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An infrared study on CO intercalated in solid C 4
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The infrared(IR) absorbance spectra of CO intercalated in solig kave been measured as a
function of temperature. The spectra show a gradual transition from a nearly free rotation of the CO
molecules to a situation where their rotational motion is severely hindered. The hindering of the
rotational motion of CO caused by the surrounding @olecules is found to be comparable to that
observed for CO dissolved in a liquid. Good agreement is found between quantum mechanically
calculated spectra and the measured IR spectra. The intermolecular van der Waals vibrations of a
CO molecule rattling in the octahedral site of theg,Cattice have been observed at low
temperatures. The IR spectra of CO intercalated yg &e measured and compared to those
observed for CO intercalated ingg © 1999 American Institute of Physics.
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I. INTRODUCTION rotational motion, while at low temperatures their rotations
are hindered.From IR measurements as a function of pres-
The rotational and translational dynamics of small mol-sure, i.e., as a function of the size of the interstitial site, a
ecules trapped in liquids or solids can be accurately studiethrge part of the transition from translationally and rotation-
using infrared(IR) absorption spectroscopy. Already in the ally free molecules to rigidly oriented CO molecules has
1960s, it was observed that the IR spectra of theand v, been studied.Here we present detailed IR absorption mea-
vibrational bands of methane molecules trapped in the sutsurements on CO intercalated inggCaround both the CO
stitutional cavities of rare gas crystalsenon, krypton and stretch fundamental and the first overtone as a function of
argon show a fine structure which can be ascribed to theemperature. From a band shape analysis, a qualitative pic-
quantized levels of a slightly hindered rofoMore recent ture of the molecular dynamics of CO is obtained, and the
high resolution IR measurements on methane trapped iresults are compared to those obtained for CO dissolved in
these rare gas matrices have revealed discrete rovibrationahrious liquids. A full quantum mechanical calculation is
transitions, and the observed rotational level spacing is seguerformed to be able to interpret the observed spectra quan-
to depend on the cavity size, i.e., on the noble gas tifteid. titatively. From an analysis of the isotope shifts of the fun-
well established that in solid hydrogen, the simplest molecudamental transition and the first overtone of the CO stretch
lar solid, the hydrogen molecules rotate and vibrate nearlyibration, the harmonic frequency and the anharmonicity of
freely. Using IR spectroscopy, the pure rotational and rovi-CO intercalated in gy are obtained. The intermolecular van
brational transitions of a small fraction of ortho-hydrogender Waals modes, which are sensitive probes of the interac-
trapped in an almost pure para-hydrogen crystal have bedipn between CO and the surroundingy@nolecules, have
observed up taAJ=6 (W-branch.? In addition, the pure ro- been observed as weak sidebands of the fundamental transi-
tational and rovibrational transitions of para-hydrogen havdion of CO. For comparison, the observed IR spectra of CO
been observed in the solid up tod=8 (Y-branch,®* and intercalated in G, are measured as well.
the linewidths of these transitions are seen to approach those
of gas phase moleculésRecently, the rotationally resolved
IR absorption spectra of Fmolecules/dimers and OCS
molecules trapped inside superfluid helium-4 clusters have The IR absorption measurements are performed on films
been measuret.’ The obtained spectra could be fitted using of Cgo Which have been intercalated with CO gas using high
the Hamiltonian of a free rotor. The resulting rotational con-pressure, high-temperature synthdskor this, high purity
stants are considerably smallgay a factor of 3 than those Cg, powder (MER Corp., purity =99.9%) is sublimed in
of the free molecules, however, which is attributed to thehigh vacuum (10 mbap on a KBr pellet using typically a
interaction of the molecules with the surrounding superfluidtemperature of 650 °C for a period of one hour. The obtained
Recently, we have reported on the rovibrational motionfiims of Cgy on KBr usually have a thickness in the range
of CO intercalated in the octahedral sites of the face-centereletween 15 and 3@m as determined from IR absorption
cubic lattice of Gy. The dynamics of CO in these interstitial measurementsgvide infra). Subsequently, the g film is
sites of the G lattice has been studied using IR spectros-loaded into a high-pressure ves¢Bharr Instrument, 580
copy, nuclear magnetic resonan®MR) spectroscopy and bar andT<350°Q0), and it is exposed to typically 240 bar of
theoretical calculations. It has been found that at room tem€O gas(natural abundance, purity 99.0%t a temperature
perature the CO molecules are sufficiently free to perform af 250 °C for a period of a day. After the cooling down of
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the high-pressure vessel and the removal of the CO gas, the [ 2 To295K

CO intercalated g film is taken out and stored under high 3 )

vacuum immediately. The CO intercalateg,@Ims are pro- é o1

duced in a similar way using pure;&powder(MER Corp., 2

purity =99%). Some IR absorption measurements have <

been performed on g films intercalated with 99 atomdC 00

enriched!3CO gas. The intercalation of polycrystallingC g 20 |

powder with *CO gas has been described in detail § 250m”

elsewheré? In short, the’3CO gas(Isotec: 11.0 ba.45 | g0t N

with 99 atom%?3C) is cryo-pumped from the lecture bottle < J

to the high-pressure vessel by cooling the vessel down to 00 = I i I

liquid nitrogen temperature. After heating of the high- o B[ 9 T=10K

pressure vessel to 250 °C,3CO gas pressure of roughly € 10l 0.4em”

400 bar is reached. At the end of the high-pressure run, most % /'

of the 3CO gas is retrieved by cryo-pumping it back into the & %% o T

lecture bottle. 00 . . | 2122 2125
The IR absorption spectra as a function of temperature 2000 2050 2100 2150 2200 2250

. . . Wavenumber (cm™
are recorded using a Fourier transform infraféd@IR) ab- em )

sorption spectrometediBruker, IFS 66y and a helium flow FIG. 1. Measured IR absorption spectra of CO intercalated gnag a
cryostat (Oxford, Optista). The cryostat is pIaced in the function of temperature, i.e(@ 295, (b) 77, and(c) 10_K. The transmission
sample chamber of the FTIR spectrometer, and the Opticipedra have been mgasured at a spectral resolutlo_n of 0.2 @nd they _

