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HIGH-PRESSURE HYDROGENATED FULLERENES: OPTICALSPECTRA AND STABILITY OF C60H36 AT HIGH PRESSUREK. P. Meletov *Institute of Solid State Physis, Russian Aademy of Sienes142432, Chernogolovka, Mosow Region, RussiaG. A. KourouklisPhysis Division, Shool of Tehnology, Aristotle University of ThessalonikiGR-540 06, Thessaloniki, GreeeSubmitted 14 Otober 2004The optial Raman and photoluminesene (PL) spetra of the high-pressure hydrogenated fullerene C60 arestudied at normal onditions and at high pressure. The Raman spetrum of the most stable hydrofullereneC60H36 ontains a large number of peaks related to various isomers of this moleule. Comparison of the ex-perimental data with the results of alulations shows that the most abundant isomers have the symmetriesS6, T , and D3d. The Raman spetrum of deuterofullerene C60D36 is similar to that of C60H36, but the fre-quenies of the C�H strething and bending modes are shifted due to the isotopi e�et. The PL spetrumof hydrofullerene C60H36 is shifted to higher energies by approximately 1 eV with respet to that of pristineC60. The e�et of hydrostati pressure on the Raman and PL spetra of C60H36 has been investigated up to12 GPa. The pressure dependene of the phonon frequenies exhibits peuliarities at approximately 0:6 GPaand 6 GPa. The hanges observed at approximately 0:6 GPa are probably related to a phase transition fromthe initial orientationally disordered body-entered ubi struture to an orientationally ordered struture. Thepeuliarity at approximately 6 GPa may be related to a pressure-driven enhanement of the C�H interationbetween the hydrogen and arbon atoms belonging to neighboring moleular ages. The pressure-indued shiftof the photoluminesene spetrum of C60H36 is very small up to 6 GPa, and a negative pressure shift wasobserved at higher pressure. All the observed pressure e�ets are reversible with pressure.PACS: 61.48.+, 62.50.+p, 64.70.Kb, 78.30.Na, 78.55.Kz1. INTRODUCTIONHydrofullerenes have attrated onsiderable inter-est, partiularly in relation to their potential use as hy-drogen storage materials [1℄. The existene of severalhydrofullerenes has been predited by theoretial al-ulations and some of them have been synthesized [2�5℄. The most stable member, C60H36, is the hydro-genated derivative of the pristine C60 moleule, whihan be prepared using either the high-pressure hydro-genation [6℄ or the hydrogen-atom transfer to C60 fromother reagents in solution [7℄. The hydrofullerene sam-ples prepared by the use of both methods are usuallyrather nonuniform and may ontain hydrides with vari-ous mass weights, as well as a small amount of reagents.*E-mail: mele�issp.a.ru

Charaterization of the hydrogenation reation prod-uts is therefore of great importane and various meth-ods like the eletron, X-ray, and neutron di�ration,nulear magneti resonane, infrared spetrosopy, andlaser desorption mass spetrometry have been used forthis purpose [4�6; 8�10℄.The C60H36 moleule ould exist in a great numberof isomeri forms, but only a small number of them arestable [11℄. The isomeri form with the highest symme-try, Th, has 12 double bonds, arranged as far apart aspossible on its surfae, while the form having the dou-ble bonds in four isolated aromati six-member ringslaking hydrogen atoms and loated at the orners ofa tetrahedron has a T -symmetry struture. Betweenthese two extremes are the isomers with the symmetryD3d and S6, whih have two six-member rings at thethree-fold axis poles of the moleule, with the other six860



ÆÝÒÔ, òîì 127, âûï. 4, 2005 High-pressure hydrogenated fullerenes : : :double bonds isolated in six pentagons. The preseneof various isomers in the C60H36 speimens dependsmost likely on the preparation method and on the ki-neti parameters ontrolling the hydrogen addition re-ation. Thus, C60H36 prepared by transfer hydrogena-tion of C60 ontains a mixture of the prinipal isomersD3d and S6, while C60H36 prepared by zin redutionof C60 in aromati solvents ontains the S6 isomer asthe most abundant [12�14℄. Conerning the solid-statephase of C60H36, Hall et al. [9℄ have suggested the body-entered ubi struture (BCC) with the ell parame-ter 11:785 � 0:015Å for the paking of the moleulesin the rystalline state. Furthermore, they suppose, atleast for the D3d isomer, that the BCC rystal stru-ture transforms into a body-entered tetragonal one atlow temperatures.The optial haraterization of hydrofullerenes is ofgreat importane and the Raman sattering was su-essfully used for the study of the vibrational spe-trum of C60H36 prepared by the transfer hydrogena-tion method [12℄. The inorporation of 36 hydrogenatoms in the C60 age lowers the moleular symmetryand ativates Raman sattering from a variety of theinitially forbidden phonon modes. In addition, the ap-pearane of the C�H strething and bending modes andthose related to various isomers of C60H36 results in avery rih Raman spetrum [12℄. The omparison of thephonon frequenies for �ve prinipal isomers of C60H36obtained by moleular dynamis alulations with theexperimentally observed phonon frequenies has led tothe onlusion that the material prepared by the trans-fer hydrogenation method mainly ontains two isomers,those with the symmetries D3d and S6 [12℄.In this paper, we study the optial Raman and PLspetra of the hydro- and deuterofullerene, C60H36 andC60D36, respetively, prepared by high-pressure hydro-genation. The aim of the researh was to identifythe phonon and eletron energy spetra of the high-pressure hydrogenated fullerene, to larify the isomeromposition and homogeneity of samples, and to studythe isotopi e�ets in the vibrational spetra. The Ra-man spetra of the high-pressure hydrogenated sam-ples were ompared with those obtained by transferhydrogenation and with the moleular dynamis al-ulation data [12℄. The Raman data show the pres-ene of all prinipal isomers in the high-pressure hy-drogenated fullerenes and a large isotopi shift for theC�H strething mode, whereas the shift of the modesrelated to the fullerene moleular age is negligible. Wehave also studied the pressure behavior of the Ramanand PL spetra of C60H36 at pressure up to 12 GPain order to obtain information about the strutural

