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Specific details of the electronic spectra of perfect crystalline polymers of Cg, were studied by
means of the photoluminescence spectra measurements at normal conditions and at high pressure
up to 4 GPa. The structure of the photoluminescence spectra, the intensity distribution between
the principal bands and the pressure-induced shift of the bands differ considerably among the
pristine Cg,, linear orthorhombic and planar tetragonal and rhombohedral polymeric phases of Cgj,.
Unlike the planar polymers of Cg, the linear orthorhombic polymer exhibits irreversible changes
in the photoluminescence spectrum under simultaneous application of high pressure and laser
irradiation. The changes observed in the photoluminescence spectra of the planar polymeric phases
of Cgy, as compared to the pristine material, are discussed in relation to the corresponding changes
in the calculated electronic structure of the pristine Cg, and its polymeric phases. The observed
photoluminescence spectral structure along with the pressure behavior of the photoluminescence
spectra are very sensitive to the structure of the polymers as well as to the Cg, cage deformations

and can be used to effectively characterize the various polymeric phases of Cg,.
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1. INTRODUCTION

The optical transitions to the lowest excited singlet state
of the Cq, molecule (symmetry 'T),) are dipole forbid-
den, whereas the first allowed transition to 'T,, state has
noticeably higher energy.! Thus the fluorescence of the Cy,
molecule is related to the vibronically assisted Herzberg-
Teller transitions which is the main reason why the fluo-
rescence quantum yield is relatively small: about 107>
in solution and 7 x 10~* in solid.>* The solid Cg, is a
semiconductor with a direct energy gap at the X-point
of the Brillouin-zone with energy value in the range
1.5-1.8 eV as it follows from the numerical calculations
of the electronic structure and optical absorption spectra
measurements.>® The fluorescence quantum yield of the
solid material is higher due to the presence of impuri-
ties and defects in the crystalline state. The photolumines-
cence (PL) spectrum of the single crystal of pristine Cg, at
low temperature is well-resolved, exhibiting fine structure
associated with the optical transitions from shallow defect
levels, the so-called X-traps.’

The polymerization of Cg, under high pressure and high
temperature [HPHT] treatment leads to drastic changes in
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the crystal structure as well as in the phonon spectrum rel-
ative to the pristine material.®° The electron energy spec-
tra of the polymeric phases differ considerably from that
of the pristine material, this has been predicted in a num-
ber of numerical calculations of the electronic structure
of the planar rthombohedral and tetragonal polymers of
Cyp.> 112 The pristine Cg, forms a variety of polymeric
structures due to the great potential of the 30 double
C=C bonds in the fullerene molecular cage for poly-
meric bond formation. These covalent polymeric bonds
are formed via the [2+ 2] cyclo-addition reaction fol-
lowed by the formation of four-membered rings between
adjacent fullerene molecules, resulting in deformation of
the fullerene molecule cage and an appreciable decrease
of the intermolecular distance.!* The structure and the
dimensionality of HPHT crystalline polymers depends
strongly on the pressure (P) and temperature (T) treatment
conditions. Thus, at lower P and T the C,, molecules
form linear polymeric chains having orthorhombic crys-
tal structure (1D-O) and/or dimers and higher oligomers.
At intermediate P and T the Cg molecules form pla-
nar polymeric layers, which have either a rhombohedral
(2D-Rh) or a tetragonal (2D-T) crystal structure, while
at higher P and T, they form face centered cubic struc-
tures, which are based on three-dimensional cross-linked
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polymerization.® 141 This polymerization of Cy, is asso-
ciated with the destruction of a number of double
C=C bonds and the creation of intermolecular covalent
bonds associated with sp*-like fourfold coordinated carbon
atoms within the fullerene molecular cage. Their number
increases from 4 to 8 and to 12 per each cage for 1D-O,
2D-T, and 2D-Rh polymeric phases, respectively and it is
expected to increase further in the 3D-polymeric phases.
The decrease of the intermolecular distances, the deforma-
tion of the fullerene molecule cage and the lowering of
the molecular symmetry in polymeric phases of Cg, affect
significantly the electron energy spectrum with respect to
the pristine Cq, molecule. Thus, numerical calculations,
performed using the local-density approximation, predict
that the tetragonal, and rhombohedral polymeric phases of
Cgo are indirect low gap semiconductors and their elec-
tronic structure differs significantly from those of the pris-
tine Cg,." 1912 The early experimental optical study of the
Cso polymers has revealed some important changes in the
PL spectrum of pristine C, related to its polymerization.!”
Unfortunately, the specimens identified as orthorhombic
and tetragonal polymers were mainly a mixture of vari-
ous planar polymeric phases of Cy,.!” The progress in the
synthesis of perfect single phase samples of the linear and
planar polymers of Cg, during the last years as well as
in calculating numerically their electronic structure, makes
it necessary for new experimental data, especially related
to the luminescence spectra of the pure 2D-T and 2D-Rh
polymeric phases of Cq.