. ave been converted into absorbance spectra by taking the natural logarithm
connections t_o the SpECtrom.Eter are made through vacuumiee the experiment sectioriThe spectra shown ite) and (b) have been
The vacuum in the cryostat is maintained by a turbo pumpneasured on the same CO intercalatgg flm with a thickness of 25um,
which is backed by a membrane pump, and the pressure ygﬁilsl the .sr;])ectanlw( shown]c itt) has beer|1 measured on a CO_inter<f:atI1ated
typically on the order of 107 mbar. The high vacuum in the gg ;tr)”s(‘;‘:gﬁoit ickness of approximately Am to avoid saturation of the
cryostat is separated by two KBr windows from the vacuum
in the FTIR spectrometer, which is pumped by a rotary pump

only. The temperature of the sample is monitored on thqyde of a few percent of the transmitted intensity are usually
copper sample mount, and it can be regulated between 4 aRgkarly visible. These fringes are due to interference between
500 K using a temperature controller. The IR spectra argnyltiple reflections of the IR beam in thes&Xilm. The pe-
measured using the glowbar light source, the germaniunyiod of these fringes in the spectrum is obtained by fitting
coated KBr beamsplitter, and the pyro-electi®TGS) de-  them to a sine-function. The refractive index of soligh@s
tector of the FTIR SpeCtrometer. The resolution of the SpeCdetermined from IR measurements has been reportaqj as
trometer is either set to 0.2 or to 0.5 ¢hy and the —20q5).1 Using this value for the refractive index and the
acquisition time per spectrum is on the order of one hour. formula for the free spectral range of a Fabry-Perot interfer-

In the spectral region centered around the stretch vibragmeter, the thickness of aggfilm can be determined from
tion of the CO molecul¢2000-2250 cm*), Cqg exhibits a  the period of the interference fringes. A residue of these
rich IR absorption spectrum consisting of numerous weaknterference fringes is usually still present in the absorbance
combination modes: This absorption background ofs€is  spectra of CO obtained using the recipe described above.
interfering with the spectral structure of the CO molecules inThese residual fringes are eliminated by the subtraction of a
the CO intercalated & film, and therefore an accurate cor- fit, which is obtained by fitting of these fringes to a sine-
rection for this absorption background is required. In order tfunction over a large frequency ran¢e800—2800 cm?).
do so, a series of IR transmission spectra of the CO interca-
lated G film as a function of temperature is measured first.
After these measurements the CO intercalated f@m,
while still being mounted in the cryostat, is heated to 200 °C  The IR absorption spectrum of CO intercalateg) Gas
for a few hours to clear the sample of the trapped CO gasheen measured as a function of temperature, and the spectral
Subsequently, the series of IR transmission spectra is restructure due to the presence of CO is shown for three dif-
corded again for the degasseg,@Im. The contribution of ferent temperatures in Fig. 1. At room temperature, a rather
CO to the IR absorbance spectrum at a certain temperature isoad(100—200 cm*) and smooth IR band is observed cen-
obtained by taking the natural logarithm of the ratio of thetered at 2127 cmt, approximately 16 cm?® redshifted from
two corresponding transmission spectra. In the absorbandie frequency of the stretch vibration of gas phase CO. The
spectra obtained in this way, those combination modes;gf C sharp features centered at 2078 and 2191 care caused by
that do not shift in frequency upon intercalation with CO arecombination modes of £ which are not completely cor-
suppressed completely, while even the combination modescted for by the subtraction procedure described in the ex-
with the largest spectral shift upon intercalation with @@  periment section. The IR absorption spectrum of gas phase
to 0.5 cm ) are still suppressed by approximately a factorCO at room temperature consists of numerous individual
of 30. rovibrational transitionsR- andR-branch, which are spread

In the IR spectrum of a £ film, fringes with an ampli- around the fundamental vibrational frequency of €243

lll. IR ABSORPTION SPECTRA
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cm 1) over a frequency region of roughly 150 ¢ The  15)], the CO density in the CO intercalateg,@lm is found
Q-branch, which would have given rise to intensity in theas n=>5.5(3)x 10?°cm™3. At room temperature, the lattice
center of the rovibrational band, is absent for gas phase CConstant of the cubic crystal structure of,ds ay=14.17
because of itdS* electronic ground staf&. Therefore, the A,'® and from this the density of & in the solid is deter-
wings of the IR band of CO intercalated ingCat room mined as 1.4 107 cm 3. As a result, the measurement of
temperaturg¢see Fig. 1a)], which resemble the envelope of the integrated IR absorbance indicates a CO §gré&tio of
the P- andR-branch rotational structure of gas phase CO, arel:2.6 in the G film, which can be compared to the CO to
interpreted as the signature of rotational motion of the CQCq ratios varying from 1:9 to 1:1.5 as obtained frofc
molecules in the octahedral sites, while the intensity in theNMR and x-ray measurements on CO intercalateg) C
center of the band of CO, similar to@branch, is an indi- powder'®’

cation of the amount of hindering of the rotational motion of

CO. This interpretation is substantiated by the resemblance

of the IR band of_ Cco intercalate_d ing&with the IR spectra  |y/ |R BAND SHAPE ANALYSIS

of CO dissolved in various chlorinated solvents, and the ob-

served trend in these spectra as a function of solvent A frequently employed methdd'®2°to analyze the
interaction®> measured IR spectra of molecules dissolved in liquids is

Upon cooling down, the wings in the IR absorption spec-based on the conversion of the IR band shape to an autocor-
trum of CO intercalated in £ gradually disappear and the relation function of the transition dipole moment of the mol-
intensity of the center peak steadily increases. At a temperacule. This method was developed by Gordon in the 1860s.
ture of 77 K, a sharp, Lorentzian-like line shape with a full The autocorrelation function contains information on the ro-
width at half maximum(FWHM) of 2.5 cmi ! remains[see  tational dynamics of the molecules in the liquid, and it is
Fig. 1(b)], indicating that the rotational motion of the CO usually interpreted using rotational diffusion modé&lsr
molecules is severely hindered. The integrated intensities oholecular dynamics simulatiod.In order to obtain quali-
the IR bands of CO at 295 and 77 K, which are measuredative insight in the dynamics of the CO molecules in the
using the same CO intercalateg,Gample, differ only by a octahedral sites and to enable a comparison to the dynamics
fraction of a percent. As a consequence, the CO line at 77 Kf CO in several liquids, we have applied this method for IR
is one of the strongest features of the entire IR spectrum dfand shape analysis to the spectra of CO intercalateggn C
CO intercalated g, while the maximum absorption strength The autocorrelation function of a transition dipole moment is
of the CO band at room temperature is only comparable téhe time evolution of the orientation of this dipole moment
the absorption strengths of the weajgCombination modes. [u(t)] projected on its initial orientatiofu(0)] and aver-

