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Abstract: Polycrystalline Go has been intercalated with 99 atom $&-enriched CO gas by using high-
pressure, high-temperature synthesis. The rati®@0 to G is determined using®C NMR under magic-

angle spinning and is found to be almost 1:2. Static solid-$8&&IMR spectra of3CO-intercalated € have

been measured in the range between room temperature and 4 K. In the high-temperature range, i.e., between
room temperature and 100 K, the CO molecules in the “octahedral” sites oggHatiize reorient rapidly on

the NMR time scale. 84 K the reorientation rate of CO is so low that, on the NMR time scale, the molecule
appears localized in one of the minima of the potential. Between 4 and 30 K, the transition from the static to
the dynamic regime can be inferred from NMR line shape changes. The temperature dependence of the line
shape is modeled in terms of thermally activated jump-like reorientations of the CO molecules igythe C
lattice. No evidence for a quantum mechanical coherent tunneling motion of the CO molecules in the octahedral
sites of the @ lattice has been found.

Introduction rotational motion of & in the solid at room temperatuteyhich
clarified the nature of the orientational disorder that had
hampered further analysis of room-temperature X-ray diffraction
data. The orientational ordering phase transition in crystalline
Cec® has been observed by solid-sta?€ NMR via a discon-
tinuity in the T, relaxation time of G.” Using the dependence

Recently, we have reported that CO gas can be intercalated
into the octahedral sites of thesgJattice using high-pressure,
high-temperature synthesi#\ large fraction of the octahedral
sites can be occupied, and a ratio of CO g @p to 1:1 can in
principle be reaphed in the solid. Under ambient.conditions CO- of T, on the orientational correlation time, Johnsen al
intercalated G is a stable compound. The motion of the CO characterized the high-temperature (rotator) and low-temperature

molecule in the octahedral site has been studied as a function : f :
; ; ratchet) phases of crystallin nd determined the Arrhenius
of temperature by infrared (IR) and nuclear magnetic resonance( )P y 42

activation energies and preexponential factors of both pifases.
(NMR) spectroscppy, and th.e results have been Comp?‘re.d toFurthermore, the length of the 60 pentagon bonds and that of
guantum mechanical calculations. The observed spectra indicat

v f tational moti £CO at ¢ i ith She 30 interpentagon bonds in thgeGnolecule have been
anearly iree rotational motion o atroom temperature, With 4 armined for the first time in a solid-state NMR measurement

a gradual transition to hindered rotational motion of CO atlow .1 45 and 1.40 A, respectively, from tH€—13C dipolar

temperaturé.From the agreement between the measured and P T : :
. . coupling in partially'3C-enriched & using the CarPurcell
the calculated IR spectra of CO-intercalategh & a function squen%é P y o 9

of the size of the octahedral site, it has been cqncluded that Various derivatives of § have been investigated by NMR
CO-|nFerc§1I§1ted € truly behaves as a mole.cule in a bok". spectroscopy as well. Saundetsal. have probed the interior
The simplicity of the NMR spectrum of CO-mtercaIate@o,Q of fullerenes by*He NMR spectroscopy of endohedral (inside
due tg the_ presence of only two resonances and the small_dlpolat:[he cagefHe@Gypo and?® He@Gyo and have found unexpectedly
coup_lmg in the Sample’ aIIovys the sltudy of th? dynamics of large shieldings, indicating significant diamagnetic ring currents
COllntercaIated in € by solid-state®™C NMR in a rather in Cgo and very large ones in41° Details on the electronic
straightforward manner. ) ) properties of the superconducting alkali metal intercalatgd C
NMR measurements have played an important role in the
elucidation of the structural and dynamical properties of both SOS) gﬁgg' gé;mﬁﬂzb%bpébAlbfzu;Sli(jz% A. K. Kroto, H. M. Chem.
dissolved and crystallineds In 1990, the proposed truncated (4) Johnson, R. D.: Meijer, G.: Bethune, D.J5.Am. Chem. Sod99Q
icosahedrallg) structure for Gy, in which all 60 carbon atoms 112 8983-8984.
are symmetry equivalent, has been confirmed by the observation_ (5) Yannoni, C. S.; Johnson, R. D.; Meijer, G.; Bethune, D. S.; Salem,
of a single’3C NMR line for Gs.34 The static solid-stat&C J- ?éf“';%sy" Cphegﬁglgic%r’ér?}.l%.; McGhie, A. R.: Romanow, W. J.

NMR spectra of crystalline §& showed a rapid isotropic  Denenstein, A. M.; McCauley, J. P., Jr.; Smith, A. B., IIl; Cox, D Fhys.
Rev. Lett. 1991, 66, 2911-2914. Sachidanandam, R.; Harris, A. Bhys.
T University of Nijmegen. Rev. Lett. 1991, 67, 1467-1468.
*ETH Zentrum. (7) Tycko, R.; Dabbagh, G.; Fleming, R. M.; Haddon, R. C.; Makhija,
(1) Holleman, 1.; von Helden, G.; Olthof, E. H. T.; van Bentum, P. J. A. V.; Zahurak, S. M.Phys. Re. Lett. 1991, 67, 1886-1889.
M.; Engeln, R.; Nachtegaal, G. H.; Kentgens, A. P. M.; Meier, B. H.; van (8) Johnson, R. D.; Yannoni, C. S.; Dorn, H. C.; Salem, J. R.; Bethune,

der Avoird, A.; Meijer, G.Phys. Re. Lett. 1997, 79, 1138-1141. D. S. Sciencel992 255 1235-1238.
(2) Holleman, I.; von Helden, G.; van der Avoird, A.; Meijer, Bhys. (9) Yannoni, C. S.; Bernier, P. P.; Bethune, D. S.; Meijer, G.; Salem, J.
Rev. Lett. 199880, 4899-4902. R.J. Am. Chem. S0d.99], 113 3190-3192.
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compounds (ACso, A = K, Rb, Cs) have been obtained from
measurements df relaxation times and NMR frequency shifts
(Knight shifts) as a function of temperatureThe presence of
molecular oxygen in the octahedral sites of crystalligg ltas
been evidenced by solid-std4#€ NMR via the observed shifting
of the Gy resonance due to the Fermi-contact interaction
between the paramagnetic oxygen molecules and the C
molecules'?

