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Stability of the linear orthorhombic polymer of Csy under pressure and laser irradiation is studied by Raman
scattering and X-ray diffraction measurements. The Raman spectrum at ambient pressure remains unchanged,
in the time scale of the experiment, up to the intensity 3200 W/cm? of the 514.5 nm line of an Ar™ laser,
but irreversible changes are observed at higher intensities. The Raman spectra recorded at increased pressure
show similar irreversible changes even at the laser intensity as low as 470 W/cm?. The X-ray diffraction and
Raman measurements of the pressure-treated samples, performed after pressure release, show that the non-
irradiated material does not exhibit any changes in the crystal structure and phonon spectra. This behavior
indicates a pressure-enhanced photo-induced transformation to a new polymeric phase characterized by a Ra-
man spectrum that differs from those of the other known polymeric phases of Cgo. The Raman spectra of
the photo-transformed linear orthorhombic polymer of Cgo were measured at the pressure up to 29 GPa. The
pressure dependence of the Raman mode frequencies show singularities near 4 GPa and 15 GPa, respectively
related to a reversible phase transition and an irreversible transformation to a metastable disordered phase. The
diffuse Raman spectrum of the disordered phase does not exhibit essential changes with an increase in pressure
up to 29 GPa. The high-pressure phase transforms to a mixture of pristine and dimerized Cgq, after pressure
release and exposure to ambient conditions for 30 hours.

© 2008

PACS: 61.48.-c, 62.50.-p, 64.70.K-, 78.30.Na, 78.55.Kz

1. INTRODUCTION

Polymerization of the monomeric FCC (face-
centered cubic) phase of Cgg can be performed by
various ways of sample treatment [1-4]. In particular,
the polymerization of fullerene Cgg caused by light
illumination from an Ar™ laser beam at 514.5 nm
with a power density exceeding 5 W/cm? has been
observed [1].  Photo-polymerization is related to
covalent bonding between adjacent Cgg molecules
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via [2 + 2] cycloaddition reactions that result in the
creation of fullerene dimers and/or oligomers (Cgg)np,
with n = 2-20 [1,5-7]. Because of the small light
penetration depth (~ 1 um), the photo-polymerization
is effective only in thin films or surfaces of bulk sam-
ples, making the X-ray analysis of the photo-polymer
structure rather uncertain [8].

In contrast to the photo-polymerization of the
FCC phase of Cgg, products of the high-pressure/high-
temperature (HPHT) polymerization, proceeding ba-
sically through the [2 + 2] cycloaddition reaction,
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are bulk crystalline samples based on various low-
and high-molecular mass linear (1D), planar (2D), or
cross-linked (3D) polymers of Cgp with intermolecu-
lar covalent bonding via sp®-like coordinated carbon
atoms [3,4,9-11]. The structural ordering of the high-
molecular-mass polymers gives rise to the formation
of crystalline structures that were identified as linear
orthorhombic (1D-0), planar tetragonal (2D-T), or
rhombohedral (2D-Rh) and face-centered cubic (3D—
FCC) depending on the Cgp coordination within the
polymeric network [3,4, 6,7, 11].

The formation of dimers, linear polymeric chains,
planar polymeric layers, or polymeric networks results
in distinct changes in the Raman and IR spectra related
to the lowering of the Cgo molecular symmetry, which
leads to the splitting of the bands and their soften-
ing due to a decrease in the mean intramolecular bond
strength [1-4, 6,9]. The number of sp3-like coordinated
carbon atoms per Cgp cage depends on the polymer
structure and increases from 4 to 8 and to 12 for 1D-0O,
2D-T, and 2D-Rh polymeric phases, respectively. The
relatively small number of sp3-like coordinated carbon
atoms in linear and planar polymers of Cgq leaves open
the possibility for their further polymerization, in par-
ticular by application of uniaxial pressure perpendicu-
lar to the polymeric sheets of the planar and/or to the
polymeric chains of linear polymers of Cgq, as it follows
from numerical calculations [12, 13].

According to the calculations in [12], the planar
2D-T polymer transforms into a 3D-polymer with 24
sp’-like coordinated carbon atoms per Cgo molecule
under a pressure of approximately 20 GPa via cova-
lent bonding between molecules in adjacent polymeric
sheets. Another calculation [13] predicted that uniax-
ial compression of linear and planar polymers of Cgg
leads to 3D polymerization with 52, 56, and even 60
sp’-like coordinated carbon atoms per Cgy molecular
cage. Experimental in situ Raman and X-ray studies
of the 2D-T polymer at high pressure have revealed
an irreversible transition near 20 GPa to an ordered
high-pressure phase, related to its three-dimensional
polymerization [14,15]. The in situ Raman study of
the 2D-Rh polymer at high pressure has revealed an
irreversible transition near 15 GPa to a disordered
metastable phase [16], related most likely to random
bonding of molecules belonging to adjacent polymeric
sheets.

