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The Raman spectra and stability of the two-dimensional rhomboh&ibaR) polymeric phase of g have
been studied as a function of pressure up-80 GPa at room temperature. The pressure dependence of the
phonon frequencies is rather smooth and reversible<dl5 GPa. At higher pressure the initially sharp and
distinct Raman peaks become very broad and diffuse and the material undergoes an irreversible transformation
to a new rather disordered phase. The intensity of&f@) pentagonal pinckPP) mode rapidly decreases in
the pretransitional pressure range and vanishes in the new phase. The high-pressure phase is recovered
at normal conditions but is metastable and transforms under heating to a mixture of pristine and dimerized
Cgo as was evident by their Raman spectrum. The quenching of the PP mode, the retention of the molecular
cage, and the irreversibility of the transition are the indications that the new high-pressure phase may be
formed by random covalent bonding betweeg, @olecular cages in adjacent polymeric sheets of the 2D-R
polymer of Gg.
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[. INTRODUCTION phases, the so-called ultrahard fullerite phases, which have
three-dimensionally cross-linked polymeric bonding.

Polymerization of G results in considerable changes to  The polymerization of g, is associated with the destruc-
the crystal structure, electron and phonon spectra, and stabtion of a number of double =C bonds in the molecular
ity of the pristine fullerene materialThe existence of 30 cage and the creation of intermolecular covalent bonds by
double G=C bonds in the molecular cage allows for the sp3.jike fourfold coordinated carbon atoms. Their number
formation of a variety of polymeric phases ofC The Gy increases from 4 to 8 and to 12 per molecular cage for 1D-O,
has been found to polymerize under light illuminaficas 2D-T, and 2D-R polymeric phases, respectively, and it is
well as upon alkali-metal dopingThe covalent polymeric aypected to increase further in the three-dimensidaa)
bonds are usually formed by the so-call@d2] cycloaddi- oy meric phases. Theoretical studfe¥ have predicted that
tion reaction via the formation of four-member rings bet\_/veen.[he 3D polymerization might occur upon application of
adjacent flullere_ne mo_legulésHowever,fthr? most gﬁlectnd/e uniaxial pressure perpendicular to the polymeric chains
way to polymerize Gols Dy treatment of the material under ésheeti; of the linear(planay polymers of G,. According to
various 4condltlons of high pressure and high temperaturdensity-functional calculatior. the planar 2D-T polymer
(HPHT)." The crystal structure of thegg polymers depends dg{lay transform to an ordered 3D-polymeric phase via the

strongly on the pressure and temperature treatment con : ) )
tions. Thus, the § molecules form linear polymeric chains ormation of covalent bonds between molecules in adjacent

having a one-dimensional orthorhombid@D-O) crystal polymenc sheets at a lattice constart10.7 A, which is
structure and/or dimers at lower pressure and temperaturgtt@inable at a pr.essuresefZO.Z GPa. As a result, a stable
Planar polymeric sheets with either a two-dimensional rhommetallic phase with 24 p*-like and 36sp*-like hybridized
bohedral (2D-R) or a two-dimensional tetragondRD-T) carbon atoms per §g molecule may be obtained. Numerical
crystal structure are formed at intermediate pressure anglculation' predicted that uniaxial compression of linear
temperaturd® A face-centered-cubic structure based onand planar polymers of gleads to 3D polymerization with
three-dimensionally cross-linked polymerization of the mate-52, 56, and even 66p°-like coordinated carbon atoms per
rial was obtained under HPHT treatment at higher pressur€gy molecular cage. These transformations are expected to
and temperatur®In addition, the treatment of the pristine take place at pressures lower than 14 GPa and the new
material under high nonuniform pressure and high temperaphases are semiconducting with large bulk and shear moduli.
ture leads to the formation of several disordered polymeric The phonon spectra of the various fullerene-related mate-
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rials are very sensitive to any distortion of the molecular T T T T

cage, induced by external perturbations, such as pressure or DR .
chemical bond formatio***The Raman and infrared spec- 28GPa ~
tra of polymeric fullerenes are very prominent and differ
significantly among the 1D-O, 2D-R, and 2D-T phases as has
been shown by detailed studies of their optical spectra com- 236 GPa 3
bined with x-ray structural investigatioh$.Thus, Raman
spectroscopy can be used reliably for the identification of the