Here we report a detailed study on the motion of CO
molecules intercalated in crystallinesdCas a function of

temperature in the region between 295 and 4 K, using solid-

state 13C NMR. The measurements indicate that the CO
molecules rapidly reorient on the NMR time scale in the region

Holleman et al.

each Gy molecule would have six of its electron-pgmntagons
facing the electron-rich interpentagon bonds of six of its twelve
neighbors. In a hypothetical crystal with onlfyoriented Go
molecules, electron-potexagons of a g5 molecule are facing
interpentagon bonds on its neighbét# pictorial presentation

of these two possible orientations is given by Copétyal
(Figure 5 of this reference). In a reakgcrystal thep- and
h-orientation are thought to be intimately mixed and the
probability p (h) of finding a Gso molecule in thep-orientation
(h-orientation) depends on the temperature. When the temper-
ature is decreased, the energetically prefepredentation gains

in probability relative to theh-orientation. At the same time
the jump rate between the different orientations decreases. Below

between 295 and 100 K and that they function as sensitive the glass-transition temperature, the exact value of which

probes of the local symmetry of thesClattice. At 4 K the

depends on the time scale of the experiment, tggn®lecules

reorientation of the CO molecules has stopped on the NMR appear fixed in either thg- or h-orientation. In neutron
time scale, and the molecule appears localized in one of thediffraction studies, the glass transition o§gds found around
minima of the potential. Between 4 and 30 K the onset of the 90 K. For temperatures below this, the ratio of fheriented

reorientational motion of the CO molecule is witnessed via
changes in the'3C NMR line shape. We use a simplified

to h-oriented Go molecules remains constant at an approximate
value of 5:11° In passing the temperature of the glass transition

chemical-exchange model based on the classical McConnellin an NMR experiment, somewhere between 150 and 100 K,

equatior® to describe the observed solid-st&€ NMR spectra.

the NMR line shape of § changes from an isotropic line to a

In this model, a CO molecule can make thermally activated CSA tensor patterh.

jumps between different orientations in an octahedral site of

the Gy lattice.
Background Information on CO-Intercalated Cgo. In this

In the cubic lattice of & (both fcc and sc) two types of
interstitial sites are available for intercalants, one large octahedral
site and two smaller tetrahedral sites pep @olecule. The

section some relevant details on the structure and the phasedctahedral site can contain a sphere with a diameter of 4.1 A

transitions of (CO-intercalated)sgwill be given. In addition,

and is the only site in which a CO molecule snugly fitEhe

the interaction potential between a CO molecule and the octahedral site is located at the center of the conventional cell

surrounding Go molecules will be discussed.

It is well-established by now that the structure of crystalline
pristine Go at room temperature is face-centered cubic {fcc)
and that the & molecules rotate rapidly and isotropically in

of the fcc lattice. In an fcc lattice of perfect spheres, which is
a good approximation for solid gg at room temperature, the
symmetry of the octahedral site @&, The Pa3 symmetry of
the simple-cubic phase implies that the symmetry of the

the solid® At 260 K, the Go crystal transforms via an  octahedral site is reduced & (a Cs axis and point inversion
orientational ordering phase transition to a simple-cubic (sc) i are the remaining symmetry elements), if we neglect the
lattice with a crystal symmetry dPa3.6 At this orientational ~ disorder between th@- and h-orientation. This neglect is
ordering transition, the four g molecules in the fcc unit cell  justified above the glass-transition temperature since in this
remain (more or less) at the same position, but the isotropic reégime the interconversion between both orientations is fast
rotation of the molecules abruptly stops, and they become €nough that an averaged environment is probed in an NMR
orientationally inequivalent. The crystal structure in which these experiment. At temperatures below the glass-transition temper-
four molecules have distinct, but symmetry-related, orientations ature, a further lowering of the site symmetry can occur.

can be described with four interpenetrating simple-cubic lattices, From recent X-ray measurements on CO-intercalatgdiC
with the same lattice constant as that of the conventional fcc is concluded that the intercalation with CO does not change
unit cell. A detailed description of the order and disorder in the symmetry of the & crystal and that the CO molecules are
fullerenes can be found in the review article by Fischer and located in the octahedral sites indeed. The-fesc orientational
Heiney4 The solid-state NMR line shape ofemains narrow ordering transition is found at a temperature of 243 K, the
and symmetric while passing this phase transition, as #ae C possible orientations of ¢ are the same as found for pristine
molecules are still jumping between symmetry-equivalent Ceo and below the glass-transition temperature, now at 84 K,
orientations in the sc phase. This motion interchanges all the the ratio ofp- to h-oriented G, molecules remains constant at
corners of the icosahedron and leads to a complete averagingt value of 12.5:2718 It should be noted that both the
of the chemical shift anisotropy which is a second-rank tensor. temperature of the phase transitions and the ratio of the
A jump in theT; relaxation time is the only clue of this phase p-oriented to then-oriented molecules depend on the ratio of
transition in NMR?8 Apart from rotational jumps between CO to Gy in the sample.

symmetry-equivalent orientations, theGnolecules are also To calculate the potential energy surface for a CO molecule
jumping between two symmetry-inequivalent orientations, com- in the octahedral site of thesglattice, rigid Go molecules (fixed
monly denoted as thg-orientation and thé-orientation. Ina  bond lengths) are placed on the lattice in fixed orientations.
hypothetical crystal with all & molecules in thg-orientation, The interaction of a CO molecule with all of the surrounding
Cso molecules is calculated as a function of both the orientation

(10) Saunders: M.; Jimez-Vaquez, H. A.; Cross, R. J.; Mroczkowski,
S.; Freedberg, D. |.; Anet, F. A. INature 1994 367, 256—-257.
(11) Tycko, R.; Dabbagh, G.; Rosseinsky, M. J.; Murphy, D. W.; Prassides, KEurophys. Lett1992 18, 219-225 and 735736.
Ramirez, A. P.; Fleming, R. MPhys. Re. Lett. 1992 68, 1912-1915. (16) Copley, J. R. D.; Neumann, D. A.; Cappelletti, R. L.; Kamitakahara,
(12) Assink, R. A.; Schirber, J. E.; Loy, D. A.; Morosin, B.; Carlson, G.  W. A. J. Phys. Chem. Solids992 53, 1353-1371.
A. J. Mater. Res1992 7, 2136-2143. (17) van Smaalen, S.; Dinnebier, R.; Holleman, I.; von Helden, G.;
(13) McConnell, H. M.J. Chem. Phys1958 28, 430-431. Meijer, G. Phys. Re. B 1998 57, 6321-6324.
(14) Fischer, J. E.; Heiney, P. A. Phys. Chem. Solid€93 54, 1725~ (18) van Smaalen, S.; Dinnebier, R.; Schnelle, W.; Holleman, I.; von
1757. Helden, G.; Meijer, GEurophys. Lett1998 43, 302-307.