At a temperature of 10 K, the spectral structure of CO isaged over the ensemble of moleculés)( This dipole au-
even sharpeta FWHM of 0.4 cm1), with a concomitant tocorrelation functiorC(t) can be obtained from the IR band
increase of the peak intensityee Fig. 1c)], and in order to  shap€[l(w)] via a Fourier transformatioft:
avoid saturation of the CO line a relatively thin CO interca- I(w)e“”‘dw

lated G film (d=3 um) is used in recording this spectrum. C(t)={(u(0)- u(t))= f— (1)
In addition, the resonance of CO at 10 K is split into two Nw)dw

components which are separated by 0.9 ¢rand have an o M(n) [ (0)do
intensity ratio of approximately 1:2. Apart from this split- C(t)EZ'o oy (i)™ with: M(n)= W 2

ting, the spectrum of CO intercalated igf@bserved at 10 K
resembles that of CO in an argon or nitrogen matrix at 15 In these equation&) is the angu|ar frequency relative to
K, where its rotational motion is completely blocked. Thethe center frequency of the IR band shape hhah) are the
nature of the observed splitting of the CO resonance will bgrequency moments of the spectrum. Note that the first few
discussed below. In summary, this series of IR spectra of CQyen frequency moment$/(2n), describe the short term
as a function of temperature reflects, in agreement with prepehavior of the real part of the dipole autocorrelation func-
vious measurementsa transition from a nearly free rota- tion. In Fig. 2 the real parts of the autocorrelation functions
tional motion of CO at room temperature to a severely hinf the transition dipole moment of CO intercalated ig, @t
dered motion at low temperature. 295 and 77 K, obtained from the corresponding experimental

The integrated absorbance of the CO band is determinegR spectrgsee Figs. (a) and Ab)], are shown. For compari-
from the IR spectra at 295 and 77 K as,d=13.06(2) son, the autocorrelation functions of CO molecules in the gas
cm !, wheren is equal to the density of CQyy is the  phase, calculated from simulated IR spectra of gas phase CO
integrated cross section of CO adds the thickness of the at both temperaturé$,are also shown in Fig. 2. At both
Ceo film. From the period of the interference fringfA>  temperatures, the short term behavierQ.2 ps of the CO
=101(3) cm 1] of the G, film used for the measurements molecules in the octahedral sites is rather similar to that of
at 295 and 77 K, the thickness of this film is determined a<CO in the gas phase. In contrast, the midterm behawdr
d=25(1) um. The product of the CO density times the in- ps) of the CO molecules in the octahedral sites at 77 K is
tegrated cross section of CO in this particular sample is thuguite different from that of CO in the gas phase; the hinder-
determined as10y="5.2(2)x 10°cm 2. Assuming that the ing of the motion of the CO molecules by the surrounding
integrated cross section of CO intercalated jj3 i€ the same  Cgg molecules is reflected by a slow decay of the autocorre-
as that of gas phase J@,=9.5(4)x 10 cn?cm™! (Ref.  lation of the orientation of the CO molecules.
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1.0 #) T=295K chanical method. For this, the quantum mechanical model
originally developed to describe the rovibrational motion of
g5 a CO moleculénsidea Gy, molecule(CO@Gy)?? has been
g % modified to be applicable to the motion of CO in an octahe-
A e e L dral site of the @ lattice® In order to understand the set-up
, , of the calculations, some knowledge of the crystal structure
10 of solid G is essential. Below the temperature of the orien-
= tational ordering transitior240 K), CO intercalated g,
E os like pristine Ggo, has a simple cubicPa3 crystal
£ | \Sokee structuret”?*Both for CO intercalated g’ and for pristine
Ceo,2* two symmetry inequivalent orientations have been

found for the G, molecules in thisPa3 crystal structure.
These two orientations, denotgdand h, correspond to a

_ , . situation where six electron-poor pentagons of g @ol-
FIG. 2. The real part of the autocorrelation function of the transition dipole . . .
moment of CO for CO intercalated insgand for CO in the gas phase at 295 eCF"e ar? facing eIeCtron'”Ch_dOUb_le bonds of 6 of !ts 12
(a) and 77 K(b). The dipole autocorrelation functions of CO intercalated in Neighboring Gy molecules p-orientation) and to a situation
Cqo are obtained via Fourier transformation of the experimental IR absorpywhere electron-poor hexagons of @O@nolecule are facing

tion spectra shown in Figs(d and Xb). The dipole autocorrelation func- double bonds of its neighborﬁw{orientatior).z“ Below the
tions of gas phase CO are calculated by Fourier transformation of an IR

spectrum which is simulated using the rotational constants of CO in thé€mperature of the_glass_ transition of CO intercalatgg(84
electronic ground stat@,=1.9225 and3,;=1.9050 cm* (Ref. 12. K), these two orientations of & are frozen randomly

throughout the CO intercalated;{attice in a 12.5:1 ratio of
h.17'23

1.0
Time (ps)

0.0 05 15 2.0

For an IR band shape of a linear molecule with a transi- In the calculations, 14 rigid & molecules, the six near-

tIOI; ;jh|pofle r?r?l;nent along its mtt:rnuclgarthamsl, th? Sffontdest neighbors and the eight next-nearest neighbors of the CO
and the Tourth frequency moment are, in the classical fimi molecule, are positioned on the six faces and the eight cor-

given by?? ) _ _ — ==
ners of the cubic conventional unit cell of tHea3 lattice
M(2)= E _4BKT 3) and oriented according to either theor theh-orientation. A
I ' five-dimensional(5D) van der Waals potential energy sur-
face is modeled by summing all exp-6 atom—atom interac-
— 2 2 2
M(4)=2M(2)"+4BX(OV)). ) tions between a rigid CO molecule and thesg @olecules,

In these equations,andB are the moment of inertia and as a function of the position of the center of mass and the
the rotational constant of the molecule, af{®V)?) is the  orientation of the CO molecule. When alg{nolecules are
mean-square torque on the molecule due to the surrounding;oriented, the symmetry of this potential $g, i.e., it con-
other molecules. The second moment of the spectrum, andins aC5 axis and an inversion poimt A three-dimensional
consequently the short time behavior of the dipole autocorequipotential cut through this potential has been shown
relation function, is independent of the intermolecular forceselsewheré.On this potential energy surface, there are a total
and therefore this moment can be used to check the conof eight minima, six of which are symmetry equivalent glo-
pleteness of an IR band shape. The second moments of tii@al minima and two are symmetry equivalent local minima.

