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Solid N2 and CO in nanoporous glasses
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~Received 7 April 1999!

N2 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 temperatures. N2 remains in this state
down to the lowest temperatures, even in pores as large as 130 Å diameter, whereas CO transforms into the
orientationally orderedPa3 phase. On heating an orientationally disordered intermediate phase with a fcc
center-of-mass lattice is observed.@S0163-1829~99!08941-9#
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I. INTRODUCTION

When materials are confined within small pores in t
range of a few nm, their properties may be substantia
modified with respect to the bulk state. It is, e.g., well know
that the melting temperature is significantly reduced in s
pores.1,2 Considerable effort has been spent on understan
the liquid state of pore condensed systems,3,4 but there are
only a few investigations of the solid state.

Recently, we have reported on the structure, thermo
namics, and melting of pore condensed Ar.5 The present
study deals with N2 and CO, nonspherical molecules whic
have orientational degrees of freedom. The major objec
is insight into the effects of the confinement on a structu
phase transition, namely, thea-b transition. N2 and CO are
molecules of similar size and shape. As bulk systems, t
have closely related structural and thermodynamic prop
ties: see Table I. The melting temperature and entropy
melting are almost equal. Bulk N2 and CO are isomorphou
in both solid phases. The high-temperatureb phase is hcp
with a practically idealc/a ratio. Here the molecules ar
orientationally disordered due to rapid reorientations.
lower temperatures the bulk solids undergo a first-or
phase transition into thea phase~cubic, Pa3), which in-
volves a change of the center-of-mass lattice from the h
stacking sequenceAB . . . to the fcc-stacking sequenc
ABC. . . and an orientational ordering of the molecular ax
i.e., of the quadrupole moments, such that each of the

TABLE I. Thermodynamic data of N2 and CO~Ref. 19!; T3
bulk,

triple-point temperature.Tab , a-b phase transition temperature
DSm , entropy of melting;DSab , entropy change at thea-b transi-
tion; Q, quadrupole moment;d, dipole moment.

N2 CO

T3
bulk ~K! 63.15 68.9

Tab ~K! 35.61 61.55
DSm ~J/mol/K! 11.43 12.27
DSab ~J/mol/K! 6.446 10.30
Q ~cgs units! 21.4310226 22.5310226

d ~D! 0.12
PRB 600163-1829/99/60~18!/12666~9!/$15.00
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molecules of the cell points along one of the four^111&
directions.6,7 However, the entropy change at thea-b transi-
tion of N2 is only 63% of that of CO. Furthermore,b-N2 is
stable over a much wider temperature interval thanb-CO;
see Table I. In short, properties that depend on the sphe
average of the intermolecular interactions, such as melt
are similar; the properties that depend on the anisotropic
of the intermolecular interactions (Tab ,DSab) show pro-
nounced differences. The small dipole moment of CO
pears to have no effect on the structure.

Our first x-ray diffraction patterns on solid N2 confined in
a porous glass with an average pore diameter of 50
showed that this sample remained hcp~with a lot of stacking
faults! down to the lowest temperatures.8 Here we present
additional measurements on N2 in pores with 25, 75, and 130
Å as well as investigations of pore condensed CO in po
with 75 Å diameter.

II. EXPERIMENT

The experimental setup allows the simultaneous meas
ment of volumetric adsorption isotherms and x-ray diffra
tion patterns (l51.542 Å). Details have been provide
elsewhere.5 The thermodynamic state of the pore condens
material will be given in terms of the variables temperatu
T, reduced vapor pressurep5p/psat, and filling fraction
f 5N/N0 ; psat(T) is the saturated vapor pressure of t
bulk. N is the number of molecules in the sample cell,N0 the
number necessary for the complete filling of the pores.N0 is
about 10 mmol.