Recently, based on our Raman study of the pres-
sure behavior of the linear 1D-O polymeric phase of
Cgo, we reported an irreversible transformation of the
material under laser irradiation and high pressure [17].
The photo-induced transformation occurs even at nor-
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mal pressure, while the simultaneous application of
pressure and laser irradiation drastically increases the
transformation rate [18]. Raman spectra of the photo-
transformed 1D—O polymer differ from those of the
known polymeric phases of Cgg [17]. Finally, an in-
dependent X-ray powder diffraction study has shown
that under simultaneous application of pressure and
X-ray irradiation, the 1D-0O polymer transforms into
a new polymeric phase characterized by conjunction of
adjacent polymeric chains [19].

In this paper, we report and discuss the results
of an extended study of the pressure-enhanced photo-
induced polymerization of the 1D—O polymer at room
temperature. We investigate the influence of the laser
irradiation intensity on the Raman spectra of the 1D-O
polymer excited by the 514.5 nm Ar™ laser line as well
as the enhancement of the photo-polymerization rate
at high pressure. We also report the detailed study
of the pressure behavior of the photo-transformed 1D—
O polymer of Cgo at pressures up to 29 GPa and at
room temperature by means of in situ Raman scatter-
ing. The pressure dependence of the phonon frequen-
cies of the photo-transformed 1D-O polymer revealed
a pressure-induced phase transition near 4 GPa and
an irreversible transformation at 15 GPa related to its
further polymerization.

2. EXPERIMENTAL

Samples of the 1D-0O polymeric phase of Cgg were
prepared from sublimed 99.98 % pure Cgo powder at
1.2 GPa and 573 K in a “toroid’-type device. The
preliminary X-ray analysis confirmed that the samples
have the well-known orthorhombic packing of linear
polymeric chains (space group Pmnn: a = 9.098 A,
b=9.8314, and ¢ = 14.72 A). The specimens used for
the high-pressure measurements had dimensions of ap-
proximately 100 um and were selected from the batch
material by means of micro-Raman probing for their
intense, clear, and spatially uniform Raman spectrum,
typical of the 1D—O polymeric phase [9].

Raman spectra were recorded in the backscatter-
ing geometry using a micro-Raman system equipped
with a triple monochromator (DILOR XY) and a CCD
liquid-nitrogen cooled detector system. The spectral
width of the system was approximately 3 cm™'. The
514.5 nm line of an Ar™ laser with the beam inten-
sity in the range 0.005-0.5 mW on the sample was used
for excitation. The laser line was focused on the sam-
ple by means of 100x and 20x objectives with the re-
spective spatial resolutions around 1 and 2.7 um. The
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Fig. 1. Raman spectrum of the initial linear orthorhom-

bic polymer of Cgo at normal conditions (a) and the

spectrum of the transformed sample at 0.7 GPa (b).

Another specimen shows the same transformation of
the Raman spectrum at 0.3 GPa (¢)

Raman spectra were measured at high pressures using
a Mao-Bell-type diamond anvil cell (DAC) [20]. The
4:1 methanol-ethanol mixture was used as a pressure-
transmitting medium and the ruby fluorescence tech-
nique was used for pressure calibration [21].

3. RESULTS AND DISCUSSION

The Raman spectrum of the pristine 1D-O poly-
mer recorded at ambient conditions is shown in Fig. 1a.
This spectrum coincides with the earlier reported spec-
trum of the 1D-O polymeric phase: the number of the
Raman active modes, the peak positions, and their in-
tensities are practically the same within the accuracy
of the measurements [9]. Figure 15 shows the Raman
spectrum of the 1D—O polymer recorded in the first run
of the high-pressure Raman measurements at the start-
ing pressure 0.7 GPa obtained on loading the DAC. The
spectrum in Fig. 15 has quite different structure: the
majority of the bands are split and the total number
of peaks is increased. The same behavior is observed
for several experimental runs with different specimens
of the 1D-0O polymer at any starting pressure after the
sample loading into the DAC. We could not find the
threshold pressure for this transformation: it occurs
even at a pressure as low as 0.1 GPa. Figure 1¢ demon-
strates that the Raman features of the transformed 1D—
O polymer are identical for any initially generated pres-
sure.