IR absorption spectra of CO intercalated igy,@re deter-
mined as 1.5810°cm 2 at 295 K (8BkT=1570cm ?)
and as 5.X10°cm 2 at 77 K (4BkT=410cm ?). Using

The two equivalent local minima correspond to a CO mol-
ecule aligned or antialigned with th&; axis of the potential
which coincides with a body diagonal of the cubic unit cell.

the fourth and second moments deduced from the IR absorgrhe six equivalent global minima correspond to a CO mol-
tion spectra, the mean torque acting on the CO moleculegcule approximatelywithin a few degreesaligned or anti-
due to the surrounding ¢ molecules is determined as gligned with one of the other body diagonals of the cubic
((OV)2)Y2=393(25) cm (combined value for 295 and 77 nit cell.
K). Interestingly, this result for the mean torque is compa-  The bound states of the CO molecule in this van der
rable to the values observed for CO dissolved in liquid arqyaals potential are calculated via a discrete variable repre-
gon, several alkanes or various chlorinated solvents, whicBentation(DVR) of the radial coordinate of the center of
values are ranging from 198liquid Ar) to 493 cm’  ass of CO and an expansion of the angular wave functions
(CCly).***%%In contrast to the voids in a liquid, the sites of j, coupled spherical harmonié$This quantum mechanical
the Gy lattice are rigid, symmetrical and uniform, and there- meihod includes the angular-radial coupling caused by the
f_ore a fuII. quantum mechanical _descrlptlon of the_ rOV'bra'hindering potential of the surroundinggnolecules exactly,
tional motion of a CO molecule in an octahedral site of thezg it describes large amplitude vibrations, hindered rota-
Coo lattice is feasible. tions and tunneling of the CO molecule between equivalent
minima. The energy levels and corresponding wave func-
V. THEORETICAL CALCULATIONS tions of CO are calculated up to a few thousand érabove
The IR absorption spectra of CO intercalated jg lave  the ground state. The energy levels in the first 100 tm
been calculated at several temperatures using a quantum nmebove the ground state are shown schematically in Fa. 3
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Ceo molecules in the soli@ will give rise to temporary de-
formations of the potential energy surface of CO. Therefore,
a superposition of calculated IR spectra for CO in sites with
randomly oriented and slightly shiftedsg&molecules has to
be performed, which effectively leads to a blurring of the
sharp spectral features.

100
a) % b) T=295K

Experimental

80UBQIOSqQY

Calculated

¢) T=77K VI. NATURE OF THE SPLITTING AT 10 K

[
(=]

Energy (cm™)

The lowest four calculated energy levels for CO, of
which the middle two are doubly degenerate, are separated,
in order of increasing energy, by approximately 0.6, 1.2 and
0.7 cm ! [see Fig. 8a)]. The calculated wave functions cor-
Calculated responding to these energy levels are delocalized over the six
s0n e mon e aman oam symmetlry gquwalentglobal) minima in theSg potermal of

Wavenumber (cm™) CO, indicating the presence of a quantum mechanical tunnel-

_ ' ing motion between the equivalent minima. At low tempera-

FIG. 3. (@ The calculated energy levels in the first 100 ¢nabove the tures, mainly these four energy levels will be populated, and
lowest level in the van der Waals potential of CO intercalated dg. o h ’ lculated t l ti fCO i ted t ’ It
facilitate a direct comparison of the positions of the calculated energy Ievelé eca (_:u_a ed lunneling motion 0 IS expec e_ 0 resu
with the infared spectra the energy is expressed in‘cr comparison  in & splitting of the IR resonance into two sets of lines sepa-
between calculated and experimental IR absorption spectra at a temperaturated by 1-2 cm! and with an intensity ratio of approxi-
of 295 (b) and of 77 K(c). The calculated stick spectra are convoluted with mately 1:1.

?eGnseursfSrz;uzrno;iltleesVglfﬂlhaeﬂégl\gllfligt]e?it gsgcr:::xz::]euma?fd?é?tg}?ﬁen C;>t<?)l(:rimen— From the 12.5:1 ratio op- to h'_o_”enFed Go In CO in-
tally observed values. tercalated G, below the glass transition, it follows that about
two-thirds of the CO molecules are in “octahedral” sites
with all six neighboring G, moleculesp-oriented. The po-

The lowest four levels lie within 3 cm' of each other and tential of CO in such an “octahedral” site has to a good
are followed by a gap of about 30 crh With increasing approximationSg symmetry. Therefore, the measured split-
energy the density of states increases rapidly, and no regting of the IR resonance of CO at 10 K into two components,
larities in the energy level patterns at energies above roughlyeparated by 0.9 cnt, could be interpreted as evidence for
65 cm ! have been found. For the calculation of the IR a tunneling motion of CO between the equivalent minima in
absorption spectra around the fundamental stretch vibratiothis potentiaf The approximately 50% additional intensity
of CO, the same set of energy levels as calculated for th& the high-frequency component should then be attributed to
vibrational ground statev(=0) of CO is superimposed on the CO in the other one-third of the “octahedral” sites. The
first excited vibrational levely=1). Subsequently, the tran- latter sites have no symmetry and thus no tunneling motion,
sition intensities between the levelswiat0 and those ab and the IR resonance of CO in these sites should then acci-
=1 are calculated using a dipole function which representslentally coincide with the high-frequency component of the
the stretch transition dipole moment of CO. By taking into tunnel-split resonance of CO in the symmetric sites. If, how-
account the thermal population of the=0 energy levels and ever, the splitting due to the tunneling motion is less than the
using the calculated transition intensities, the IR absorptiotinewidth of the individual component®.4 cni 1) or if the
spectrum of CO at a certain temperature is synthesized. tunneling is “quenched” completely due to coupling with