The matrix materials used in our study are two control
pore glasses, xerogels ‘‘Gelsil’’ with nominal pore diamete
of 25 and 75 Å as specified by the manufacturer~Geltech
Inc. Orlando, FL! and a Vycor glass with a pore diameter
130 Å. The porous glasses have been checked by rou
characterization in form of N2 adsorption-desorption iso
therms at 77 K based on the Brunauer-Emmett-Te
~B.E.T.! analysis for the initial part of the isotherm and o
the Kelvin equation for the vapor pressure necessary
emptying the pores.9

Some results have been obtained by adsorption and
sorption at constant temperatures, most, however, by coo
12 666 ©1999 The American Physical Society
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PRB 60 12 667SOLID N2 AND CO IN NANOPOROUS GLASSES
and heating with approximately constant filling fraction
Such ‘‘quasi-isosteric’’ experiments are adequate at hig
temperatures where the pore condensate is in equilibr
with its vapor at sufficiently large vapor pressures. Proble
arise at lowerT, in our experiment below about 45 K, be
cause of an extremely slow equilibration of the vapor pr
sure. See the discussion in Ref. 5. Below 50 K some mba
He contact gas have been added into the cell.

III. RESULTS AND DISCUSSION

A. Nitrogen

The 77 K adsorption-desorption isothermf as function of
p for the 75 Å xerogel is shown in Fig. 1. It has been r
corded by adding consecutively small amounts of gas
the cell and by allowing the pressure to relax toward
equilibrium value in each step. At this temperature t
equilibration time is several minutes.

The general shape of the isotherm including the hyster
part can be understood in terms of adsorption and capil
condensation of liquids in cylindrical pores.3 The initial part
of the isotherm is similar to what is obtained for physiso
tion on planar heterogeneous substrates. For low fractio
fillings f, the N2 molecules form a thin adsorbate film on th
pore walls. Owing to their amorphous state of the matrix,
walls have to be regarded as a heterogeneous substra
adsorption. A quantitative analysis shows that the low-f part
of the isotherm is reasonably well described by the B.E
model. The resulting parameters are the specific surface
of 560 m2/g and the B.E.T. heat of adsorption of 66
cal/mol.9 Here we assumed an area per molecule of 16.22.
At higher f, at a characteristic pressurepa , as defined experi-
mentally from the point of steepest ascent, a first-order ph
transition into the capillary condensed state occurs. The t
sition is accompanied by hysteresis with respect to ads

FIG. 1. Adsorption-desorption isotherms of N2 in a 75 Å con-
trolled pore glass~‘‘Gelsil’’ ! in the liquid state at 77 K and in the
solid state at 52 K.
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tion and desorption. See our work on Ar for a discussion
this transition and its connection with the melting transitio
The capillary condensate in the center of the pores emp
on desorption at a characteristic pressurepd , leaving behind
an adsorbate film on the pore walls. Following density fun
tional calculations we will assume thatpd ~and notpa) is the
equilibrium vapor pressure of the capillary condensate.10

The lower panel of Fig. 1 shows the adsorptio
desorption isotherm of N2 at T552 K. Here the pore filling
is solid ~see the diffraction patterns of Fig. 3!. The equilibra-
tion time of the vapor pressure at higherf is several hours.

The general shape of the 52 K isotherm is similar to t
of the liquid state. The initial parts of the isotherms
T577 and 52 K are in fact identical. However, the adso
tion branch of the hysteretic region is much steeper,pd is
lower, and the hysteresis loop is wider than in the liqu
state. In summary, the isotherms of Fig. 1 show that the p
filling is stable with respect to the condensation of the bu
both in the liquid and solid regimes, that the adsorbate s
at low f is practicallyT independent, and that not only in th
liquid, but also in the solid state the pores can be filled vi
first-order phase transition, namely, capillary condensatio