Figure 2 shows the Raman spectrum of the trans-
formed 1D-0 polymer compared with the Raman spec-
tra of the planar 2D-Rh and 2D-T polymeric phases
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Fig.2. Raman spectra of the 2D-T (a), 2D-R (), and
the transformed 1D-O (c¢) polymeric phases of Cgq

of Cgg. The comparison of the Raman spectra of the
transformed 1D-O polymer (Fig. 2¢) to those of the
2D-T (Fig. 2a) and 2D-Rh (Fig. 2b) polymers clearly
shows the difference in the number, positions, and rel-
ative intensities of the peaks. The increase in the num-
ber of peaks testifies that the molecular symmetry of
the Cgo cage in the new phase is lower than in the pris-
tine orthorhombic polymer (symmetry Dsz). In the
case of the cross-linking of the pristine 1D-O polymer,
the lowering of symmetry could be associated with the
formation of new inter-cage covalent bonds between the
Cgo clusters that belong to the neighboring polymeric
chains in the structure of the orthorhombic phase. The
distinction of the Raman spectrum of the transformed
1D-0 polymer with respect to those of the 2D polymer-
ized tetragonal and rhombohedral phases of Cgg indi-
cates that the novel chemical bonds between neighbor-
ing polymeric chains of the 1D-O polymer are different
from those of the cross-linked polymeric bonds in the
planar polymers of Cgo. The detailed data related to
the Raman-mode frequencies of these polymeric phases,
as well as the Raman frequencies and the mode assign-
ment of the pristine Cgg are summarized in Table 1.

To study the structural aspects of the observed
transformation, we compared the X-ray diffraction pat-
tern of the initial 1D-0O polymer at normal conditions
with that of the pressure-treated 1D-O polymer af-
ter pressure release. The pressure was increased up
to 3 GPa in a “toroid”-type high-pressure cell; the du-
ration of treatment was 10 minutes at 20 °C. The X-ray
diffraction pattern of the pristine material at ambient
pressure and the pressure-treated 1D-0O polymer after
the pressure release are shown in Fig. 3. As can be
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Table 1. Phonon frequencies for the 2D-Rh, 2D-T, 1D-0, and the transformed 1D-O polymeric phase of Cgo. The
corresponding values for monomeric Cgo are also included

2D-Rh polymer [22] | 2D-T polymer [23] | 1D-O transformed [17] | 1ID-O polymer [17] | Monomeric Cgg [24]
Mode® | w;, em™' | Mode® | w;, em™! | Mode® wi, cm ™! Mode® | w;, em™! | Mode | w;, em™*
H,(1) 245 H,(1) 259 248 H,y(1) 251 | H,(1) 273
H,(1) 267 280 266 270
H,(1) 308 288
H.1) | 342 333 340
Fy,(1) 366 366

389
Gu(1) | 406
H,(2) 415 411
H,(2) 438 | H,2) | 431 427 H,2) | 425 | H,@2) 437
H,(2) 451 450
A,(1) 192 | A4,(1) | 481 484 A1) | 486 | A4,(1) 496

Fi,(1) 520 521 Q(x) 523
Fy() | 532 | By(1)| 536 527
Fi,(1) | 558 | F,(1)| 563 561
H.2) | 579 | F,1)| 588
Hy(2) 596 598

O() 610 614
H.3) | 640 634 H,(3) | 635
654
H,(3) | 666 662
H,(3) 695 694

Fy,(2) 709 707 707 H,(3) 710
H,(3) 712 722
H,(3) 731 739
H,(4) 749 | Hy(4) | 747 752 Hy(4) | 752
Foy(2) | 767
H,(4) 776 772 774 760 | H,(4) 774
F,(3) 827
H.(4) | 856 853 () 843
Hy(4) 868 O() 864

903 O(2) 897
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Table 1. (Continued)
2D-Rh polymer [22] | 2D-T polymer [23] | 1D-O transformed [17] | 1D-O polymer [17] | Monomeric Cgg [24]
Mode® | w;, em™" | Mode? | w;, em™" | Mode® w;i, cm ™! Mode? | w;, cm~! | Mode | w;, cm™"
G,(2) 958 G,(2) 951 047 Q(z) 957
959
Fi,(2) 977 | F,(2) | 970 969
987
Fyy (4) 1016
Fy,(4) 1037 1027 Q(x) 1034
H,(5) 1042 Q(z) 1041
Hy(5) | 1078 | H,(5) | 1090 1082 Hy(5) | 1082
H,(5) 1109 1107 1105 1105 H,(5) 1100
G,(3) 1158 | G4(3) | 1176
G,(3) 1195 1190 1190
By(3) | 1204 | FBpy,(3)| 1206 1205
H,(6) 1224
H,(6) 1230 1241 Hy(6) | 1240 | H,(6) 1243
H,(6) 1260 1257 1258
G,(4) 1314 | G,(4) | 1299 1307
Hy(7) | 1385 | H,(7) | 1404 1386 Hy(7) | 1398
A,(2) 1410 1423 1416
1428 1429 1430 Hy(7) 1428
A, (2) | 1447 1442 1442
Fi,(3) | 1463 1455 A,2) | 1457 | A,(2) 1470
Fig(3) | 1495
Hy8) | 1554 | Fpy(4) | 1543 1559
H,(8) 1563 | H,(8) | 1567 1559 Hy(7) | 1560
H,(8) 1569 Gg4(6) 1598 1575 H,(8) 1575
G,(6) 1621 1621 1621
G,(6) 1627

“The peak positions and mode assignment for the 2D-Rh polymeric phase refer to the irreducible representations
of the Cgo molecule and follow Ref. [9] in general.
®The mode assignment for the 2D-T polymeric phase follows that in Ref. [9]. The modes marked by Q(z) have

unclear assignment.
“No assignment can be made.