(15) David, W. I. F.; Ibberson, R. M.; Dennis, T. J. S.; Hare, J. P.;
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of the CO molecule and the position of its center of miaEke a home-built spectromet@with an Oxford 5.17 T magnet H, 220.0
resulting potential has eight minima corresponding to a CO MHz; **C, 55.31 MHz) using a home-built, variable-temperature NMR
molecule oriented parallel or antiparallel to one of the four body Probe:® The NMR probe fits into an Oxford Instruments liquid helium
diagonals of the conventional cubic cell. With all of theoC flow cryostat. The liquid hellu.m flow is used to cpol a massive copper
molecules in théx-orientation the CO molecule is preferentially 210ck which encloses the radio frequency (rf) coil and the sample. The
oriented along the cube diagonal that coincides with @e sample is cooled by heat exchange with the cooled copper block via

. . helium gas present in the probe housing. The temperature of the copper
symmetry axis. In this case, the calculated van der Waals energypock can be regulated between 4 and 298 K. The temperature of the

differenceAE, between the two equivalent minima on t@e sample in the rf coil is equal to the temperature of the copper block
axis and the six equivalent minima off tl@& axis is AE, = within 1 K.2° The electrical tuning elements for tH3&C—!H double-

—6 cnr L. With all of the G molecules in thep-orientation the resonance tuning circuit are placed outside the cryostat. The rf-radiation
six minima off theCs axis are energetically preferred, ané, is conducted to the 11-mm diameter solenoid coil (5 turns) by a

= 48 cnTl. For temperatures between the orientational ordering beryllium—copper semirigid coaxial cable with a Teflon dielectricum
transition temperature and the glass-transition temperature, all2nd a length equal to the wavelength (ic/4) of the rf radiation

of the Gso molecules surrounding the CO molecule are randomly required for protons (carbon atoms). The rf coil is formed from the
reorienting between the andh-orientation. Therefore, the time- inner part of the coaxial cable with the outer shield carefully removed

averaged interaction potential is a linear combination of the {0 leave the Teflon insulation undamagéEmpirically, it is found
9 P that the homogeneity of the magnetic field decreases at temperatures

potentials mentioned above and also @ssymmetry. The o0y 100 K, leading to an instrumental line-broadening on the order
energy difference between the minima on and off (e of 20 ppm at 4 K. We tentatively attribute this (reversible) broadening
symmetry axis of this time-averaged potential as a function of to magnetization of either the cryostat and/or parts of the probehead at
the probabilityp of finding a G molecule in thep-orientation low temperatures.
can be expressed as When measuring th€C NMR signal (using a single rf pulse) of
the probe without a sample, a strong and relatively broad [full width
_ _ _ _ =1 at half-maximum (fwhm) of 50 ppm] background signal is observed
AE(p) = pAEP + (1= p) AR, = (54p— 6) cm @ centered at a chemical shift of approximately 110 ppm relative to TMS.
This signal originates frort®C atoms in the Teflon insulation of the rf
At temperatures below the glass-transition temperature, thecoil and can be efficiently suppressed by a Hahn-echo secitianitie
Cso molecules surrounding the CO molecule are randomly frozen a delay ofr = 300us. Because of the strong dipolar coupling between
in either thep- or the h-orientation in a 12.5:1 ratio. If all six ~ the3C and*%F spins in the Teflon, the homogenedd€ line width
of the Gso molecules surrounding the CO molecule preriented exceeds 2.5 kHz, and no echo signal of Teflon can be observed for the
(63% of the sites), the symmetry of the CO potential is, 10 a £ 5o P S0 008 8 T 0eCe® iy refoctsed by the Hann
g.OOd apprOXImatlpn, Stilfs; however, if one (.Or more) of the echo sequence. The rf field strength has been set to 25 kHz, and the
six Csp molecules is (areh-oriented (the remaining 37% of the

. h f the CO ial is | d dwell-time for detection to 2Qus. A zeroth- and first-order phase
sites), the symmetry of the potential Is lowered or even (qection and a linear baseline correction are applied to the spectra.

lost (C1 symmetry). 13C NMR spectra under magic-angle spinning (MAS) conditions have

. . been obtained by single rf pulse excitation on two different instruments,

Experimental Section a AM500 spectrometer (Bruker) equipped with a solid-state accessory
Sample Production.CO-intercalated & samples are produced by ~ Using a 5-mm CP-MAS probehead (Doty Scientific) and a DMX300

high-pressure, high-temperature synthesis by using typically several Spectrometer (Bruker) using a 4-mm CP-MAS probehead (Bruker).

hundred bar of CO gas at a temperature of several hurf@ddr a

period of a few day$.Two samples, denoted no. 1 and no. 2, are used Results

in this study. Polycrystalline & powder (Hoechst, Super Gold Grade, . . .
purity >99.9%) is first heated in a vacuum to 3%0 for half a day to Determination of the CO to Ceo Ratio. The ratios of*CO

remove residual solvent. Then, the purifiegh fowder (sample no. 1, 0 Geo in both of the CO-intercalatede¢t-samples have been
100 mg; sample no. 2, 500 mg) is crushed and put into a quartz determined from MAS spectra at room temperature. The spectra
container which is placed in a high-pressure vessel (Parr Instrument, 0f samples no. 1 and no. 2 have been measured in a magnetic
< 580 bar and’ < 350°C). The remaining volume of the high-pressure  field of 11.74 and 7.04 T, respectively. The relaxation time
vessel is filled with stainless steel rods. The productiod36fO (99 of 13CO in the CO-intercalated &g sample is 1.7 s at room
atom %"C)-intercalated & samples is somewhat more involved than  temperature and is found to be almost independent of the
Erelgopg);sufsm;ﬁp(§|i§3Tnpluiit3f§t§$Ttﬂgs actolo:; ;raet:srﬁ'reagr‘i{;da_lf‘ﬁs 96;5 magnetic field strength in the range of fields used in this study.