In this work, we present measurements of the PL spectra
of perfect crystalline samples of the 1D-O, 2D-Rh, and
2D-T polymeric phases of Cg, at normal conditions and as
a function of pressure up to 4.0 GPa. The comparison of
the PL spectra of the linear and planar polymers with those
of the pristine C,, as well as with the results of numerical
calculations of the electronic structure, provide an insight
in the changes associated with the polymerization of Cg,
under HPHT treatment. The pressure dependence of the PL
bands proves to be a very sensitive tool for the identification
and characterization of various polymeric phases of C.

2. EXPERIMENTAL DETAILS

Samples of the 1D-O polymer were prepared from sub-
limed 99.98% pure Cq, powder at 1.2 GPa at 573 K in a
“toroid”-type device. The preliminary X-ray analysis has
confirmed that the samples have the orthorhombic packing
of linear polymeric chains (space group: P, a=9.098 A,
bh=9.831 A, and ¢ = 14.72 A).

The 2D-Rh polymer was obtained by subjecting 99.99%
pure Cq, powder to a pressure of P ~ 5 GPa and tempera-
ture T ~ 773 K. The X-ray analysis, after the high-pressure
treatment, confirmed that the crystal structure of the poly-
mer is rhombohedral (space group: R3m a =9.22 A and
¢=24.6 A).® The 2D-T polymer was obtained in a similar
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way by subjecting 99.99% pure C, powder at P ~2.2 GPa
and T ~ 820 K. The X-ray analysis of the samples after
the HPHT treatment confirmed that the crystal structure of
the polymer is tetragonal (space group: P4,mmc a = b =
9.082 A and ¢ = 14.990 A)'® while the Raman analysis
showed the typical spectrum of the 2D-T polymer of Cy,.
The samples used for the optical PL measurements have
been characterized by means of preliminary micro-Raman
and were selected from the batch material on the basis
of their intense, clear, and spatially uniform Raman spec-
trum, typical of the 1D-O, 2D-Rh, and 2D-T polymeric
phases with no detectable inclusions of other polymeric
phases.!? %

The PL spectra were recorded using a single monochro-
mator JOBIN-YVON THR-1000 equipped with a CCD
liquid-nitrogen cooled detector system. The spectral width
of the system was ~0.5 meV. The 488 nm line of an
Art laser were used for excitation of the luminescence
spectra. The laser power was kept at 2 mW measured
directly in front of the high-pressure cell. The spectra were
recorded with a spatial resolution of ~20 wm by the use
of microscope arrangement. Measurements of the PL spec-
tra at high pressures were carried out using the diamond
anvil cell (DAC) of Mao-Bell type.?! The 4:1 methanol-
ethanol mixture was used as pressure transmitting medium
and the ruby fluorescence technique was used for pressure
calibration.?

3. RESULTS AND DISSCUSSION

The photoluminescence spectra of the pristine Cg,, 1D-0O,
2D-Rh, and 2D-T polymeric phases of C,, at ambient con-
ditions are shown in the Figure 1(a), while in Figure 1(b)
the Raman spectra of these materials, at the same condi-
tions with those of the PL spectra, are shown. The Raman
spectra of the various polymeric phases, as characterized
earlier, show significant differences between the pristine
Csp, 1D-0, 2D-Rh, and 2D-T polymers of C, in the num-
ber of the phonon bands, their frequencies as well as their
intensity distribution. The spectra in Figure 1(b) show typ-
ical features that are characteristic of these materials and
provide assurance that the specimens selected for the pho-
toluminescence measurements do not contain detectable
inclusions of other polymeric phases.” '*?> The PL spec-
trum of Cg4, single crystals, at normal conditions, con-
sists of two broad peaks. The diffuse spectrum becomes
well resolved when recorded at liquid helium temperature.
The narrow bands associated with optical transitions from
shallow defect levels are located near the bottom of the
conduction-band and occupied by localized excitons’ at
low temperatures. The measurements at low temperature
and high pressure have also revealed a band related with
the transitions of the free excitons. The intensity of this
band increases with pressure and its pressure coefficient
is noticeably higher than those related to the localized
excitons.?*
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Fig. 1. Photoluminescence spectra (a) and Raman spectra (b) of the
pristine Cy, 1D-O, 2D-Rh, and 2D-T polymeric phases of Cg, at ambient
conditions.