?The mode assignment for the 1D-O polymeric phase follows that in Ref. [25].
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Fig. 3. X-ray diffraction pattern of the pressure-treated
1D-0 polymer after pressure release (a) and the initial
orthorhombic phase of Cgo at normal conditions ()

from Fig. 3, there are no significant differences in the
X-ray diffraction patterns of the 1D-O polymer before
and after the pressure treatment. The positions of all
observed peaks are the same, while small differences in
peak intensities may be related to the powder mate-
rial preparation. In addition, the ez situ Raman spec-
trum of the pressure-treated 1D—O polymer taken af-
ter pressure release is the same as the spectrum of the
initial polymer. The fact that the ez situ X-ray and
Raman data of the high-pressure-treated 1D—O poly-
mer do not show any changes in the crystal structure
and the phonon spectrum of the material, contrary
to the transformation clearly observed in the in situ
high-pressure Raman study, implies that the material
transformation is related to the combined effect of laser
irradiation and high-pressure application. Therefore,
the observed transition is related to pressure-enhanced
photo-induced polymerization of the material.

It is known that the HPHT 2D and 3D polymers are
stable at ambient conditions, and laser irradiation does
not cause changes related to their further polymeriza-
tion. To check the stability of the linear orthorhom-
bic polymer of Cgg under laser irradiation at ambient
conditions, we measured the Raman spectra of the 1D—
O polymer at various intensities of the 514.5 nm Ar™
laser line. The results of these measurements are pre-
sented in Fig. 4. The spectrum in Fig. 4a, measured
at the laser intensity 640 W/cm?, is identical to the
Raman spectrum of the pristine 1D-0O polymer and
does not show any traces of a photo-induced trans-
formed phase. The increase in laser intensity to approx-
imately 1280 W/cm? (Fig. 4b) does not affect the Ra-
man features within the time scale of the experiment,
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Fig.4. Raman spectra of the pristine 1D-O polymer

recorded at ambient conditions and various excitation

intensities of the 514.5 nm Ar™ laser line (a—d) in

comparison with that of the transformed material at
0.1 GPa (e)

while a new Raman band appears near 1446 cm™! at

the laser intensity 3200 W/cm?. A further increase in
the laser intensity to 6400 W/cm? and subsequently
to 12800 W/ecm? leads to a gradual intensity enhance-
ment of the new band (not shown in the figure). At
the same time, the two bands near 1433 cm™! and
1563 cm™! become stronger with respect to the main
band near 1458 em ™!, which is attributed to the “pen-
tagonal pinch” A4,(2) intramolecular mode of Cgg in the
pristine 1D-O polymer [9]. At the highest laser inten-
sity 25600 W /cm? (Fig. 4d), the Raman bands broaden
significantly and shift slightly to lower energies due to
sample heating, which results in its gradual degrada-
tion within the laser beam spot under long time ex-
posure. We note that this spectrum is reminiscent of
the Raman spectrum of the photo-transformed 1D-O
polymer taken at P = 0.1 GPa with the laser intensity
1400 W/cm? (Fig. 4e).
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Fig.5. Raman spectra of the 1D-O polymer recorded
at various pressures and excitation intensities of the
514.5 nm Ar* laser line. The pressure-assisted pho-
topolymerization starts at the relatively low laser power
470 W/cm? (b). After pressure release, the laser-treated
sites show Raman spectra typical of the photo-polymer
(d), while untreated sites do not show any photopoly-
merization effects (e)

Figure 5 depicts the Raman spectra of the 1D-O
polymer measured at various conditions of laser inten-
sity and pressure. The Raman spectrum of the 1D-O
polymer shown in Fig. 5a refers to ambient conditions
at the laser intensity ~ 440 W/cm?. Apparently, these
experimental conditions do not cause changes related
to photopolymerization. At the pressure 0.8 GPa, the
changes in the Raman spectrum appear at the laser
intensity approximately 470 W/cm? (Fig. 5b). Fur-
ther increasing the laser intensity to approximately
4700 W /cm? leads to an almost instantaneous transfor-
mation of the material to a new phase (Fig. 5¢). The
Raman spectrum recorded in the DAC after pressure
release shows the same features as the spectra recorded
under the pressure 0.8 GPa (Fig. 5d). This indicates
that the new phase that appears at the sample sites
treated by laser irradiation at high pressure remains
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stable at ambient conditions. On the contrary, the sam-
ple sites that were not irradiated by the laser beam at
high pressure show typical Raman features of the pris-
tine 1D-O polymer (Fig. 5¢). To avoid any influence
of laser irradiation on the Raman spectra acquired af-
ter pressure release (Fig. 5d,e), the measurements were
performed at the laser intensity 205 W/cm?, which is
considerably lower than the intensity 3200 W/cm? at
which the first Raman features related to photopoly-
merization at ambient pressure appear.