o 13 N . ' The T, relaxation time of G is much longer and depends
Ztlgrr?df sgmepr;gc:gdzﬁi)l%as ﬁ(}si_r)n Elﬁr;?]' é‘otgg Eeﬁiobj:ﬁg]e d strongly on the magnetic field strength, i.e., ab_out 30satll.74
into the high-pressure vessel by cooling the vessel down to liquid | @nd about 78 s at 7.04 T. Therefore, relaxation delays of 125
nitrogen temperature. Since the vapor pressure of CO at 77 K is S for sample no. 1 measured at 11.74 T and of 400 s for sc’?\mple
approximately 0.7 bar, a substantial amount of #@0 gas can be no. 2 measured at 7.04 T have been used for the quantitative
transported into the high-pressure vessel in this way. After the high- MAS NMR spectra shown in Figure 1. Two sharp resonances
pressure vessel is heated to a temperature of’@5@ressures of 75  are observed at 142.6 and 183.9 ppm which can be assigned to
and 400 baf3CO are reached during the production of samples no. 1 Cgq (pure G, 143 ppnf) and CO (pure CO, 182 ppid). From
and no. 2, respectively. The samples are left under these conditionsthe integrated intensities of the NMR resonances, the ratio of

for a prolonged time, i.e., 3 days for sample no. 1 and 9 days for no. ¢ tg Gso in the CO-intercalated 4 samples is determined
2. Atfter the high-pressure vessel is cooled to room temperature, the
excess®CO gas is cryopumped back into the lecture bottle. The  (19) Hediger, S.; Signer, P.; Tomaselli, M.; Ernst, R. R.; Meier, BJH.
13CO-intercalated 6 samples are stored in a freezer-at0 °C until Magn. Reson1997 125 291-301.

they are used. For the measurements of the chemical shift anisotropy _ (20) Schaffhauser, T. BPh.D. Thesis No. 743%ETH Ztrich, 1983.

tensor of solid*CO a sealed quartz ampule containing approximately Co(pzui)s S;ﬁ'r']a%e Eg%’;sfegl;esltggeaf gémgga_%%rze@nmr.phys.chem.ethz.ch.

25 bar of*3CO gas is prepared. o (22) Beeler, A. J.; Orendt, A. M.; Grant, D. M.; Cutts, P. W.; Michl, J.;
Solid-State 13C NMR Measurements. The static solid-statéC Zilm, K. W.; Downing, J. W.; Facelli, J. C.; Schindler, M. S.; Kutzelnigg,

NMR measurements ddCO-intercalated & have been performed on ~ W. J. Am. Chem. Sod.984 106, 7672-7676.
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a) sample 1 Ceo
128z T=205K
co -
| SO N — |
186 184 182 |
T=245K
b) sample 2
T=235K
A
250 200 150 100
Chemical shift (ppm) T=200K
Figure 1. (a)*3C NMR spectrum of3CO-intercalated € sample no.
1 measured in the AM500 spectrometer under magic-angle-spinning
conditions at room temperature. This spectrum is recorded by summing
30 scans using a relaxation delay of 125 s. The inset shows an expanded T=150K
view of the observed CO resonance. (b) The same for sample no. 2,
but recorded on the DMX300 spectrometer by summing 16 scans with
a relaxation delay of 400 s. The chemical shift in both spectra is
referenced to tetramethylsilane (TMS).
T=100K
(using the known'3C abundance of 99% i#CO gas and of
1.1% in Gy) as 1:9.1(4) for sample no. 1 and as 1:2.1(1) for
sample no. 2. The longer exposure time and the higher pressure
of the13CO gas during the production of sample no. 2 compared T=30K
to that of sample no. 1 have resulted in a significantly higher
filling ratio for sample no. 2, which is, however, still a factor S ) . L
of 2 lower than the theoretically maximum filling ratio of 1:1. 250 200 150 100
From a recent X-ray study on a CO-intercalategh €ample Chemical shift (ppm)

(produced under conditions similar to those of our sample no. Figure 2. Static3C NMR spectra of3CO-intercalated € (sample

2) the ratio of CO to @ has been determined as 1:1.5{1).  no. 2) measured as a function of temperature in a magnetic field of
The inset of Figure 1a shows the NMR resonance of CO in 5.17 T. Each spectrum consists of approximately 1000 scans which
CO-intercalated g on an expanded scale. No evidence is found are recorded using a relaxation delay of 10 s, except for the spectra at
for the presence of a second CO resonance, and therefore ift00 and 30 K which are measured using a delay of 30 s. Due to
seems unlikely that a substantial fraction of the CO molecules Magnetization of the probehead at low temperatures the isotropic
is either sharing an octahedral site or is intercalated in the muchChem'Cal shift values of CO ancs§appear to move to higher chemical

. shift values for 100 and 30 K.
smaller tetrahedral sites.

Static **C NMR Spectra of CO-Intercalated Ceo. In Figure remains symmetric down to 150 K, but its intensity changes
2a series of static NMR spectra of sample no. 2 in the 295 to grastically between 245 and 235 K due to changes in the
30 K region is shown. The relaxation delay between scans hasyg|axation behavior (shortening f) in combination with the
been set to 10 s, sufficiently long to have full relaxation of ghort relaxation delay used in recording the spectra. In the
13CO. For Gy, this delay is too short and the signal becomes temperature region between 150 and 100 K, the symmetric
attenuated. The fwhm of the symmetti€O resonance is 6.8 resonance of g changes into a CSA tensor pattern which is
ppm, only a fraction of the chemical shift anisotropy (CSA) partly overlapping with the line shape of CO.
tensor of solid*CO which exceeds 350 ppfvide infra). This In Figure 3 a series of statié®C NMR spectra of CO-
?mplies, in agreement with expectations, Fhat the CO molecules intercalated @ (sample no. 2) in the 3 K to 4 K region is shown.
in the CO-intercalated 4 sample reorient rapidly in an  Note the difference by a factor of in the horizontal scale between
environment with a high symmetryOf) which averages the  this figure and Figure 2. At these low temperatures, a summation
second-rank CSA tensor to its isotropic value. Upon the of gver eight scans is sufficient to obtain a static NMR spectrum
temperature being lowered, the line shape of the CO resonanceyith a good signal-to-noise ratio. The relaxation delay used in
abruptly changes, between 245 and 235 K, into a tensor patterecording these spectra is set at 600 s in order to account for
Below 235 K, the anisotropy of the CO tensor increases steadily the increased; of CO. Due to this long relaxation delay, the
with decreasing temperature. The sign of the CSA anisotropy interfering signal of the CSA tensor ofs§is much stronger in
is inverted with respect to that of solid polycrystalline CO, and these spectra, which hampers a direct analysis of the spectra.
the edge singularity (the highest intensity in the powder pattern) By comparing the static NMR line shape of CO-intercalated
of the CSA tensor of CO in solid g appears at the most ¢, at 4 K to the CSAtensor of pure CO and of puresg{see
shielded position, i.e., at low ppm values. ~ Figure 4a and b), it is evident that the spectrum of CO-

