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Tetragonal polymerized phase of G,
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Experimental evidence of the existence of the polymerized tetragdhalhase of G, as a stable high-
pressure one is presented. Using diffengftpaths of high-pressure—high-temperature treatment, phass
obtained as a product of phase conversions of a monomeric fcc and two polymerized phagg#nofuding
a rhombohedral oneat 2.2 GPa and 873 K. The dramatic differences in the rates of phém®aation from
monomeric and polymerized states of the system testified to the difference in the mechanisms df phase-
formation. The x-ray-diffraction pattern, IR, and Raman spectra of the almost pure Plaaeepresented.
[S0163-182698)02441-3

Studies of solid-state transformations ofyQ@ullerene re- Though a possibility of the dired®— T phase transition
vealed some problems related to the identification of carboin the process of isothermal unloading the system from 6.0 to
states arising at high-pressure—high-temperature treatmepts GPa at 873 K was already pointed out in our preliminary
(HPHTT). In particular, the difficulties of the pure tetragonal study?® the aim of the present work is to obtain firm experi-
(T) polymerized phase synthesis were already noted in thg,antal evidence supporting the existence of pHEses an

earlier studies;” which were devoted to the investigation of iy ivid ol substance. It was assumed that the synthesis of the
pressure-induced polymerization and the identification of the

polymerized phases ofgg This phase has been observed Same phasg via different intg_rmediate states is quite a good
only in mixtures with either the orthorhombi®) or rhom-  demonstration of phasestability. o
bohedral(R) polymerized phases of g2~ This fact has Three different pathéshown by arrows 1, 2, and 3 in Fig.
become the basis of the assumption thatThghase has no 1) were chosen to reach the point of 2.2 GPa and 873 K
corresponding stability region in the T diagram and there- accepted as phaSesynthesis conditions according to thd
fore it cannot be obtained in the pure form. According to onediagram published earliér.
hypothesis, th& structure might not, in fact, exist as a stable  In the presented diagram fragment of Fig. 1, reghdn
structure but may be simulated by locally intertwin€d corresponds to the monomeric molecular-crystalline state.
lattices® Another hypothesis suggests that fhetructure is  RegionMp corresponds to the differefih the present study,
simulated by a large number of random crosslinks in a basiT andR) polymerized phases ofgg RegionA is the region
cally R lattice®° Thus, in both cases it was assumed thatof existence of atomic carbon states arising as a result of
unlike theO andR phases, phas€is not a real stable high- thermal destruction of the monomeric fcc and polymerized
pressure phase of theg{Csystem, but rather some growth phases of g,. The thick solid line specifies the phase equi-
fault of the O or R phase. librium boundary between the monomeric fcc phase and the
On the other hand, theoretical calculations show that tepolymerized phases of g&'* The two dashed lines corre-
tragonal polymerized & layers are of the same order of spond:(1) to the thermal stability limits of gz molecules in
stability as rhombohedral onéSFurthermore, our potential- the monomeric and polymerized phasgepper ling, and(2)
energy calculations with a nonbonded potential resulted irto the supposed equilibrium line between ThandR phases.
crystal packing of tetragonal layers B#t,/mmcsymmetry  The latter line was plotted rather approximately since more
with a deep minimunt? That is, the results of theoretical detailed investigations are necessary to refingotfieoordi-
investigations did not deny the idea ®fphase stability at nates of these lines by taking into account hysteresis phe-
some p,T conditions (we apply here the term “stability” nomena.
assuming a relation with respect to other polymerizeg C  Path 1 involved loading the sample at room temperature
phases while all of them are metastable in the sense of thgp to 0.5 GPa and heating it up to 873 K at fixed pressure,
general carbom, T diagran). then increasing pressure up to 2.2 GRih the temperature
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T (K) troscopy methods were used to characterize the nature of the
A polymerized states, including the type of structure-forming
elements and the way in which they form the three-
T ——— dimensional structure. The x-ray diffractigxRD) experi-
£ ments were carried out by means of an INEL CPS120
M Mp position-sensitive detector using the ®u, radiation. Pow-
— dered samples were put into Lindemann glass capillaries of
1 E 0.5 mm in diameter which were rotated around #hexis
during the experiments. The density of the samples was mea-
sured by hydrostatic weighing using ethyl alcohol as liquid.
A DILOR XY Raman spectrometer operating with ar Ar
293--»1—.;2 > laser (514.5 nn_) was used to obtain the Raman spectrum.
The IR transmission spectra of samples in the KBr matrix
0 : : : : : , : were recordtgd ;/_vith ef1 Speclord M80 sgectro_meter. Micro-
scopic investigation of samples was made using a scanning-
0 1 2 3 , 4 > 6 7 P(GPa) electron microscope DSM 982 Gemini.
The XRD patterns of the carbon states formed at 2.2 GPa,
873 K, with an exposure timefd s and different experimen-
tal schemes marked as 1,2,3 are shown in Fig. 2. All patterns
provide evidence of the presence of thandR phases in the
mixture, but the contents of the two components depend on

