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Abstract—The Raman spectra of the two-dimensional tetragonal (2D(T)) polymeric phase of Cgy have been
studied in situ at pressures up to 30 GPa and room temperature. The pressure behavior of the phonon modes
shows an irreversible transformation of the material near 20 GPa into a new phase, most probably associated
with the covalent bonding between the 2D polymeric sheets. The Raman spectrum of the high-pressure phase
isintense and well resolved, and the majority of modes are related to the fullerene molecular cage. The sample
recovered at ambient conditions is in a metastable phase and transforms violently under laser irradiation: the
transformed material contains mainly dimers and monomers of Cgy and small inclusions of the diamond-like
carbon phase. The photoluminescence spectraof the 2D(T) polymer of Cgy were measured at room temperature
and pressure up to 4 GPa. The intensity distribution and the pressure-induced shift of the photoluminescence
spectrum drastically differ from those of the Cgy monomer. The deformation potential and the Griinei sen param-
eters of the 2D(T) polymeric phase of Cgy have been determined and compared with those of the pristine mate-

rial. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The polymeric forms of Cg, have attracted consider-
able attention because of their interesting structure and
properties [1]. Pristine Cg, has a great potential for
polymerization because of the existence of 30 double
C=C bonds in the fullerene molecular cage. C4, has
been found to polymerize under illumination with visi-
ble and ultraviolet light [2] and upon akali metal dop-
ing[3, 4]. Thetreatment of Cg, under various high-pres-
sure and high-temperature conditions aso leads to
polymerization of the material (HPHT polymers) [5].
The covalent polymeric bonds are usualy formed by
the so-called [2 + 2] cycloaddition reaction viathe for-
mation of four-membered rings between adjacent
fullerene molecules, resulting in an appreciable
decrease in the intermolecul ar distance [2].

The structure and the dimensionality of HPHT poly-
mers strongly depend on the pressure (P) and tempera-
ture (T) treatment conditions. The Cg, molecules form
linear polymeric chains (one-dimensional polymer)
having an orthorhombic crystal structure (1D(O))
and/or dimers and higher oligomers at lower P and T,
two-dimensional polymeric layers that have either a
rhombohedral (2D(R)) or a tetragona (2D(T)) crystal
structure at intermediate P and T, and face-centered

TThis article was submitted by the authorsin English.

cubic structures based on three-dimensional (3D)
cross-linked polymerization of the material at higher P
and T [1, 5-7]. In addition, the treatment of the pristine
material under high nonuniform pressure and high tem-
perature leads to the creation of several disordered
polymeric phases, the so-caled ultrahard fullerite
phases[8, 9]. Thedetailed X-ray studies of these phases
have revealed their 3D polymeric character [10, 11].

The polymerization of Cg, is characterized by the
destruction of a number of double C=C intramolecular
bonds and the creation of intermolecular covalent
bonds associated with sp-like fourfold coordinated
carbon atoms in the fullerene molecular cage. Their
number increases from 4 to 8 and to 12 per each cage
for 1D(0), 2D(T), and 2D(R) polymeric phases, respec-
tively, and is expected to further increase in the 3D
polymeric phases. Theoretica studies by Okada et al.
[12] have predicted that the 3D-polymerized Cg, might
be formed by the application of uniaxial pressure per-
pendicular to the polymeric sheets of the 2D(T) phase
of Cgo. According to their density-functional calcula
tions, polymerization occurs at the lattice constant ¢ =
10.7 A, which is attainable at the pressure of approxi-
mately 20.2 GPa. This polymerization resultsin thefor-
mation of astable metallic phase having 24 sp3-like and
36 sp?-like hybridized carbon atoms in each Cg, mole-
cule. Another theoretical study, by Burgos et al. [13],
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predicted that uniaxial compression perpendicular to
the chains in the 1D or to the polymeric planes in the
2D polymeric phases of Cg, leadsto 3D polymerization
with 52, 56, and even 60 sp-like coordinated carbon
atoms per Cg
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Fig. 1. Raman spectra of the 2D(T) polymer of Cg at 300 K and various pressures, recorded for () increasing and (b) decressing
pressure runs. The numbers 1/x indicate the relative scale of the spectra.

mond appearing at 1332 cm at ambient pressure [28]
isomitted. Theinitial spectrum at 1.1 GParepresents a
typical Raman spectrum of the 2D(T) polymeric phase
and isidentical with the spectrareported earlier [14, 17,
18]. Lowering the molecular symmetry from |, in pris-
tine Cqy to Dy, in the 2D(T) polymer resultsin the split-
ting of the degenerate icosahedral intramolecular
modes and in the activation of initially silent modes
[14, 29, 30]. Moreover, athough the 2D(T) phase
retainsthe inversion center of the pristine Cg, molecule,
we cannot discard the possibility that imperfectionsin
the crystal structure of the polymer and/or the natural
13C substitution may facilitate the appearance of some
ungerade modes in its Raman spectrum [30]. For these
reasons, the Raman spectrum of the 2D(T) polymer is
richer in structure than that of pristine Cg, [31].