These data imply that the irreversible changes in
the Raman spectra of the pristine 1D—O polymer are re-
lated to the laser irradiation of the samples, which leads
to its further photo-induced polymerization. We note
that the photo-induced polymerization of the 1D-O
polymer, observed for the first time at ambient condi-
tions for a Cgg polymer of the HPHT type, occurs at the
laser intensity 3200 W /cm?, a value more than two or-
ders of magnitude greater than the intensity 5 W/cm?
reported for the photopolymerization of the monomeric
Ceo [1].

The application of high pressure enhances the pro-
cess, resulting in a drastic increase in the photopoly-
merization rate and in the subsequent reduction of
the laser intensity inducing the transformation. It is
important to note that the molecules in the ground
state cannot take part in the formation of Cgy dimers
via the [2 4+ 2] cycloaddition reaction, which is the
first step in the polymerization process. According
to the Woodward-Hoffmann rule, the straightforward
coupling of Cgo molecules in their ground state is not
favorable due to the symmetry of the highest occupied
orbital of Cgg [26,27]. However, the molecular orbital
of the excited state of Cgg, being populated by light
absorption, has a symmetry favorable for dimer for-
mation. On the contrary, the formation of dimers at
high pressure occurs even at room temperature with-
out light irradiation [28], which means that the highest
occupied molecular orbital of Cgo at high pressure es-
capes symmetry limitations on the pair interaction re-
lated to the Woodward—Hoffmann rule. In view of this,
the simultaneous effect of pressure and light irradiation
can stimulate the polymerization process, which results
in a considerable increase in the polymerization rate.
The results in this work confirm that the 1D-O poly-
mer indeed becomes more sensitive to photochemical
reactions when high pressure is applied.

As regards the possible mechanism of the high pres-
sure photo-induced polymerization of the pristine 1D—
O polymer, one can speculate that it may be similar to
the mechanism of high-pressure photo-induced trans-
formation of other molecular carbon compounds with
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Fig.6. Raman spectra of the photo-transformed 1D-O polymer of Cgo at room temperature and various pressures. Spectra
recorded upon pressure increase (a), decrease (b)

unsaturated bonds. In particular, the combined action
of pressure and laser irradiation reduces the pressure
threshold of the chemical transformation of crystalline
benzene from 23 to 16 GPa [29]. According to this re-
port, high pressure induces a distortion of the benzene
ring that resembles the molecule in the first excited
electronic state S;. The change of molecular geometry
relates to the pressure-induced mixing of the excited
S; state with the Sy ground state. That is, the dis-
tortion of the molecule at high pressure speeds up the
photochemical transformation related to the selective
pumping of the system in the S; excited state.

The structural features of the pressure-enhanced
photo-induced polymerization of the 1D-O polymer
may be attributed to the bonding between the linear
polymeric chains. The lowering of symmetry, indicated
by the appearance of new Raman peaks, can be as-
sociated with the formation of new covalent bonds be-
tween the Cgo molecules that belong to the neighboring
polymeric chains in the structure of the orthorhombic
phase. The distinction of the Raman spectrum of the
transformed 1D—-O polymer from those of the 2D poly-

merized tetragonal and rhombohedral phases of Cgg is
indicative of novel chemical bonds in the transformed
orthorhombic phase that are not the typical [2 + 2]
cycloaddition bonds but single bonds between poly-
meric chains. The in situ high-pressure X-ray pow-
der diffraction study has clearly shown that the 1D-O
polymer transforms to a new polymeric phase char-
acterized by conjunction of adjacent linear polymeric
chains [19]. This study has not revealed the detailed
structure of the new polymeric phase because the low-
resolution diffraction profiles along with the small num-
ber of peaks did not permit further refinement; never-
theless, additional synchrotron radiation X-ray diffrac-
tion experiments may clarify this issue.