fixed at 873 K, and, finally, holding the sample at 2.2 GPa the paths of HPHTT. Note that the identification of these
and 873 K for some exposure time. In this way, phase mixtures only by the XRD analysis alone is a delicate prob-
obtained directly from the monomeric fcc phase. On thelem because of similarity of the XRD patterns of t0e+-T
other hand, path 3 assumed the synthesis of phidsen the ~ andR+T mixtures in the range 8-4020). Nevertheless,
R phase. Finally, path 2 assumed the synthesis oTthease ~ according to the IR spectral datd,the presence of th&
via a low-temperature polymerized phase. Careful identificaphase is undoubtedly confirmed. Thus, phassentent was
tion of the latter is now in progress. found to be about 90, 65, and 15 % for the first, second, and
Small-crystalline fullerite ¢, with impurity content less third variants of treatment, respectively. The increase in the
than 0.1% was taken as a starting material. “Pistonireatmenttime led to great@rphase contentin all cases as a
cylinder” and “toroid”-type high-pressure devices were result ofR—T phase conversion. For paths 1 and 2, practi-
used for HPHTT of fullerite samples. The temperature wagsally pure T-phase samples were obtained with treatment
directly measured with chromel-alumel thermocouples. Thdimes of about 1000 and 20 000 s, respectively. For path 3, a
pressure was determined with calibration curves of thdhase¥ content of about 40% was obtained after a 10 000 s
pressure-load dependence for the loading and unloading pré€atment. Analogous evolution pictures were observed in IR
cesses at room temperature obtained on the basis of tid Raman spectra. The x-ray-diffraction pattern of phase
electroresistivity-pressure dependence of manganin and tHg given in Fig. 2T). The refined cell parameters of the final
electroresistivity anomalies related with pressure-inducegample:a=9.0973), c=15.04(2) A,V=1245(2) &, the
phase transition in B Other details of HPHT experiments calculated density isle,c=1.92 g cm®, the measured den-
have been described earlfer. sity is dmeas= 1.88(1) g cm®, are in agreement with those
Isothermal exposure times of 1, 10, 100, 1000, 10 000pbserved previously for phasd@ obtained at higher
20 000 s were used for determination of characteristic relaxpressure$.™® The observed,k,| values confirm thé1+k+|
ation times of the system in the quasiequilibrium state at 2.2=2n condition of thel-centered crystal lattice, thus giving
GPa and 873 K for each synthesis path. The exposure timébe packing model of Immm symmetry suggested in Ref. 2.
were measured from the moment when gh€parameters of  This, however, does not exclude the possibility that, because
system reached the values chosen for Thghase synthesis of the quasisphericity of polymerizeds©molecules and the
(2.2 GPa, 873 K The rate of isothermal loading in the range almost tetragonal layer geometry, the reflections vathk
from 0.5 to 2.2 GP4dpath 1) was equal to 0.05 GPa/min and +1#2n are too weak to be observed in the XRD pattern and
that of isothermal unloading in the range from 6 to 2.2 GPdhe body-centering translation is thus not true. In this case an
(path 3 was equal to 0.1 GPa/min. The rate of isobaric heatalternative model ofP4,/mmc symmetry is valid. Both
ing from 293 to 873 K(path 2 was equal to~100 K/min. models have been compared in our recent computational
The products of HPHTT of fullerite were conserved by study of the polymerized & packing®*'®where the prefer-
guenching them down to room temperature under pressurence of the second one was established. The tetragonal char-
and they were then studied at ambient conditions. Quenchingcter of the layer structures is developed in SEM micro-
under pressure was also used for conservation of intermedgraphs. The micrograph of the sample sliver shows@04)
ate states arising on different HPHTT stages of experimentdhce of phasd [Fig. 3(A)]. The details of the layer sequence
paths 1, 2, 3. Care was taken to control Rphase forma- parallel to this face can see in Fig(B3.
tion as an intermediate phase of path 3. The completeness of The formation ofT polymers of Gy reduces the molecular
the R-phase formation was assured by isothermal exposurgymmetry from thel,, to the D,y point group. Hence, one
of the samples at 6 GPa and 873 K for as long as 1000 s. would expect in the IR spectra of the derivative the appear-
Sample analysis x-ray diffraction and IR and Raman specance of bands originating from the odd modes of the parent
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N