In Figs. 3b) and 3c) a comparison is made between the the lattice modesheat bath?® the splitting of the resonance
calculated and the experimental spectra of CO intercalated iaf CO can be interpreted as a result of the presence of CO in
Ceo at temperatures of 295 and 77 K, respectively. Clearlyat least two different environments having slightly different
the agreement between the calculated and the experimentalatrix shifts. Then, the high-frequency component is as-
spectra is good. At 295 K, the intensity in the center of thesigned to CO molecules in the two-thirds of the “octahe-
IR band and the shape of the wings on both sides are wetlral” sites with S; symmetry, and the low-frequency com-
reproduced. In addition, the observed disappearance of th@nent is assigned to CO molecules occupying the other one-
wings and the increase of the center intensity upon coolinghird of the “octahedral” sites.
down to 77 K are reproduced by the calculations as well. The In order to distinguish between these two possibilities,
main disagreement between the calculated and the experve have measured the splitting of the resonance on the first
mental spectra is the absence of the sharp spectral features avertone of CO. For gas phase CO, the absorption strength
the experimental IR band, although the experimental resoluef the first overtone is about 140 times weaker than that of
tion of 0.2 cm ! should have been sufficient to resolve them.the fundamental transitiol?. Because of the expected weak
The absence of these features is ascribed to the fact that ticeupling between the intermolecular and intramolecular
calculations neglect the lattice dynamics of thgy @ol-  modes, the tunneling motion of CO can to a good approxi-
ecules in the solid, since the;@molecules have been fixed. mation be treated independently from the intramolecular
The phonons and librons of thesgmolecules in the lattice, stretch vibration of CO, and thus the same set of calculated
and, in addition, at room temperature the rapid rotation of theenergy levels can be superimposed on all internal vibrational

Experimental

soUBGIOSqY
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FIG. 4. The measured IR absorbance spectra of CO intercalateg) et @ 2025 2050 2075 2100 2125
temperature of 10 K around the first overtone of € and around the Wavenumber (cm™)

fundamental transition of C@b). The CO intercalated { film used for the ) )
measurement around the first overtone was about a factor of ten thicker thaG- 5. The IR absorbance spectra of g @m intercalated with natural

the one used for the measurement around the fundamental transition. Tﬁ_@und?nce CO gag) and a G film intercalated with 99 atom%°C en-
transmission spectra have been measured at an experimental resolution fthed °*CO gas(b). Both spectra have been measured at a temperature of 4

0.2 cnm'%, and they have been converted into absorbance spectra by takin§ @nd at a spectral resolution of 0.2 ¢ The different isotopes of CO
the natural logarithm. from which the observed resonances originate have been indicated. The

spectral feature marked with an asterisk s a residue of the £ combi-
nation mode at 2078 cnt.

levels of CO ¢=0,1,2, ... ). Therefore, the splitting due to
the tunneling of CO is to a good approximation expected to
be independent of the nature of the internal vibrational tranthe Sy symmetry has been destroyed by rotating one neigh-
sition of CO, i.e., fundamental or overtone, on top of whichboring G;, molecule through two degrees about a spe€ific
it is observed. On the other hand, if the splitting of the reso-axis of G, away from thep-orientation. It turns out that this
nance is due to CO occupying different sites, the two obis sufficient to completely localize the wave functions corre-
served components are split because they have slightly ditponding to the lowest energy levels in the minima, and, as a
ferent vibrational frequencies, and the splitting is expected t@onsequence, to quench the tunneling motion of CO. From
double in going from the fundamental to the first overtone ofrecent nuclear magnetic resonarbdvIR) measurements on
CoO. CO intercalated g at low temperature, an upper limit of the

In Fig. 4, the IR absorption spectrum of CO intercalatedtunnel rate of CO of only 1.5 kHz is deduc&tgiving sup-
in Cgo at 10 K measured around the first overtone of @D  port to the conclusion that the splitting of the IR resonance of
is shown together with that around the fundamental transiCO is due to CO occupying different “octahedral” sites and
tion of CO (b). Note that the width of the horizontal scale is not to tunneling of CO as concluded previouSly.
exactly the same for Figs.(d and 4b). It is evident when
comparing the two spectra that the splitting is not constant,
and that it actually doubles in going from the fundamental to\;; \soTOPE SHIFTS
the first overtone. It is detailed below that the positions of the
high-frequency and low-frequency components of the funda-  Figure 5a) shows an IR absorption spectrum measured
mental and first overtone of the CO resonance can be det 4 K of athick Cq, film intercalated with natural abundance
scribed perfectly for all observed isotopes of CO assumindgCO gas, and the spectrum is zoomed in on the spectral region
two slightly different independent vibrational frequencies.where the resonances of the isotopes of CO are expected.
The splitting due to a tunneling motion would be extremelyApart from the heavily saturated resonancéaf:°0 and the
sensitive to the mass of CO. Therefore, it is concluded thaspectral feature marked with an asterisk, which is a residue
splitting of the resonance originates from the presence of C@f a combination band of £, only two other spectral struc-
in different “octahedral” sites, and that the splitting due to a tures are evident. These spectral structures are identified with
possible tunneling of CO is either less than 0.4 ¢gor that  the resonances ofC!%0 and?C80 intercalated in g,. The
the tunneling is “quenched.” Both the librons and the natural abundances &fC and®0 are 1.1% and 0.20%, re-
phonons of the g molecules in the lattice give rise to de- spectively, and thus spectral features related to CO that are
formations which could quench the tunneling of CO. Fromroughly a factor of thousand weaker than the fundamental
neutron scattering experiments on pristing, €amples, the transition can be identified readily using the subtraction pro-
librational motion of the g, molecules in the lattice at zero cedure of the g, background as described in the experiment
temperature is expected to still have an amplitude of abouection. An IR absorption spectrum of a thick,@Im inter-
two degreed’ To examine the influence of these librons of calated with 99 atom%°C enriched"*CO gas measured at 4
Ceo On the tunneling motion of CO, we have performed aK is shown in Fig. %b). The intensity of the resonance of
calculation for a CO molecule in an octahedral site for which3C*®0 is about 10% of that of3C*®0, and even the reso-
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TABLE I. The experimental frequencies of the fundamental transifig)) (  in the Gyo lattice. Redshifts of 5-10 cit of the fundamen-
and first overtone iy, of the high-frequency ) and low-frequency I{ tal vibration of CO have been observed for CO trapped in

components of the split resonance of CO intercalatedgjia€T=4 K for solid argon and nitrogen matrices at 151t is observed
the different isotopes of CO. The value between parentheses is the experi-

mental error in the last digit. The fitted frequencies of the fundamentalthat the redshift of the fundamental transition of CO interca-
transitions[ 7, (fit)] and the first overtoneEro, (fit)] are listed as well.  lated in G decreases slightly with increasing temperature, at
The corresponding harmonic frequencies and anharmonicities for th@ rate of approximately 1 ch1/100 K.
high-frequency(low-frequency components, which are scaled ¥C*€0,

are  we(h)=2150.78(8) cri® and wexXe(h)=13.44(3) cnit [w(l)

=2149.85(8) cmi* and weXo(1)=13.41(4) cn1Y]. VIIl. VAN DER WAALS MODES

Vou vou(fit) Voo voulfit) At low temperatures, the rotational motion of a CO mol-
Isotope (cmdy (em™Y) (cm™Y (cm™Y) ecule in an octahedral site is severely hindered by the sur-
rounding Gy molecules. As a result, the motion of the CO
molecule changes from a more or less free rotation to a li-

