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On the state of CH, molecule in the octahedral void of Cg fullerite
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Methane-intercalated fullerite (CHy)( 56Cgo Was obtained by low-temperature precipita-
tion from solution. Methane transition from the gas phase to the octahedral void of fullerite is
accompanied by a bathochromic shift of normal vibrational frequencies (by 19 and 8 cm~! for
v; and vy, respectively). The methane !3C signal in the proton decoupling '3C NMR spectrum
is observed as a singlet at 6 —0.42. According to quantum chemical calculations using density
functional theory, location of methane in the octahedral void of fullerite (Cgj)¢ leads to
a decrease in the total energy of fullerite by 4 kcal mol~!.
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The properties of fullerites can be changed by, e.g.,
doping. For instance, doping of fullerite Cgq, with alkali
metal atoms A led to superconductors A;Cg (see, e.g.,
Ref. 1). Inert gases can also be intercalated into the Cg
fullerite lattice. The systems thus obtained retain the face-
centered cubic (fcc) lattice, the lattice constant increases,
and the orientational phase transition (OPT) temperature
decreases.23 Recently, intercalation of fullerites has
been considered as a promising method for storage of
rare gases.®3

A methane-intercalated fullerite Cq, was described
quite recently.9—10 It was established® that at 7= 296 K,
the CH,4 and Cg, molecules execute uncorrelated free ro-
tation. The OPT temperature decreases from 260 K for
pure fullerite to 241 K for (CH,4),Cg4g and to 235 K for
(CDy),Cq- At 200 K, the Cqy molecules in the fulerrite
(including methane-intercalated fullerite) lattice are or-
dered, whereas the CD, molecules are completely disor-
dered and continue to execute a free rotation.® However,
an inelastic neutron scattering study’ revealed hindered
rotation of the CH4 molecule surrounded by Cq, mole-
cules at low temperatures (7 < 40 K). Thermal expansion
of (CH,),Cq (see Ref. 9) and (CD,),Cq, (see Ref. 10) at
helium temperatures was studied.

Earlier,® we have shown that methane from (CH,),Cg
samples is released in the temperature range from room
temperature to 500 °C and that the highest methane pres-
sure over fullerite is achieved at temperatures above 400 °C,
which also corresponds to rather fast sublimation of
fullerene molecules.

In the present work, we report on the results of an
experimental and theoretical study of the state of methane
molecule in the octahedral void of fullerite Cgy. In particular,
we for the first time carried out quantum chemical calcu-
lation of the CH,*(Cg)4 cluster which simulates the methane
molecule trapped in the octahedral void of fullerite Cg.

Experimental

Methane-intercalated fullerites were obtained by salting-out
precipitation.!! The compounds used were as follows: ful-
lerene Cg (purity 99.5%); 1,2-dichlorobenzene as solvent; and
high-purity PriOH as the precipitating agent. The solvent and
the precipitating agent were additionally distilled immediately
prior to use.

The experiment on precipitation of fullerite from a solution
in 1,2-dichlorobenzene involved the following steps. The solu-
tion (fullerite concentration was 10 mg mL~!) was saturated with
methane by bubbling methane over a period of a few hours.
Then, Pr'OH presaturated with methane was added to the solu-
tion. Isopropyl alcohol was taken in nearly fivefold excess (v/v)
relative to the fullerite solution. Precipitation continued until
the solution turned clear. The precipitate was filtered off. Meth-
ane-intercalated fullerite powder collected on the filter was dried
in air for 5—10 h.

X-ray phase analysis (XPA) of the precipitate was carried out
with a DRON ADP-1 diffractometer (monochromatic CuKo
radiation). IR spectra were recorded with a Perkin—Elmer Spec-
trum 100 spectrometer equipped with an UATR accessory.
Raman spectra were acquired with an NXT FT-Raman 9650
instrument at a fixed spectral resolution of 4 cm~! using a la-
ser operating at A = 976 nm as the excitation source. Posi-
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tions of spectral maxima were determined using the OMNIC
program.