FIG. 1. Fragment op,T diagram of G with the three paths
(marked by 1, 2, and)3of phaseT synthesis.A represents the
existence range of atomic carbdw.corresponds to the monomeric
state.Mp corresponds to the range of polymerized phasesggf C
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FIG. 2. The XRD patterngmarked as 1,2,3 and containing mixtureRfand T phasey of samples obtained at 2.2 GPa, 873 K, and
exposure tine 1 s using, respectively, the paths 1,2,3 and the XRD patieanked asT) of phaseT obtained by path 1 at exposure time
1000 s.

molecule, and those from the even modes—in Raman scafebtained from a “1:1 mixture of tetragonal and orthorhom-
tering. The degeneracy of tHe G, andH modes of icosa- bic phases) and differs greatly from it. No traces of oxygen
hedral G should be removed resulted in the splitting of contamination were detected: neither the broad maximum
these modes, respectively, into 3, 4, and 5 components in theentered at 1100 cif, nor the band near 1385 crhwhich
Raman spectrum and to triplets in the infrarédg (nodes are  characterized a intercalated oxygé&n.(The latter band
inactive due to selection rulgsThe real IR spectrurtFig. 4  could be caused also by an admixture of rhombohedral frag-
is rather rich and could hardly be described in terms of anents, but no indication on orthorhombic or rhombohedral
minor distortion of the parent molecule, i.e., the suitableimpurity was seen in the sample being studied; our results of
splitting of Gsy's active vibrations and the emergence of ap-the spectral comparative study offS p,T polymers will be
propriate multiplets in the establisHédegions of the silent published separately As the result, much more character-
modes. The only spectral interval approximately obeying thigstic bands of the tetragonal phase-forming material were de-
rule is around thé (1) parent mode and contains a strongrived.

band at 522 cm! (with an unresolved low-frequency shoul- ~ The Raman spectrum of the samgég. 5 consists of
den surrounded by two moderate bands at 510 and 53&bout 35 distinguishable lines. The most intense of them
cm™ L. In the vicinity of theF;,(2) mode a strong band is were observed in Ref. 6. The differences of our spectra, ob-
observed at 557 cnt indicating the 20 cr’ redshift of the  tained from a purer sample, lie in the band’s relative inten-
parent mode. Some weak bands detected at 573, 566, 543ty and in the structure of multiplets in the high-frequency
and 540 cm® arose possibly as components of formerregion. The band at 430 crh dominates over the doublet
F,,(2) andH,(2) modes. There are no intense bands at thd447/1464 cm’; only a very weak line at 710 ¢ and no
wave numbers of thE,,(3,4) modes. Instead, the main fea- bands at 1192 and 1459 chwere observed, therefore as-
tures in the region are a moderate band with a maximum egigned to an impurity. Additional features at 280, 1040, 1208
1261 cm ! and a weak one at 1227 ¢ both broadened by cm 1, etc., were found to be characteristic for the phase un-
low-frequency shoulders. They could not be derived fromder investigation. The wave numbers of most of the bands
IR-active parent modes and more probably originate fromcould readily be derived from that of Raman-active parent
H,(5,6) orG,(5) vibrations of the g, molecule observed, modes of the g molecule: e.g., the lines at 280, 430, and
respectively, at 1222, 1242, and 1290 ¢oV Maximum 1107 cmi* are probably originated fronkly (1, 2, and 5
spectral intensity is concentrated in the range of 700—80@nodes, respectively; the multiplets in the 660-725 and
cm ! where sharp intense bands were observed at 781, 762550—1575 cm regions could arise frorhl4(3) andH,(8)