Figure 2 shows diffraction patterns of solid N2 in several
types of porous glass for almost complete filling. Note th
the contribution of the substrate to the diffraction pattern h
been subtracted, properly accounting for thef-dependent ab-
sorption of x rays. The figure also includes diffraction pa
terns of the two phases of bulk N2 which have been prepare
by evaporation onto the external surface of the porous g
sample. The diffraction patterns of the solid confined
pores of different size show littleT dependence: see Fig.
for T520 K. Thus one can rule out a structural phase tr
sition within the solid state down to 16 K, the lowest tem
perature investigated. The widths of the reflections incre
with decreasing pore diameter. The diffraction pattern o
tained for the smallest pores, with a diameterD525 Å, is of
the type which is typical for an amorphous structure. T
patterns for pores withD5130 and 75 Å are very similar
They show five Bragg peaks, which all coincide with refle
tions of bulk hcpb-N2, although with altered intensity ratio
and enhanced linewidths. The~102! reflection is missing: the
~103! reflection is extremely broadened, but can be still ide
tified. Analogous observations have been made in neu
diffraction studies on H2 and D2 in Vycor glass,11,12where in
fact the similarity to a hcp pattern was even lesser. Recen
we have shown that the differences between the bulk
diffraction pattern and the diffraction pattern of the confin
solid N2 in 50 Å pores can be reasonably well explained
finite size and stacking faults.6 This concept also holds fo
solid N2 confined in the somewhat larger pores of 75 and 1
Å of the present study. Here we arrive at stacking fault pro
abilities around 0.3 for both diameters and the crystal
sizesL given in Table II as derived from the linewidths o
four powder lines by means of the Scherrer formula.L ex-
ceeds the pore diameter. Obviously, the confined solid
develop crystalline coherence along the pores over qui
distance. The largest value ofL is obtained from the width of
the ~002! reflection, suggesting that maximum coherence
obtained for crystallites which are grown in an orientati
such that thec axis is parallel to the pore axis.
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12 668 PRB 60P. HUBER, D. WALLACHER, AND K. KNORR
Figure 3 shows the most significant part of the diffracti
pattern for pores with a diameterD of 75 Å on cooling and
heating through the liquid-solid transition. Solidification, i
dicated by the appearance of the~100!, ~002!, and~101! hcp
Bragg peaks, occurs at aboutTS554 K, melting at about
Tm558 K. Thus there is a thermal hysteresis of about 4
For the pore diameters of 130 and 25 Å,TS is 58 and 47 K

TABLE II. The coherence lengthL calculated from the width of
the reflections~hkl! for N2 in pores with different diametersD.

(hkl) L ~Å! D ~Å!

~100! 181
~110! 119 75
~002! 274

~100! 201
~110! 159 130
~002! 450

FIG. 2. Diffraction patterns of a bulk N2 film below and above
Tab

bulk and of N2 confined in porous glasses with various pore dia
eters. All patterns are for practically completely filled pores aT
520 K.
.

and Tm is 61 and 49 K, respectively. The relative shiftd
512Tm /T3

bulk of the melting temperature relative to th
triple point of the bulk system is approximately proportion
to the inverse pore diameter, 1/D. Analogous observations
have been made in many types of material in confined
ometries, ranging from small molecules to organic ch
molecules and metals.13–15The proportionality ofd and 1/D
stems from the competition of a surface and a volume
ergy, and is thus of simple geometric origin and of little he
for discriminating between different models.16 In our recent
work on confined Ar we have worked out the connection
TS and Tm with the difference of the chemical potential o
the pore and bulk condensates.

Figure 4 shows diffraction patterns as a function of fillin
0.21, f ,0.94, which have been recorded in connection w
adsorption steps of the 52 K isotherm of Fig. 1. Forf
,0.73 the diffraction patterns have a broad maximum
about 2Q527° and a second weak and even broader
around 48°. These patterns are characteristic of the hig
disordered, amorphous structure of the adsorbate state o
initial part of the isotherms. A comparison to adsorb
monolayers on planar homogeneous substrates gives fu
insight into these structures. N2 monolayers on graphite
~001! form a two-dimensional triangular center-of-ma
lattice.17 We have calculated the powder diffraction patte
of such a lattice for different sample sizesL and arrive at an
acceptable description of the low-f patterns by choosing val
ues ofL of the order of 20 Å: see Fig. 5 forf 50.11. The first
maximum is identified as the~10! peak; the second is due t
the strongly broadened, overlapping~11! and~20! reflections
of the triangular lattice. The resulting next-neighbor distan
is 4.1 Å. This is close to the distance in the orientationa
disordered hcpb phase of bulk N2. Hence we think that the
N2 molecules of the adsorbed layer on the pore walls
randomly oriented. The resulting area per molecule is 1
Å2, significantly smaller than the value of 16.2 Å2 which is
usually chosen for the B.E.T. analysis of the surface are18