12c1%0(h) 2123.91) 2123.90 4221.Q) 4220.91
0] 2123.G1) 2123.04 4219Q) 4219.26

126170 (h) 2097.17 4168.14 bration about a equilibrium orientation of the molecule in the
0 2096.32 4166.51  octahedral site, coupled with the translational vibrations. The
13cte0o(h) 2077.21) 2077.14 41288) 412858 eigenfrequencies of these intermolecular vibrations of CO
12(:180((:1)) gg;gg ggzg-gg 4126@) 441122669:5 are a very sensitive measure of the van der Waals potential
0 2072:41) 2072.38 411923 energy surface for the |ntgract|on between CO and the sur-
13C170 (h) 2049.81) 2049.78 407455  rounding Gy molecules. Five fundamental van der Waals
0} 2049.41) 2048.95 4072.94 modes are expected for a CO molecule located in a minimum
13ct®o(h) 2025.21) 2025.25 4026.2) 4026.09 of an octahedral site: two librational and three translational
" 2024.41) 202443 4024@)  4024.50 modes. We have pursued the observation of these so-called

van der Waals modes dweak sidebands of the intramo-
lecular fundamental vibration of CO. In the IR absorption
spectrum of the thick CO intercalated3ilm at 4 K shown
nance of**C'’O has appreciable intensity. Obviously, the in Fig. 5a), a set of spectral features can be identified be-
'3CO gas that we used is actually enriched also in the heaviween 50 and 115 cit blue shifted from the fundamental
isotopes of oxygen. transition of*2C1%0. The absorption strengths of these spec-
In Table I, the experimentally obtained frequencies oftral features are roughly equal to those of the residue of the
the fundamental transitionvg;) and first overtoney,) of  Cgo combination band marked with an asterisk in Figg)5
the resonance of CO intercalated ig,@t 4 K are listed for ~Several of these spectral features are interesting because of
different isotopes of CO. The frequencies of both the hightheir striking temperature dependence: they steadily broaden
frequency b) and the low-frequencyl] components of the and eventually are washed out in raising the temperature
split resonance of CO are tabulated. The high-frequenc§rom 4 to about 70 K. Such a strong temperature dependence
components of both the fundamental and the first overtone dé not anticipated for the intramolecular combination bands
CO for the different isotopes have been fitted to the transiof Cgq in this temperature region, because of the rigid mo-
tions of an anharmonic oscillator with a harmonic frequencylecular structure of the & molecule and the fixed orientation
we(h) and an anharmonicitywX.(h), and the low- of Cgin the lattice at these low temperatures.
frequency components are fitted separately but similarly to  Figure 6 shows a series of the temperature dependent
wo(l) and wexe(l). The transition frequencies of the differ- spectral features on the blue side of the fundamental transi-
ent isotopes are calculated by scaling the harmonic fretion of 12C'°0. Instead of using a spectrum of the degassed
quency and the anharmonicity with the reduced mass of C@g film at the corresponding temperature as the reference, a
(w) according towe> 1/y/u andweXe 1/.28 In this way, the  spectrum of the CO intercalated,@ilm at a temperature of
harmonic frequency and the anharmonicity of the high-70 K has been used to correct for thgy®ackground in
frequency(low-frequency component are determined from obtaining the spectra shown in this figure. The heavily satu-
eight different experimental frequencies. The fitted frequen+ated fundamental transition 6fC*®0 at 2124 cm? is not
cies of the fundamental transitions,(fit) and the first Shown in the spectra. The wiggles marked with an asterisk

overtonesy,,(fit) are listed in Table | as well, and they &€ the residues of the combination band @ Gt 2191

_l . .
match the experimental values very well. The resulting har€™ » Which still are not completely corrected for. To check

monic frequencies and anharmonicities, which are scaled tgut:a?jsfheszzc;\:gsﬁ?;grgfs?)reectrriljs(; ;ﬁncc:t(i)o,nwé? tzz\]’segﬁi'e
12~1 -~ _ -~ —

zc_elo’ are wE(h)__ 2150.78(8) andwexe(n)=13.44(3) 5 Go film intercalated with 99 atom%%°C enriched*CO.

cm © for the high-frequency component ande(l) |y Fig. 7 a comparison is made between the spectral structure
=2149.85(8) andwexe(1)=13.41(4)cm* for the low-  observed &4 K on theblue side of the fundamental transi-
frequency component. These values can be compared tn of 23C'%0 and of*?C®0. The frequency scale is taken
those of gas phase CO in its electronic ground state, whicfelative to the frequency of the high-frequency component of
are w,=2169.814 andox,=13.288 cm *.22 Thus, the har- the fundamental transition of the corresponding isotope of
monic frequencies are redshifted by 19-20¢mand the CO. Although the absolute frequency scales of the spectra of
anharmonicities are hardly changed upon intercalation of CG3C'®0 and '?C®0 differ by 46.7 cm® (see Table —
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TABLE II. The frequency relative to the high-frequency componeny),

To50K the FWHM (A;\,dw) and the integrated intensifynt.) of the van der Waals
= 12~ 11 13~11 H H H
modes of*?C*%0 and3C'®0 intercalated in g, are listed. The values have

0.15 - . \//\%\I\M/VNM been obtained by fitting of the van der Waals sidebands measu#eH &

a set of Gaussian line shapes. In the last column, the ratio of the frequencies

of the van der Waals modes 5iC*°0 and*C%0 [R(v,q,)] is given. The
T=40K value of R {p,4,) marked with # is too high due to a shift of the lowest van
\/MM der Waals mode of*C'®O caused by an interference with the fundamental
0.10 | - transition of!2Cf0.

E 12C160 13C160
< T=15K — —
Vvdw A’;/vdw Int. Vvdw A’;/vdw Int.