17.5 GPa 1/4

various polymeric phases ofggas well as for then situ
studies of their stability at high pressure. Raman studies of T
the 2D-T polymeric phase of g at high pressure have re-

vealed irreversible changes in the Raman spectra of this ma-

terial near 20 GP&®which have been attributed to its fur-

ther polymerization. These experimental findings are

132GPa 1 “ M
consistent with the theoretical predictions of Okastaall®

8.6 GPa 8 ﬂ \
On the other hand, a high-pressure x-ray study of the 2D-T
8 h

Intensity (arb. units)

polymer has shown that the material undergoes an irrevers- 4.1GPa 1/
ible amorphization in the pressure region between 10 and 20
GPal’ A recent Raman study of the 2D-R polymer of,C |
has also revealed an irreversible transformation to a disor- 0.9 Gpa| | 8 ||
dered high-pressure phase-at5 GPa characterized by very m MH |
diffuse Raman bands. —— L
In the present paper we report a detailedsitu study of
the Raman spectra of the 2D-R polymeric phase gf &
pressure up to-30 GPa using the diamond-anvil cell tech-  FiG. 1. Raman spectra of the 2D-R polymeric phase gf &
nique. Our study is especially focused on the pressure behaysom temperature and various pressures, recorded upon pressure
ior of the intramolecular phonon modes and the structuraincrease. The vertical lines indicate peaks related to the presence of
stability of the 2D-R polymer at high pressure. The pressureligomers in the material, while the vertical arrows indicate
dependence of the Raman frequencies is rather smooth amgkthanol-ethanol mixture peaks.
reversible with pressure up to 15 GPa. At higher pressure,
the 2D-R polymer transforms irreversibly to a new phasehigh-pressure measurements had dimensions- 560 um
characterized by very diffuse Raman bands related to and have been selected from the batch material by means of
highly disordered state. This phase is stable upon furthemicro-Raman probing for their intense, clear, and spatially
increase of pressure up to 30 GPa and remains stable duringiform Raman response, typical of the 2D-R polymeric
the release of pressure down to ambient conditions. The rephasel_“
covered high-pressure phase of the 2D-R polymer is meta- Raman spectra were recorded using a triple monochro-
stable at normal conditions and transforms to a mixture ofator (DILOR XY-500) equipped with a liquid-nitrogen-

500 1000 15100 2000
Raman Shift (cm™)

Ceo monomers and dimers upon heating+600 K. cooled charge-coupled device detector system. The spectra
were taken in the backscattering geometry with the use of a
Il. EXPERIMENT micro-Raman system comprising an OLYMPUS microscope

equipped with an objective of 20 times magnification and a

The 2D-R polymer of G was obtained by subjecting spatial resolution of-8 um. The spectral width of the sys-
powder of pristine g with purity of 99.99% to a pressure of tem was~4 cm L. The 514.5 nm line of an Ar laser with
P~5 GPa at a temperature of 773 K. The x-ray analysisheam power below 10 mW, measured before the cell, was
after the high-pressure treatment, confirmed that the crystalsed for excitation. Measurements of the Raman spectra at
structure of the polymer is rhombohed(apace groufR3m; high pressures were carried out in a number of pressure runs
a=9.22 A andc=24.6 A)* A recent single-crystal study, using a diamond-anvil cell of the Mao-Bell typeThe 4:1
along with a more accurate determination of the structuramethanol-ethanol mixture was used as the pressure-
parameters, have revealed a very interesting aspect conceitr@nsmitting medium and the ruby fluorescence technique
ing the stacking sequence of the polymeric layers. Namelywas used for pressure calibratiéh.
taking into account the £ cage positions, we may have a
structure with an ABCABC stacking sequerfcer another
one with a ACBACB stacking sequenteThese two stack-
ing sequences are not equivalent, differing in the cage orien- The Raman spectra of the 2D-R polymeric phase &f, C
tations and therefore in the conducting cage fabegsagonal in the frequency region 100—2000 ¢ and for various
or pentagonalbetween the polymeric layers. Packing energypressures up te-30 GPa, are illustrated in Fig. 1. The spec-
calculationg® predict that the ACBACB stacking sequence tral region around the strong triply degeneratg mode of
would have produced the most stable structure in accordanaiamond, appearing at 1332 cthat ambient pressufg,is
with the single-crystal studig$. The samples used for the excluded. The background, which gradually increases with

