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The effect of high hydrostatic pressure, up to 12 GPa, on the phonon spectrum and the material
stability of the two-dimensiondRD) tetragonal G, polymer have been studied by means of Raman
spectroscopy in the frequency range 100—2000 tm number of Raman modes appear in the
spectrum for pressures abovel.4 GPa, whose intensities increase with pressure. The pressure
coefficients of the majority of the phonon modes change gradually to lower values for pressures
around 4.0 GPa. The deformation of thg,@olecular cage along with the change of the material

to a more isotropic stat@s far as its elastic properties are concejmesulting from the application

of high pressure may be causing the observed effects in the Raman spectra. These effects are
reversible upon pressure release and therefore the material is stable in the pressure region
investigated. ©2001 American Institute of Physic§DOI: 10.1063/1.1367388

I. INTRODUCTION and T.68 The two-dimensional2D) Cg, polymers have ei-
ther a rhombohedral or a tetragonal crystal structure. Al-
Ceo has been found to polymerize either under illumina-though it has been propogeti®that the polymeric tetrago-
tion with visible or ultraviolet light or upon alkali metal na] phase is rather a growth fault of the orthorhonflnioe-
doping®® Furthermore, high pressure treatment o, @  dimensional (1D) polymed or the rhombohedral phase,
high temperatures also leads to polymerization of the pristinexperimental evidence supports the fact that the tetragonal
material? The polymeric forms of g, consist of molecular polymeric phase is a stable oHe3 Also, theoretical calcu-
units linked by bridging C—C covalent bonti¥he polymer-  |ations showed that the tetragonal polymeric phase gfi€
ization process involves eithE2+2] cycloadditions between gas stable as the rhombohedral dhe.
double bonds of neighboringsgmolecules or the formation The perturbations in the structure of the,Cages,
of single C—C bond linkages. The polymeric forms of,C caused by external disturbances like pressure, temperature,
have attracted considerable attention because of the varieghemical bond formation, etc., are manifested in the phonon
of their crystal structures and optical and mechanicakpectrum. Therefore Raman spectroscopy, which probes
properties’ inter- and intra-molecular vibrations, is a suitable tool for the
The structure of the high pressure-high temperaturgtudies of structure evolution and possible phase transforma-
(HPHT) Cgo polymers strongly depends on the treatmenttions in the fullerene materials under presstirm this work
conditions, i.e., the pressuf®) and temperaturé¢T). Thus  we present a detailed Raman study of the 2D tetragonal poly-
the Go molecular units form linear chains and/or dimers andmer of G, at pressures up to 12 GPa and address the prob-
higher oligomers aP<1 GPa, two-dimensional polymeric |em of stability of this material and the role of the anisotropic
layers at intermediaté®, and structures based on three-intermolecular interactions in its pressure response.

dimensionally(3D) cross-linked molecular cages at higtirer
Il. EXPERIMENTAL DETAILS

Author to whom correspondence should be addressed; electronic mail: ~ 1Ne samples were p_repargd from SUblimed 99-99% pure
ves@auth.gr Cso powder pressurized in a piston and cylinder device. The
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L U TABLE |. Correlation table of the symmetry groups (molecular symme-
Cgp - 2D polymer try in the monomeric g) andD,;, (molecular symmetry in the 2D tetrag-
H 9.1 GPa onal polymeric Gg) (Ref. 13.
MJM Splitting (I,— Do)
Ih D,y (active modes
6.3 GPa
. A, A, 1-1
g ) Fig Big+Bag+Bsg 0-3
S Fag Bag+Bag+Bag 03
= eGP Gy Ag+BygtBog+Bag 04
S 6 GPa Hg 2Ag+Big+Byg+ By 1-5
Ey | f | A, A, 0—0
§ Fiu B,,+B,,+Bg, 1-3
3 Fau B1u+ Byt By 0-3
~ 2.4 GPa Gy Ayt Biy+ By +Bgy, 0-3
|| ‘ n Hy 2A,+ By, + Byt By, 0—3
0.6 GPa polymer appears richer in structure compared to that of pris-
tine Gso. This is mainly due to the lowering of the molecular
— ' 1l T symmetry, froml, in pristine Ggto D5y, in the 2D tetragonal
0 500 1000 1500 2000 y y hinp Ceot0 Doy 9

polymeric phase, which results in the splitting of the modes
Raman Shift (cm™) according to the compatibility scheme shown in Table I. In