The PL spectrum of the linear 1D-O polymer is also
diffuse but its structure differs from that of the pristine
C¢ in both the number of peaks and the intensity dis-
tribution among them. The planar polymers of Cq, show
additional changes in their PL spectra in comparison to the
corresponding pristine C¢, and 1D-O polymer recorded at
normal conditions.?> The differences refer to the onsets of
the spectra, their structure, and the number of bands as
well as to their intensity distribution. The PL spectrum of
the 2D-T polymer consists of two main bands similar to
that of the pristine Cg,, but its onset is shifted to lower
energy by ~0.14 eV and the intensity distribution between
these bands is reversed. In addition, the PL spectrum of
the 2D-T polymer contains two very weak bands at the
high energy side, their positions and pressure behavior are
coincident with bands observed in the 2D-Rh polymer,
therefore are attributed to minute impurity of this phase
in the 2D-T phase as we shall discuss below. On the con-
trary, the onset of the PL spectrum of the 2D-Rh polymer
is almost the same with that of the pristine Cg,, while the
spectrum is better resolved even at room temperature and
contains four relatively narrow intense bands. Note, that
the quality of the PL spectra is better than those reported
earlier'” that is related, in our opinion, to higher purity and
better crystallinity of the polymeric specimens used in the
present study.

The important difference between the PL spectra of the
two planar polymers to that of the pristine Cg, refers to
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Fig. 2. Photoluminescence spectra of the 2D-Rh polymeric phase at
various pressures and room temperature for increasing (solid line) and
decreasing (open circles) pressure cycles. The peaks marked by the * are
the ruby luminescence bands.

their pressure behavior. Figure 2 shows the PL spectra of
the 2D-Rh polymer at various pressures up to ~3.3 GPa
for increasing and decreasing pressure cycles. Solid lines
show the spectra related to the increasing pressure cycle
while the spectra related to the decreasing pressure cycle
are shown by open circles. The intensity distribution in the
PL spectra is shown as measured: it is not corrected for
the spectral response of the CCD detector. Thus, the rapid
decrease of the PL intensity below 1.4 eV is related to the
spectral cut-off of the CCD detector. When the pressure
increases, the bands gradually shift to lower energies and
the intensity of the PL spectrum decreases. The red pres-
sure shift in the optical spectra of the fullerene-based mate-
rials is typical for solids with van der Waals intermolecular
interaction,®2* while the decrease of the PL intensity at
the low energy part of the spectra most probably is due
to the cut-off of the CCD detector. On the contrary, the
pressure-induced decrease of the PL intensity at the high
energy part of the spectra, which is a common feature for
the pristine Cg, and its polymeric phases, has another ori-
gin. It is associated, in our opinion, with the decrease of
the fluorescence quantum yield that may be related to the
pressure-induced enhancement of the singlet-triplet con-
version. The proximity of the singlet and triplet electronic
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Table I. Energy E, and pressure coefficients dE/JP of the principal
bands in the PL spectra of the pristine Cg,, 2D-Rh, and 2D-T planar
polymeric phases of Cg,.

Ceo® 2D-Rh? 2D-T*
JE/QP JE/OP JEIOP

E, (eV) (eV/GPa) E (eV) (eV/GPa) E (eV) (eV/GPa)

1.669¢ —0.086 1.747¢ —0.022 1.746 —0.021
1.673 —0.025 1.534¢ —0.015
1.622 —0.025 1.437 —0.013
1.531 —0.028

1.5¢ 0.35¢ 0.72¢

4The data for the free exciton band in the PL spectrum were taken at T = 10 K.2*
bThe data for the PL spectra were taken at ambient conditions.

“These values, corresponding to the higher energy band in the PL spectra of the
two polymeric phases and pristine Cg, are taken as the experimental energy gap
values (see discussion).

Calculated gap values.> ' 12

states in the Cq, molecule' results in the relatively high
phosphorescence of the fullerene that reduces the quan-
tum yield of fluorescence. The energy gap between the
singlet and triplet electronic states in the molecular solids
decreases with the increase of pressure. This results in the
enhancement of the singlet-triplet conversion, in the con-
sequent decrease of the fluorescence and the increase of
the phosphorescence intensities, respectively.