and hemial stability of the material at high pres-sure. The inorporation of hydrogen in the fullerenemoleular age may play an important role in thestability of the material, in partiular, may preventthe pressure-indued polymerization that is typial ofpristine C60 under high-pressure and high-temperaturetreatment [15℄. The hydrogen inorporation may alsoa�et the pressure-indued phase transition of the ro-tational disorder/order nature in analogy to the aseof pristine C60. We have studied the pressure behaviorof phonon frequenies and the pressure-indued shiftof eletroni bands. The pressure oe�ients of thephonon modes are positive and demonstrate singular-ities at approximately 0:6 and 6 GPa. The pressureshift of the luminesene spetrum is unusually smalland inreases somehow at P � 6 GPa. All the observedfeatures are reversible with pressure and C60H36 is sta-ble in the pressure region investigated.2. EXPERIMENTAL DETAILSThe ommerial material, C60 of 99.99% purity, wassublimed twie in vauum better than 10�5 Torr at800 K, and was then ompated into pellets of 12 mmdiameter and 1 mm thikness. Eah pellet was plaedinto a opper apsule, overed with a dis of 0.01-mmthik Pd foil, and then annealed in vauum at 620 Kfor 2 h to expel desorbed gases. The remaining volumein the apsule was �lled with AlH3 or AlD3 for hy-drogenation or deuteration, respetively, and was thentightly plugged with a opper lid using gallium as sol-der. This enapsulation proedure e�etively preventshydrogen or deuterium losses during subsequent treat-ment, beause both Cu and Ga are largely impermeableby hydrogen.The assembled apsules were pressurized to 3.0 GPain a toroid-type high-pressure ell and maintained at650�10 K or 700�10 K for a time of 24 or 48 h. AlH3deomposes above 400 K [16℄, produing hydrogen re-ating with the fullerite after permeating the Pd foil,whih isolates the fullerite from hemially ative Al.The amount of the hydrogen gas produed inside theapsule orresponds to the partile ratio H/C60 � 90.Therefore, the available hydrogen quantity is always inexess of the C60 partile number during the hydro-genation experiments. The hydrogenation proedurewas repeated for a seond run, with the produt of the�rst run taken as a starting material for the seondrun. Preliminary mass-spetrometry data show thatat least 95% of the material in the apsule is hydro-fullerene C60H36, while the remaining 5% ontains par-861
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Fig. 1. Raman spetra of the C60H36 (a) and C60D36 (b) samples taken at ambient onditions in the energy range50�3100 m�1. The samples were prepared by means of high-pressure hydrogenation at P = 3:0 GPa, T = 700 K, andreation time approximately 24 hourstially hydrogenated fullerenes. The X-ray analysis ofthe obtained material shows that it has the BCC stru-ture, typial of C60H36 [9℄, with the lattie parameter11.83Å.For the optial measurements, visually uniform, o-lorless, and transparent speimens were seleted. Ra-man spetra were reorded using a triple monohro-mator DILOR XY-500 equipped with a CCD liquid-nitrogen ooled detetor system. The spetra weretaken in the baksattering geometry by the use of themiro-Raman system omprising an OLYMPUS mi-rosope equipped with an MSPlan100 objetive withmagni�ation 100 and spatial resolution approximately1:7 �m. The spetral width of the system was approx-imately 2:0 m�1. The Raman frequenies were al-ibrated by the use of the low-pressure Ne lamp withthe auray better than 0.2 m�1. To avoid interfer-ene from luminesene, the sample was exited by the

676.4 nm line of the Kr+ laser, whose energy is belowthe fundamental absorption gap of the material. Thelaser power was varied from 5 to 10 mW, measured di-retly before the sample, to avoid the destrution ofthe samples by laser heating. The phonon frequenieswere obtained by �tting Gaussian line shapes to theexperimental Raman spetra. The PL spetra werereorded using a single monohromator JOBIN YVONTHR-1000 equipped with a CCD liquid-nitrogen ooleddetetor system. The 457.9 nm line of an Ar+ laserwas used for exitation of the luminesene spetra.The laser power was about 2 mW measured diretlyin front of the high-pressure ell; the spetral widthof the system was approximately 1:0 m�1. The mea-surements at high pressure were arried out using thediamond anvil ell (DAC) of Mao Bell type [17℄. The4 : 1 methanol � ethanol mixture was used as a pres-sure-transmitting medium and the ruby �uoresene862



ÆÝÒÔ, òîì 127, âûï. 4, 2005 High-pressure hydrogenated fullerenes : : :tehnique was used for pressure alibration [18℄. Thesamples used for the high-pressure measurements hadtypial dimensions of approximately 100 �m.3. RESULTS AND DISCUSSION3.1. Isomeri omposition and isotopi e�et inC60H36The Raman spetra of C60H36 and C60D36 takenin the frequeny region 50�3150 m�1 at ambient on-ditions are shown in Fig. 1a and Fig. 1b, respetively.Both samples were synthesized at the pressure 3.0 GPa,temperature 700 K and reation time approximately24 hours. The spetrum in Fig. 1a onsists of 126sharp peaks with the lowest mode loated at 86 m�1and the highest at 2912 m�1. For omparison, theRaman spetrum of pristine C60 ontains only ten a-tive modes, Hg(1) � Hg(8) and Ag(1) � Ag(2), withfrequenies loated in the region 273�1726 m�1 [19℄.The spetrum in Fig. 1a was taken at the best site ofthe best sample, seleted from the ontent of the am-poule by preliminary miro-Raman probing as havingthe lowest bakground and the learest Raman signal.A number of rather good samples, taken from the sameampoule, show the Raman peaks less intense with re-spet to the relatively large bakground. The higherbakground is probably a result of a higher onentra-tion of strutural defets and impurities in the sam-ple under study. These impurities may be mirosopiamounts of partially hydrogenated fullerenes, whih are�uoresing under Kr-laser exitation in the spetral re-gion under investigation. The majority of the seletedsamples from the ontent of the ampoule show the Ra-man signal similar to that of the best one, but thereare also many samples that give a large bakgroundobsuring the struture of the Raman spetrum. Thesamples obtained by high-pressure hydrogenation arerather nonuniform and great are should be exerisedduring the sample seletion. Using the miro-Ramanprobe, we have heked a number of samples from dif-ferent ampoules in order to examine their quality inrelation to the hydrogenation parameters, namely, tem-perature and reation time. The results show that thesample quality does not depend signi�antly on the re-ation time; on the ontrary, temperature drastiallya�ets their optial quality. Samples hydrogenatedat 700 K show a better optial quality and their Ra-man spetra show a rih struture, well-resolved intensepeaks, and relatively small bakground.The Raman spetrum of C60H36 di�ers drastially