747, and 711 cmt as well as two broader features at 768 species. TheAy(1) vibration seems to soften from 495 to
and 733 cm. Characteristic for the phase are also the triplet486 cm %; to establish the position of they(2) derivative,
642/646/654 cm! and a strong band at 606 ¢ In the  one should choose between the two strong lines at 1447 and
range of 850—960 cit where no parent mode is placed, a 1464 cm %, the remaining one being probably caused by the
moderate band emerged at 932 ¢malong with two weak symmetry-forbidden in the & F14(3) mode. Another ex-
features at 898 and 882 ¢th The observed infrared spec- ample of symmetry reduction upon polymerization is the
trum is much more pronounced than that presented in Ref. émergence of weak bands at 536, 1208, and 1541'cm
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FIG. 3. SEM micrographs of phasesample,(A) (001) face,
(B) layers parallel to th€002) face.

probably arising fronf,4 (1, 3, and 4 modes and very weak
features in the 1300-1400 crh range originating from
G,4(4,5) vibrations. The strong lines at 587 and 949 ¢m
though situated within a 20 cm interval from the nearest

parent modes, more probably present the even counterpartsz

of the infrared bands at 606 and 932 cmThe position of
the bands in this regiofnot their intensity, as was suggested

in Ref. 6 were found in our experiments to be quite sensitive
to the manner of linkage of the ball indicating that the inter-
ball bonds and associated angles participate in these vibra-

tions.
The successful preparation of phagen the pure form

Transmission
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FIG. 4. IR spectrum of phask

to significant distinction of the mechanisms of phase forma-
tion. These mechanisms are determined by the type of that
phase which is immediately transformed to thehase.

The present experimental data are in principal agreement
with our hypothesis of the possible conversion mechanisms
of the monomeric states ofggto the polymerized one'$:
According to this hypothesis, the main prerequisite of the
polymerized phase formation is the pressure-induced emer-
gence of orientational-ordered molecular packings that are
characterized by close intermolecular contacts of double
bonds of adjacent §g molecules in parallel orientation favor-
able for the[2+ 2] cycloaddition reactioh? Such contacts
are not present in the two known fcc and sc molecular struc-
tures of Go.2%?! But, our theoretical calculations showed
that each polymerized phase can be provided with a corre-
sponding molecular precursor state occurring as a local
potential-energy minimum and having a rough geometrical
similarity with the corresponding polymerized phase. The
supposed molecular precursor of phaseas a quasitetrago-
nal structure~P4,/m (the symbol~ means some orienta-
tional deviations that reduce the space group dowR .
Thus, the fce» T-phase reaction can be roughly presented as
a two-stage process. The formation of the orientational-
ordered molecular precursor of phakeés the first stage tak-

1447

Intensi

showed that this phase has a proper region of existence in the Raman shift (cm® %)

p,T diagram of G, However, the dramatic differences in the

rate of T phase formation observed for the three paths point FIG. 5. Raman spectrum of phase
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ing place during the isothermal loading of the fcc phase. The In summary, present results indicate that tHe
second one is the polymerization of this precursor. polymerized phase is as stable as @eandR polymerized

In contrast to this “direct” mechanism, yet another con- phases of g, But it is obvious that an exact determination
version stage demanding high activation energies is necesf the phase equilibrium lines between different polymerized

sary for the T-phase formation from other polymerized phases will require further study because of the significant
phases. For example, the transformation of the rhombohedrglsteresis of these phase transitions.

lattice into the tetragonal one necessarily demands the break-

down of intermolecular bonds of tHe phase for the forma- The present research has been supported by INTAS,
tion of some possible intermediate state—the low-moleculasrant No. 93-2133, and by the Russian Fund for Fundamen-
precursor of phasg. tal Research, Grant No. 97-03-33584a.