The pressure coefficients, dE/dP, for the various bands
in the PL spectra of the 2D-Rh polymer, as well as the
positions of the bands at ambient conditions E, are shown
in Table I. The pressure coefficients for the various bands
of the 2D-Rh polymer are in the region —0.022 eV/GPa to
—0.028 eV/GPa. For comparison, the pressure coefficient
of the free exciton band in the PL spectrum of the pristine
Cy, is about —0.086 eV/GPa.?* The PL spectra of the 2D-T
polymer at high pressure up to 2.5 GPa for the increasing
(solid lines) and decreasing (open circles) pressure cycles
are shown in Figure 3. The pressure behavior of the PL
spectra is similar, in general, to that of the 2D-Rh polymer,
but the pressure coefficients for the main bands of the
2D-T polymer are considerably smaller (see Table I). Note
that the pressure dependence of the PL spectra for both
planar polymers is reversible with pressure and all details
of the spectra, that is, structure, band positions, and inten-
sities of the PL spectra, are restored after pressure release.

The PL spectra of the 1D-O polymer for increasing
(solid lines) and decreasing (open circles) pressure cycles
are shown in Figure 4. The intriguing feature, in the pres-
sure behavior of the 1D-O polymer, is the irreversibility of
the transformation in the PL spectra during the increasing-
decreasing pressure cycle. The structure of the PL spectra
after pressure release differs from that of the initial mate-
rial. The difference is most pronounced at the high-energy
part of the PL spectrum, which resembles, after pressure
release, somehow the spectrum of the 2D-Rh polymer. It is
important to note, that irreversible transformation was also
observed earlier in the high-pressure Raman study of the
1D-O polymer.2® It was found that the 1D-O polymer is
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Fig. 3. Photoluminescence spectra of the 2D-T polymeric phase at var-
ious pressures and room temperature for increasing (solid line) and
decreasing (open circles) pressure cycles. The peaks marked by the * are
the ruby luminescence bands.

not stable with respect to the simultaneous application of
high pressure and laser irradiation, which results in the
pressure-assisted photo-induced polymerization of mate-
rial at pressure even as low as 0.3 GPa.?® Note that the
1D-O polymer at normal conditions is stable with respect
to moderate laser irradiation intensity; therefore, the role of
high pressure in the pre-orientation of the linear polymeric
chains is crucial for the pressure-assisted photo-induced
polymerization.

The pressure dependence of the band positions in the
PL spectra of the 2D-Rh polymer is shown in Figure 5.
The open (closed) circles refer to the increasing (decreas-
ing) pressure cycles, respectively, while the stars show
the pressure dependence of the free exciton band of the
pristine Cg,. The solid and dashed lines are linear fit-
tings of the experimental data related to the bands of the
2D-Rh polymer and pristine Cg,, respectively. Figure 6
shows the pressure dependence of main bands in the PL
spectrum of the 2D-T polymer. The open (closed) symbols
refer to the increasing (decreasing) pressure cycles; the
stars show the same pressure dependence of the free exci-
ton band. The solid and dashed lines are the linear fittings

J. Nanosci. Nanotechnol. 7, 1-7, 2007
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Fig. 4. Photoluminescence spectra of 1D-O polymeric phase at various
pressures and room temperature for increasing (solid line) and decreasing
(open circles) pressure cycles.

of the experimental data related to the bands of the 2D-T
polymer and pristine Cg, respectively. Note that the slopes
of the pressure dependencies differ for almost all bands
of the two planar polymers except for the high-energy
band. The initial position and the pressure dependence
of this band coincide in the spectra of the 2D-Rh and
2D-T polymers, while its pressure coefficient dE/OP =
—0.022 eV/GPa, being the same for the two polymers,
differs from those of the other two bands of the 2D-T
polymer (see Table 1). This is an indication that the speci-
mens of the 2D-T polymer contain small inclusions of the
rhombohedral polymer, which result in the appearance of
the weak first band at E = 1.747 eV in the PL spectra.
The fact, that the preliminary Raman characterization of
the samples does not show the presence of the other poly-
meric phase, means that the PL. measurements are more
sensitive to the purity of the specimens.