from that of pristine C60. The most important di�er-enes in their spetra are as follows:i) the number of the Raman-ative modes inreasesdramatially,ii) the low-energy radial modes (200�600 m�1) ex-hibit a onsiderable intensity enhanement with respetto the high-energy tangential modes (1400�1700 m�1).In addition, a number of new modes appear that arerelated to the C�H bending (1150�1350 m�1) andstrething (2800�3000 m�1) vibrations.The vibrational data related to the Raman spe-trum of C60H36 are summarized in Table 1. The �rstthree olumns of Table 1 ontain the data related to thenumber, position, and intensity of the Raman peaks.The next two olumns ontain experimental results re-lated to the positions and intensities of the Ramanpeaks of C60H36 reported in previous studies [12, 13℄.The last three olumns of Table 1 are related to thefrequeny, Raman ross setion, and symmetry of theRaman-ative modes of various isomers of the C60H36moleule aording to alulations [12℄ using the modi-�ed MNDO method. The omparison of the present ex-perimental data with those in Refs. [12; 13℄ shows thatthe Raman spetrum of high-pressure hydrogenatedC60H36 is more than �ve times riher than that of trans-fer hydrogenated C60H36. The majority of the experi-mentally observed Raman peaks (86 peaks from a totalnumber of 126) are very lose, to an auray of approx-imately 5 m�1, to the alulated frequenies and rosssetions of the Raman-ative modes (their total num-ber is approximately 400) [12℄. The peaks that are loseto the alulated frequenies are assigned to all prini-pal isomers, but a majority of them belong to isomerswith the symmetries S6, T , and D3d. We emphasizethat the omplexity of the alulated vibrational spe-trum, the large number of isomers, and the aurayof the moleular dynamis alulations might some-times result in an aidental agreement (disagreement)of the experimental and alulated data. The peaksthat are rather far from the alulated Raman frequen-ies belong mainly to the low-energy radial modes ofthe fullerene age and are probably related to the pres-ene of other isomers of C60H36 in the samples understudy.The Raman spetrum of deuterofullerene C60D36,taken at ambient onditions, is shown in Fig. 1b. A �rstglane at the Raman spetra of hydro- and deutero-fullerene indiates that they have several similarities,but an important di�erene is also apparent. The spe-trum is less rih in struture than that of C60H36. Itontains about 80 peaks, probably due to a di�erentisomer omposition of C60D36 samples. The positions863



K. P. Meletov, G. A. Kourouklis ÆÝÒÔ, òîì 127, âûï. 4, 2005Table 1. Frequenies and intensities of the observed and alulated Raman peaks in C60H36Experiment TheoryPresent work Ref. [12℄ Ref. [13℄ Ref. [12℄� !, m�1 Intensity� !, m�1 !, m�1 !, m�1 �y Isomer1 86.0 vw 852 101.1 w 1283 165.7 m 1364 176.6 vs 175 180 176 7 T5 192.3 s 194 7 D3d6 196.9 vs 198 14 Th7 206.6 vs 207 206 21 T8 212.4 vs 211 214 22 Th9 230.6 s 229 18 D3d10 239.3 s 23911 245.3 m12 253.6 m13 261.3 m 26414 291.0 m15 298.7 s 294 11 T16 305.5 s17 311.8 m 31318 317.8 s19 326.4 m 325 3 D3d20 339.6 s 341 14 D3d21 347.2 s 346 8 S622 360.3 s 365 10 S623 366.9 s 367 10 D3d(� k)24 381.8 m 379 1 T25 396.3 s 395 395 395 7 D3d26 404.3 m 404 2 D3d27 415.3 m 415 7 D3d(� k)28 423.0 m 422 9 S629 429.4 m 427 4 D3d30 443.0 s 444 442 3 T31 448.4 vs 44832 458.6 vs 458 460 17 S633 465.6 s 465 1 D3d34 473.2 s 473 1 T35 484.4 vs 484 484 488 44 T36 491.3 vs 496 14 S637 501.9 s38 509.9 s 509 31 S6864



ÆÝÒÔ, òîì 127, âûï. 4, 2005 High-pressure hydrogenated fullerenes : : :Table 1.Experiment TheoryPresent work Ref. [12℄ Ref. [13℄ Ref. [12℄� !, m�1 Intensity� !, m�1 !, m�1 !, m�1 �y Isomer39 522.0 m 522 1 T40 531.0 m41 537.0 m42 541.4 m 545 1 T43 549.9 s44 554.9 m45 565.0 s 569 14 T46 573.1 m 570 11 D3d(� k)47 577.6 m 579 30 S648 580.6 m 581 7 S649 585.7 s 586 6 D3d50 590.7 m51 596.3 m 597 52 D3d(� k)52 622.6 w53 632.4 w 634 1 D3d(� k)54 642.5 w 647 2 S655 653.3 w 653 3 T56 657.7 w57 662.0 w 663 1 D3d58 669.5 w 671 4 S659 685.0 m60 696.3 w 699 11 D3d61 711.6 m62 720.6 m 719 4 T63 731.6 m 731 36 D3d64 744.5 w65 752.3 w 75366 761.1 w67 774.2 w68 781.3 w69 791.3 m 796 2 Th70 795.9 m 796 4 D3d71 817.2 w72 832.4 w 828 1 T73 849.5 m 852 7 S674 861.7 w 860 2 T75 869.2 m76 880.4 m 875 2 T10 ÆÝÒÔ, âûï. 4 865