IIl. RESULTS
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TABLE I. Correlation table of the symmetry groups(molecu- TABLE II. Phonon frequencies and their pressure coefficients of
lar symmetry in monomeric §g) andD34 (molecular symmetry in  the initial 2D-R polymeric phase ofgand of the recovered “high-
the 2D rhombohedral polymericgg} (Ref. 14. pressure” phase.

I Dag Splitting (I,— D3q) 2D-R polymeric G “High-pressure” phase
Ag Alg 1—-1 Wi (9w,/8P [Oh &w,/&P
Fig Agg+Eqg 0—1 Modé® (cm ') (cm '/GPa) Mode (cm ') (cm YGPa)
Fag At Eq 0—1 Hg(1) 245 2.3 Q1) 228 1.3
NG Aig*Azg+ By 02 Ho(1) 267 2.8
Hg Ayt 2E, 1-3 Hz(l) 208 34
Au A 0-0 Hy(1) 342 0.6
Elu 22“15“ é:; Gy(1) 406 -0.4 Q2 397 3.1
2u 2u u
G, Ayt Ay +Ey 0—2 E"Eg 2;2 g;
Hy A+ 2E, 0—2 Hg(Z) 451 0'9
g .
Ag(1) 492 1.1 Q3) 470 4.7
, Fiu(1) 520 0.1
pressure, has been subtracted from the experimental spectﬁaz.g(l) 532 0.3
The initial spectrum taken at 0.9 GPa is identical to the Fig(1) 558 —02
spectra reported earlier and exhibits all the typical Ramay (2) 579 0.8
features of the 2D-R polyméf.The spectrum contains some HU(Z) 596 1.4
additional peaks related most likely to the presence of oIigoH:(3) 640 0:4

mers in the material. These peaks are indicated by verticq_l|
. . _— 3 695 -0.5 o4 705 -0.8
lines, while arrows indicate weak peaks related to th o(3) @

methanol-ethanol mixture used as the pressure-transmittiqgg(s) 709 —06
medium. 2u(2) 712 1.8

The Raman spectrum of the polymer is richer in structuré*g(?’) 31 —02
than that of pristine g due to the splitting of the Raman- Hq(4) 749 —02
active fivefold-degeneratel; phonon modes and/or to the F2g(2) 749 18
activation of silent modes. Table | shows the correlation ofa(4) 767 0.4
the symmetry groups$, (molecular symmetry of pristine Hq(4) 776 0.3
Ceso) and Day (molecular symmetry of g in the 2D-R  Fau(3) 827 1.0
polymed.** Moreover, although the 2D-R polymeric phase Hu(4) 856 0.8
retains the inversion center of the4dnolecule and the ger- Gg(2) 958 5.0 Q5) 1025 -14
ade @) modes are expected to be Raman active, while th&1(2) 977 5.4
ungerade ) modes infrared active, defects and stresses i g(5) 1078 3.9 Q6 1086 0.3
the crystal structure of the polymer, as well as natural isotoHy(5) 1109 4.2
pic 13C substitution, may facilitate the appearance of some Gq(3) 1158 7.2
modes in the Raman spectrum of the material. The frequerty(6) 1224 5.8
cies and the assignment of the Raman modes of the 2D-R(6) 1230 6.2 Q) 1244 0.6
polymer of G are shown in Table Il. The mode assignmentH(7) 1385 5.4
refers to the irreducible representations of thg i@oleculé* Aq(2) 1410 5.6
and follows in general Davydoet al'* As the pressure in- Fig(3) 1495 35
creases, the Raman peaks shift to higher energy and thairg(g) 1554 3.7
bandwidths gradually increase. The pressure shift of the Ra4 (8) 1563 3.9 0@ 1568 4.3
man peaks is accompanied by a gradual redistribution of thﬁg(g) 1569 4.3
intensities among the various Raman modes: the relative ir‘Gg(e) 1621 36
tensities of theHy(3), Hg(4), G4(2), F14(2), Hy(8), and G4(6) 1627 38 Q09 1638 3.3