As can be clearly seen from Fig. 1a, the Raman
peaks of the 2D(T) polymer remain narrow and well
resolved for pressures up to 14 GPa, showing the homo-
geneity and stability of the samples used. We note that,
as recently shown [30], the pressure behavior of the
Raman modes of the 2D(T) polymer is fully reversible
up to 12 GPa. For pressures P > 14 GPa, the Raman
peak bandwidths of the polymer increase gradually and
the intensities of peaks decrease considerably. In addi-
tion, the peak broadening is accompanied by a gradual
enhancement of the background (not shown in Fig. 1,
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because the Raman spectraare presented after the back-
ground subtraction). As the fluorescence from the
2D(T) polymer of Cg, appearsin another energy region,
this background is most probably related to the
enhancement of strain and inhomogeneity within the
sample induced at higher pressure.

The drastic changes in the Raman spectrum of the
2D(T) polymer are first observed at P > 20 GPa, where
new distinct peaks appear in the spectrum and their
intensities increase with a further increase in pressure.
On the contrary, some of theinitial Raman peaks of the
polymer disappear above this critical pressure. At P >
20 GPa, the Raman spectrum of the material is signifi-
cantly different from the initial one at lower pressure;
the observed changes can be attributed to the transition
of the polymer to a new high-pressure phase. From
Fig. 1a, it is clear that, even for an applied pressure as
high as 27.5 GPa, the Raman spectrum of the high-pres-
sure phase is well resolved with relatively narrow
peaks. Moreover, the frequency positions of the major-
ity of the peaksin the new phase can be tracked back to
the peaks observed in theinitial 2D(T) polymeric phase
of Cg. Thisis a first experimental indication that the
Cso Molecular cages are retained at pressures higher
than 20 Gpa, as the Raman peaks in the high-pressure
phase have their origin on intramolecular cage vibra-
tions.
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Figure 1b shows the Raman spectra of the material
upon pressure release. The decrease in pressure from
27.5 GPa to ambient conditions results in the gradual
shift of the Raman peaksto lower energies. Therelease
of pressure does not lead to any observable changesin
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Phonon frequencies, pressure coefficients, and the Griineisen parameters for the initial 2D(T) polymeric phase of Cg, the
high-pressure phase, and pristine Cg. The phonon frequencies for the diamond-like carbon and dimeric Cg, phases observed
after the sample detonation are also included

Dimer | Diamond-

2D(T) polymeric Cgg High-pressure phase Pristine Cgq Ce, | like phase
Mode? cﬁ‘ll cr?:‘)% /g;ab Vi cﬁ‘,l cnaw(‘Jlf /gFI;ab Vi cm"l cnﬂﬁlgﬁab Vi conﬁ"1 w, et
P<4GPa P |PZaD 0.4 GPa<P <24 GPa

Hy(1) | 259 5.8 0.78 - - - 272 32 0.165| 266 -
Hg(l) 282 2.3 0.264 297 0.3 0.047 294 25 0.119 - —
Fou(l) | 363 -0.2 —-0.019 391 -0.2 —0.024 345 2.9 0.118 — —
Hg(2) 416 -0.1 —0.009 - - - 389 -0.2 —0.007 - -
Hg(2) 432 0.6 0.049 442 0.6 0.064 435 24 0.077 | 427 —
Hg(2) 456 0.3 0.023 459 0.8 0.079 454 14 0.043 - —
Ag(l) 487 4.5 0.322 — - - 495 4.2 0.119| 489 —
Fu(D) - — - — - — 522 14 0.027 | 523 —
Fog(1) | 536 14 0.091 540 0.6 0.052 — - - — —
Fig(1) | 563 14 0.087 554 | 1.3 0.8 0.111 563 0.8 0.02 - —
Fig(1) | 588 0.8 0.047 571 | 18 0.9 0.148 - - — - -

— - - - 634 | 2.7 0.9 0.201 624 15 0.034 — —
Hy(3) | 666 0.7 0036 | - - - - - - -
Hy(3) 683 2.3 0.118 688 | 14 10 0.096 - - — - -

Hy(3) - - - - - - 710 -0.8 -0.016| 704 -
Hy(4) 748 -0.7 —-0.033 738 | 19 | 13 0.121 729 —2.9 -0.056| - -