Subsequently, the pressure behavior and stability
of the photo-transformed 1D-0 polymer up to 29 GPa
was studied by means of Raman measurements. The
Raman spectra of the photo-transformed 1D-0O poly-
mer of Cgg at various pressures and room tempera-
ture are shown in Fig. 6. Figure 6a illustrates data
recorded upon pressure increase and Fig. 6b illustrates
data recorded during pressure release. The spectral
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region around the strong triply degenerate T5, mode
of diamond, appearing at 1332 cm~! at ambient pres-
sure [30], is excluded. Moreover, the background, which
slightly increases with pressure, is subtracted from the
spectra for clarity. The initial Raman spectrum of
the photo-transformed 1D-O polymer, which consists
of a large number of narrow and well-resolved peaks,
demonstrates strong pressure dependence. As the pres-
sure increases, the Raman peaks shift to higher en-
ergies and their bandwidth gradually increases. The
broadening of the Raman bands is further enhanced
above 10 GPa due to the solidification of the pressure-
transmitting medium. It is known that the methanol-
ethanol mixture is fully hydrostatic up to ~ 10 GPa,
while in its glassy form at higher pressures, it supports
pressure gradients up to 0.4 GPa [31], which generate
shear stress components. The most important pressure
effects are related to the changes in the number of the
Raman active modes, their pressure coefficients, and in-
tensities. The relative intensities of the Raman modes
in the 700-1100 cm ™! region gradually increase with
respect to other modes. Significant changes were ob-
served near 15 GPa, where the Raman spectrum loses
its fine structure in all frequency regions and becomes
very diffuse. This transformation was preceded by a
rapid decrease in the intensity of the peaks related to
the A,/(2) “pentagonal-pinch” (PP) mode of the pris-
tine Cgo and a relative increase in the intensities of
the H,(8) and G,(6) modes. The broad Raman fea-
tures in the spectrum of the high-pressure phase above
15 GPa can be tracked back to the photo-transformed
1D-0 polymer of Cgg and seem to incorporate the cor-
responding group of the broad Raman bands of this
phase.

Despite the similarities in the diffused Raman
bands, the spectrum of the high-pressure phase dif-
fers significantly from that of the amorphous carbon
with respect to the number of peaks as well as to their
position. Comparing the Raman spectrum of the high-
pressure phase to that of the high-pressure phase of the
2D-T polymeric phase of Cgg [14, 32], we observe that
the former does not contain peaks in the high-energy
region, like the 1840 cm~! peak observed in the latter
phase. In addition, the new phase shows a spatially
uniform Raman response over all the surface of the
sample, as was documented by probing various places
in the sample, a behavior that differs drastically from
the behavior of the 2D-T polymeric phase of Cgo [14].
We note that the broad Raman features of the high-
pressure phase in the photo-transformed 1D—O polymer
of Cgg resemble the Raman features of the disordered
high-pressure phase in the 2D-Rh polymer, which was
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Fig.7. Pressure dependence of the Raman frequen-
cies of the photo-transformed 1D-O polymer of Cgg in
the range 230630 cm~"'. Circles and squares respec-
tively represent data taken upon two different pressure
runs up to 12 GPa and 29 GPa. Stars denote the Ra-
man frequencies of the initial 1D-O polymer at normal
conditions. The open (solid) symbols represent data
recorded upon pressure increase (decrease). Dashed
vertical lines near 4 GPa and 15 GPa mark pressure
values where changes are observed

also observed above 15 GPa [16]. Upon pressure de-
crease, the broad Raman bands of the disordered phase
shift to lower energies without any observable changes
in their intensity distribution (Fig. 6b). After a total
release of pressure, the high-pressure phase is rather
stable and does not change at least for some hours at
normal conditions.

The pressure dependence of the Raman mode
frequencies of the photo-transformed 1D-O poly-
mer of Cgo in the energy regions 230-630 cm™!,
625-1100 cm~!, and 1380-1690 cm~! are shown in
Figs. 7, 8, and 9. The phonon frequencies were
obtained by fitting Voigt peak functions to the experi-
mental data after the background subtraction. In the
high-pressure phase, the frequencies were defined with
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Table 2.  Pressure coefficients of the Raman modes of the transformed 1D-O polymer of Coo
w;, cm ! dw;/dP, cm~!/GPa
P =1 bar 0<P<15GPa 0 <P <4GPa 4 < P <15 GPa

248 2.1
266 2.5
288 8.4 2.2
333 2.66 0.04
411 0.34
451 0.85
484 3.9
527 -0.38
561 —-0.41
598 1.31
634 0.55
694 —0.67
707 —0.64
722 -0.38
739 -1.1
752 —0.81
774 —0.61
853 0.85
959 4.4
969 5.37
1027 4.72
1386 6.1
1407 6.3
1429 3.2 6.2
1442 7.0 4.0
1455 4.8
1494 3.7
1559 4.5 4.9
1559 4.5 4.0
1621 3.6