'H and 13C NMR spectra were recorded on a Varian Unity
Inova 500M WB spectrometer operating at 500 MHz (for pro-
tons) at room temperature. High-resolution NMR spectra were
obtained under magic-angle spinning of samples at 5 kHz.

The octahedral void in the Cg lattice was simulated within
the framework of the density functional theory using the PBE
functional? and the extended basis set {3,1,1/3,1,1/1,1} for the
C atoms, the {3,1,1/1} basis set for the H atoms, and the SBK
pseudopotentiall® using the PRIRODA program.!4 This ap-
proach gives a correct description of the geometry and proper-
ties of Cg. For instance, the calculated C—C distances (1.402
and 1.454 A) coincide, within the limits of experimental error,
with the published data 1.401(10) and 1.458(6) A, respectively.!3
Also, the calculated ionization potential (7.34 eV), electron af-
finity (3.06 eV), and polarizability of fullerene Cg (82.9 A3) are
in good agreement with the corresponding experimental values,
viz., 7.58 eV, 2.69 eV, and (76.5+8) A3.16—18 The CCSD cou-
pled cluster calculations!® using a specific ZPolX basis set aug-
mented with contracted polarization functions give a very close
polarizability value of 82.2 A3.

The calculated and experimentalll20 vibrational frequen-
cies of the fullerene carbon cage and the results of previous
calculations?! are shown in Table 1. The magnetic shielding con-
stants were obtained from full-electron calculations using the
{3,1,1/3,1,1/1,1} extended basis set for the C atoms, the {3,1,1/1}
basis set for the H atoms, and the geometric parameters found
from the PBE/SBK calculations.

Results and Discussion

Methane-intercalated fullerite samples were obtained
as shiny black powders. Microscopy studies showed that

Table 1. Vibrational frequencies of the fullerene Cg, carbon cage
(v/em™")

Type Experiment2? Calculations

Ref. 21 This work

Raman spectra

A, 1470 1525 1491
A, 498 499 487
H, 1578 1618 1580
H, 1426 1475 1437
H, 1251 1297 1241
H, 1101 1128 1098
H, 775 788 772
H, 711 727 711
H, 432 431 426
H, 273 261 260
IR spectra
Ty, 1429 [1429.7] 1860 1430
T 1183 [1182.7] 1224 1183
T 576 [576.2] 591 576
T 526 [526.7] 535 525

Note. Numbers in brackets represent the data taken from Ref. 11.

they are composed of fairly large particles (particle size to
a few millimeters) with irregular edges, layered surface,
and, in some cases, mirror planes characteristic of single
crystals. There was also some amount of small microme-
ter- and submicrometer-size particles. According to XPA
data, the fcc lattice constant (a,) of the samples studied
was in the range from 14.21 to 14.23 A (cf. 14.16+£0.01 A
for pure fullerite Cg, obtained by sublimation). Thus, in-
tercalation of methane into the octahedral void causes the
distance between the centers of Cg, molecules to increase
from 10.014+0.007 to 10.050£0.007 A. Assuming that the
methane molecule is located at the center of the octa-
hedral void, the average distance between the centers of
the C¢, and CH4 molecules is 7.106 A.

Two most intense absorption bands at 1182.7 and
1429.7 cm~! in the IR spectra of methane-intercalated
fullerite (Fig. 1) correspond to the IR active modes (F,)
of highly symmetrical (/,,) C¢y molecule (see Ref. 15). The
IR spectra of fullerite samples containing 1,2-dichloroben-
zene exhibited a number of absorption bands, the stron-
gest lying at 746.2 and 1034.4 cm~!. The appearance of
these bands in the IR spectrum indicates that the synthesis
has failed. The samples containing 1,2-dichlorobenzene
were then left out of consideration. The methane mo-
lecule is characterized by two IR bands at 3001 and
1297 cm~!. The IR spectrum of gaseous methane is well
known (see, e.g., Ref. 22). Owing to high symmetry of the
methane molecule, the normal vibrational frequencies
coincide with positions of maxima in the Q-branch in the
IR spectrum of gas (v5 = 3020, v, = 1305 cm~').23 Thus,
transition of methane molecule from the gas phase to the
octahedral void of fullerite is accompanied by a batho-
chromic shift of asymmetrical C—H stretching and defor-
mation vibrations (by 19 cm~! for vy and by 8 cm~! for v,).