G4(6) modes increase, while the intensities of tHg(1)

and Ayg(1) modes decrease. These features in the pressuféhe mode assignment for the initial 2D-R polymeric phase refers

behavior of the Raman intensities are typical of the variousto the irreducible representations of thg,@olecule(Ref. 24 and

polymeric phases of §g and of some other fullerene-related follows in general Davydoet al. (Ref. 14.

materials'>*® The broadening of the Raman peaks is further

enhanced above 10 GPa, most probably due to the solidifistructure in all frequency regions. This transformation is pre-

cation of the pressure-transmitting medium leading to preseeded by a rapid decrease in the intensity of Aje2) pen-

sure gradients. tagonal pinch(PP mode which vanishes at pressures above
Drastic changes are first observed near 15 GPa when tHs GPa. The Raman spectra Rt=15 GPa differ signifi-

Raman spectrum becomes very diffuse and loses its fineantly from the spectrum of the 2D-R phase in the pretran-
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recovered sample is rather stable, not changing at ambient

FIG. 2. Raman spectra of the 2D-R polymeric phase gfa&€  conditions at least for a period of time exceeding one week.
room temperature and various pressures, recorded upon pressure The pressure dependence of the Raman modes of the
decrease. 2D-R polymer of G for the initial (circles and the high-

pressurgsquareps phases is shown in Figs(88 and 3b) in

sitional pressure range, exhibiting a considerable broadeninpe energy region 200—800 crh The open(solid) symbols
of the Raman peaks, while the relative intensity distributiondenote data taken for upstrokdownstroke pressure runs.
among the various phonon bands is preserved. The brogsblid lines are guides to the eye. The mode assignment in
Raman features abowe= 15 GPa, designated &51)—(9) these figures is related only to the initial 2D-R polymer and
in the fourth column of Table I[see also the bottom spec- refers, as in Table I, to the irreducible representations of the
trum in Fig. 2, can be tracked back to the initial 2D-R poly- parent G, molecule (, symmetry,?* following in general
meric phase and seem to incorporate the correspondiripe same designation as that in Ref. 14 with minor changes
group of the well-resolved Raman peaks of this material abased on the present high-pressure Raman data.
ambient pressure. The transformed material shows a spatially As can be seen from Figs(e88 and 3b) (see also Table))
uniform Raman response over all the surface of the samplehe pressure-induced shift of the majority of Raman modes
as was evident by probing various spots on the sample. Thigf the initial 2D-R polymer is linear and positive, with the
behavior differs from that observed earlier in the 2D-T poly-exception of six modes with symmetri&3, (1), F;4(1),
meric phase of §.*° Hg(3), andHy(4), which display small negative pressure

Figure 2 shows the Raman spectra of the high-pressurshifts. The pressure dependence of all Raman modes is re-
phase of the 2D-R polymer upon pressure release. Decreasersible with pressure at least up tel0 GPa, the highest
of pressure from~30 GPa down to ambient pressure resultspressure reached during the first experimental pressure run
in the gradual shift of the Raman peaks to lower energiessolid circles in Figs. 3 and)4The shaded area near 15 GPa
without any observable changes in the Raman intensity disndicates the pressure range at which drastic changes in the
tribution. The high-pressure phase remains stable down tRaman response take place. The transition to a new high-
ambient conditions. Note that the cycle of the pressure depressure phase results in the appearance of the diffuse Ra-
crease lasted for a long period of tin@@bout one month  man features related most likely to a highly disordered state.
The number of the diffuse Raman bands and their position¥he frequencies of the bands in the high-pressure phase were
in the recovered high-pressure phase are different from thos#efined with somewhat lower accuracy because of their dif-
in the initial 2D-R phasdsee Table ). The diffuse Raman fuse nature. Their pressure dependence shows large disper-
spectra of the recovered material are typical of a highly dission and is positive for almost all modes, except forHd)
ordered state, while the spectra taken at various sites of th@ode, which shows a small negative pressure slope.
sample are identical and show the spatial uniformity of the Figures 4a) and 4b) show the pressure dependence of
recovered material. The Raman spectra of the high-pressutke Raman modes of the 2D-R polymer for the initial
phase differ significantly from that of amorphous carbon(circles and the high-pressufsquaresphases in the energy
with respect to both the number of peaks and their locationgegion 820-1750 cm'. All Raman modes of the initial
Our observations from several pressure runs show that theD-R polymeric phase in this energy region show positive
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pressure shift, and their pressure dependence is linear ang FIG. 5. Raman spectra of the_ 2D-R polymeric pha_se @.ffmd
reversible with pressure at least up+d0 GPa. The shaded or the recoyered sample after high-pressure app."cat'on n .the fre-