K. P. Meletov, G. A. Kourouklis ÆÝÒÔ, òîì 127, âûï. 4, 2005Table 1.Experiment TheoryPresent work Ref. [12℄ Ref. [13℄ Ref. [12℄� !, m�1 Intensity� !, m�1 !, m�1 !, m�1 �y Isomer77 922.2 w 921 3 Th78 940.2 w 939 1 T79 951.1 w 948 1 S680 960.8 w 959 5 Th81 972.3 w 972 1 T82 985.6 vw83 991.4 w 988 5 Th84 1015.1 w 1015 1008 1018 2 S685 1032.4 m 1039 103986 1054.1 w 1053 4 S687 1064.0 m88 1073.2 w 1073 2 Th89 1088.6 w 1087 1 S690 1125.2 w 1126 1 Th91 1154.0 m 1154 1154 16 D3d(� k)92 1173.9 m 1172 18 T93 1181.3 m 1182 12 T94 1189.7 m 1186 1191 2 D3d95 1207.7 m 1209 9 D3d96 1212.6 s 1212 1213 1213 44 Th97 1218.7 s 1217 23 S698 1227.2 m 1228 5 T99 1231.8 m 1232 1 S6100 1240.3 s 1238 36 T101 1250.3 s 1252 22 D3d(� k)102 1256.9 m 1258 19 S6103 1263.2 s 1262 1263 42 D3d104 1274.0 s 1276 1274 74 D3d105 1283.8 m 1284 12 D3d(� k)106 1306.1 w 1304 2 S6107 1314.4 m 1313 29 Th108 1319.6 s 1318 22 D3d(� k)109 1328.3 m 1326 33 S6110 1334.9 s 1330 27 S6111 1348.3 m112 1353.2 s113 1362.9 s 1363 9 D3d114 1369.4 m 1386 1370 11 S6866



ÆÝÒÔ, òîì 127, âûï. 4, 2005 High-pressure hydrogenated fullerenes : : :Table 1.Experiment TheoryPresent work Ref. [12℄ Ref. [13℄ Ref. [12℄� !, m�1 Intensity� !, m�1 !, m�1 !, m�1 �y Isomer115 1430.6 m 1402 1429 5 D3d116 1457.0 s 1462 1462117 1496.6 w 1508 1497118 1653.8 w119 1674.8 m 1671 401 S6120 1714.0 s 1714 1712 211 D3d(� k)121 1724.5 w122 1739.4 s 1736 1739 333 D3d(� k)123 2826.8 s 2830 2829124 2852.5 s 2853 2852 2856 55 D3d125 2911.9 s 2913 2911 2911 180 D3d126 2931.2 m 8D3d(� k) � the lowest energy isomer with D3d symmetry [13℄.�Intensity haraterization: very weak (vw), weak (w), medium (m), strong (s), and very strong (vs).yRaman ross setion (Å4/amu) [12℄.Table 2. Moleular age vibrations and C�H strething modes with their isotopi shift ratioC60H36 C60D36
, m�1 Intensity� 
, m�1 Intensity� 
H=
D (
H=
D)2206.6 vs 203.4 vs 1.016 1.032212.4 vs 209.7 vs 1.013 1.026464.2 vs 464.2 vs 1 1484.4 vs 484.4 vs 1 12826.8 s 2113.6 s 1.337 1.7892852.5 s 2169.7 s 1.315 1.7282911.9 s 2209.3 s 1.318 1.737�Intensity haraterization: strong (s) and very strong (vs).of the C�D strething modes are shifted towards lowerenergies with respet to the C�H strething modes. Therelated Raman peaks are loated in the frequeny re-gions 2113�2209 m�1 and 2827�2912 m�1 for C60D36and C60H36, respetively. A similar shift is also ob-served for the C�D bending modes, whih are loatedin the frequeny regions 800�1200 m�1 and 1150�1350 m�1 for C60D36 and C60H36, respetively. Wenote that the Raman spetrum of C60D36 also ontainsseveral very weak peaks near 2900 m�1, whih are
oinident with the C�H strething modes of C60H36.This is related to the isotopi ontamination of thesamples under study, whih ontain a small amount ofC60H36 aused by initial isotopi ontamination of thedeuterium provider (AlD3) used for the high-pressuresynthesis.The shift of the C�H strething and bending modesis related to the isotopi e�et on the vibrational fre-quenies aused by substitution of hydrogen by deu-terium. The isotopi shift of the strething mode fre-867 10*
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Raman shift, m�1Fig. 2. Raman spetra of C60H36 reorded at room temperature during the inreasing (a) and dereasing (b) pressure ylein the frequeny range 100�1800 m�1. The frequeny range ontaining the strong diamond Raman line is exludedquenies an be estimated from the formula
H
D � �M
HM
D �1=2 ; (1)where 
H and 
D are the respetive frequenies of theC60H36 and C60D36 moleules and M
H and M
D arethe redued masses involved in the vibrations. Thelarge di�erene between the masses of the hydrogenatom and the C60 moleule indiates that the C�Hstrething mode is mainly related to displaements ofthe hydrogen atom along the bond diretion, whereasthe C60 moleule remains pratially stationary. Thus,the isotopi shift of the C�H strething mode is ex-peted to be lose to the square root of the deuteri-um-to-hydrogen mass ratio. The same is also expetedfor the isotopi shift of the C�H bending mode. Thefrequenies and isotopi shifts of a number of intensemodes related to the fullerene age vibrations and to

the C�H strething vibrations are tabulated in Table 2.The largest isotopi shifts [
H=
D℄2 were observed forthe C�H strething modes that vary in the region 1.73�1.79. These values are lose to the mass ratio of deu-terium and hydrogen, MD=MH = 2. The isotopi shiftfor the modes related to the fullerene age vibrationsis small with respet to the C�H strething modes andvaries within 1�1.032. The di�erene in the isotopishifts between the strething modes and the fullereneage modes is related to the fat that the hydrogenatoms do not partiipate essentially in the age vibra-tions. These results are very lose to those obtained bymeans of surfae-enhaned Raman sattering of hydro-gen and deuterium hemisorbed on a diamond (100)surfae [21℄. The frequenies of the C�H and C�Dstrething modes in Ref. [21℄ are equal to 2830, 2865,2928 m�1 and 2102, 2165, 2195 m�1, respetively,and the isotopi shift varies within 1.32�1.35. Thus,868