The observed NMR resonance ofo@t room temperature i ntercalated @ is the sum of both. When the temperature of
also symmetric with a line width (fwhm) of 5.0 ppm. Upon the  the sample increases 7 K or higher, the spectral shape of the
temperature being lowered, the line shape of ther€onance  contribution of CO to the total NMR spectrum changes rapidly,

(23) Gibson, A. A. V.; Scott, T. A.; Fukushima, & Magn. ResorL977, as is most clearly seen from the vanishing of the discontinuity
27, 29-33. in the NMR spectrum at approximately 320 ppm. At 30 K, the
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T=30K

T=20K

T=10K

450 300 150 0 -150
Chemical shift (ppm)

Figure 4. (a) CSA tensor of solid*CO (solid curve) at a temperature
T=7K of 4 K measured in a magnetic field of 5.17 T by summing 64 scans
and using a relaxation delay of 30 s. From a fit to an axially symmetric
tensor (dashed curve) the anisotropy of the CSA tensdf@D is
determined a®p — J; = 362 + 2 ppm. (b) The CSA tensor of&
(solid curve) at a temperature of 50 K recorded using 0.5 g of
—4K polycrystalline Go powder (Hoechst, Super Gold Grade, purit99.9%)
which has been heated in a vacuum to remove residual solvent. The
Ceo spectrum is measured in a magnetic field of 5.17 T by summing

. ! . 200 scans using a relaxation delay of 300 s. From a fit of the
0 300 ) 150_ 0 -150 experimental curve to a second-rank tensor (dashed curve) the

Chemical shift (ppm) parameters of the CSA tensor of@re obtained adzs — diso = —111

Figure 3. Static3C NMR spectra oft3CO-intercalated & (sample + 1 ppm and,; — 611 = —32+ 1 ppm. Both CSA tensors have been
no. 2) measured as a function of temperature in a magnetic field of shifted so that their isotropic shift values match the values deduced
5.17 T. A relaxation delay of 600 s and 8 scans have been used infrom Figure 1.
recording these spectra. The apparent increase of the isotropic chemical
shift values of CO and & with decreasing temperature is an
experimental artifact.

i

4

a

a) B;=5.17T

CO line shape has merged with the powder patternegf&hd static

the two contributions are hard to separate visually.
Measurement of the CSA Tensors of CO and 6.
Although the principle values of the CSA tensors of both of
the solid C3223and Gg>’ are known, we remeasured both CSA b) B=11.7T
tensors in our setup. THEC NMR spectrum of solid CO at 4
K is shown in Figure 4a (solid curve). From a fit to an axially
symmetric tensor, shown in Figure 4a as the dashed curve, the
anisotropy of the CSA tensor of sofldCO is determined a8
— Oy = 362+ 2 ppm. This value is, within error, equal to the
value 4 4 K reported by Gibson et & Note that, in contrast o) B=11.7T
to the CO tensor in Figure 2, the edge singularity is found at slow spinning
the least shielded position.
The CSA tensor of puredg shown in Figure 4b (solid curve),
has been measured at a temperature of 50 K. When ghe C
sample is cooled to 4 K, a thus far unexplained broadening _,po0 1000 o 1000 2000
appeared which made it impossible to record a decent powder Relative frequency (Hz)

pattern of Go at this temperature. From a fit Of. thg powder Figure 5. (a) Static’3C NMR line shape of CO in CO-intercalated
pattern at 50 K to a second-rank tensor, s_h_own in Figure 4b aSCao (sample no. 2) at room temperature measured in a 5.17 T magnet
the dashed curve, the pa_rameters describing the shape of tht%10S relaxation delay, 1500 scans). (b) The SB6cNMR line shape
CSA tensor of G are obtained adss — diso= —1114 1 ppm of CO in CO-intercalated & (sample no. 1) at room temperature
anddz; — 811 = —324 1 ppm. These values correspond within  measured in the AM500 spectrometer (11.74 T). (6 s relaxation delay,
2 ppm to those reported previousiy. 12,000 scans). (c) The slow MASC NMR spectrum of CO in CO-
Broadening of the CO Resonanceln Figure 5a and b a intercalated G (sample no. 1) at room temperature in the AM500
comparison is made between the static NMR line shapes of COSPectrometer using_a spinning s_pe_ed of 350 Hz. (6 s relaxat_ion delay,
at room temperature measured in two different magnetic fields. 80 scans). The horizontal axis |nd|cat§s the .frequency relative to the
The width of the CO resonance line in the low magnetic field isotropic resonance frequency of CO in CO-intercalatesl C
is partly caused by the probe 125 Hz) but is still substantially  line broadening scales, in this magnetic field region, with the
smaller than the width of the resonance line in the high magnetic strength of the magnetic field. Since the magnetic dipolar
field. This indicates that the dominant contribution to the CO coupling is independent of the magnetic field strength, it is

static
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concluded that thé3C—23C dipolar coupling cannot be the a)
dominant broadening mechanism of the CO line. A crude
estimate of the broadening of the line of CO caused by dipolar
coupling with the six surrounding ¢ molecules yields a
contribution to the line width of 200 Hz, which therefore may

still explain a substantial part of the observed line width. In
Figure 5c¢ a spinning sideband spectrum of CO-intercalatgd C
recorded at room temperature using slow magic-angle spinning

(350 Hz) is shown. The observation of a set of narrow sidebands

from the CO line shape finds evidence that the line broadening
originates from an effect that gives rise to one (or a distribution

of) second-rank tensor(s). By fitting the measured slow-spinning
spectrum to the sideband intensities of a single tensor using b)
the tables of HerzfeldBerge?* a poor fit is obtained. By using

a sum of axial tensors with a Gaussian distribution of anisotro-

pies (fwhm of 12 ppm), however, the observed sideband pattern

can be adequately reproduced. These observations are in ki %2 ki 0 0 ki 0 0
agreement with a CO line shape which mainly originates from
isotropic bulk magnetic susceptibility broadenittg.