The CH,4 molecule has four Raman active modes, of
which only the mode corresponding to the symmetrical
C—H stretching vibrations (2900 cm™!) is strong enough
to allow the corresponding peak to be considered as

T(%)
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Fig. 1. IR spectrum of fullerite (CH,),Cg,.

1000 v/cm™!
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a "fingerprint”. In the Raman spectrum of the sample un-
der study (Fig. 2), the methane molecule is characterized
by a weak peak at 2893 cm™! against the background of
intense fullerene peaks at 271, 431, 495, 567, 708, 772,
1099, 1248, 1467, and 1573 cm~!. This peak is absent in
the fullerite spectrum obtained with no methane added.
For the spectrum shown, the ratio of the peak intensities,
Irg94/11467, is approximately 0.0044. Thus, we deal with
a bathochromic shift of the band of symmetrical C—H
stretching vibration by 7 cm~!.

Interestingly, in the Raman spectra of methane hy-
drates, the methane v-_p peak is split into two compo-
nents lying in the region 2905—2915 cm~!.2324 This hyp-
sochromic shift corresponds to the observed increase in
the vibrational frequency with an increase in the methane
vapor pressure.24 At a methane vapor pressure of 3.36 MPa,
the frequency is 2917.6 cm~!.25 Thus, the effects of meth-
ane environment in the octahedral void of fullerite and in
methane hydrates on the methane vibrations are qualita-
tively different.

The strongest signal in the '3C NMR spectrum of
methane-intercalated fullerite is at & 143.6 relative to
Me,Si, which is in good agreement with the published
data (8 143.6 for fullerite Cg intercalated with inert gases?
and & 143.7 for pure fullerite Cg, see Ref. 26). This signal
is due to the resonance of highly symmetrical Cq, mole-
cule which undergoes fast rotation in the solid state (rota-
tional diffusion coefficient is about 2- 101951, see Ref. 27).
The half-width of this peak in the MAS NMR spectrum of
(CHy),Cqpisonly 0.11 ppm or 13.75 Hz.

Five well-resolved signals of a quintet in the 13C NMR
spectrum (Fig. 3) correspond to methane carbon atom.
Positions of maxima of individual components of the quin-
tet, as well as their half-widths and intensities are listed in
Table 2. They were obtained by fitting the experimental

I 2893

! T
1467 ]

T 271
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2
2800 3000 v/cm™!
772
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Fig. 2. Raman spectrum of fullerite (CH,),Cgq. Inset: fragments
of the spectra of the sample under study (/) and pure fullerite (2)
in the region of methane stretching vibrations.

2 1 0 -1

-2 3, ppm

Fig. 3. Signal of methane carbon atom in the 13C NMR spec-
trum of fullerite (CHy)g 56Cgo- Smooth lines denote the approx-
imation by Gaussian curves with the parameters listed in Table 2.

spectrum with Gaussian curves. The integrated intensity
ratio of the Gaussian peaks is in reasonable agreement
with the theoretical intensity ratio 1 : 4:6:4: 1 fora 13C
nucleus interacting with four equivalent protons oriented
in the magnetic field. From the spectral positions of quin-
tet components it follows that the spin-spin coupling con-
stant 1J13C71H is 125+1 Hz, thus being equal, within the
limits of experimental error, to the spin-spin coupling con-
stant determined for free methane molecule, namely,
125.31 Hz.28 Taking into account the fact that the vibra-
tional contribution to the spin-spin coupling constant
Wisc_iy is 4%,%° one can conclude that the C—H dis-
tance in the intercalated methane molecules remains un-
changed within the limits of experimental error. The ob-
servation of splitting of the carbon signal in the 13C NMR
spectrum indicates that the methane molecule in the oc-
tahedral void undergoes rotation with a characteristic time
longer than 1 ms. This is consistent with the conclu-
sion” about hindered rotation of methane molecule in
the fullerite.