ÆÝÒÔ, òîì 127, âûï. 4, 2005 High-pressure hydrogenated fullerenes : : :the parameters of the C�H strething modes of hydro-fullerene ould be similar to those of hydrogen, bondedwith arbon atoms on the diamond surfae. This sim-ilarity is related to the large di�erene between themasses of the hydrogen atom and the fullerene moleuleor the arbon network in diamond. In addition, theC�H bonding in both ases takes plae with sp3 oor-dinated arbon atoms.3.2. Pressure behavior of Raman spetra andstability of C60H36 at high pressureThe Raman spetra of C60H36 reorded in the re-gions 100�800 m�1 and 1400�1750 m�1 at room tem-perature and high pressure are shown in Fig. 2 forinreasing (a) and dereasing (b) pressure runs, re-spetively. The Raman modes appearing in this fre-queny region are related mainly to the vibrations ofthe fullerene moleular age. The spetral region wherethe strong diamond vibration is loated is exluded. Asan been seen from Fig. 2, a rih Raman spetrum, withwell-de�ned strutures in the low-frequeny region, aneasily be followed with pressure. On the ontrary, thestrutures in the spetral region 1400�1750 m�1 arebroad and weak, but still they an be traed up to thehighest pressure studied. At �rst glane, the applia-tion of pressure seems to have the expeted e�et inthe Raman spetrum, i.e., an overall positive shift inthe frequenies of the Raman modes and a relative in-rease in their line widths. But the situation di�erssigni�antly for the part of the Raman spetrum on-taining the hydrogen strething vibrations. As an beseen in Fig. 3, where the C�H strething vibrations arepresented, the initially well-separated strutures in theorresponding spetra are gradually washed out, be-oming a very broad struture for pressures higher thanapproximately 2:0 GPa. We note that despite onsider-able broadening of the Raman strutures, the pressuree�et is fully reversible upon releasing pressure, as anbe seen from Fig. 2 and the top frame in Fig. 3.The pressure dependene of the Raman frequeniesis shown in Figs. 4 and 5 for pressure up to 12 GPaand at room temperature. The di�erent open (solid)symbols orrespond to pressure inrease (derease) indi�erent pressure runs, while the solid lines throughthe experimental points represent linear least-square�ttings. The shaded areas near the pressure approx-imately 0:6 and 6:0 GPa denote the pressure regionswhere the hange in the slope of the pressure depen-dene or the disappearane of some Raman peaks o-ur. The parameters of linear least-square �ttings anda tentative mode assignment of the observed Ramanmodes are ompiled in Table 3. In the mode assign-
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Fig. 3. Raman spetra of C60H36 reorded in the fre-queny range of the C�H strething mode at ambienttemperature and various pressures for inreasing pres-sure. The spetrum in the upper frame, at 0:2 GPa, isreorded upon pressure releasement olumn, we indiate the isomeri form to whihthis mode most likely belongs. The data related to pris-tine C60 are also inluded in Table 3 for omparison.The pressure dependene presented in Figs. 4 and 5and numerial data in Table 1 show that all the ob-served modes have positive pressure oe�ients and atleast four Raman peaks disappear for pressures higherthan approximately 6 GPa. Furthermore, the majorityof Raman modes exhibit a hange in the slope of theirpressure dependene at approximately 0:6 and near thepressure of approximately 6 GPa. These peuliaritieswere observed for both inreasing and dereasing pres-sure runs, and therefore the pressure dependene of theRaman mode frequenies exhibits fully reversible be-havior.The pressure dependene of the strething C�H vi-869



K. P. Meletov, G. A. Kourouklis ÆÝÒÔ, òîì 127, âûï. 4, 2005Table 3. The phonon frequeny assignment and their pressure oe�ients for the C60H36 Raman-ative modes.The orresponding values for C60 are also inluded for omparisonC60H36 Ca60Mode 0�0.6 GPa 0.6�6 GPa 6�12 GPa 0.4�2.4 GPa!,m�1 �!i=�P ,m�1/GPa �!i=�P ,m�1/GPa �!i=�P ,m�1/GPa !,m�1 �!i=�P ,m�1/GPaTg(T ) 180.6 5:6� 0:1 6:4� 0:1Eg(Th) 196.0 4:7� 0:6 3:1� 0:4 0:6� 0:1Eg(T ) 206.6 2:7� 0:3 2:2� 0:1 1:6� 0:1Tg(Th) 212.6 2:3� 0:3 2:6� 0:1 1:7� 0:2Eg(D3d) 230.6 3:5� 0:1 2:9� 0:1 1:2� 0:2239.1 3:2� 0:2 2:6� 0:2 1:5� 0:2261.1 2:1� 0:1 1:3� 0:1 0:4� 0:2 272Hg(1) 3.2305.2 2:2� 0:2 1:8� 0:2 1:2� 0:2 294!1 2.5317.8 3:1� 0:1 1:9� 0:1 1:0� 0:2Eg(D3d) 339.6 2:1� 0:1 1:4� 0:1 0:9� 0:1A(S6) 347.1 2:7� 0:1 1:6� 0:1 1:1� 0:1 345!2 2.9Eg(Th) 366.7 3:2� 0:2 0:5� 0:2 1:7� 0:3Ag(T ) 484.2 4:6� 0:2 0:5� 0:2 3:3� 0:2Ag(S6) 491.0 3:3� 0:1 2:7� 0:1 495Hg(2) 4.2501.8 2:0� 0:1 2:7� 0:1 3:3� 0:1Eg(S6) 530.6 2:7� 0:2 1:7� 0:2 2:4� 0:2 522!5 1.0Eg(D3d) 585.7 2:6� 0:2 2:0� 0:2 0:9� 0:2Eg(S6) 598.6 2:3� 0:2 1:9� 0:2 0:9� 0:2Tg(Th) 622.6 2:9� 0:2 2:0� 0:2 2:3� 0:2 624!1 1.5Eg(D3d) 632.5 2:4� 0:1 2:0� 0:1 2:1� 0:3Eg(D3d) 642.5 1:9� 0:2 1:5� 0:2 2:5� 0:2Tg(T ) 655.8 1:2� 0:2 1:7� 0:2 1:2� 0:2Eg(Th) 669.3 1:9� 0:1 1:3� 0:1A1g(D3d) 695.6 1:8� 0:1 1:6� 0:1 2:0� 0:4A1g(D3d) 730.9 1:4� 0:2 2:5� 0:2 2:3� 0:2 729!8 �2:9Tg(T ) 1459.5 9:0� 0:2 6:6� 0:2 4:4� 0:4 1467Ag(2) 5.5Eg(S6)? 1494.5 9:6� 0:3 4:8� 0:3 5:1� 0:4Ag(S6) 1674.6 4:6� 0:3 7:2� 0:3 6:9� 0:4Ag(Th) 1712.5 5:2� 0:3 3:6� 0:3 2:8� 0:5aData taken from Ref. [35℄.brations, where a dramati broadening ours with in-reasing pressure, is the most striking pressure e�eton the Raman spetra of C60H36. In our opinion, theabnormal broadening of the initially sharp peaks inthe Raman spetra of C60H36 may be related to the presene of various isomers in the samples under study.Numerial alulations in Ref. [12℄ show that there aremany idential Raman modes related to various isomersof C60H36 with very lose frequenies. We believe thatany di�erene in their pressure oe�ients, even small,870
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Pressure, GPaa b
Fig. 4. Pressure dependene of Raman-ative modes of C60H36 in the frequeny ranges 180�390 m�1 (a) and440�560 m�1 (b). Di�erent open (solid) symbols orrespond to inreasing (dereasing) pressure in di�erent pressure runs.Solid lines represent linear least-square �ts. The shaded areas at P � 0:6 and P � 6:0 GPa denote the regions of possiblephase transitionsmay result in additional pressure-indued broadeningof these peaks, whih gradually obsures the initiallysharp Raman struture. A similar broadening of theRaman spetra at high pressure was also observed inthe isomeri mixture of C84 fullerene samples [22℄. Itis important to note that this kind of broadening is ex-peted to be reversible with pressure, and this behav-ior is indeed observed in our experiments. Bearing inmind that the number of the main C�H Raman modesof C60H36 does not hange with pressure, we have �t-ted the experimental data in this region by keeping thesame number of peaks at any pressure. The pressurebehavior obtained in this way is displayed in Fig. 6, inwhih open (solid) irles denote inreasing (dereas-ing) pressure runs. Despite the rudeness of the proe-dure, the pressure dependenes of the C�H Raman peakpositions show a behavior that is ompatible with thatof the Raman modes of the fullerene moleular ageup to approximately 6 GPa. In partiular, these peaksexhibit an overall positive shift up to approximately