- ’ - uency region 1350—1800 crh, recorded at ambient conditions.
area near 15 GPa also indicates the pressure region Where%k

. ibl . he disordered hiah h ?The initial 2D-R polymeric phase. The vertical lines indicate
Irreversible transition to the disordered high-pressure pha eaks related to the presence of oligomers in the matéblalhe

takes place. Tr_le pressure dependgnce of the. Qn‘fuse Ramarqgh_pressure" phase of the polyme(c) The Raman spectrum of
bands in the high-pressure phase is also positive except fgfg “high-pressure” phase during partial annealitd). The Raman
the 1(5) mode. As it can be seen from Fig. 3 and Fig. 4, thespectrum of the “high-pressure” phase after being annealed at
pressure dependence of thiE8) and (1(9) modes for the —00 K and at ambient pressure. The spectrum is similar to that
downstroke pressure run is close to the pressure dependenggected for a sample consisting mainly of,Gnonomers and

of the corresponding group of modek;(8) andGgy(6) of  dimers.

the initial 2D-R polymer located in this frequency region. On

the contrary, the pressure dependence of &@)—Q(7)

modes differs significantly from that of the group of modes,. , .
of the initial 2D-R polymer which are located in this fre- tion of the annealing procedure. The results of micro-Raman

qguency region. This may be partially related to reIativerprObIng of the recovered sample at gmb|_ent conditions be-
high uncertainty in the determination of the frequency posi-fore and after annealing are shown in Fig. 5. The Raman
tions of theQ(1)—(7) bands due to their low intensity in spectrum of the recovered sample aftgr the pressure cycle,
comparison with the more inten€8) andQ(9) modes. The the Raman spectrum of the sample du_rlng partial annealing,
pressure coefficients of the Raman modes in the initial 2D-F&Nd the sample after complete annealing at 300 °C are pre-
phase range between0.6 and 7.2 cm/GPa, while those Sented in Figs. ®)—5(d), respegtwe_ly, along with the initial
in the high-pressure phase vary betweenl.4 and Spectrum of the 2D-R phase in Figa@h All spectra were
4.7 crm Y/ GPa. At the same time the pressure coefficients ofécorded in the energy region 1350—1800 ¢cmwhich in-
the Raman modes in pristineggCvary between—4.1 and cludes the most intense Raman peaks. The Raman spectrum
9.8 cm Y/GPa. These results are compatible with the factof the completely annealed material is spatially uniform and
that the polymerized materials become harder as the degreliffers considerably from that of the high-pressure phase as
of polymerization increasés.’%° well as from that of the initial 2D-R polymeric phase. This
Pressure-induced imperfections and structural defectspectrum contains a relatively narrow and intense Raman
may contribute to the broadening of the Raman bands dand near 1464 cit, related to the PP mode in the case of
higher pressures. In order to explore such a contribution tha mixture of monomers and dimers of4C and is similar to
recovered samples were annealed under various temperatuhe spectra of various annealed polymeric phasessef‘¢®
conditions. The Raman spectra of the annealed samples shdwote that the Raman response of the partially annealed
that the material undergoes some transformation when sulsample in Fig. &) contains mainly the diffuse band related
jected to a temperature higher than 300 °C. Below this temto the high-pressure phase, while the prominent Raman
perature no visible changes in the Raman response of tHeands(shown by arrowsare related to the inclusion of the
recovered sample were observed independently of the dur&gg dimers and monomers.
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IV. DISCUSSION the 2D-T polymer contains five strong peaks with the most
intense one located at 1842 cm 1122 Thus, the break-
down of a large number of double=C bonds in the high-
pressure phase of the 2D-T polymer leads to the quenching

initial well-resolved Raman spectrum of the 2D-R polymerOf the initial PP mode, and as a result, a number of new