005 [ | rove— ] (em™)  (em™?)  (@u)  (emY)  (emY)  @u) R
53.64) 3.44) 0.895 53.74) 3.56) 1.08)  1.001)#
T=4K 59.713) 2.63) 1.00 58.93) 3.003) 1.00 0.9877)
66(2) 16(3) 3.85) 65.02) 13(2) 2.73) 0.994)
0.00 | (N 90.04) 3.73) 1.51) 86.34) 3.73 1.11) 0.9597)
2155 21|50 21‘75 22|oo 22|25 2250 97.55) 375  0.846) 93.84) 298 0347 0.9627)

102.86) 5.96) 141 9757 658 112  0.951)
11155 4.85 00926) 106.45 4.56) 0.564) 0.9547)

Wavenumber (cm™)

FIG. 6. The measured van der Waals mode¥@#°0 intercalated in g as
a function of temperature, observed as sidebands of the fundamental stretch
vibration of 12C*0. All spectra(4—50 K) are corrected for the temperature

independent g background using a spectrum of CO intercalatgg rGea- -~ .
sured at 70 K as the reference, and they are converted into absorbanyglpatEd when it originates from the van der Waals modes of

spectra by taking the natural logarithm. The spectra are recorded using &O intercalated in €. In this temperature region, the libra-
spectral resolution of 0.5 cht. The wiggles marked with an asterisk)(  tional motion of the Gy molecules, which has a frequency of
are residues of the combination band qf, @t 2191 cm*® which are not  gbout 22 cm 1’27 and the phonons of thegglattice, which
completely corrected for. have a maximum frequency of about 55 th?® become
thermally activated, and lead to an increase of the temporary

) i ) ) i i deformations of the potential energy surface of CO with in-
notice, for instance, the shift of the disturbingg@ombina-  ¢reasing temperature. Due to the extreme sensitivity of the
tion mode ¢)—the sideband structures of the fundamentalgeqyencies of the van der Waals modes to the potential en-
pea!<_s of f(\/\{o isotopes of CO corr_espond almost perfectly. "érgy surface of CO, the van der Waals modes of CO are
addition, it is observed that the sideband strllécturéQ’@fGO broadened and readily washed out with increasing tempera-
is slightly redshifted with respect to that Hcto. The ob- yyre. Itis concluded, therefore, that the observed temperature
served temperature dependence of this structure is to be agapendent spectral features on the blue side of the fundamen-
tal transition of CO are the sought-after van der Waals modes
of CO intercalated in g indeed.

By comparing the spectra of the van der Waals side-
bands of!?C'®0 and of'3C'®0 as shown in Fig. 7, six dis-
crete van der Waals modes and a relatively broad band in the
gap between the two groups of modes can be identified.

c0o, T=295K

8 These six modes and the broad band as observed for both
8 . isotopes have been fitted to a set of Gaussian line shapes, and
g /\/V\L the results are listed in Table Il. The FWHM of the six dis-
“co crete van der Waals modes range from about 2.5 to 6.5
=K cm™1, which is roughly a factor of ten larger than the width
# \JW of the fundamental transition of CO at 10[Kee Fig. {c)].
:C& / \fbm~ This difference in linewidth is ascribed to the broadening of

the van der Waals modes due to coupling with the librons
and phonons of the gg molecules in the lattice. It has been
detailed above that the CO molecules are distributed over at
FIG. 7. A comparison between the van der Waals mode¥@¥0 and  |east two different kinds of “octahedral” sites at low tem-
those of3C®0 intercalated in g, measured as sidebands of the funda- peratures. About two-thirds of the CO molecules occupy

mental stretch of CO at a temperature of 4 K. In addition, the wing of the, tahedral” sit ith t h Il si lobal
room temperature spectrum of CO intercalatgg d@ntaining CO in natural octahedral” sites withSs symmetry where all six globa

abundance is shown. The frequency scale is taken relative to the fundameMinima are symmetry equivalent, while the other one-third
tal transition of CO, i.e., the frequency of the high-frequency component ofof the CO molecules are in sites without any symme@y)(
the resonance of the corresponding isotope of(€€2 Table)lis subtracted. where all eight minima are inequivalent From a calculation

The wiggles marked with an asterisk)(are residues of a combination band .
of Cgo which are not completely corrected for. The peak in the spectrum ofof the van der Waals potentlal energy surface for CO occu-

13C160 intercalated in g marked wih a # is thefundamental transition of ~ PYINg the “octahedral” site withC,; symmetry, it is found
12C160, present in the sample as an “impurity” at the 1% level. that the energies of the four lowest minima are within about

0 25 &0 75 100 125 150
Relative wavenumber (cm")
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weak intensity of the other three modes is induced by some
mixing of the translational and librational motions. By aver-
aging over the energy levels in the quadruplets, the calcu-
lated frequencies of the van der Waals modes of CO in a
global minimum are determined as 32, 44, 50, 57 and 60
cm™ %, and their isotope shift ratios[*3COJ/7[*2CO]) are
determined as 0.991, 0.986, 0.979, 0.973 and 0.971, respec-
0 20 40 80 tively. . ) . .

Relative wavenumber (cm™) Both the frequencies and the isotope shift ratios of the
experimentally observed van der Waals modes indicate that

" : . o the six discrete modes fall into two groups, two low-
ground state. To facilitate a direct comparison of the positions of the calcu; 1 .
lated energy levels with the infared spectra the energy is expressedin cm frequency modeg50-60 cm ) and f‘?“r hlg.h—frequency
The energy levels have been grouped in six quadruplets, of which two level§10des(80—115 cm 1). From a comparison with the calcu-
are doubly degenerate, and one doublet as indicated by the labels in thated spectrum, the two lowest frequency modes are tenta-
figure. (b) The calculated IR absorption spectrum of CO intercalatgda€ tively assigned as the fundamental librational modes. For the
a temperature of 4 K. The calculated stick spectrum is convoluted with a . . . .
Gaussian with a FWHM of 0.25 ¢, and the frequency scale is taken other four_mOdeS' two pOSSIbIe assignments remam' First,
relative to the fundamental vibrational transition of CO. The inset shows thdh€y may, in part, be due to fundamental translational modes
van der Waals sidebands of the fundamental transition on an expanddfhat can acquire intensity through a transition dipole moment
vertical scale, with the transitions to the different groups of energy Ievelqnduced by the interaction between CO and the Surrounding
marked as such. Cso molecules, an effect that is not accounted for in the cal-

culations. Second, they may have to be assigned to van der

8 cm %, suggesting that these four inequivalent minima of'Waals modes that correspond with higher bands, overtone or

the C, site will still have considerable population at low combination bands, in the harmonic limit, even though these
temperatures. Taking into account the sensitivity of the vadnodes do not appear with such a high intensity in the calcu-
der Waals modes to the shape of a minimum, it is likely thafated spectra. The intensity of these modes will be very sen-
the broad band originates from CO in the sites without anyitiveé to the shape of the potential energy surface used, and
symmetry, where a distribution of different van der WaalsOUr model potential is perhaps not sufficiently accurate to
frequencies is expected, and that the six discrete van défescribe them properly. A further theoretical analysis of
Waals modes belong to CO in the sites havB3gsymmetry. these van der Wa_als modes of .CO intercalatedg# @sing .