6 GPa as well as hanges in the slopes of the pressurebehavior of the Raman mode frequenies at approxi-mately 0:6 GPa. However, their pressure dependeneis di�erent for pressures above 6 GPa, where a soft-ening in the C�H strething vibrations is observed. Itis important to note that even if we follow the pres-sure dependene of the �enter-of-gravity� frequenyof the overall C�H Raman band region, we also �nda hange in the slope of the pressure dependene atapproximately 6 GPa. This dependene is shown inFig. 6 by solid stars, whih represent both the pressureinrease and derease runs.The observed peuliarities in the pressure depen-dene of the Raman modes of C60H36 may be under-stood by invoking the orresponding behavior of pris-tine C60 and C70 at high pressure. It is known thatunder hydrostati pressure at room temperature, C60transforms, at 0.4 GPa or by ooling down to 259 K,from the FCC-struture, where the C60 moleules areorientationally disordered due to haoti rotations, to871
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Fig. 5. Pressure dependene of Raman-ative modes of C60H36 in the frequeny ranges 570�770 m�1 (a) and1450�1770 m�1 (b). Di�erent open (solid) symbols orrespond to inreasing (dereasing) pressure in di�erent pressureruns. Solid lines represent linear least-square �ts. The shaded areas at P � 0:6 and P � 6:0 GPa denote the regions ofpossible phase transitionsthe SC-struture, where the moleular rotations arepartially ordered [23; 24℄. Similarly, under pressure,C70 undergoes an orientational ordering phase transi-tion from an FCC-struture to a rhombohedral phase atapproximately 0:35 GPa or by ooling to 280 K [25; 26℄.Furthermore, Hall et al. [9℄ found that the distortion ofthe moleules brought about by hydrogenation alongwith the hydrogen atoms bonded around the equatorgives the moleule a strongly oblate shape. The BCC-struture allows e�etive paking of oblate spheroidsif the polar axes of the moleules are aligned. Thelonger seond-nearest-neighbor distane then preventslose approahes of the equatorial hydrogen atoms. Ifthis alignment atually ours, then there should be atendeny to form a tetragonal struture with a ratio=a < 1. Therefore, they predit that at su�ientlylow temperatures, the BCC-struture must transforminto a body-entered tetragonal struture. Thus, keep-ing in mind the pressure-indued orientational order-ing of C60 and C70 and the �nding by Hall et al. [9℄,

we might speulate that the observed peuliarity at ap-proximately 0:6 GPa in the pressure dependene of Ra-man modes an be assigned to an orientation orderingstrutural phase transition.The hanges in the pressure dependene of the Ra-man frequenies at approximately 6 GPa, espeiallythe behavior of the C�H strething modes, ould beattributed to a possible phase transition in whihthe hydrogen bonds may be involved. It is knownthat the intermoleular and intramoleular distanes infullerene beome omparable at su�iently high pres-sure. Therefore, the hydrogen atoms in the C60H36moleule, whih initially form terminal C�H bonds, aninterat with arbon atoms belonging to neighboringmoleular ages. This interation may result in the for-mation of the bridging C�H�C hydrogen bonds whenthe derease of the intermoleular distanes beomesappropriate. As a result, the bulk modulus of the rys-tal inreases, whih is manifested by the derease inthe slope of the pressure dependene of the Raman fre-872



