxide

sity with f. Sharper Bragg peaks occur for the first time at  All measurements on CO have been made for pores with
f=0.73. Thisf value corresponds to the vapor pressuy®f D=75A. Figure 7 shows the pattern of almost completely
the adsorption isotherm. Thus the structural data indicate, ifilled pores at three different temperatures and of the two
agreement with the thermodynamic data, the onset of capibhases of an evaporated bulk film for comparison. The dif-
lary condensation. It is the capillary condensed solid in thefraction pattern of the pore material it=65K (4 K below
center of the pores and not the wall coating which is responthe triple point of bulk CQ is of the liquid type. AtT
=55K the diffraction pattern is of the hcp type and similar
to that of pore condensed,NFig. 2). On further cooling
there is a substantial change to a pattern which is clearly of
X the Pa3 type, known from thex phase of the bulk solid.
. T caleulated, d,=4.14, L=1000A Thus confined CO, in contrast to,Nstill undergoes the
\ phase transition from the orientational disordeg@gphase
with a hcp center-of-mass lattice to the orientational ordered
a phase with a fcc center-of-mass lattice. Further insight into
the structural behavior of pore condensed CO on heating and
cooling is obtained from Figs. 8 and 9. Figure 8 shows the
evolution of the diffraction pattern, Fig. 9 the intensity of
three selected reflections. The (1Q0@gflection is a measure
of the volume fraction of the quasi-hgpphase; (200) rep-
resents the material with a fcc center-of-mass lattice, inde-

— calculated, d,=4.14, L=17A

xX-ray intensity

P

P
EELEITIT T TR ey

“ \.] """""" 1 pe | pendent of whether the CO-quadrupole moments have
20 o 40 . 20 5 60 achieved the peculid®a3-type orientational ordering or not.
scattering angle 29 () The (210), reflection, on the other hand, is related to just

FIG. 5. Comparison of the measured monolayer diffraction patthis structural pattern of orientational order. The square root
tern of N, (f=0.11D=75A) with powder patterns calculated for Of the (210), intensity can be regarded as the orientational
a two-dimensional triangular lattice,, is the parameter of the tri- order parameter of thBa3 phase.

angular lattice its linear extension. The pattern for=1000 A is Hcp Bragg peaks appear on cooling at about 62 K; the
shown on a reduced intensity scale. capillary condensed component solidifies. It forms the quasi-
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FIG. 7. Diffraction pattern of a bulk-film CO abow63 K) and FIG. 8. The diffraction pattern of confined CE75A) as
below (60 K) T2 and of CO in 75 A pores at three different measured on cooling and heating. The temperatures given refer to

temperatures, representing the liquid state anggthed« phases of ~ the patterns of the left panel, too.

the pore condensate. ) ) ) )
diffraction results. Figure 10 also includes data for the bulk