10. Bethoux, M. Niez-Regueiro, L. Marques, J-L. Hodeau, and *?A. V. Dzyabchenko, V. Agafonov, and V. A. Davydov, Kristal-
M. Perroux, inProceedings of the Materials Research Society, lografiya(to be published
Boston, 1993 Abstracts of contributed PapefMaterial Re- V. A. Davydov, L. S. Kashevarova, A. V. Rakhmanina, V.

search Society, Pittsburgh, 199&bstract No. G2.9, p. 202. , Agafonov, R. Celin, and H. Szwarc, CarboB5, 735(1997).
2. NuFez-Regueiro, L. Marques, J-L. Hodeau, O. Berthoux, and" |- O. Bashkin, V. I. Rashchupkin, A. F. Gurov, A. P. Moravsky,
M. Perroux, Phys. Rev. Let74, 278(1995. O. G. Rybchenko, N. P. Kobelev, Ya. M. Soifer, and E. G.

3Y. lwasa, T. Arima, R. M. Fleming, T. Siegrist, O. Zhou, R. C. 15 Ponyatovsky, J. Phys.: Condens. Maﬁer?491(1994).
Haddon, L. J. Rothberg, K. B. Lyons, H. L. Carter, Jr., A. F. G- C. Kennedy and P. N. La Mori, J. Geophys. R&g, 852

Hebard, R. Tycko, G. Dabbagh, J. J. Krajevski, G. A. Thomas, (1962. .
and T. Yagi, Science64, 1570(1994. V. Agafonov, V. A. Davydov, A. V. Dzyabchenko, R. Ceolin,

a A Davydov, L. S. Kashevarova, A. V. Rakhmanina, V. and H. Szwarc, irfFullerenes. Recent Advances in the Chemistry

pgeono. . ol and S, S€Tp Log siiosn,  1167cs of llvens and et el by ¢
5L. Marques, J.-L. Hodeau, M. Nez-Regueiro, and M. Perroux, ) L, Y,

Phvs. R B4 R12 633(199 nington, NJ, 199¥, Vol. 5, p. 373.
yS. Rev. Bo4, (1996. M. C. Martin, X. Du, J. Kwon, and L. Mihaly, Phys. Rev. B,

6A. M. Rao, P. C. Eklund, J.-L. Hodeau, L. Marques, and M. 173(1994

. Nunez-Regueiro, Phys. Rev. 85, 4766(1997. . 184, Werner, Th. Schedel-Niedrig, W. Wohlers, D. Herein, B. Her-
V. A. Davydov, L. S. Kashevarova, A. V. Rakhmanina, A. V. 704 R. Schlogl, M. Keil, A. M. Bradshaw, and J. Kirschner, J.
Dzyabchenko, V. Agafonov, P. Dubois, R. @ia, and H. Chem. Soc., Faraday Trar@0, 403 (1994.
Szwarc, JETP Leti66, 120(1997. 19A. M. Rao, P. Zhou, K.-A. Wang, G. T. Hager, J. M. Holden, Y.
8L. Marques, J.-L. Hodeau, and M. Nez+Regueiro, Mol. Mater. Wang, W.-T. Lee, X. X. Bi, P. C. Eklund, D. S. Cornett, M. A.
8, 49 (1996. Duncan, and I. J. Amster, Scien289, 955 (1993.
9B. Sundqvist, Adv. Phys(to be published 20w, I. F. David, R. M. Ibberson, T. J. S. Dennis, J. P. Hare, and K.
0B, sundqvist, Phys. Rev. B7, 3164(1998. Prassides, Europhys. Left8, 219 (1992.

11C. H. Xu and G. E. Scuseria, Phys. Rev7B 274 (1995. 21A. Lundin and B. Sundgqvist, Phys. Rev. 33, 8329(1996.