For f up to a value of 0.65, the diffraction pattern does n
change much, apart from an increase of the diffracted int

-

FIG. 3. Diffraction patterns of N2 confined in a 75 Å controlled
pore glass taken in temperature steps of 1 K on cooling and heating
through the temperature range of melting.



a

,
p

th
on

rn.

n
ary

or
ous
hcp
ing
de

ith
ly

wo
dif-

ar

y of

red
nto
and
the
of

de-
ave
.
st
oot
nal

the
si-

a
r

-

c-

l

PRB 60 12 669SOLID N2 AND CO IN NANOPOROUS GLASSES
sity with f. Sharper Bragg peaks occur for the first time
f 50.73. Thisf value corresponds to the vapor pressurepa of
the adsorption isotherm. Thus the structural data indicate
agreement with the thermodynamic data, the onset of ca
lary condensation. It is the capillary condensed solid in
center of the pores and not the wall coating which is resp

FIG. 4. The diffraction pattern of the solid state of N2 (T
552 K) in 75 Å pores as a function of fractional fillingf.

FIG. 5. Comparison of the measured monolayer diffraction p
tern of N2 ( f 50.11,D575 Å) with powder patterns calculated fo
a two-dimensional triangular lattice.dD is the parameter of the tri
angular lattice,L its linear extension. The pattern forL51000 Å is
shown on a reduced intensity scale.
t

in
il-
e
-

sible for the quasi-hcp component of the diffraction patte
This is also documented in Fig. 6 which shows thef depen-
dence of the width of the first maximum of the diffractio
pattern. Clearly, there is a break at the onset of capill
condensation aroundf 50.73. Thisf value corresponds to a
thickness of wall coating of roughly four monolayers. F
higherf, the patterns can be decomposed into the amorph
contribution of the adsorbate on the walls and the quasi-
capillary condensate, the amount of the latter part be
given by f 20.73. Analogous observations have been ma
for confined Ar,

B. Carbon monoxide

All measurements on CO have been made for pores w
D575 Å. Figure 7 shows the pattern of almost complete
filled pores at three different temperatures and of the t
phases of an evaporated bulk film for comparison. The
fraction pattern of the pore material atT565 K ~4 K below
the triple point of bulk CO! is of the liquid type. At T
555 K the diffraction pattern is of the hcp type and simil
to that of pore condensed N2 ~Fig. 2!. On further cooling
there is a substantial change to a pattern which is clearl
the Pa3 type, known from thea phase of the bulk solid.
Thus confined CO, in contrast to N2, still undergoes the
phase transition from the orientational disorderedb phase
with a hcp center-of-mass lattice to the orientational orde
a phase with a fcc center-of-mass lattice. Further insight i
the structural behavior of pore condensed CO on heating
cooling is obtained from Figs. 8 and 9. Figure 8 shows
evolution of the diffraction pattern, Fig. 9 the intensity
three selected reflections. The (100)b reflection is a measure
of the volume fraction of the quasi-hcpb phase; (200)a rep-
resents the material with a fcc center-of-mass lattice, in
pendent of whether the CO-quadrupole moments h
achieved the peculiarPa3-type orientational ordering or not
The (210)a reflection, on the other hand, is related to ju
this structural pattern of orientational order. The square r
of the (210)a intensity can be regarded as the orientatio
order parameter of thePa3 phase.