Modeling of the 13C NMR Spectra. The isotropic chemical 1 kb 0 ki -2 00 0k
shift of 13CO is assumed to be identical for the eight possible ki 0 0 0 -5 ki 0 ki
orientations of CO in the octahedral site. Although this is
enforced by symmetry in the fcc phase, it is expected to be a
good approximation for the low-temperature phase, and experi- 0 0 k2 O 0 ko -1 k2
mentally no evidence for the contrary is found. If the motion is 0 0 0 kK 0 ki -,
frozen, the MAS spectrum consists of one line, whereas the
single crystal spectrum (in a general orientation) consists of four Figure 6. (a) Schematic view of the directions along which the
lines (the two possible orientations along the same cube diagonalinternuclear axis of the CO molecule is oriented in the eight discrete
yield the same chemical shift) due to the spatial asymmetry of minima which are_used in the_chemical-exchar_nge model for the NMR
the chemical shift tensor. The powder spectrum, on the other e shape of CO in the &cavity. (b) The chemical-exchange matrix
hand, consists again of a single chemical shift tensor pattern, Il Which describes the reorientation of the CO molecule between the
When the jump rate is much higher than the width of the CSA e_|ght dl_screte ml'nl_mekl is the rate constant for jumping to one_of the
tensors (fast-exchange limit), the MAS spectrum still consists six equivalent minima 26,8 ancks is the rate constant for jumping to

; ’ - ' - the two equivalent minima 1 and 7. The elements on the diagonal of
of one line, while the single crystal spectrum now also yields a [y ares, = 3k andS, = 2k; + ko,
single line at the mean frequency of the four lines in the absence
of exchange, and its position will in general be orientation atom pointing in the direction of the marked corner. The eight
dependent. For a powder Samp|e, a part|a”y averaged tensoprientational minima are characterized by the energy of the CO
results. For the special case where all eight minima are equallymolecule in that minimum. In a potential witls symmetry the
occupied, an isotropic line appears. For fast-exchange betweerfWo minima on theCs axis (1 and 7) have the same energy,
the six equiva|ent minima of ﬂ'& potentia| 0n|y' the averaged and the other six minima off th€3 axis are also equivalel’lt.
tensor will be scaled by a factor efl/; with respect to the CO ~ The energy difference between the two equivalent minima (1
tensor. For fast-exchange between the two equivalent minimaand 7) and the other six equivalent minima is dendt&dWhen
of the § potential only, no scaling of the tensor will be observed this energy differencAE is set to zero, all of the eight minima
since the tensor is invariant under a 186tation. In the general ~ are equivalent, and a potential wi®, symmetry is obtained.
case it follows, therefore, that the averaged tensor will have a The jumping of a CO molecule between the different minima
negative scaling factor, i.e., the sign of the asymmetry will be in this potential is described by an exchange mdfizontaining
inverted, with respect to that of solid CO when the six equivalent the rate constanid; for a CO molecule jumping from minimum
minima of the S potential are lower in energy than the i to minimumj. The diagonal elemeiil; of the exchange matrix
remaining two (local) minima. is equal to the total rate constant for jumping out of the

The Chemical-Exchange ModelUsing the information on ~ corresponding minimurn(details in ref 27§ In setting up the
the structure of CO-intercalatedgs given in the Introduction ~ €xchange matrix of Figure 6b, itis assumed that a CO molecule
as input, we have constructed a model to calculate the staticc@n only jump to a neighboring minimum, i.e., it can only jump
NMR spectra of CO-intercalateds§as a function of temper-  Via the edges of the cube shown in Figure 6a. In this makyix,
ature. In this model, based on classical chemical-exchiif§e, S the rate constant for jumping to one of the six equivalent
the rovibrational motion of CO in the 4 potential is ap- minima, andk; is the rate constant for jumping to one of the
proximated by jumping between eight discrete orientations. In tWO equivalent minima. The ratio betwel_m_and ke is related
the schematic drawing shown in Figure 6a each of the eight {0 the energy difference between the minima:= ki exp(-
discrete minima is represented by a black dot on the corner of AE/R T) (R the Boltzmann constant;: the temperature). The
a cube. Each of these minima corresponds to an orientation ofStatic NMR spectrum of a CO molecule in this eight minima

the CO molecule along a specific cube diagonal, with the oxygen Model can be calculated for a single crystallite by using the
McConnell modification of the Bloch equations for classical

0 k1 0 0 ki =Xo ki 0

(24) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021-6030. chemical-exchangé
(25) VanderHart, D. L.; Earl, W. L.; Garroway, A. N. Magn. Reson.
1981 44, 361—-401. (27) Ernst R. R.; Bodenhausen, G.; Wokaun,Pkinciples of nuclear

(26) Gutowsky, H. S.; McCall, D. W.; Slichter, C. B. Chem. Phys. magnetic resonance in one and two dimensjd»sford Science Publica-
1953 21, 279-292. tions: Oxford, 1987; pp 5763.
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AIG(aBl) = (IR(cf) — A+ 1) Gaft) =
S(a,B) G(opt) (2)

In this equationé(a,ﬁ,t) is a vector containing the complex
magnetizations of each of the eight minimai = M0 +
iMyD), I is the exchange matrix described above,is a
diagonal matrix containing the transverse relaxation rates
(1/T3), andQ(a,p) is a diagonal matrix containing the angular
resonance frequencies' €O in each of the eight minima. The
NMR signal as a function of time (FID) is just the sum over
the eight components of the magnetization veGu,j.t), i.e.,
eG(o,pt)ywithe= (1,1, ..., 1). The Euler angles.{3) describe
the relative orientation of the molecule-fixed coordinate system
(the cube of Figure 6a) and the magnetic field vector. The
transverse relaxation rates of the CO molecule in the eight
different minima, contained in th& matrix, are all assumed to
be equal and independent of,§). An expression for the NMR
signal as a function of timé-G(a.,3,t) and its Fourier transform
&g(o,8,w) in terms of the complex eigenvalues and eigenvectors
of S(a,3) and the initial magnetization vect@(a.,,to) can be
obtainec?®

After applying the Hahn-echo sequence on the complex
magnetization vector, the NMR spectrum of a CO molecule
jumping in the minima cube at a specific orientatian/) is
now constructed by using the expression &(a,5,w) and
the numerically obtained eigenvalues and eigenvectdséogh).