In the proton decoupling !3C NMR spectrum, the sig-
nal of methane 13C atom is observed as a singlet at § —0.42.

Table 2. Chemical shifts (3), half-widths (Av, ), and relative
integrated intensities (/) of the methane '3C signals in the
13C NMR spectrum of fullerite (CH,),Cq

8, ppm Av|/y, ppm 1, (rel.units)*
—2.46 0.33 1.01 (1)
—1.44 0.25 3.08 (4)
—0.43 0.26 4.80 (6)
0.60 0.25 3.15(4)
1.60 0.30 0.97 (1)

* Theoretical intensities assuming splitting on four equivalent
protons are given in parentheses.
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The chemical shift of the 13C NMR signal of gaseous
methane extrapolated to zero density is —8.64 ppm.3? Thus,
the signal of methane carbon atom in the 13C NMR spec-
trum of methane molecule in the octahedral void of fullerite
undergoes a large down-field shift by 8.23 ppm. This shift
is larger than the shifts observed for methane clathrates31—34
and for a solution of methane in CDCI; (—2.3 ppm, see
Ref. 35). For a methane molecule in the (5!2) methane
hydrate cage, the measured chemical shift of the C atom
varies from —3.6 to —4.3 ppm (¢f. —5.9——6.9 ppm for
methane molecule in a larger (5!262) methane hydrate
cage); the latter value is closer to the chemical shift of
gaseous methane. The maximum effect of the fullerene
environment on the magnetic shielding constant of the
13C nucleus in methane is likely due to the large size of the
system of conjugated n-bonds of the C¢, molecule, which
leads to an increase in the eddy currents induced by the
external magnetic field.

The ratio of methane-to-fullerene carbon atoms de-
termined from the ratio of integrated peak intensities of
methane (8 —0.42) and fullerene (5 143.6) is 1 : 107. There-
fore, the chemical composition of the sample under study
can be written as (CHy)g 56Cqp.

Quantum chemical modeling. The octahedral void of
fullerite was simulated by six Cg¢, molecules located at the
vertices of an octahedron. First, the method used was test-
ed using the Cgq, dimer as an example. There are a total of
ten possible orientation types of the Cg, molecules which
are obtained by combining a formally double (D) and single
(S) C—C bond and a pentagonal (P) and hexagonal (H)
faces. According to published data,36 the most favorable is
the D—H orientation. The calculated distance between
the centers of the Cg, molecules in this van der Waals
complex (10.54 A) and the depth of the potential well
(0.21 eV) corresponds to parameters of the effective pair
potential equal to 10.05 A and 0.27 eV (see Ref. 37), which
correctly describes the properties of Cg in the solid state
and is also used for simulation of the structure of large Cg,
clusters.3® The differences are due to a known drawback of
the density functional method, namely that it can not pro-
vide a correct description of the van der Waals asymptot-
ics of the pair interaction potential. These drawbacks also
become apparent in the calculations of the (Cg)g cluster.
For instance, at an average distance of 10.81 A between
the centers of Cg, molecules, the total binding energy is
34.7 kcal mol~!. Accordingly, the effective energy of pair
interaction in this cluster (5.78 kcal mol~!) is lower than
the value 6.68 kcal mol~! determined from the sublima-
tion energy of Cg fullerite (40.1 kcal mol~!, see Ref. 39).