Hcp Bragg peaks appear on cooling at about 62 K;
capillary condensed component solidifies. It forms the qua

t-

FIG. 6. The second moment of the first maximum of the diffra
tion patterns of Fig. 4@which develops at higherf into the hcp
reflections~100!, ~002!, and ~101!# as a function of the fractiona
filling f.
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12 670 PRB 60P. HUBER, D. WALLACHER, AND K. KNORR
hcp b structure already known from N2. In the temperature
range from 54 to 52 K the reflections of theb anda phases
coexist. Below 52 K the hcp phase has disappeared and
material is in thea phase. On heating there is a decrease
the Pa3 specific reflections such as (210)a starting at about
54 K. Above 58 K these reflections are absent. However,
(200)a reflection can be observed up to significantly high
temperatures. On heating there is aT range, from about 58 to
61 K, in which the structure is fcc and notPa3. Here the CO
orientations are already disordered, but the center-of-m
lattice is still fcc. The fcc phase transforms back into the h
b phase via a wide coexistence region. Around 63 K the p
condensed solid is in the single-phaseb region. Melting oc-
curs at about 64 K. Thus the phase sequence is liquid-h
Pa3 on cooling, butPa3-fcc-hcp-liquid on heating. On
heating out of thePa3 phase, the orientational disorderin
no longer coincides with the reconstruction of the stack
sequence of the center-of-mass lattice from fcc to hcp.
gions of phase coexistence have a typical breadth of 2
except for the fcc-to-hcp transition, which extends over 8
All phase changes show a thermal hysteresis between he
and cooling: the transition temperatures are reduced rela
to the bulk state. The largest hysteresis, of about 8 K
observed for the transformation of the center-of-mass latt

Additional information on the phase transitions com
from the temperature dependence of the molar volumeVm
~Fig. 10!, as determined from the lattice parameter of t

FIG. 7. Diffraction pattern of a bulk-film CO above~63 K! and
below ~60 K! Tab

bulk and of CO in 75 Å pores at three differen
temperatures, representing the liquid state and theb anda phases of
the pore condensate.
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diffraction results. Figure 10 also includes data for the b
solid. The changeDV of the volume at the transition ha
about the same value in the bulk and in the capillary c
densed state. The volume jump of the pore condensate c
cides with the hcp-Pa3 transition on cooling and with the
Pa3-fcc transition on heating. ThusDV is connected with
the orientational order-disorder transition and not with t
transformation of the center-of-mass lattice. The pore pha
have larger volumes and are less dense than the corresp
ing bulk states. This is presumably due to a lot of latti
defects which the solid has to form in order to adapt to
pores. The difference with respect to the bulk is larger in
orientationally ordered low-T phase than in the disordere
high-T phase. The relatively large value ofVm in the Pa3
phase of the pore condensate is presumably connected
the orientation-strain coupling with a great deal of rando
orientational disorder, that is, with deviations of the orien
tions for the easŷ111& directions in particular in the neigh
borhood of lattice defects. On the other hand, the fcc cen
of-mass lattice of thePa3 phase appears to be more perfe
than the high-T hcp phase. In thePa3 phase the stacking
fault probability is only about 0.05 compared to 0.3 in t
hcp phase.

In the following the thermodynamic state of the CO ca
illary condensate is characterized by the emptying press
pd(T). The pressure is converted into the difference of
chemical potential with respect to the bulk system,m
2mbulk5kBT ln(p): the resulting phase diagram is shown

FIG. 8. The diffraction pattern of confined CO (D575 Å) as
measured on cooling and heating. The temperatures given ref
the patterns of the left panel, too.
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PRB 60 12 671SOLID N2 AND CO IN NANOPOROUS GLASSES
Fig. 11. The chemical potential of the bulk liquid and
extrapolation to temperatures belowT3

bulk is used as a zero
reference line. The data on the bulk condensate (p51) have
been obtained by overfilling the pores with CO. The data

FIG. 9. The intensity of three reflections of CO in 75 Å pores
a function of temperature on cooling and heating.