Hy4) | 751° - - - - 755 | -41 |-0078| - -
Ho4 | 772 | 12 |-0054 | 769 | 21 | 16 | 0128 | 772 | 27 |-0049| 768 -
Ho4) | 773 - - - - - - - - - -
- - - - 826 2.4 0137 | - - - - -
Hy(4) | 861 | -06 |-0024 | 877 1.6 0086 | - - - 847 841
- - - - 902 2.1 0109 | - - - - -
- - - - 915 2.2 0113 | - - - - 915
G2 | 955 45 0.164 | 961 3.0 0147 | - - - 956 -
- - - - 972 3.7 0179 | - - - - -
Fou(4) | 1041 4.2 0.141 | 1029 3.8 0174 | - - - - -
- - - — | 1064 2.8 0124 | - - - - -
Hy(5) | 1107 48 0151 | - - - - - - - -
Gy | 1178 6.7 0198 | - - - - - - - -
Fo(3) | 1206 76 0.22 - - - - - - - -
Hy®) | - - - - - - - - - | 1239 -
FuB) | - - - - - - - - - | 1328 | D1342
Hy(7) | 1403 6.6 0164 | - - — | 1422 9.8 0.096 | 1420 -
A(2) | 1448 6.1 0.147 | 1430 43 014 | 1467 55 0.053 | 1461 -
Fi(3) | 1464 76 0181 | - - - - - - - -
Fo(4) | 1541 5.1 0.115 | 1509 3.9 0119 | - - - - -
Hy(8) | 1572 5.9 0.131 | 1567 3.7 0.111 | 1570 4.8 0.043 | 1566 | G1591
G4(6) | 1623 47 01 | 1647 41 0117 | - - — | 1624 -
- - - — | 1842 35 0089 | - - - - -

&The mode assignment refers to the irreducible representations of the icosahedral Cg molecule [40] and follows that in [14]; it is given
here only for the initial phase of the 2D(T) polymer and the “dimeric” Cgy phase.

b Data taken from [30].
¢ Frequency value at P = 6 GPa.
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minority among the pieces of the detonated sample as
the diamond-like phase, and we ascribe the respective
Raman peaks of this phase at 1342 cmr* and 1591 cm~
1 (Fig. 2d, table) to the D (diamond) and the G (graph-
ite) peak of the microcrystalline graphite [38].

The obtained experimental data provide a strong
indication that the 2D(T) polymer of Cg, undergoes a
phase transition above 20 GPa. The transformation
occurs via an intermediate state having a rather diffuse
Raman spectrum, which characterizes a highly disor-
dered pretransitional state of the material at a pressure
near 4 GPa. The fact that the prominent Raman peaks
of the high-pressure phase are rel ated to the retention of
the Cg, cagesin this phase is an indication that the new
phase of the polymer may be related to a three-dimen-
sional (3D) polymerization of Cg,. The observed pecu-
liarities in the pretransitional pressure range also sup-
port the assumption of afurther pressure-induced poly-
merization, which is a solid-state chemical reaction
rather than a structural phase transformation. The
Raman spectrum of the high-pressure phase is domi-
nated by a very strong Raman peak around 1842 cm™,
which cannot be related to any internal vibrational
mode of the Cy, molecular cage. The strong Raman
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peaks ranged near 1600-1900 cm in some chemical
compounds of carbon are related to the stretching
vibrations of isolated double C=C bonds [39]. In anal-
ogy to that, the strong peak at 1842 cm™ can be attrib-
uted to the destruction of a number of double C=C
bonds during further polymerization of the 2D(T) poly-
mer and to the appearance of some of the remaining
ones as isolated C=C bonds in the 3D network of the
Ceo polymeric material. A more detailed analysis of the
phonon modes and their pressure behavior in the initial
2D(T) polymer and in the high-pressure phase are dis-
cussed in the next subsection.