The characteristics of the PL spectra of the planar poly-
meric phases of Cg, and the data related to the pressure
dependence of the PL bands are clear indications that the
electronic structure in these polymeric phases is changed
with respect to the pristine Cq. Numerical calculations

J. Nanosci. Nanotechnol. 7, 1-7, 2007
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Fig. 5. Pressure dependence of the band positions in the PL spectra of
the 2D-Rh polymer. Open (closed) symbols represent data recorded for
increasing (decreasing) pressure cycles; stars show the pressure depen-
dence of the free exciton band in the PL spectra of the pristine Cg,.2*
Solid and dashed lines are linear fitting of the data for the 2D-Rh polymer
and pristine Cg,, respectively.

of the electronic structure predict that the planar 2D-Rh
and 2D-T polymers are indirect gap semiconductors with
gap values of 0.35 eV and 0.72 eV for the rhombohedral
and tetragonal polymeric phases, respectively.!!'12 On the
contrary, pristine Cg, is a direct-gap semiconductor with
gap energy ~1.5 eV as it follows from the LDA numeri-
cal calculations.’ The calculated gap values are noticeably
smaller than the experimental values determined from the
PL spectra of the polymeric phases (Table I). This dis-
crepancy tends to be smaller for the pristine Cq, in which
the difference between the calculated and the experimen-
tal determination is smaller than those corresponding to
the polymeric phases. The LDA approximation generally
underestimates the energy gap value, so it seems to be
more relevant to compare corresponding differences of cal-
culated gap values versus experimentally determined gap
values'' of the polymers to that of pristine Cq,. The dif-
ferences of the calculated gap values for the rhombohedral
and tetragonal polymers to that of the pristine C,, are
1.15 eV and 0.78 eV, respectively, while the corresponding
experimental values are —0.078 eV and 0.135 eV. These
last values are significantly lower than the former. Fur-
thermore, the most intriguing aspect in the PL behavior is
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Fig. 6. Pressure dependence of the band positions in the PL spectra of
the 2D-T polymer. Open (closed) symbols represent data recorded for
increasing (decreasing) pressure cycles; stars show the pressure depen-
dence of the free exciton band in the PL spectra of the pristine Cq,.2*
Solid and dashed lines are linear fitting of the data for the 2D-T polymer
and pristine Cg,, respectively.

that the onset of the PL spectrum of the 2D-Rh polymer
is shifted to higher energy with respect to the position of
the free exciton band of the pristine Cq,. Normally the
electronic spectra of the polymers should be shifted to
lower energies: this is related to the decrease of the inter-
molecular distances in polymeric phases in comparison
to those of the pristine Cg, under high pressure. In fact
the situation is more complicated due to the deformation
of the fullerene molecular cage which can affect signifi-
cantly the electronic structure of the polymer. The numer-
ical calculations in LDA approximation take into account
the deformed fullerene molecule cage and the reduced
intermolecular distances in the polymeric phases, never-
theless the experimental results of the present work are
rather far apart from the calculated data.'"'?> A possible
reason for this discrepancy may be related, in particular,
with the structure of the experimental PL spectra of poly-
mers which represent mainly the direct phonon-assisted
electronic transitions due to their relatively large intensity
with respect to the indirect ones.

The most important feature in the pressure behavior of
the PL spectra is the noticeable difference in the pressure
coefficients of the 2D-Rh and 2D-T polymers despite the
fact that their bulk moduli B, are very close (the values
of B, are 14.4, 28.1, and 29.9 GPa for the pristine Cy,
2D-Rh, and 2D-T phases, respectively).'*?” According
to the X-ray diffraction measurements at high pressure

6

the compressibility of the planar polymers differs for
the directions perpendicular and parallel to the polymeric
sheets.?” In particular, the compressibility of the 2D-Rh
polymer within the polymeric sheets is almost three times
larger than that of the 2D-T polymer, whereas the out-of-
plane compressibility is almost the same.?’ The large dif-
ference in the pressure coefficients of two polymers may
be related to the difference in the in-plane compressibility
of polymers. This means, in our opinion, that the con-
tribution of the in-plane intermolecular interaction to the
electronic structure of planar polymers is more important
than the contribution of the out-of-plane interaction.

In conclusion, we have measured the PL spectra of
the linear 1D-O polymer, 2D-Rh and 2D-T planar poly-
meric phases of Cg, and have found significant differences
between them. These differences along with the difference
in their pressure behavior provide the experimental proof
that the polymerization of Cg, results in considerable
changes of the electronic structure of the pristine Cg.
The experimental data are qualitatively compatible, in gen-
eral, with the results of numerical calculations but they
are rather far from quantitative agreement. Finally the PL
spectra prove to be a very sensitive tool in the characteri-
zation of the polymeric Cg, phases.
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