hcp B structure already known from NIn the temperature solid. The change\V of the volume at the transition has
range from 54 to 52 K the reflections of tifeand @ phases about the same value in the bulk and in the capillary con-
coexist. Below 52 K the hcp phase has disappeared and tltensed state. The volume jump of the pore condensate coin-
material is in thea phase. On heating there is a decrease ofides with the hc?a3 transition on cooling and with the
the Pa3 specific reflections such as (21®tarting at about Pa3-fcc transition on heating. Thu8V is connected with
54 K. Above 58 K these reflections are absent. However, théhe orientational order-disorder transition and not with the
(200), reflection can be observed up to significantly highertransformation of the center-of-mass lattice. The pore phases
temperatures. On heating there i eange, from about 58 to have larger volumes and are less dense than the correspond-
61 K, in which the structure is fcc and nBa3. Here the CO ing bulk states. This is presumably due to a lot of lattice
orientations are already disordered, but the center-of-mag#efects which the solid has to form in order to adapt to the
lattice is still fcc. The fcc phase transforms back into the hcppores. The difference with respect to the bulk is larger in the
B phase via a wide coexistence region. Around 63 K the por@rientationally ordered low- phase than in the disordered
condensed solid is in the single-phadeegion. Melting oc-  high-T phase. The relatively large value Wf, in the Pa3
curs at about 64 K. Thus the phase sequence is liquid-hcghase of the pore condensate is presumably connected via
Pa3 on cooling, butPa3-fcc-hcp-liquid on heating. On the orientation-strain coupling with a great deal of random
heating out of thePa3 phase, the orientational disordering orientational disorder, that is, with deviations of the orienta-
no longer coincides with the reconstruction of the stackingions for the easy111) directions in particular in the neigh-
sequence of the center-of-mass lattice from fcc to hcp. Reéborhood of lattice defects. On the other hand, the fcc center-
gions of phase coexistence have a typical breadth of 2 Kof-mass lattice of thé®a3 phase appears to be more perfect
except for the fcc-to-hep transition, which extends over 8 K.than the highF hcp phase. In thé®a3 phase the stacking
All phase changes show a thermal hysteresis between heatiifgult probability is only about 0.05 compared to 0.3 in the
and cooling: the transition temperatures are reduced relativiecp phase.
to the bulk state. The largest hysteresis, of about 8 K, is In the following the thermodynamic state of the CO cap-
observed for the transformation of the center-of-mass latticellary condensate is characterized by the emptying pressure
Additional information on the phase transitions comespqy(T). The pressure is converted into the difference of the
from the temperature dependence of the molar voliupe chemical potential with respect to the bulk systep,
(Fig. 10, as determined from the lattice parameter of the— u?"*=kgT In(p): the resulting phase diagram is shown in
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FIG. 11. The chemical potential of bulk C@quares and of
capillary condensed CO=(uq) in 75 A pores for different thermal
histories: heating out of the phase along the fcc branétircles),
heating out of thes phase along the hcp brané¢tiiangles. Large
symbols refer to data points which have been determined from iso-
therms. The chemical potential of the bulk liquid is used as a zero
reference line.

Mg (related topy) are from a few adsorption-desorption iso-
therms, which are of the same type as those shown fanN
Fig. 1, and from quasi-isosteric heating runs where the sys-

FIG. 9. The intensity of three reflections of CO in 75 A pores astem is held in the steep part of the desorption branch of the

a function of temperature on cooling and heating.

isotherms.
The T variation of »®* is in agreement with the litera-

Fig. 11. The chemical potential of the bulk liquid and its ture. The kinks at about 68 and 61.5 K defipg" andT 5.
extrapolation to temperatures belo§"* is used as a zero The entropy of melting and the entropy of theg transition

reference line. The data on the bulk condenspte 1) have

as obtained from the difference of the slope$ (

been obtained by overfilling the pores with CO. The data or= —Jdu/dT) above and below the corresponding phase tran-
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FIG. 10. The molar volume of bulk C@solid line, from Refs.

sition temperature are (11:9.5) and (10.£0.5) J/mol/K,
in agreement with the literatursee Table)l

The u-T diagram of Fig. 11 shows that capillary con-
densed CO has a smaller chemical potential than bulk CO,
both in the liquid and solid phases. The differercgy (i
=liquid,B,«) of the chemical potential relative to the bulk
system is larger in the liquid state than in the solid phases.
The same observations have been made for Ar. The melting
temperaturd ,, is indicated by the kink oft4(T) at about 63
K. As pointed out in Ref. 5, the reduction &f, relative to
T5“kis a consequence of the fact thi 99> A x4 . In an
analogous way the reduced phase transition temperature of
the pore solid is given by T,z=Tog—(Auf
—Aug)/AS,s. All Aw's can be extracted from Fig. 11.

In the following we discuss the chemical potentig)(T)
of the capillary condensate in the solid state. Diffraction has
shown that different phase sequences are obtained on heating
and cooling. Sinceuy(T) has to be measured on heating
rather than on cooling, we have to use special routes in order
to get into the competing mesophases fcc and hcp: The
condensate is brought to low temperatures where it is in the
Pa3 phase, angwy(T) is recorded on subsequent heating
(fcc branch of Fig. 11 along the sequence

19 and 20 and of CO confined in 75 A pores as a function of Pa3-fcc-hcp-liquid. The kink ofuy4(T) at about 58 K marks

temperature.