ÆÝÒÔ, òîì 127, âûï. 4, 2005 High-pressure hydrogenated fullerenes : : :quenies. In addition, the formation of the bridging hy-drogen bonds results in some elongation of the involvedterminal C�H bonds. The inrease of the C�H terminalbond lengths results in mode softening, whih inreaseswith a further inrease of pressure. The presene ofthe bridging C�D�C modes in the C60Dx samples wasfound reently even at ambient pressure by means ofthe NMR investigation of deuterofullerene [27℄. Simi-lar pressure behavior of hydrogen bonds was also foundin other moleular materials that exhibit a softeningin their C�H strething mode frequeny under pres-sure [28℄. 3.3. Pressure behavior of thephotoluminesene spetra of C60H36The photoluminesene spetra of C60H36 at nor-mal pressure and various temperatures are depited inFig. 7. The spetrum at room temperature ontainstwo broad peaks and two shoulders, loated near thelower and higher energy sides of the spetrum. Thestruture of the PL spetrum is reminisent of thatof pristine C60 at room temperature, but the inten-sity of luminesene is onsiderably higher. The on-set of the spetrum is loated near 2.5 eV, whih ishigher than the onset of the PL spetrum in pristineC60 by approximately 1 eV [29℄. As the temperaturedrops to 80 K and below to the liquid helium tem-perature, the PL spetrum beomes more resolved, asshown in Figs. 7b and 7. The PL spetrum at the low-est temperature (10 K) ontains a number of sharp andwell-resolved peaks, loated near its onset. The rela-tively high PL intensity in C60H36, in omparison topristine C60, is mainly assoiated with small lumines-ene quantum yield in pristine C60 due to the dipole-forbidden transitions from the lowest exited state [30℄.The �ne struture of the PL spetrum in C60H36 at lowtemperature resembles the well-developed struture inthe PL spetrum of the C60 single rystals at the liq-uid helium temperature. This struture is related tothe shallow defet levels [31℄, while the �ne strutureof the PL spetrum in the C60H36 may be related tothe abundant isomer omposition of the samples understudy.Aording to numerial loal-density funtional al-ulations of the eletroni struture, the gap betweenthe highest oupied moleular orbital (HOMO) andthe lowest unoupied moleular orbital (LUMO) is dif-ferent for the �ve most stable isomers and varies be-tween 3.84 and 3.91 eV [32℄. These alulations are re-lated to the isolated C60H36 moleule and their resultsshould be ompared with the experimental absorption
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2.0 2.2 2.4 2.6Energy, eV
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Fig. 7. Photoluminesene spetra of C60H36 at ambi-ent pressure and various temperaturesof the spetrum is not apparent. The pressure-induedshift of the spetrum is unusually small as it followsfrom the pressure dependene of the band frequeniesobtained by �tting Gaussian band shapes to the mainpeaks in the PL spetrum. The pressure dependeneof the two main bands of the PL spetrum of C60H36is shown in Fig. 9. The pressure oe�ients for thesebands are lose to zero at pressure up to approximately6:5 GPa, but they inrease in the absolute value athigher pressures, to �7:5 meV/GPa and �9 meV/GPa,respetively. The pressure behavior of the eletronistates in C60H36 is not typial of moleular rystals,whose eletroni levels usually exhibit large negativepressure shifts, rapidly dereasing with pressure [33℄.It is known that the pressure-indued shift of the ele-troni levels in moleular rystals is negative for themajority of the materials that have a enter of symme-try, whereas it may be positive for materials in whihthe moleules do not have a enter of symmetry [34℄.The samples under study ontain the T isomer in abun-dane, whih does not have a enter of symmetry. Thismeans that at least a part of the PL spetrum related tothis isomer may have a positive pressure-indued shift,while at the same time, we have a negative pressure-indued shift originating from isomers having a en-ter of symmetry. The unusual pressure behavior up to

1.8 2.0 2.2 2.4 2.6

12.2 GPa10.0 GPa8.0 GPa5.8 GPa3.4 GPa0.5 GPa
PLintensity

Energy, eVFig. 8. Photoluminesene spetra of C60H36 at ambi-ent temperature and various pressures6.5 GPa may be assoiated with mutual ompensationof the opposite shifts from the two parts of the lumi-nesene spetrum, originating from eletroni statesof various isomers. At higher pressure, however, theluminesene related to isomers that have a enter ofsymmetry dominates: their eletroni states are down-shifted to lowest positions in energy, and we thereforehave an overall negative pressure shift.4. CONCLUSIONSThe Raman spetrum of hydrofullerene C60H36 pre-pared by high-pressure hydrogenation has a very rihstruture and ontains about �ve times more peaksthan that of transfer-hydrogenated C60H36. The om-parison of experimental Raman peaks with the resultsof the moleular dynamis alulation shows the pres-ene of �ve prinipal isomers in the samples understudy. The majority of the experimentally observed874
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Fig. 9. Pressure dependene of the two main bands inthe PL spetrum of C60H36Raman peaks belong to the S6, T , and D3d isomers.The miro-Raman probing of several samples, preparedunder di�erent reation parameters, shows that the ho-mogeneity of the samples depends strongly on the re-ation temperature. The Raman spetrum of deutero-fullerene C60D36 prepared by the same method is ingeneral similar to that of C60H36. The important dif-ferene between the two spetra is a large isotopi shiftof the C�D strething modes with respet to the orre-sponding C�H ones. The isotopi shift in the modes as-soiated with the fullerene moleular age is very small.This is a strong indiation that the hydrogen atoms donot play an important role in the C60H36 moleularage vibrations.The pressure behavior of the optial Raman andPL spetra of C60H36 is not typial of fullerene-basedmaterials beause they beome rather di�use, even atrelatively small pressure. The pressure dependene ofthe phonon frequenies is reversible with pressure andexhibits peuliarities at approximately 0:6 GPa and6 GPa. The �rst peuliarity is probably related toa phase transition from the initial orientationally dis-ordered BCC-struture to an orientationally orderedstruture. The peuliarity at approximately 6GPa may