The powder line shape is obtained by adding the contributions
of the single crystallites, using the method of Cheng éf al.
The spectrum of a § molecule, which at low temperature is
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Figure 7. Comparison of the static NMR spectra of sample no. 2

overlapping the spectrum of CO, is approximated in the model measured in 5.17 T magnet (solid curves) and the calculated spectra
by a combination of an isotropic line (high-temperature spectra) fitted with the chemical-exchange model described in the text (dashed
and a CSA tensor (low-temperature spectra) calculated usingcurves) as a function of temperature in the 245 K to 100 K region.

the constants obtained from the fit shown in Figure 4b. The
total calculated static NMR spectrum of CO-intercalated, C
which is the sum of the CO and thegdcontribution, is
convoluted with a single Gaussian or a single Lorentzian line
shape function. The transverse relaxation broadening of

CO in the exchange model is used to account for the difference
between the line broadening of CO angy,C

Results of the Model and Discussion

The Model under Fast-ExchangeAll measured static NMR
spectra of both CO-intercalateds@Camples have been fitted

to the chemical-exchange model described above. In Figure 7 lgg

a selection of spectra from Figure 2 (solid curves) are shown
together with their best fit (dashed curves). From both the
measured and the fitted spectra shown in this figure the fitted
Cso contribution has been subtracted to get a clear picture of
the shape of the CSA tensor of CO as a function of the
temperature. The sharp§NMR line is well-reproduced by a

pure Gaussian line shape in the 298 to 150 K temperature regioqi

and only a wiggle around 140 ppm remains after subtraction of
this line shape from the measured spectra. The rate corgtant
is not a stable fit parameter in the 298 to 100 K temperature

From both the measured and the calculated spectra the fitiggéth€
shape has been subtracted.

Table 1. Overview of the Nontrivial Parameters (Apart from
Scaling and Shifting Parameters) Belonging to the Fitted Spectra
Shown in Figure 7

AE® AVTZd AVGg

T(K) k°(GHz) (cm™) (ppm)  Rs’ Rend  (ppm)
298 1.0 1(3)  3.1(2) 0.189(4) 0.0 5.0(1)
245 1.0 0(7) 5.2(2) 0.186(4) 0.0 5.4(1)
235 1.0 31.3(9) 4.7(4) 0.99(2) 0.0 5.0(1)
200 1.0 36.5(7) 5.7(3) 0.78(1) 0.0 5.5(1)
1.0 38.6(3) 7.7(2) 0.1403) 0.0 8.7(2)
1.0 415(5) 14.6(7) 0.050(3) 0.57(2) 8.7(4)
100 1.0 39.7(5) 17.9(5) 0.0007(2) 0.81(2) 7.0(6)

2 The value between parentheses is the uncertainty in the last digit.
When this value is omitted, the corresponding parameter has been fixed
during the fitting.? The rate constant for jumping to one of the six
equivalent minima; = k; exp(—AE/RT)). ¢ The energy difference
between the two equivalent minima and the six equivalent minima.
dThe full width at half-maximum (fwhm) of the additional Lorentzian
ne broadening of the CO line shagelhe area ratio of the &
isotropic line to the CO line shapEThe area ratio of the g tensor to
the CO line shape? The fwhm of the overall Gaussian broadening of
the spectrum.

region because these spectra are in the fast-exchange limit and

the exchange rate is highly correlated wihr, describing the
additional broadening of the CO line shape. Therefties
fixed at a high value (essentially infinite) during the fitting. In
Table 1 an overview of the nontrivial parameters belonging to
the fitted spectra in the fast-exchange limit shown in Figure 7
is given.

(28) Spiess, H. WNMR: Basic Principles and Progres$pringer-
Verlag: Berlin, 1978; Vol. 15, pp 9398.

(29) Cheng, V. B.; Suzukawa, H. H.; Wolfsberg, 81.Chem. Physl973
59, 3992-3999.

In Figure 8 the energy difference between the two equivalent
minima on theCs axis and the six equivalent minima off the
Cs axis (AE) as obtained from the fitting of the measured NMR
spectra of samples no. 1 and no. 2 to the exchange model is
plotted as a function of temperature. In the range between room
temperature and 245 K, the obtained valuesX&rindicate no
significant deviation from an octahedral symmetry of the CO
potential AE = 0 < Oy,). The abrupt change of the line shape
of CO between 245 and 235 K corresponds in the chemical-
exchange model to an abrupt changeAd& from around zero
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Figure 8. Plot of AE, i.e., the energy difference between the two

equivalent minima on th€; axis and the six equivalent minima off

the C; axis, as a function of temperature obtained from the fitting of

the measured static NMR spectra of sample no. 1 (circles) and sample

no. 2 (squares) to the chemical-exchange model. The static NMR spectra

of CO-intercalated 6 sample no. 1 as a function of temperature have

been measured in the AM500 spectrometer and have partly been shown

elsewheré.

to a distinctly nonzero value, in agreement with the symmetry
lowering of the potential fromO, to & in crossing the
orientational ordering transition temperature. The inverted sign

of the anisotropy of the dynamical CO tensor (compare Figures 4sg 360 15'-,0 0 -150

2 and 4a) unequivocally points to a positive value A¥E, Chemical shift (ppm)

implying that the CO molecules are preferentially oriented away Figure 9. Comparison of the static NMR spectra of sample no. 2
from the C; symmetry axis of the site. measured in 5.17 T magnet (solid curves) and the calculated spectra

It is evident from Figure 8 that the value ofE below the fitted with the chemical-exchange model described in the text (dashed
phase-transition temperature is dependent on the sample, i.e.curves) as a function of temperature in the 804tK region. From
on the ratio of CO to . The value ofAE also depends on the  both the measured and the calculated spectra the fitggting shape
temperature, andAE gradually increases with decreasing has been subtracted.