_ addition to the splitting, the lowering of symmetry may also
FIG. 1. Raman spectra of the 2D polymeric tetragonal phasegg@étCoom

temperature and various pressures. The vertical lines indicate the new modgfg'vate modes in the p.OIymer that 'h p”St'n_@O@'re_ Inac-
appearing at higher pressure. tive. As the 2D polymeric phase retains the inversion center

of the monomeric g, the mutual exclusion rule of Raman

and IR modes is still valid, so geradg) modes will be
pristine material was subjected to pressures in the range 2.3Raman active while ungerada) modes IR(infrared active.
2.5 GPa at a temperature of about 820 K to obtain 2D polyNevertheless, we cannot discard the possibility that imper-
merized Go.*®'" X-ray analysis of the samples from the fections and stresses in the crystal structure of the polymer,
same batch after the high pressure-high temperature treaas well as natural isotopfcC substitution, may facilitate the
ment confirmed that the crystal structure of the polymer isappearance of somemodes in the Raman spectrum of the
tetragonal(a=b=9.082 A andc=14.990A'" and is de- 2D polymer.

scribed better in a space grol®g,mmec rather thanmmm The phonon spectrum of the 2D polymer at normal con-
due to a possible high degree of stacking disorder in thelitions has been already reportédnd compared to that of
direction perpendicular to the polymeric layers. the 1D polymeric phase. Furthermore, the Raman and IR

Raman spectra were recorded using a triple monochrespectra of the various polymeric phases gf Gave been
mator (DILOR XY-500) equipped with a charge coupled de- studied extensively by Davydoet al,'* where a complete
vice liquid-nitrogen cooled detector system. The spectrahssignment of the observed modes is given. In the present
width of the system was-4 cm L. The 514.5 nm line of an paper, the various modes in the 2D polymer have been as-
Ar* laser was used for excitation. The laser power was kepsigned in analogy to their counterparts in the paregptnaol-
lower than 4 mW, measured directly before the cell, in orderecule, following in general the same designation as in Davy-
to avoid depolymerization caused by laser heating effectdov et al}* We point out that the Raman peaks of the 2D
and related changes in the phonon spectrum and the crystablymer are very narrovsee Fig. 1, a feature which is quite
structure>'®1° Measurements of the Raman spectra at highdifferent from other fullerenes. This fact is due, in our opin-
pressures were carried out using the diamond anvil celion, to the homogeneity and high quality of the samples used
(DAC) of Mao—Bell type?® The 4:1 methanol-ethanol mix- in the present study. It is also important to emphasize that the
ture as well as pure glycerol were used as pressure transmiRaman peaks remain narrow for pressures up to 12 GPa im-
ting media, giving both equivalent experimental results. Theplying an increased hardness of the 2D polymer, in compatri-
well-known ruby fluorescence technique was used for presson to that of the pristine 4, where a considerable broad-
sure calibratiorf* The phonon frequencies were obtained byening is observeé®
fitting Voigt peak functions to the experimental peaks after ~ As the pressure increases a number of new Raman peaks
background subtraction. appear in the spectrum of the 2D polynieee Fig. 1 Spe-
cifically, in the pressure region 1 to 2 GPa three additional
modes are observed with frequencies 363, 418, and 455
cm ! and their intensities are increasing gradually with pres-

The Raman spectra at various pressures and room tersure. The 363 and 455 crh modes and a mode at413
perature of the tetragonal phase of the 2D pressure polymeem ! have already been observed in the 2D tetragonal poly-
ized Gy, in the frequency region 100-2000 chare illus-  meric phase even at ambient pressiiré:!’In our case we
trated in Fig. 1. At first glance the Raman spectrum of thecannot discard the possibility that these peaks might be too