In Fig. 8 the quantum mechanically calculated IR ab-an empirically optimized potential energy surface aqd taking
sorption spectrum of CO in the “octahedral” site wigg;  the gffect of the hegt bath ofsgon the tupnellng motion of
symmetry at 4 K(b) is shown together with the calculated CO_lnto account, will be needed to provide an unambiguous
energy levels in the first 65 cit above the ground state). ~ @ssignment.

The inset in Fig. &) shows the calculated van der Waals

sidebands on an expanded vertical scale revealing a set 8f co INTERCALATED IN Co

sideband transitions between 25 and 70 ¢nblue shifted

from the fundamental transition. In the calculation, the van ~ The IR absorption spectra of natural abundance CO in-
der Waals modes are split due to the tunneling motion of Cdercalated in ¢ have been measured, and the spectral struc-
which is inherent in the calculation and cannot be “switchedture due to the presence of CO is shown for two different
off.” Using their frequency, their symmetry label, their iso- temperatures in Fig. 9. At room temperature, the IR band of
tope shift and the expectation values of a few different op-CO intercalated in ¢ and that of CO intercalated ingg]see
erators over their wave function, the lowest 26 energy level§ig. (@] are evidently rather similar. There are a few subtle
have been grouped in six quadruplets and one doublet #lfferences between the IR bands, however. When compar-
schematically indicated in Fig.(8. The quadruplet marked ing the IR band of CO intercalated in;&in detail to that of
with 0 and the doublet marked with' @orrespond to the CO intercalated in g, it turns out that the intensity in the
lowest energy levels in the six global minima and the twocenter of the band is somewhat less, that the intensity differ-
local minima, respectively, while the quadruplets markedence between the high-frequency and low-frequency wing is
with 1-5 correspond to the tunnel-split levels of the fivemore pronounced, and that the wings are less structured. The
fundamental van der Waals modes in the six global minimaintegrated absorbance of the IR band of CO intercalated in
In the calculated IR spectrum of Fig(t8, the sideband tran- Cro at room temperaturgFig. Aa)] is determined asioqd
sitions to the different groups of energy levels are marked=7.34(2) cm *. From the period of the interference fringes
Only the two lowest van der Waals modes have considerableAv=546(4) cm ] of the degassed 4 film and assuming
intensity in the calculated IR spectrum. Since the transitiorthat the refractive index of 4 is equal to that of g, the
dipole moment function used in the calculations dependshickness of the & film is determined asi=4.6 um. As-
only on the angle® and ¢ which determine the orientation suming again that the integrated cross section of CO remains
of CO, and not on its center of mass position, see(B§). in unchanged upon intercalation, the CO density in the CO in-
Ref. 22, it follows that only the librational modes have IR tercalated G, film is found asn=1.7x 10?*cm™3. This den-
intensity. Therefore, these two lowest van der Waals modesity of CO in the G, film is about a factor of three higher
are identified with the two librational modes of CO. The than that obtained for CO intercalated igoCwhich implies

a) 351 5) |oso
50 3

Energy (cm“)
eouURgIoSqY

FIG. 8. (a) The calculated energy levels in the first 65 chmabove the
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der Waals modegbetween 2210 and 2240 ¢ as ob-
served for CO intercalated inggare absent for CO interca-
lated in Gq. It is evident that the sideband spectrum of CO
intercalated in &, is less structured than that of CO interca-
lated in Gy, and will be even harder to be interpreted un-

b @) T=295K

0.05

Absorbance

0.00

ambiguously.
3
B
g X. CONCLUSIONS
<
The IR absorbance spectra of CO intercalated yg C
2000 2050 2100 2150 2200 2250 have been measured as a function of temperature. The evo-
Wavenumber (cm™') lution of the IR band of CO as a function of temperature

FIG. 9. The additional spectral structure due to natural abundance CO whic‘:\eﬂeqs a smooth transition from a Sl,tua“on ,Of n?arly free
is intercalated in G recorded at room temperatuf@ and at 4 K(b). The  rotation of the CO molecules in the solid to a situation where
inset in(b) shows, on an expanded vertical scale, the temperature dependetite rotational motion of CO is severely hindered. An IR band
sideband structure of the fundamental transition of CO intercalatedgn C shape analysis indicates that the hindering of CO caused by
measured at 4 K, which has been obtained by using a spectrum of C%e surrounding § molecules is comparable to that ob-
intercalated in ¢, measured at 70 K as the reference. The transmission g. . . P .
spectra have been recorded at a spectral resolution of 0.2,cand they served for CO dissolved _'n a liquid. The CO 'nt_ercalat%g C
have been converted into absorbance spectra by taking the natural logarith@ystem allows for a detailed quantum mechanical modeling,
and both at room temperature and @K a good agreement
is found between the calculated and the measured IR spectra.
an approximate 1:1 ratio of CO to,gin the G film. At the It turns out that the calculated tunneling motion of CO at low
high temperaturé200 °Q used to intercalate the CO gas into temperature is quenched because of coupling to the heat
the G, film, the crystal structure of & is face-centered cu- bath, i.e., to the translational and librational motions of the
bic (fcc), where the G molecules in the lattice are orienta- Cq, molecules in the lattice. The intermolecular van der
tionally disordered? The lattice constant of this fcc phase of Waals vibrations of a CO molecule rattling in an octahedral
Crois ap=15.0 A>** which is substantially larger than that site of the G lattice at low temperatures have been observed
of the fcc phase of g [14.2 A].'® As a result of this larger as weak sidebands of the fundamental transition of CO. A
lattice constant, both the octahedral sites and the diameter @ntative assignment of these van der Waals modes using
the channels between these sites are larger. Obviously, thigeoretical calculations has been discussed. At room tem-
facilitates the intercalation process significantly. By comparperature the IR spectrum of CO intercalated i 8 rather
ing the integrated absorbance of the room temperature spesimilar to that of CO intercalated ingg, whereas at lower
trum of CO intercalated in £ shown in Fig. 9a) to that  temperatures the sites in the Qattice seem less well de-
determined from a spectrum which is measured three daykned than the sites of thegglattice.
later, it follows that CO leaks out of the,glattice at a rate
of about 35% per day at room temperature. This CO loss rate
is approximately an order of magnitude higher than that obACKNOWLEDGMENTS
served for CO intercalated ingg.®
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