FIG. 10. The molar volume of bulk CO~solid line, from Refs.
19 and 20! and of CO confined in 75 Å pores as a function
temperature.
n

md ~related topd) are from a few adsorption-desorption is
therms, which are of the same type as those shown for N2 in
Fig. 1, and from quasi-isosteric heating runs where the s
tem is held in the steep part of the desorption branch of
isotherms.

The T variation of mbulk is in agreement with the litera
ture. The kinks at about 68 and 61.5 K defineT3

bulk andTab .
The entropy of melting and the entropy of thea-b transition
as obtained from the difference of the slopesS
52]m/]T) above and below the corresponding phase tr
sition temperature are (11.960.5) and (10.760.5) J/mol/K,
in agreement with the literature~see Table I!.

The m-T diagram of Fig. 11 shows that capillary con
densed CO has a smaller chemical potential than bulk C
both in the liquid and solid phases. The differenceDmd

i ( i
5 liquid,b,a) of the chemical potential relative to the bu
system is larger in the liquid state than in the solid phas
The same observations have been made for Ar. The me
temperatureTm is indicated by the kink ofmd(T) at about 63
K. As pointed out in Ref. 5, the reduction ofTm relative to
T3

bulk is a consequence of the fact thatDmd
liquid.Dmd

b . In an
analogous way the reduced phase transition temperatur
the pore solid is given by Tab5Tab

bulk2(Dmd
b

2Dmd
a)/DSab . All Dm’s can be extracted from Fig. 11.

In the following we discuss the chemical potentialmd(T)
of the capillary condensate in the solid state. Diffraction h
shown that different phase sequences are obtained on he
and cooling. Sincemd(T) has to be measured on heatin
rather than on cooling, we have to use special routes in o
to get into the competing mesophases fcc and hcp:
condensate is brought to low temperatures where it is in
Pa3 phase, andmd(T) is recorded on subsequent heati
~fcc branch of Fig. 11! along the sequence
Pa3-fcc-hcp-liquid. The kink ofmd(T) at about 58 K marks
the transition from thePa3 phase into the orientationall

s

FIG. 11. The chemical potential of bulk CO~squares! and of
capillary condensed CO (5md) in 75 Å pores for different therma
histories: heating out of thea phase along the fcc branch~circles!,
heating out of theb phase along the hcp branch~triangles!. Large
symbols refer to data points which have been determined from
therms. The chemical potential of the bulk liquid is used as a z
reference line.
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12 672 PRB 60P. HUBER, D. WALLACHER, AND K. KNORR
disordered fcc phase. The subsequent transformation o
center-of-mass lattice from fcc to hcp cannot be identified
the basis of the data onmd(T). In a second experiment th
condensate is cooled down from the liquid state into the
phase at 58 K andmd(T) is measured on subsequent heat
~hcp branch!. As shown in Fig. 11 the chemical potential
the hcp state of the hcp branch is lower than that of the
state of the other branch.

Finally, the solid mesophase has been formed by ads
tion and brought tomd by subsequent desorption at 58 K
The resulting value ofmd falls on the hcp branch of Fig. 11
The structure of the capillary condensate so prepared i
fact hcp, as has been verified by diffraction. Thus the sta
configuration at intermediate temperatures is hcp and not
The fcc configuration is a metastable or long-lived insta
state. Note, however, that the difference of the chemical
tential of the two configurations is minute and the entrop
practically identical.

C. Comments on the structural phase transition

The hcp-Pa3 transition is known from the bulk solids o
N2, CO, ortho-H2, and para-D2; it involves the orientationa
ordering of the molecular quadrupole moments and the
construction of the center-of-mass lattice from the h
AB . . . to the fccABC. . . stacking sequence. The unde
standing of this type of transition is incomplete because
order parameter in the sense of Landau theory canno
formulated and because computer simulations cannot
with changes of the stacking sequence within a reason
computing time.21,22 The theoretical and computational e
forts rather treat the orientational ordering on the hcp and
center-of mass lattices separately. The following results h
been obtained from computer simulations:23,24 The free en-
ergies of the disordered hcp and fcc phases are practic
identical. On the fcc lattice, there is a transition into thePa3
phase. Here the directors of neighboring molecules form
angle of 109°, which is relatively close to the minimu
‘‘ T’ ’ configuration of a pair of molecules interacting via
quadrupole-quadrupole interaction. On the hcp lattice, h
ever, this interaction is highly frustrated and only short-ran
orientational order develops at temperatures which are
nificantly lower, about 30%, than calculated fcc-Pa3 transi-
tion temperature. The short-range orientational arrangem
is reminiscent of the pinwheel phase known from co
pressed CO monolayers adsorbed on graphite.25 The forma-
tion of long-range orientational order is preempted by
freezing of the quadrupole moments in the local crystal fi
potential.