: : . : aman peaks appears, possibly related to the stretching vi-
transforms to a diffuse one that is typical of a d|sordere(§rations of the remaining isolated double=C bonds?’

phas_e. Th? pressure dependence of the phonon. modes is "“The attenuation of the intensity of the PP mode in the
versible with pressure at least up 1610 GPa as is unam-

biguously shown by the downstroke pressure data of the ﬁrsRretransnmnal pressure range is related to the destruction of

. e : a number of double £€-C bonds followed by subsequent
experimental run. Additional experimental runs have shown . . )

: .~ creation of covalent links between molecules belonging to
that the pressure behavior of the Raman modes remains re-

versible up toP=<15 GPa. At higher pressures, an irrevers—"idj‘rjlcent polymeric sheets in the planar polymersgf Che

ible transition to a new high-pressure phase takes place. T%’gh pressure decreases preferentially the distance between

assignment, frequencies, and pressure coefficients of the R e polymeric sheets, but the creation of covalent links is

man modes of the initial 2D-R polymeric phase of,C possible only in the case of (_)ptimal rglative orientations be-
shown in Table II, follow in general those given by Davydov tween the molecules belonging to adjacent sheets. A recent
et al2* with minor changes based on the data related to th&-"ay study of the planar polymers oggat pressure up to 6
pressure shift of the Raman modes. Thus, the Raman pe-cg(Pa has shown that the center-to-center distances of the
near 712 cm?, assigned as thel 4(3) mode* has a pres- hearest g cages between adjacent polymeric sheets in the
sure coefficient of 1.8 cmt/GPa. This value differs signifi- 2D-R polymer decreases more rapidly than those in the 2D-T
cantly from the other two components of the spii(3)  polymer. However, the relative molecular orientations and
mode which have small negative pressure coefficien®4  atom-to-atom distances in the 2D-T polymer are more pref-
and — 0.6 cm Y/GPa, respectively. On the contrary, the Ra-erable for the formation of covalent bonds between mol-
man peak near 709 cm which has a small negative pres- ecules in adjacent polymeric she&tdThus we may assume
sure shift was assigned to dfp,(2) model* Taking into  that the new bonds in the highly compressed 2D-R polymeric
account the pressure coefficients of these modes, we propophase of @, are formed in a random way because of the
another assignment for the 712¢ch and 709 cm®  presence of nonoptimal molecular orientations. As a result,
phonons, namely, t&,,(2) andHy(3) modes, respectively. the new high-pressure phase exhibits a high degree of disor-
Similar changes are proposed for the assignment of th@er characterized by random out-of-plane polymerization.
749 cm ! and 767 cm* Raman bands. Keeping in mind the This behavior differs from that of the 2D-T polymeric phase
relatively large pressure coefficient of the 749°cnpeak, it of Cg, in which thelmmm body-centered pseudotetragonal
was as§|1gned to thieg(2) mode, while the phonon peak at crystal structur®® provides optimal relative orientations of
767 cm © was assigned to the4(4) mode due to its small ¢ molecules in adjacent sheets and leads to a high degree
pressure coefficient reminiscent of the other two components yeqy|arity in the formation of out-of-plane covalent bonds.
of the S.p“tHg(A') mode. . ) This regularity in the covalent bonding is manifested in the
The important feature in the pressure behavior of the phog, o - e o4 fes of the high-pressure phase of the 2D-T poly-

non modes is the drastic changes in the region of the P o ] : 6 _
mode related to the rapid decrease of the intensity of the er giving well-resolved and rich Raman specft& How