Ill. RESULTS AND DISCUSSION
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FIG. 2. The pressure dependence of the intramolecular Raman modes of tfdG. 3. The pressure dependence of the intramolecular Raman modes of the
2D polymeric tetragonal phase ofgCin the frequency region 250-530 2D polymeric tetragonal phase ofs{Cin the frequency region 530-800
cm™ L. The open(closed symbols denote data taken for increasidgcreas- ~ ¢m™*. The open(closed symbols denote data taken for increasidgcreas-

ing) pressure runs. The shaded are®at4.0+ 0.5 GPa denotes the change INg) pressure runs. The shaded are&®at4.0+ 0.5 GPa denotes the change

in the slope of the pressure dependence. in the slope of the pressure dependence.

frequency region 250—1650 crhis shown. In Table Il a
weak to be observed at normal pressure. We believe that theompilation of the mode assignment, their frequencies, and
appearance of these modes in the Raman spectrum of the 2Be corresponding pressure coefficients for the 2D polymer is
polymer and their continuous increase of intensity with prespresented. The mode assignment refers to the irreducible rep-
sure can be understood by assuming possible pressureesentations of the parenggmolecule in accordance to that
induced molecular cage deformations. Such an assumption
has been already used to explain the Raman spectra of the
1D and the 2D polymers under high presstfr@his defor- 1
mation of the @y molecules, starting at relatively low pres-

sures, can be explained by taking into account the high an- 1250:—
isotropy in the molecular bondin@ovalent bonds along the 1200
polymerized planes and van der Waals interactions perpen-

dicular to the plangsof the 2D polymer. Even at ambient 1150
pressure this bonding anisotropy leads to the deformation of T
the Gy, molecular cages; namely, they are contracted by §”°°
~5% with respect to their dimension in pristingg&long Y-
the perpendicular to the polymeric plarfédn the pressure >
range 4—6 GPa, four additional modes appear in the Raman 5 1000
spectrum of the 2D polymer with frequencies 755, 773, 817, S
and 1406 cm'. It is difficult to say if the appearance of = 950
these modes is due to higher molecular deformation or to an
enhancement in the splitting of the corresponding modes at 200
normal pressure. The appearance of the above mentioned 5l
modes, as well as the changes in their intensity, is fully re-

versible with pressure decrease. This suggests that the inter- 800
molecular bonds are stable, at least for pressures up to 12

GPa, and the modes appearing in the spectrum cannot be Pressure (GPa)
related to new polymeric bond formation or breaking of the
existing ones. This result is also substantiated by the fact th&iG- 4. The pressure dependence of the intramolecular Raman modes of the

the Raman peaks remain narrow up to 12 GPa. 2D7Eolymer|c tetragonal phase ofgy{Cin the frequency region 800-1300
. . cm ~. The open(closed symbols denote data taken for increasfdgcreas-
In Figs. 2-5, the pressure dependence of the INtramQpg) pressure runs. The shaded are®at4.0+0.5 GPa denotes the change