735




K. P. Meletov, V. A. Davydov, J. Arvanitidis et al.

MIOTP, Tom 134, B4 (10), 2008

1100

1000

900

Raman shift, cm~*

800

700 b

Pressure, GPa

Fig.8. Pressure dependence of the Raman frequen-
cies of the photo-transformed 1D-O polymer of Cgg in
the range 625-1100 cm ™. Circles and squares respec-
tively represent data taken upon two different pressure
runs up to 12 GPa and 29 GPa. Stars denote the Ra-
man frequencies of the initial 1D-O polymer at normal
conditions. The open (solid) symbols represent data
recorded upon pressure increase (decrease). Dashed
vertical lines near 4 GPa and 15 GPa mark pressure
values where changes are observed

a somewhat lower accuracy because of their diffuse
nature. Circles and squares represent data taken upon
two different pressure runs up to 12 GPa and 29 GPa,
respectively. Stars denote the Raman frequencies of
the pristine 1D-O polymer at normal conditions. The
open (solid) symbols represent data recorded upon
pressure increase (decrease). The phonon frequencies
obtained upon pressure increase coincide in the two
different pressure runs within the accuracy of mea-
surements. The pressure-induced shift of the majority
of Raman modes is linear and positive, except for a
few modes that display small negative pressure shifts.
The pressure coefficients are tabulated in Table 2;
their values vary between —0.4 ¢cm~!/GPa (the peak
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Fig.9. Pressure dependence of the Raman frequencies
of the photo-transformed 1D-O polymer of Cgg in the
range 1380-1690 cm~'. Circles and squares respec-
tively represent data taken upon two different pressure
runs up to 12 GPa and 29 GPa. Stars denote the Ra-
man frequencies of the initial 1D-O polymer at normal
conditions. The open (solid) symbols represent data
recorded upon pressure increase (decrease). Dashed
vertical lines near 4 GPa and 15 GPa mark pressure
values where changes are observed

located at 561 cm™!) and +7.0 cm~!/GPa (the peak
located at 1442 cm™!). The pressure dependence of
all Raman modes is reversible with pressure at least
up to 12 GPa, the highest pressure reached during the
first pressure run. The dashed lines near 4 GPa and
15 GPa indicate the pressure range where changes in
the pressure dependence of the Raman peaks occur.
The pressure coefficients and the number of Raman
bands change abruptly at ~ 4 GPa. The slopes
of the low-energy Raman modes at 288 c¢cm ™! and
333 c¢cm~! respectively change from 84 c¢cm~!/GPa
to 2.2 cm~!'/GPa and from 2.7 cm~!/GPa to
0.04 em~!/GPa. For the high-frequency modes at
1429 cm ! and 1442 ecm ™!, the respective pressure co-
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efficients change from 3.2 cm™!/GPa to 6.2 cm ! /GPa
and from 7.0 cm™'/GPa to 4.0 em™'/GPa. In ad-
dition, the band at 1559 cm™' splits near 4 GPa
and the pressure coefficients of the split components
are slightly different; specifically, they are equal to
4.9 cm~!'/GPa and 4.5 cm™'/GPa for the higher
and the lower-energy component, respectively. The
splitting of the mode at 1559 cm ™! and the changes
in the pressure slopes of a number of modes, along
with the reversibility of these effects upon pressure
release after reaching 12 GPa, are an indication of
a reversible structural phase transition that occurs
near 4 GPa. The changes occurring near 15 GPa are
apparently related to an irreversible transformation.
More specifically, the disappearance of the majority of
the phonon modes, the changes in the pressure slopes,
the drastic broadening of the Raman bands, and the
irreversible behavior upon pressure release are clear
evidence of an irreversible transformation to a highly
disordered state.

The recovered sample, after pressure release, was
tested by means of micro-Raman probing in order to
check its stability. Figure 10 shows the Raman spectra
of various phases of the 1D-O polymer of Cgq in the
frequency range 1350-1780 cm !, where the changes in
the Raman response are more pronounced. The Raman
spectrum of the photo-transformed 1D-O polymeric
phase shown in Fig. 10a differs significantly from that of
the pristine 1D-0O polymer shown in Fig. 10e. The Ra-
man spectrum of the high-pressure phase of the photo-
transformed 1D-0 polymer immediately after pressure
release is shown in Fig. 10b, whereas Figs. 10c¢,d show
the Raman spectra of the high-pressure phase at dif-
ferent sites of the sample approximately 30 hours after
pressure release. These spectra indicate that the high-
pressure phase is metastable and transforms rather
quickly to a phase that demonstrates Raman features
resembling those of the initial 1D—O polymer of Cgg
(Fig. 10d). Nevertheless, the spectrum in Fig. 10d is
characteristic of a mixture of pristine (monomeric) and
dimeric Cgp, as follows from the position of the A/(2)
PP-mode that is shifted to higher energy than in the
initial 1D-0 polymer. Noticeably, this behavior is sim-
ilar to that also exhibited by the 2D-T polymeric phase
of Cgg [14, 32, 33]. The transformation of the recov-
ered 1D-O material was observed at normal conditions
without any special heat treatment of the sample ex-
cept that due to the excitation beam during the Ra-
man probing [34]. The behavior of the recovered high-
pressure phase of the photo-transformed 1D—-0O polymer
differs from the behavior of the high-pressure phase of
the 2D-Rh polymer, which is more stable and trans-

8 ZKOT®, Bem. 4 (10)
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Fig.10. Raman spectra of various phases of the 1D-O
linear orthorhombic polymer of Cgo in the frequency
range 1350-1780 cm ™" recorded at normal conditions.
a — The photo-transformed 1D-O polymeric phase.
b — The recovered high-pressure phase immediately af-
ter pressure release. ¢,d — The Raman spectra of the
recovered high-pressure phase at different sites of the
specimen recorded approximately 30 hours after pres-
sure release. ¢ — The Raman spectrum of the pristine
1D-O polymer

forms into a mixture of pristine and dimerized Cgg only
after sample annealing at 7' > 350 °C [16].