temperature. Using eq 1 an increase of the fractiqnariented able 2. Overview of the Nontrivial Parameters (Apart from

. . T
Csomolecules is expected to lead to an increase of the observed56a|ing and Shifting Parameters) Belonging to the Fitted Spectra
value of AE. The observed trend toward higher valuesAdt Shown in Figure 9

with decreasing temperature is therefore in agreement with the’; (K) kP (kKHz) AES
known increase in the fraction pforiented Go molecules when

(cm)  AvrS(ppm) René  Awn(ppm)

; ; 30 361(40)  25.3(3) 3.1 0.10(1)  21.2(8)
the tem_peratyre is loweré8 The increase of the observéde 20 392) 253 31 074(1)  25.6(6)
values in going from the poorly loaded sample no. 1 (11% 44 20(2) 253 31 276(4)  24.3(4)
occupancy of the octahedral sites) to the better loaded sample 7 51(2) 253 3.1 2.72(3)  22.4(3)
no. 2 (48% occupancy of the octahedral sites) is consistent with 4 1.5(1) 25.3 3.1 2.52(3) 12.3(3)

the ‘higher probabilityp for better . I_Oaded_ Samplé§.At a aThe value between parentheses is the uncertainty in the last digit.
temperature of 150 K the probability to fingtoriented Go When this value is omitted, the corresponding parameter has been fixed
molecules in pristine g has been determined using neutron during the fitting.? The meaning of the parameter is described in a
powder diffraction ap = 0.7013°whereas for a CO-intercalated footnote of Table 1¢ The fwhm of the overall Lorentzian broadening
Ceo sample similar to our sample no. 2 this has been determined®f the spectrum.

using X-ray powder diffraction ap = 0.8141° Using these o measured static NMR spectra of CO-intercalatgdsample
values, the calculated energy differences at 150 kA\&9.701) no. 2) (solid curves) in the 3®t4 K temperature region are
= 32 cnr* and AE(0.814) = 38 cnm* which are, probably  ghown together with their best fit (dashed curves). From both
fortuitously, in almost perfect agreement with the experimental 1ye measured and the fitted spectra shown in this figure, the
values forAE of sample no. 1 (close to pristinegand sample fitted CSA tensor of G has been subtracted, making the
no. 2. peculiar behavior of the measured CO line shape in this
From Fast to Slow Exchange At temperatures below the  temperature region directly visible. In Table 2 an overview of
glass-transition temperature, the chemical-exchange model foryne nontrivial parameters belonging to the fitted calculated
the NMR line shape of CO that we have used so far is, strictly spectra shown in Figure 9 is given.
speaking, no longer applicable because of the presence of the ' The NMR spectra of CO in this temperature region reflect
several differently distorted octahedral sites in thg kattice. the transition from the situation where the CO molecules are
As the chemical-exchange model is still valid for the majority rapidly jumping between the different minima to the situation
of the CO molecules (63% in sample no. 2), the measured NMR yhere the CO molecules are localized in one minimum on the
spectra of CO-intercalateds¢between 30 a4 K have been  NVR time scale. This time scale is determined by the anisotropy
fitted with the chemical-exchange model anyway. In Figure 9 of the CSA tensor of CO in the magnetic field, and in a magnetic
(30) David, W. I. F.; Ibberson, R. M.; Matsuo, Proc. R. Soc. London  field of 5.17 T it is on the order of 5@s. In this transition
Ser.1993 442, 129-146. region the experimental line shapes of CO can still be fitted
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rather well with the chemical-exchange model. The presenceto describe the jump reorientations of a CO molecule in an
of the different sites and the high correlation of some parametersoctahedral site of the 4z lattice. In the region between room
(e.g., the rate constary and the line widthAv.) make it temperature and 100 K, the CO molecules jump rapidly on the
difficult, however, to interpret the obtained values for the fit NMR time scale between different orientations in the octahedral
parameters. At 4 K, the CO molecules are in the slow-exchangesites of the @ lattice (fast-exchange). The observed inverted
limit, and therefore the line shape of CO at this temperature sign of the anisotropy of the CSA tensor of CO in soligh @
resembles the CSA tensor of solid CO. this temperature region compared to that of solid CO implies a
From the fit of the NMR line shape of CQt 4 K the rate preference of the CO molecule to be aligned away fromGhe
constant for jumping from one minimum to another is deter- symmetry axis of the octahedral site. When cooling from 30 to
mined to be lower than 1.5 kHz. This rules out the presence of 4 K 3 transition from the fast-exchange limit to the slow-
guantum mechanical coherent tunneling of the CO molecules exchange limit is directly discernible in the statfc NMR
between the six equivalent minima of the octahedral sites with spectra of CO. From the rate constant for jumping between
S symmetry as is predicted from quantum mechanical calcula- gittarent minima at 4 K, it is concluded that the coherent
tions on CO-|_ntercaIated 6@,1 Th? absencg of this coherent tunneling motion of CO in the symmetric site as predicted by
tunneling motion can be rationalized by disturbances inghe quantum mechanical calculations is absent.
symmetry of the potential due to zero-point librational motion
of the G molecules in the lattice. From neutron-scattering
studies on pristine §, these zero-point librations are expected
to have an amplitude of approximately two degr&eRrelimi-
nary energy level calculations indicate that this is indeed
sufficient to quench the tunnel motion.

Acknowledgment. This work is part of the research program
of the “Stichting voor Fundamenteel Onderzoek der Materie
(FOM)”, which is financially supported by the Nederlandse
Organisatie voor Wetenschappelijk Onderzoek (NWO), and
receives direct support by the NWO via PIONIER-Grant No.
Conclusions 030-66-089. The low-temperature NMR spectra were recorded
on an instrument of Professor R. R. Ernst, ETHriZh. We
thank him for his support and interest. We acknowledge G. H.
Nachtegaal for helping with the quantitative MAS-NMR
measurements.

13CO gas can be intercalated in polycrystallingg @ an
almost 1:2 ratio as determined from MAS NMR measure-
ments. Solid-staté3C NMR spectra of'3CO-intercalated €
have been measured from room temperature down to liquid
helium temperature. A chemical-exchange model is constructedJA982503Z