lecular Raman modes of the 2D tetragonal polymer in then the slope of the pressure dependence.
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they are connected to the appearance of some stress and/or
imperfections activated modes cannot be excluded as, in
this frequency region, a great number of silent IR modes of
Ceo appear. The Raman peaks at 588, 666, and 683'cm
which are characteristic of the 2D polynféras well as those
at 536 and 563 cm', exhibit positive pressure slopes. The
Hy(3) at 710 cm* and theHy(4) at 772 cni* intramolecu-
lar modes as well as the split componentttf(4) at 755
cm 1 in the pristine G, have negative slopés.For the 2D
tetragonal polymer the split components of tHg(3) and
Hy(4) modes show similar pressure behavior except those at
666 and 683 cm' [split components of thédy(3) modd
and the mode at 773 cm [split component of theHy(4)
mode, which appear in the spectrum above 5.6 GPa. Such a
difference in their pressure behavior may be explained by
assuming that the corresponding components belong to dif-
ferent actual irreducible representations in the 2D tetragonal
polymer (see Table )l Finally, the two components of the
Hy(3) mode with frequencies 683 and 703 cthexhibit a
Pressure (GPa) crossing behavior &~6.0 GPa, similar to that observed for
the two components originating from th,(1) mode(Fig.
FIG. 5. The pressure dependence of the intramolecular Raman modes of t€3- The above observations concerning the pressure behavior
2D polymeric tetragonal phase of£in the frequency region 1400-1660 of the modes originating from the splitting of they(1),
_cm’l. The open(closed symbols denote data taken for increasidgcreas- Hg(3), anng(4) modes implies that 5% deviation from
:ggt)hzrzif;geomﬂ: F)Trzzsuhrzdggpaef(ﬁitéio'S GPa denotes the change ) quasispherical shape of thg pristing molgcule in the
2D polymer can affect considerably the intramolecular
modes.
of Davydov et al!® The pressure coefficients, obtained by  In the case of the pristinegg(Ref. 23 as well as in the
linear least-squares fit to the experimental data, are given ifases of the one-dimensional polymeric gs@®ef. 27 and
Table Il along with the corresponding values for the pristinethe dimeric (GgN), (azafullereng® the modes in the inter-
Ceo (Refs. 25 and 26for comparison. mediate frequency region 800—1300 chihaving a mixed
In the frequency region 250—530 call the observed radial and tangential charactevere very weak. Therefore it
modes show positive pressure slopes in analogy to the prigvas not easy in the previous studies to follow their pressure
tine Gy, (Ref. 29, except those at 363 and 418 thwhich evolution. In the 2D tetragonal polymer, because of the con-
show a small negative slope. The pressure response of ttgderable initial strength of the Raman active modes in this
two lower energy modegat 259 and 280 cm'), possibly  frequency region, we have been able to follow their pressure
originating from the splitting of théi,(1) mode of the pris- dependence up to 12 GREig. 4) although their intensities
tine Gy, is quite remarkable. The two components show adecrease quickly with increasing pressuFég. 1). All the
continuous intensity enhancement and a crossing behavior abserved modes in the intermediate frequency region, except
P~7.0 GPa, indicating that these modes belong to differenthe rather weak one at 864 ¢y exhibit positive pressure
irreducible representations in the 2D polymer. Thg(1)  slopes. The two components at 1090 and 1107 crattrib-
(breathing mode in the 2D polymer is located at 487 chn  uted to the splitting of thély(5) mode, are merged into one
downshifted by~8 cm ! from the corresponding mode in for pressures higher than 4 GPa.
the pristine Go.2° This downshift of the breathing mode In Fig. 5 we present the pressure dependence of the high
agrees well with the fact that the formation of the intermo-frequency region Raman peaks, where the tangential modes
lecular covalent bonds leads to a lower intramolecular averof the 2D tetragonal polymer are located. In the frequency
age bond stiffnes Finally, we note that the modes at 365, region of theA4(2) [pentagonal pinaliPP ] mode, two peaks
418, and 455 cm' that appear in the spectrum above 1.4appear with frequencies 1447 and 1463 ¢émThe lower
GPa have pressure slopes close to zero. energy component has been proposed to be the PP mode in
The pressure dependence of the observed phonon motlee case of a 2D tetragonal polynfeFhis component is-20
frequencies in the range 530—800 ¢this shown in Fig. 3. cm ! downshifted from that in fullerite & (Ref. 25 for the
Their parameters are tabulated in Table Il. The modes at 668ame reason as in the case of fig1) mode. The Raman
683, and 703 cm® may originate from the splitting of the spectrum of the 1D polymer also contains two peaks in the
H4(3) mode of the G, parent molecule at 710 cm. More-  frequency region of the PP mode, one at 1458 tmand a
over, the modes at 747 and 772 chmay originate from the second at 1464 cit (shoulder-liké.?? Sundqvist has attrib-
splitting of theHy(4) mode of the G molecule. The two uted the first component to the PP mode in the case of the 1D
modes at 755 and 773 c¢rh which appear in the spectrum polymer, and the second one to the presence ggfd@ners
above 5.6 GPa, may originate from further splitting of theby comparing the experimental results to the calculations of
close lyingH4(4) mode. Nevertheless, the possibility that Porezaget al?® On the other hand, in the case of the 2D
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TABLE II. The phonon frequencies and their pressure coefficients for the 2D tetragonal polymeric phase of
Cgo- The corresponding values for monomerig, @re also included.