The changes in the pressure dependence of the Ra-
man frequencies of the photo-transformed 1D-0 poly-
mer of Cgg near 4 GPa may be considered an indication
of a possible structural phase transition. This may be
related to minor changes in the packing of the linked
linear polymeric chains. However, to verify that the sin-
gularities observed in the high-pressure Raman study
are associated with a phase transition, an X-ray study
of the structural aspects is necessary. A recent high-
pressure X-ray powder diffraction study of the linear
orthorhombic polymer of Cgp has not revealed clear
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changes in the diffraction patterns near 4 GPa [19].
However, this study is not yet conclusive because the
low resolution of the data and the small number of
peaks did not permit the complete refinement of the
structure.

The irreversible changes at approximately 15 GPa,
from the well-resolved Raman spectrum of the photo-
transformed 1D-O polymer to a diffuse one, is typical
of a transition to a disordered phase. A rapid decrease
in the A4(2) PP-mode intensity and the enhancement
of the neighboring H,(8) and G,(6) modes in the pre-
transitional pressure regime are reminiscent of the anal-
ogous behavior exhibited by these modes in the 2D-T
and 2D-Rh polymeric phases of Cgq before their fur-
ther polymerization under high pressure [14, 16]. Tak-
ing into account that the PP-mode is associated with
the in-phase stretching vibrations of the C=C bonds,
the decrease in its intensity may be related to the de-
struction of a number of these bonds and the subse-
quent creation of covalent links between molecules be-
longing to adjacent polymeric planes or chains.

Although pressure preferentially decreases the dis-
tance between the linear polymeric chains rather than
the intercage distance within a chain, the bond for-
mation between the chains is not always preferable.
Namely, the Cgo molecular cages belonging to adja-
cent polymeric chains may not have optimal relative
orientations for the formation of new covalent bonds.
Therefore, we expect that the new bonds are formed
in a random way due to some distortion in the molec-
ular orientations after photopolymerization. As a re-
sult, the new high-pressure phase exhibits a high degree
of disorder characterized by a random polymerization.
Similarly, in the case of the 2D—Rh polymer, the dif-
fuse Raman spectrum of the high-pressure phase is also
related to a disordered polymeric phase of Cgy charac-
terized by random covalent bonding between molecules
belonging to adjacent 2D-polymeric planes of the ini-
tial thombohedral phase. We note that this behavior
differs significantly from that of the 2D-T polymeric
phase of Cgg, in which the pressure-induced shortening
of the intermolecular distances, accompanied by the op-
timal orientation of molecules, leads to a high degree of
regularity in the formation of the out-of-plane covalent
bonds.

In conclusion, the linear orthorhombic polymer of
Cgo is not stable under laser irradiation and transforms
into a new polymeric phase. The laser intensity neces-
sary for the photo-induced polymerization at ambient
conditions is considerably higher than that needed for
the Cgo monomer. The application of high pressure
drastically increases the photopolymerization rate and
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the transformation becomes almost instantaneous.
The ez situ X-ray diffraction and Raman studies of
the pressure-treated samples performed after pressure
release indicate that the nonirradiated material does
not exhibit any changes in the crystal structure and
the phonon spectrum. This behavior is indicative of
a pressure-enhanced photo-induced transformation
into a new polymeric phase, which shows different
Raman spectrum from those of the known polymeric
phases of Cgg. The in situ high-pressure X-ray powder
diffraction study shows that the new polymeric phase
is characterized by conjunction of the adjacent linear
polymeric chains. The high-pressure Raman study of
the photo-transformed 1D-O polymer of Cgg shows
a possible structural phase transition near 4 GPa,
whereas a further increase in pressure to 15 GPa
causes a transformation to a metastable phase with a
diffuse spectrum typical of a disordered phase. After
pressure release, this phase relaxes to a mixture of
pristine and dimerized Cgo. We assume that this
high-pressure phase is formed by the random creation
of covalent bonds between linked polymeric chains
due to some distortion in the molecular orientation.
This assumption is supported by the retention of the
fullerene molecular cage in the high-pressure phase and
by the similarity in the pretransitional behavior with
that of the 2D-T and the 2D-Rh polymeric phases of
060.
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