Indeed, the present results show that the chemical po
tials of the hcpb phase and of the orientationally disorder
fcc phase, which can be prepared by heating pore conde
CO out of thea phase, are almost identical~Fig. 11! and that
there are no anomalies of thermodynamic observables a
fcc-to-hcp transformation. This also means that the energ
a stacking fault is small and that accordingly the stack
fault probability in the orientationally disordered fcc and h
mesophases is large. The transition from hcp toPa3 on
cooling is triggered by the orientation-dependent interm
lecular interactions; the stacking sequence of the cente
mass lattice is changed from hcp to fcc mainly in order
he
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satisfy the orientation-dependent, quadrupolar interactio
The orientational ordering lifts the previous degeneracy
the fcc and hcp stacking sequences in the orientationally
ordered state and establishes the fcc stacking sequence o
Pa3 structure, thereby eliminating most of the stacki
faults of the high-T phase. Clearly, a certain number of la
tice defects is necessary for the accommodation of the c
talline solid to the pore geometry, but lattice defects are d
nitely more costly in the orientationally ordered phase th
in the disordered phase. Presumably, this is the reason
the difference of the chemical potential between the p
solid and bulk solid is smaller in the ordered than in t
disordered state,Dma,Dmb, with the consequence thatTab
is lower than in the bulk.

The peculiar behavior of CO gives access to the quad
polar order-disorder transition on a fcc center-of mass latt
the (210)a intensity being related to the order paramet
Landau theory calls for a phase transition of first order.21 The
experiment on the pore condensed material~Figs. 8 and 9!
rather suggests a continuous decrease of the peak inten
which of course may be due to different transitions tempe
tures in pore sections with different diameters.

Why is the hcp-Pa3 transition suppressed in pore co
densed N2, but not in CO? fcc-hcp transformations a
known from solid He and from several metals like Co. T
highly cooperative ‘‘martensitic’’ mechanism of such tran
formations results from the principle of the minimization
strain energy. The smallest stack of close-packed planes
~111! or hcp~001!, which can be inserted coherently into th
lattice of the other kind, contains just six layers.26,27 In crys-
tallites smaller than that or in samples which contain latt
defects, some uncompensated transformation strain will
pear. The fcc-hcp transformation will only take place if th
difference of volume free energy can account for this str
energy. This situation obviously occurs in pore conden
CO, but cannot be accomplished in pore condensed N2. For
N2 the orientation-dependent contribution to the volume f
energy of the ordered phase is smaller because of the sm
quadrupole moment, while on the other hand the strain e
gies, which depend in the first respect on the isotropic par
the intermolecular interactions, are little different from tho
in CO. From this reasoning one expects a downward shif
the hcp-to-Pa3 transformation temperature which is larg
for N2 than for CO. If the transformation is delayed to su
an extent that the thermal energy becomes small compare
the barriers for reorientation, the hcp-Pa3 transition will no
longer take place. Considering the fact thatTab is a priori
lower for N2 than for CO and that the barriers are presu
ably comparable, the different structural behavior of the t
pore condensates is plausible.