the transition from thePa3 phase into the orientationally
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disordered fcc phase. The subsequent transformation of theatisfy the orientation-dependent, quadrupolar interactions.
center-of-mass lattice from fcc to hcp cannot be identified onThe orientational ordering lifts the previous degeneracy of
the basis of the data omy(T). In a second experiment the the fcc and hcp stacking sequences in the orientationally dis-
condensate is cooled down from the liquid state into the hcrdered state and establishes the fcc stacking sequence of the
phase at 58 K angl4(T) is measured on subsequent heatingPa3 structure, thereby eliminating most of the stacking
(hcp branch As shown in Fig. 11 the chemical potential of faults of the hight phase. Clearly, a certain number of lat-
the hcp state of the hcp branch is lower than that of the fcgice defects is necessary for the accommodation of the crys-
state of the other branch. talline solid to the pore geometry, but lattice defects are defi-
Finally, the solid mesophase has been formed by adsormitely more costly in the orientationally ordered phase than
tion and brought touy by subsequent desorption at 58 K. in the disordered phase. Presumably, this is the reason why
The resulting value ofiq falls on the hcp branch of Fig. 11. the difference of the chemical potential between the pore
The structure of the capillary condensate so prepared is igolid and bulk solid is smaller in the ordered than in the
fact hcp, as has been verified by diffraction. Thus the stablelisordered state u®<A u?, with the consequence that,s
configuration at intermediate temperatures is hcp and not fcgs lower than in the bulk.
The fcc configuration is a metastable or long-lived instable The peculiar behavior of CO gives access to the quadru-
state. Note, however, that the difference of the chemical popolar order-disorder transition on a fcc center-of mass lattice,
tential of the two configurations is minute and the entropieshe (210), intensity being related to the order parameter.
practically identical. Landau theory calls for a phase transition of first ordéfhe
experiment on the pore condensed mate(fiad)s. 8 and 9
rather suggests a continuous decrease of the peak intensity,

C. Comments on the structural phase transition which of course may be due to different transitions tempera-
The hcpPas3 transition is known from the bulk solids of tures in pore sections with different diameters.
N,, CO, ortho-H, and para-B it involves the orientational Why is the hcpPa3 transition suppressed in pore con-