For this reason, the use of the PBE/SBK method gives
a negligibly small value of the binding energy of CH, to
Cq at the equilibrium center-to-center distances that are
much longer than the sum of the corresponding van der
Waals radii. On the other hand, neutral molecules attract
one another due to dispersion forces. A simple theoretical

estimate of the energy of van der Waals interaction be-
tween CH, and C¢y molecules separated by the distance z
averaged over the orientations of Cgy, gives

R2+z2
E=-Co——57,
(z°-R%)

where R is the radius of the Cgy molecule and Cg is the
constant of dispersion dipole-dipole interaction of CHy
with Cg. This estimate was obtained assuming that the
van der Waals interaction between CH,4 and Cg is the sum
of the effective van der Waals interactions between CH,
and all fullerene carbon atoms with the constant C¢ divid-
ed by N, where N = 60 (number of carbon atoms in
fullerene). Taking into account that Cg(Cgy,Cgg) =
=21N?eV- Ab (see Ref. 40), C¢(CH,4,CH,) = 77.3eV+ A®
(see Ref. 41), and the combinatorial rule4?

B = 20405CEMCER
(ap)?CM + () *CEE

one gets Cg(Cgp,CHy) = 40N eV- A® which gives for the
interaction energy of the van der Waals complex (Cgy,CHy)
a value of 1.7 kcal mol~! at the experimental z value equal
t0 7.106 A.

The experimental value of the energy of the interaction
between methane and fullerene molecules is unknown.
However, it can be estimated from the energy of physical
adorption of methane on graphite (3.56 kcal mol~!, see
Ref. 43) and on the surface of a single-walled (9,0)-nano-
tube (2.7 kcal mol~!, see Ref. 44). From these data it
follows that transition from planar graphite sheet to cylin-
drical nanotube surface causes the methane interaction
energy to decrease by 0.86 kcal mol~!. Assuming that tran-
sition from the cylindrical nanotube surface to spherical
fullerene surface is also characterized by the same de-
crease in the interaction energy, this energy can be esti-
mated as 1.84 kcal mol~!. Based on the theoretically esti-
mated energies?’ of the interaction between CH, and Cg,
molecules, viz., 3.5 for planar and 2.9 kcal mol~! for cy-
lindrical surface, a close estimate of 2.3 kcal mol~! can be
obtained. Correspondingly, we can admit a value of
2.1+0.2 kcal mol~! as the interaction energy of CH, with C.

The introduction of methane molecule into the center
of the octahedral cluster (Cgj)g (Fig. 4) has almost no
effect on the cluster geometry. The average distance
between the centers of fullerene molecules increases
from 10.81 to 10.87 A. This enhancement qualitatively
agrees with the experimentally observed increase by 0.036 A.
A possible reason for quantitative differences is that defor-
mation of isolated cluster (Cgg) should clearly be larger
than the deformation of the cluster in the crystalline
environment. The energy equivalent of this deformation
(energy difference between the equilibrium state of the
cluster and its state in the presence of methane) is also
small, viz., 0.4 kcal mol—1.
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Fig. 4. Octahedral void in the Cg fullerite lattice containing
a methane molecule. View along the threefold axis.

Expansion of the fullerite lattice due to intercalation of
methane, as well as the increase in the volume of the
model cluster (Cg), suggest that the distance between the
methane and fullerene molecules corresponds to the re-
pulsive branch of the pair interaction potential. PBE/SBK
calculations predict an increase in the energy of the sys-
tem CH;—(Cg)¢ by 4.0 kcal mol~! upon the introduction
of methane molecule into the octahedral void. Since the
density functional method ignores the dispersion interac-
tion between CH, and Cg, the value listed above should
be corrected. Taking into account the additive contribu-
tion of the pair van der Waals interaction of CH, with Cg
(2.1 kcal mol~!, see above), the energy gain due to the
interaction of methane with the octahedral void of fullerene
is estimated as 8.6 kcal mol~!.