Ay(2) mode and the enhancement of the neighboHp(8) éver, it is important to note that the Raman response of the

andGgy(6) modes in the pretransitional pressure range. Thigressure-transformed 2D-T polymeric samples is spatially

behavior is reminiscent of an analogous behavior exhibite&onun'form: the highly ordered high-pressure phgse charac-
by these modes in the 2D-T polymeric phase gfi@fore its terized by well-resolved Raman spectra appears in a number

further polymerization under high pressdfé®i® The PP of small_ islands dis_persed in the sar_nbﬁeThe rest of the
mode in pristine  is related to the in-phase stretching vi- S2MPI€ is characterized by a rather diffuse Raman spectrum,
bration of the five double €£-C bonds, which run away from which is somewhat rem|n|sgeqt of the high-pressure phase of
the vertices of each pentagon in the fullerene molecular cag&e 2D-R polymer of . This is related to the fact that the
The frequency of the PP mode in the polymeric fullerene?D-T samples may be inhomogeneous and consist of a mix-
decreases as the number polymeric covalent bonds per mture of thelmmmandP4,/mmctetragonal phases since the
lecular cage increaséthe average intramolecular bond stiff- stacking sequence in the direction perpendicular to the poly-
ness decreases due to the breaking of a number of doubfeeric sheets is strongly dependent on the specific HPHT
intramolecular &=C bond3. Thus, the PP mode in the Ra- treatment proceduré ! The stacking disorder is related to
man spectrum of the *“dimeric” fullerene shifts to the fact that the calculated free energies of themm and
~1462 cm! (from 1469 cm?! in pristine Gg), and then P4,/mmc tetragonal phases are very clogke difference
softens to 1457 cm' in 1D-O, to 1449 cmt in 2D-T, andto  between them is about 3%% Note that in the primitive truly
1406 cm ! in the 2D-R polymet* The increase of the num- tetragonal structure witP4,/mmcsymmetry, the g, mol-

ber of sp*-like coordinated carbon atoms in the 3D polymer ecules in adjacent polymeric sheets do not have optimal rela-
results in further changes in the energy of the PP modeive orientations for the creation of covalent out-of-plane
Namely, the Raman spectrum of the high-pressure phase bbnds in a regular way.

The pressure behavior of the Raman modes provide
strong indication that the 2D-R polymeric phase @f Gn-
dergoes an irreversible transformation Rt>15 GPa. The
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V. CONCLUSIONS behavior of the 2D-R polymeric phase ofby means of

The diffuse Raman spectrum of the high-pressure phasléigh-resolutionin situ x-ray-diffraction measurements under
of the 2D-R polymer may be related to the presence of Ppressure up to 30 GPa and/or a x-ray—dlffractlon study of the
disordered cross-linked polymerized phase gf €haracter- recovered sample would be necessary in order_ to elucidate
ized by random covalent bonding between molecules beloné%urther _the nature_of the observed phase transition and _the
ing to adjacent two-dimensionally polymeric sheets of th roperties of the hlgh—pres_sure phase. Fgrthgrmore, the h]gh-
initial rhombohedral phase. This conclusion is supported b>pressure—mducgd polymeric bond fc.)rmat|'on Is very sensitive
the retention of the fullerene molecular cage in the high-l© the relative interplane ¢ cage orientation, therefore the
pressure phase, as clearly seen in the Raman spectra of {figcking sequence _Of the initial matgrlal might play a _role_ n
annealed recovered sample. Another argument in favor Otpe structure evolution induced by high-pressure application.
covalent bonding between adjacent polymeric sheets is the
similarity in the pretransitional behavior of the PP mode with
that of the 2D-T polymeric phase ofgg: In addition, the
pressure coefficients of the Raman bands in the high-pressure K.P.M. acknowledges the support by the Russian Founda-
phase of the 2D-R polymer are smaller than those of théion for Fundamental Research, Grant No. 03-02-16011, and
initial 2D-R polymer in accordance with the fact that the the support by the Russian State Research Program “Physi-
polymerized materials become harder. The random out-ofeal Properties of the Carbon-based Nanostructures and De-
plane polymerization of the 2D-R polymer of,{s not in ~ velopment of New Electronic Devices.” The support by the
agreement with the theoretical calculations of Burgbal!  General Secretariat for Research and Technology, Greece, is
who predicted regular covalent bonding in 1D and 2D poly-greatly acknowledged. J.A. acknowledges the support by the
mers under high pressure. European Community program “Improving the Human Re-

Finally, we note that a detailed study of the high-pressuresearch Potential,” Contract No. HPMF-CT-2001-01436.
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