ordering of the molecular quadrupole moments and the redensed B, but not in CO? fcc-hcp transformations are
construction of the center-of-mass lattice from the hcpknown from solid He and from several metals like Co. The
AB... to the fccABC. .. stacking sequence. The under- highly cooperative “martensitic” mechanism of such trans-
standing of this type of transition is incomplete because aformations results from the principle of the minimization of
order parameter in the sense of Landau theory cannot bgirain energy. The smallest stack of close-packed planes, fcc
formulated and because computer simulations cannot de&l11) or hcp(001), which can be inserted coherently into the
with changes of the stacking sequence within a reasonabl@ttice of the other kind, contains just six layéP$” In crys-
computing time?>?? The theoretical and computational ef- tallites smaller than that or in samples which contain lattice
forts rather treat the orientational ordering on the hcp and fcélefects, some uncompensated transformation strain will ap-
center-of mass lattices separately. The following results haveear. The fcc-hcp transformation will only take place if the
been obtained from computer simulatidig* The free en- difference of volume free energy can account for this strain
ergies of the disordered hcp and fcc phases are practicalgnergy. This situation obviously occurs in pore condensed
identical. On the fcc lattice, there is a transition into a3~ CO, but cannot be accomplished in pore condensgd=air
phase. Here the directors of neighboring molecules form ai, the orientation-dependent contribution to the volume free
angle of 109°, which is relatively close to the minimum energy of the ordered phase is smaller because of the smaller
“ T configuration of a pair of molecules interacting via a quadrupole moment, while on the other hand the strain ener-
quadrupole-quadrupole interaction. On the hcp lattice, howdies, which depend in the first respect on the isotropic part of
ever, this interaction is highly frustrated and only short-rangghe intermolecular interactions, are little different from those
orientational order develops at temperatures which are sigh CO. From this reasoning one expects a downward shift of
nificantly lower, about 30%, than calculated fé@3 transi- the hcp-toPa3 transformation temperature which is larger
tion temperature. The short-range orientational arrangemeri@r N than for CO. If the transformation is delayed to such
is reminiscent of the pinwheel phase known from com-an extent that the thermal energy becomes small compared to
pressed CO monolayers adsorbed on grapfifthe forma-  the barriers for reorientation, the héfa3 transition will no
tion of long-range orientational order is preempted by thdonger take place. Considering the fact tfgl; is a priori
freezing of the quadrupole moments in the local crystal fieldower for N, than for CO and that the barriers are presum-
potential. ably comparable, the different structural behavior of the two
Indeed, the present results show that the chemical poterpore condensates is plausible.
tials of the hcpB phase and of the orientationally disordered  Thus pore condensed,emains hcp down to lowest tem-
fcc phase, which can be prepared by heating pore condensgeratures, even in pores as wide as 130 A. As far as the
CO out of thea phase, are almost identioddig. 11) and that  stability of the pore condensed hcp phase gis\concerned,
there are no anomalies of thermodynamic observables at the can estimate the temperature at which the chemical po-
fce-to-hep transformation. This also means that the energy déntial of the bulkPa3 phase is equal to the chemical poten-
a stacking fault is small and that accordingly the stackingtial of capillary condensed hcp by extrapolatingu™(T)
fault probability in the orientationally disordered fcc and hcpand wy(T) to low T. One arrives at values around 0 K. Thus
mesophases is large. The transition from hcpPta3 on  the hcp pore filling appears to be stable with respect to a
cooling is triggered by the orientation-dependent intermo+ransformation into bulkPa3 material, even if it would re-
lecular interactions; the stacking sequence of the center-ofnain in a state of dynamic orientational disorder at [dw
mass lattice is changed from hcp to fcc mainly in order toThus one can exclude a dewetting transition. Does the N
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hcp pore material undergo any structural change on coolinglary condensate is only slightly lower than that of the bulk
There are no superlattice peaks at [dwvhich would indi-  material. A typical differencé\u is 30 K. The difference is
cate long-range orientational order. At Ioly thermally ac- somewhat larger in the liquid state than in the solid state with
tivated reorientations come necessarily to rest: the quadruhe consequence that the melting temperature is lower than in
pole moments freeze in and form an “orientational glass.”the bulk. The adsorbate on the pore walls is amorphous,
The experiment gives no information on the structure of theremotely related to a two-dimensional triangular lattice with
local orientational patterns and on the size of the cohererd coherence length of about four intermolecular distances.
regions. The structure of the solidified capillary condensate in the
Finally, it should be noted that a structural behaviorcenter of the pores is similar to that of the bulk solid, but
analogous to that found in the pore condensates of CO antbntains a lot of lattice defects, stacking faults in particular,
N, has been observed in mixed crystals when the quadrupavhich are obviously the price the pore solid has to pay for
lar species B ortho-H, or para-D is diluted by suitable the accommodation to the confined geometry. The coherence
substitutional spherical moleculéar, para-H, and ortho- length of the crystallized material in the pore center exceeds
D,, respectively?®?® Detailed information exists for the pore diameter. As far as these fundamental thermody-
(N,),Ar,_,. For such mixed crystals witk around 0.9, a namic and structural properties are concerneglahd CO
sequence of phases has been observed on cooling ahéhave in a way analogous to Ar.
heating® which is identical to that of pore condensed CO. At lower temperatures capillary condensed CO and N
For mixed crystals withtk<0.8, the a-8 transition is com- behave differently. Mremains in the quasi-hcp state down to
pletely suppressédlin a way analogous to the situation in lowest temperatures without any indication of long-range
pore condensed N Obviously, the confinement in pores and quadrupolar ordering. CO transforms into the ordeRaB
substitutional defects have similar effects on the structuragtructure known as the low-phase of the bulk solids. On

behavior of N and CO. heating a quadrupolar order-disorder transition brings the
system into an intermediate orientationally disordered fcc
IV. CONCLUSIONS phase, unknown in bulk CO. The highphase is restored by

a martensitic fcc-hcp transition. The structural transition

The present experiment has given information on the thertemperature of CO is lower than in the bulk. This is due to
modynamic and structural state of Bind CO solidified in a  the fact that the orientationally disordered “plastic” phase
nanoporous Si@matrix. For any fractional fillind, the pore  can adapt to the confinement more easily than the orienta-
condensate is stable with respect to the bulk condensatg®nally ordered phase. The different structural behavior of
outside the pores. The pore condensate profits from the aore condensed Nand CO results from different ratios of
tractive potential of the pore walls. We have no indicationthe isotropic and of the anisotropic part of the intermolecular
for a dewetting transition, a process which has been disnteractions.
cussed for pore condensed.H3! At low filling the pore
condensate exists as adsorbate on the pore walls: at higher
filing the pore center is filled via capillary condensation, ACKNOWLEDGMENT
which is a phase transition of first order. The critical thick-
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