Since vibrational frequency and entropy calculations
for the system CH4(Cg)g are impossible owing to compu-
tational problems, we will restrict ourselves to calcula-
tions of the changes in the entropy related to restriction of
translational motion in the octahedral void. Translational
motion of a confined molecule becomes localized (such
a localized motion in a box was observed for, e.g., H, in
fullerite4); as a consequence, its entropy considerably de-
creases. Based on a simple model of a box with infinitely
high walls to simulate the octahedral void with an effec-
tive diameter of 4.1 A, the standard entropy of translational
motion of methane makes a contribution of 4.7 kcal mol~!
to the free energy. Taking into account the standard trans-
lational entropy of methane (8.7 kcal mol~!)/RT, the equi-
librium pressure of methane above the fullerite with filled
octahedral voids is 0.01 atm. This estimate agrees with
experimental observations, viz., at room temperature,

methane is trapped within the fullerite lattice for a long
time almost without weight loss® and it liberates from
(CH,),Cqp on heating up to the beginning of fullerene
sublimation.8

Calculations of the 13C magnetic shielding constants
for methane molecule give a value of 191.95 ppm, which is
in reasonable agreement with the experimental value
195.02 ppm.3! Similar calculations for methane in the
cluster CH,4(Cq)¢ give a value of 189.16 ppm (which is
2.8 ppm smaller), which is in qualitative agreement with
the direction of the observed shift. As the number, n, of
fullerene molecules in the cluster CH4(Cgg), decreases
from 6 to 0, the calculated magnetic shielding constant
undergoes a uniform shift to the value characteristic of
a free methane molecule. Since the distances between the
methane and fullerene molecules in the model cluster and
in the crystalline environment are different, we calculated
the magnetic shielding constant of the system CH4(Cg),,
using the experimental value of 7.106 A for the distance
between the centers of the CH, and Cgy molecules. We
found that the decrease in the calculated magnetic shield-
ing constant is 2 ppm. This allows one to estimate the low
field shift of the methane !3C signal as about 12 ppm,
which is in semiquantitative agreement with the experi-
mental value of 8.2 ppm. Note that B3LYP/HuzIII-su3
calculations also predict a low field shift of 6.0 and 4.7 ppm
for the 13C signal of methane in the methane hydrates
(52) and (5!262), respectively.4’

The fullerene !3C atoms (both free and in the
CH,(Cgp)g cluster) are characterized by the same value of the
calculated magnetic shielding constant equal to 38.6 ppm.
The corresponding theoretical chemical shift of the signal
of 13C atoms relative to Me,Si (5 145.8) is in reasonable
agreement with the experimental value (8 143.6).

Since vibrational frequency calculations for cluster
CH,4(Cgp)¢ were impossible, we determined the harmonic
vibrational frequencies of the complex CH4(Cg,) with the
same distance between the centers of the molecules as in
the octahedral void. It was found that both symmetrical
and asymmetrical C—H stretching vibrations undergo
a hypsochromic shift of 3.6 and 2.6—4.6 cm™!, respectively.
In spite of the approximate character of this estimate, we
obtained the correct sign of the vibrational frequency shift.
Its numerical value is smaller than the experimentally ob-
served shift equal to 7 and 19 cm™~!, respectively. Appar-
ently, due to summation of the pair interaction effects in
the case of methane molecule in the octahedral void, an
n-fold increase in the shift magnitude becomes possible.

Methane-intercalated fullerite (CHy)g 56Cgo Was ob-
tained by low-temperature precipitation from solution.
Transition of methane molecule from the gas phase to the
octahedral void of fullerite is accompanied by a batho-
chromic shift of normal vibrations. The proton decou-
pling 13C NMR spectrum of methane exhibits a singlet at
6 —0.42. Quantum chemical calculations revealed that the
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introduction of methane molecule into the octahedral void
of fullerite (Cg)¢ leads to a decrease in the methane free
energy by 4.6 kcal mol~!.

This work was financially supported by the Russian
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