Thus pore condensed N2 remains hcp down to lowest tem
peratures, even in pores as wide as 130 Å. As far as
stability of the pore condensed hcp phase of N2 is concerned,
one can estimate the temperature at which the chemical
tential of the bulkPa3 phase is equal to the chemical pote
tial of capillary condensed hcp N2 by extrapolatingmbulk(T)
andmd(T) to low T. One arrives at values around 0 K. Thu
the hcp pore filling appears to be stable with respect t
transformation into bulkPa3 material, even if it would re-
main in a state of dynamic orientational disorder at lowT.
Thus one can exclude a dewetting transition. Does the2



ing

dr
.’

th
re

io
a
p

a
O

in
d
r

e

a

on
di

ig
n
k-
pe
p

lk

ith
n in
us,
ith
es.

the
ut
ar,
for
nce

eds
dy-

N
to
ge

the
fcc

on
to

se
nta-
of
f
lar

gs-

PRB 60 12 673SOLID N2 AND CO IN NANOPOROUS GLASSES
hcp pore material undergo any structural change on cool
There are no superlattice peaks at lowT which would indi-
cate long-range orientational order. At lowT, thermally ac-
tivated reorientations come necessarily to rest: the qua
pole moments freeze in and form an ‘‘orientational glass
The experiment gives no information on the structure of
local orientational patterns and on the size of the cohe
regions.

Finally, it should be noted that a structural behav
analogous to that found in the pore condensates of CO
N2 has been observed in mixed crystals when the quadru
lar species N2, ortho-H2, or para-D2 is diluted by suitable
substitutional spherical molecules~Ar, para-H2, and ortho-
D2, respectively!.28,29 Detailed information exists for
(N2)xAr12x . For such mixed crystals withx around 0.9, a
sequence of phases has been observed on cooling
heating30 which is identical to that of pore condensed C
For mixed crystals withx,0.8, thea-b transition is com-
pletely suppressed29 in a way analogous to the situation
pore condensed N2. Obviously, the confinement in pores an
substitutional defects have similar effects on the structu
behavior of N2 and CO.

IV. CONCLUSIONS

The present experiment has given information on the th
modynamic and structural state of N2 and CO solidified in a
nanoporous SiO2 matrix. For any fractional fillingf, the pore
condensate is stable with respect to the bulk condens
outside the pores. The pore condensate profits from the
tractive potential of the pore walls. We have no indicati
for a dewetting transition, a process which has been
cussed for pore condensed H2.

11,31 At low filling the pore
condensate exists as adsorbate on the pore walls: at h
filling the pore center is filled via capillary condensatio
which is a phase transition of first order. The critical thic
ness of the adsorbate where this occurs depends on tem
ture and pore diameter. The chemical potential of the ca
J.
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lary condensate is only slightly lower than that of the bu
material. A typical differenceDm is 30 K. The difference is
somewhat larger in the liquid state than in the solid state w
the consequence that the melting temperature is lower tha
the bulk. The adsorbate on the pore walls is amorpho
remotely related to a two-dimensional triangular lattice w
a coherence length of about four intermolecular distanc
The structure of the solidified capillary condensate in
center of the pores is similar to that of the bulk solid, b
contains a lot of lattice defects, stacking faults in particul
which are obviously the price the pore solid has to pay
the accommodation to the confined geometry. The cohere
length of the crystallized material in the pore center exce
the pore diameter. As far as these fundamental thermo
namic and structural properties are concerned, N2 and CO
behave in a way analogous to Ar.

At lower temperatures capillary condensed CO and2
behave differently. N2 remains in the quasi-hcp state down
lowest temperatures without any indication of long-ran
quadrupolar ordering. CO transforms into the orderedPa3
structure known as the low-T phase of the bulk solids. On
heating a quadrupolar order-disorder transition brings
system into an intermediate orientationally disordered
phase, unknown in bulk CO. The high-T phase is restored by
a martensitic fcc-hcp transition. The structural transiti
temperature of CO is lower than in the bulk. This is due
the fact that the orientationally disordered ‘‘plastic’’ pha
can adapt to the confinement more easily than the orie
tionally ordered phase. The different structural behavior
pore condensed N2 and CO results from different ratios o
the isotropic and of the anisotropic part of the intermolecu
interactions.
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