3.2. Phonon Modes

The pressure dependence of the Raman modes of
the 2D(T) polymer of Cg, m the initial phase (squares)
and the high-pressure phase (circles) is shown in
Figs. 3 and 4. The open (solid) symbols denote data
taken for increasing (decreasing) pressure runs. Solid
linesare drawn to guide the eye, and arrowsindicate the
pressure increase or decrease. In these figures, the
mode assignment refers to the irreducible representa-
tions of the parent Cy, molecule (1, symmetry) [40], fol-
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lowing the same notation asin [14] in general, and is
given here only for the initial 2D(T) phase of the poly-
mer. The table contains a compilation of the mode
assignment (given for the initial 2D(T) polymeric and
the* dimeric” Cg, phases), phonon frequencies w,, pres-
sure coefficients 0w /0P, and the corresponding Grii-
neisen parametersy, that in the present work are defined
for the initial 2D(T) polymeric and high-pressure
phases. The Griineisen parameters

_ dw/w,

_0w/wy _ Bodwy
Yi = vV

 @POP

have been calculated using the experimental data of the
pressure coefficients dw, /0P for the phonon modes in
both phases of the 2D(T) polymer. The bulk modulus
By = 34.8 GPa for the initial 2D(T) polymeric phase
was taken from [19]. Because of the absence of any
experimental data for this material, we have also used
the theoretical value of the bulk modulus B, = 47 GPa
[12] for the calculations of the Griineisen parametersin
the high-pressure phase. We note that the values of y;
for the high-pressure phase are only an estimate
because the real value of B, can differ from the theoret-
icaly predicted one. The appropriate data of the
phonon maode frequencies of pristine Cg, and their pres-
sure coefficients and Griineisen parameters calculated
using the bulk modulus B, = 14.4 GPa[41] areincluded
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in the table for comparison [42]. The last two columns
in the table contain the phonon maode frequencies for
the two phases (diamond-like and dimeric Cgp)
observed after the sample detonation at ambient condi-
tions.

As can be seen from Figs. 3 and 4, al the Raman
peaks of the initial 2D(T) phase disappear in the pres-
sure range 16 GPa < P < 20 GPa, while the Raman
peaks related to the high-pressure phase gradually
appear and gain in intensity above 20 GPa (the shaded
areain Figs. 3 and 4 indicates the pressure range of the
transformation). It is also clear that the mgjority of the
Raman modes of the high-pressure phase are related to
those of the 2D(T) polymer, showing that they originate
from the Cg, molecular cage vibrations. The nature of
some phonon modes in the initial phase of the 2D(T)
polymer of Cg, in particular, the Raman peak near

1040 cm™, is related to the covalent intermolecular
bonding within the 2D polymeric layers [1, 14, 21].
More specifically, the peak near 1040 c is associated
with the vibrations of the sp®-like coordinated carbon
atoms; the much lower frequency of this peak com-
pared to that of the T,, mode of diamond [28] can be
attributed to the different lengths of the sp*-like bonds
in the 2D(T) polymer (1.64 A) and diamond (1.54 A).
In the recovered high-pressure phase, this mode
appears to have two components with the frequencies
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1029 and 1064 cm. Assuming that the high-pressure
phase is related to the formation of a 3D polymeric
phase of Cg, proposed by Okada et al. [12], we can
associate these two Raman peaks with the existence of
two types of sp-like coordinated carbon atoms with
dightly different bond lengths.

Another important feature in the phonon spectrum
of the high-pressure phase is the drastic changesin the
region of the Ay(2) pentagonal-pinch (PP) mode with
respect to pristine Cq, and its 2D(T) polymeric phase.
The PP mode in pristine Cg, is related to the in-phase
stretching vibration of the five double C=C bonds orig-
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4. CONCLUSIONS

The Raman scattering data under high hydrostatic
pressure show that an irreversible transformation
occurs in the 2D(T) polymeric phase of Cg, above 20
GPa. The new phase is preceded by a pretransitional
state characterized by diffuse Raman peaks. The spec-
trum of the high-pressure phase remains intense and
well resolved at pressures as high as 30 GPa. The
phonon modes of the high-pressure phase, especialy in
the high-energy region, are noticeably different from
those of the initial 2D(T) polymer; nevertheless, they
can be tracked back to the phonon modes related to the
fullerene molecular cage. The recovered high-pressure
phase is metastable and detonates under laser irradia-
tion. The main part of the detonated sampleisamixture
of monomeric and dimeric Cg, showing that the
fullerene molecular cages are retained in the high-pres-
sure phase. The high-pressure phase seemsto berelated
to further creation of covalent bonds between mole-
cules belonging to the adjacent polymeric layers in
accordance with the theoretically predicted 3D poly-
merization of the 2D(T) Cq, polymer at 20.2 GPa[12].
Our Raman experiments reveal that the 3D polymeric
Ceo resulting from the application of high pressure on
the 2D(T) polymer is not related to the earlier observed
ultrahard fullerite phases[1, 8, 9]. The electronic spec-
trum of the 2D(T) polymer is noticeably different from
that of the pristine Cg,. Thisdifferenceisrelated both to
the deformation of the fullerene molecular cage caused
by the polymerization of material and to the decreasein
thein-planeintermolecular distancesin the 2D(T) poly-
mer.
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