be related to a pressure-driven enhanement of the C�H interation between the hydrogen and arbon atomsbelonging to neighboring moleular ages.The PL spetrum of C60H36 is shifted to higherenergy by about 1 eV with respet to that of pristineC60. The spetrum at room temperature onsistsof two broad peaks and beomes more strutured at10 K. The pressure-indued shift of the PL spetrumof C60H36 is lose to zero up to 6.5 GPa, while athigher pressure, a negative pressure shift was observed.The unusual pressure behavior of the PL spetrum isrelated to the isomer omposition of the high-pressurehydrogenated fullerene samples.The authors thank S. Assimopoulos for assistaneand I. O. Bashkin for providing the C60H36 samples.K. P. M. aknowledges the hospitality of the Aristo-tle University of Thessaloniki. Support by the RFBR,grant � 03-02-16011, and by the Russian State Re-searh Program �Physial properties of the arbon-based nanostrutures and development of new ele-troni devies�, grant � 541-02, is gratefully aknow-ledged. REFERENCES1. A. C. Dillon, K. M. Jones, T. A. Bekkedahl,C. H. Kiang, D. S. Bethune, and M. J. Heben, Nature386, 377 (1997).2. A. Rathna and J. Chandrasekhar, Chem. Phys. Lett.206, 217 (1993).3. L. D. Book and G. E. Suseria, J. Phys. Chem. 98,4283 (1994).4. M. I. Attalla, A. M. Vassallo, B. N. Tattam, andJ. Hamma, J. Phys. Chem. 97, 6329 (1993).5. I. O. Baskin, A. I. Kolesnikov, V. E. Antonov,E. G. Ponyatovsky, A. P. Kobzev, A. Y. Muzyhka,A. P. Moravsky, F. E. Wagner, and G. Grosse, Mol.Mat. 10, 265 (1998).6. R. A. Assink, J. E. Shirber, D. A. Loy, B. Morosin,and G. A. Carlson, J. Mater. Res. 7, 2136 (1992).7. R. E. Hau�er, J. Coneiao, P. Chibante et al., J. Phys.Chem. 94, 8634 (1990).8. C. Jin, R. Hettih, R. Compton, D. Joye, J. Ble, andT. Burh, J. Phys. Chem. 98, 4215 (1994).9. L. E. Hall, D. R. MKenzie, M. I. Attalla, A. M. Vas-sallo, R. L. Davis, J. B. Dunlop, and D. J. H. Cokayne,J. Phys. Chem. 97, 5741 (1993).875



K. P. Meletov, G. A. Kourouklis ÆÝÒÔ, òîì 127, âûï. 4, 200510. R. L. Davis, D. R. MKenzie, L. E. Hall, A. M. Vas-sallo, and A. K. Soper, ISIS Annual Report Vol. 2,Rutherford Appleton Laboratory Report RAL-94-050,p. A 200 (1994).11. M. Bühl, W. Thiel, and U. Shneider, J. Amer. So.117, 4623 (1995).12. R. Bini, J. Ebenhoh, M. Fanti, P. W. Fowler, S. Leah,G. Orlandi, C. Ruhardt, J. P. B. Sandall, and F. Zer-betto, Chem. Phys. 232, 75 (1998).13. R. V. Bensasson, T. J. Hill, E. J. Land, S. Leah,D. J. MGarvey, T. G. Trusott, J. Ebenhoh,M. Gerst, and C. Rühardt, Chem. Phys. 215, 111(1997).14. A. D. Darwish, A. K. Abdul-Sada, G. J. Langley,H. W. Kroto, R. Taylor, and D. R. Walton, J. Chem.So. Perkin Trans. 2, 2359 (1995).15. Y. Iwasa, T. Arima, R. M. Fleming, T. Siegrist,O. Zhou, R. C. Haddon, L. J. Rothberg, K. B. Lyons,H. L. Carter Jr., A. F. Hebard, R. Tyko, G. Dabbagh,J. J. Krajewski, G. A. Thomas, and T. Yagi, Siene264, 1570 (1994).16. S. K. Konovalov and B. M. Bulyhev, Zh. Neorg. Khim.37, 2640 (1992).17. A. Jayaraman, Rev. Si. Instr. 57, 1013 (1986).18. D. Barnett, S. Blok, and G. J. Piermarini, Rev. Si.Instr. 44, 1 (1973).19. D. S. Bethune, G. Meijer, W. C. Tang, H. J. Rosen,W. G. Golden, H. Seki, C. A. Brown, andM. S. De Vries, Chem. Phys. Lett. 179, 181 (1991).20. B. W. Clare and D. L. Kepert, J. Mol. Strut.(Theohem.) 315, 71 (1994).21. K. Ushizawa, M. N.-Gamo, Y. Kikuhi, I. Sakogushi,V. Sato, and T. Ando, Phys. Rev. B, 60, R5165 (1999).

22. I. Margiolaki, S. Margadona, K. Prassides, S. Assi-mopoulos, I. Tsilika, K. P. Meletov, G. A. Kourouklis,T. J. S. Dennis, and H. Shinohara, Physia B 318, 372(2002).23. G. A. Samara, J. E. Shirber, B. Morosin, L. V. Han-sen, D. Loy, and D. Sylwester, Phys. Rev. Lett. 67,3136 (1991).24. K. P. Meletov, G. Kourouklis, D. Christo�los, andS. Ves, Phys. Rev. B 52, 10090 (1995).25. C. Christides, I. M. Thomas, T. J. Dennis, and K. Pras-sides, Europhys. Lett. 22, 611 (1993).26. A. Lundin, A. Soldadov, and B. Sunquist, Europhys.Lett. 30, 469 (1995).27. V. P. Tarasov, Y. B. Muravlev, V. N. Fokin, andY. M. Shulga, Appl. Phys. A 78, 1001 (2004).28. E. Katoh, H. Yamawaki, H. Fujihisa, M. Salashita, andK. Aoki, Phys. Rev. B 59, 11244 (1999).29. K. P. Meletov, D. Christo�los, S. Ves, and G. A. Kou-rouklis, Phys. Stat. Sol. (b) 198, 553 (1996).30. P. A. Lane, L. S. Swanson, Q.-X. Ni, J. Shinar,J. P. Engel, T. J. Barton, and L. Jones, Phys. Rev.Lett. 68, 887 (1992).31. W. Guss, J. Feldman, E. O. Göbel, C. Taliani,H. Mohn, W. Müller, P. Häussler, and H.-U. ter Meer,Phys. Rev. Lett. 72, 2644 (1994).32. B. I. Dunlap, D. W. Brenner, and G. W. Shriver,J. Phys. Chem. 98, 1756 (1994).33. K. P. Meletov, V. K. Dolganov, O. V. Zharikov,I. N. Kremenskaya, and Yu. A. Ossipyan, J. de Phys.I 2, 2097 (1992).34. A. S. Davydov, Theory of Moleular Exitons, PlenumPress, New York (1971).35. K. P. Meletov, G. A. Kourouklis, D. Christophilos, andS. Ves, JETP 81, 798 (1995).

876