2D polymer Monomeric G’
; dw;i | IP w; dw;i [P
Modé? cm?t cm YGPa cm?t cm YGPa
P<4 GPa P>4 GPa 0.4P<2.4GPa
Hg(1) 259 5.8 3.1 272 3.2
Hg(1) 280 2.3 0.6 294 25
Fau(1) 362 -0.2 -0.4 345 2.9
389 -0.2
Hy(2) 418 -0.1 0.0
Hy(2) 431 0.6 0.3 435 2.4
Hgy(2) 458 0.3 0.1 454 1.4
Ay(1) 487 4.5 25 495 4.2
Fag(1) 536 1.4 1.2 522 1.0
Fig(1) 563 1.4 -0.5 563 0.8
Fig(1) 588 0.8 0.6
Hu(2) 610 624 1.5
Hq(3) 666 0.7 0.0 710 -0.8
Hy(4) 747 -0.7 -0.6 729 -2.9
Hgy(4) 7558 -0.4 755 —4.1
Hy(4) 772 -1.2 -0.1 772 -2.7
Hgy(4) 773 2.7
Hy(4)/F ,4(3) 817 15
Hy(4) 864 —-0.6 0.4
Gy(2) 951 4.5 5.4
F1g(2) 970 5.8
Fou(4) 1041 4.2 3.7
Hq(5) 1090 7.2
Hq(5) 1107 4.8 4.2 1100
Gy(3) 1176 6.7 5.7
Fag(3) 1206 7.6 5.7
Hq(6) 1243
Gy(4) 1299
Ho(7) 1406 6.0
Hy(7) 1404 6.6 5.0
Ho(7) 1428 6.8 4.1 1422 9.8
Ay(2) 1447 6.1 4.9 1467 5.5
F1g(3) 1463 7.6 5.0
Fog(4) 1543 5.1 3.9
Hq(8) 1567 5.9 4.0 1570 4.8
Gy(6) 1598
Gy(6) 1623 4.7 2.6 1623 5.0
2G4(2) 1888 9.7
P<4 GPa 4<P<6 GPa P>6 GPa 0.4P<2.4GPa
Hy(3) 683 2.3 2.3
Hy(3) 703 -0.2 -1.2 0.7 710 -0.8

&The mode assignment follows that in Ref. 13.
PFrequency value a#=1.4 GPa.

‘Frequency value @ =5.6 GPa.

YFrequency value a@=4.0 GPa.

°Data taken from Ref. 25.

Data taken from Ref. 26.

9Seen only at normal pressure.

tetragonal polymer a complementary analysis of its Ramaiits pressure dependence is not shown in FigThe intensity
and IR spectra showsthat the presence of an appreciable of this mode decreases very rapidly with pressure and there-
amount of dimers in the material is unlikely. This implies fore it is difficult to follow its frequency shift for pressures
that the second component at 1463 ¢rin the 2D polymer  higher than 2.5 GPa. This Raman peak has been attrifuted
may be associated with a vibratik,4(3)], which is silent  to a second order Raman scattering from the mode at 951
in the monomeric g,, and becomes Raman active in the 2D cm™ %, whose intensity also decreases drastically. Besides, the
polymer®® All the Raman modes in the high frequency re- initial pressure slope of the peak at 1888 Cnis almost
gion exhibit positive pressure slopes in analogy to those imlouble the slope of the mode at 951 chiTable II), sup-
the pristine Go.%° porting the previous assumption.

In the 2D tetragonal polymer a very high frequency  As it can be inferred from Figs. 2-5 and Table I, the
mode at 1888 cm' appears in the Raman spectrifig. 1, majority of the Raman modes show fully reversible changes
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