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The optical Raman and photoluminescence (PL) sp ectra of the high-p ressure hydrogenated fullerene C

60

a re

studied at no rmal conditions and at high p ressure. The Raman sp ectrum of the most stable hydrofullerene

C

60

H

36

contains a la rge numb er of p eaks related to va rious isomers of this molecule. Compa rison of the ex-

p erimental data with the results of calculations sho ws that the most abundant isomers have the symmetries

S

6

, T , and D

3 d

. The Raman sp ectrum of deuterofullerene C

60

D

36

is simila r to that of C

60

H

36

, but the fre-

quencies of the C�H stretching and b ending mo des a re shifted due to the isotopic e�ect. The PL sp ectrum

of hydrofullerene C

60

H

36

is shifted to higher energies b y app ro ximately 1 e V with resp ect to that of p ristine

C

60

. The e�ect of hydrostatic p ressure on the Raman and PL sp ectra of C

60

H

36

has b een investigated up to

12 GP a. The p ressure dep endence of the phonon frequencies exhibits p eculia rities at app ro ximately 0 : 6 GP a

and 6 GP a. The changes observed at app ro ximately 0 : 6 GP a a re p robably related to a phase transition from

the initial o rientationally diso rdered b o dy-centered cubic structure to an o rientationally o rdered structure. The

p eculia rit y at app ro ximately 6 GP a ma y b e related to a p ressure-driven enhancement of the C�H interaction

b et w een the hydrogen and ca rb on atoms b elonging to neighb o ring molecula r cages. The p ressure-induced shift

of the photoluminescence sp ectrum of C

60

H

36

is very small up to 6 GP a, and a negative p ressure shift w as

observed at higher p ressure. All the observed p ressure e�ects a re reversible with p ressure.

P A CS: 61.48.+c, 62.50.+p, 64.70.Kb, 78.30.Na, 78.55.Kz

1. INTR ODUCTION

Hydrofullerenes ha v e attracted considerable in ter-

est, particularly in relation to their p oten tial use as h y-

drogen storage materials [1]. The existence of sev eral

h ydrofullerenes has b een predicted b y theoretical cal-

culations and some of them ha v e b een syn thesized [2�

5]. The most stable mem b er, C

60

H

36

, is the h ydro-

genated deriv ativ e of the pristine C

60

molecule, whic h

can b e prepared using either the high-pressure h ydro-

genation [6] or the h ydrogen-atom transfer to C

60

from

other reagen ts in solution [7]. The h ydrofullerene sam-

ples prepared b y the use of b oth metho ds are usually

rather non uniform and ma y con tain h ydrides with v ari-

ous mass w eigh ts, as w ell as a small amoun t of reagen ts.

*

E-mail: mele@issp.ac.ru

Characterization of the h ydrogenation reaction pro d-

ucts is therefore of great imp ortance and v arious meth-

o ds lik e the electron, X -ra y , and neutron di�raction,

n uclear magnetic resonance, infrared sp ectroscop y , and

laser desorption mass sp ectrometry ha v e b een used for

this purp ose [4� 6 ; 8 �10].

The C

60

H

36

molecule could exist in a great n um b er

of isomeric forms, but only a small n um b er of them are

stable [11]. The isomeric form with the highest symme-

try , T

h

, has 12 double b onds, arranged as far apart as

p ossible on its surface, while the form ha ving the dou-

ble b onds in four isolated aromatic six-mem b er rings

lac king h ydrogen atoms and lo cated at the corners of

a tetrahedron has a T -symmetry structure. Bet w een

these t w o extremes are the isomers with the symmetry

D

3 d

and S

6

, whic h ha v e t w o six-mem b er rings at the

three-fold axis p oles of the molecule, with the other six
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double b onds isolated in six p en tagons. The presence

of v arious isomers in the C

60

H

36

sp ecimens dep ends

most lik ely on the preparation metho d and on the ki-

netic parameters con trolling the h ydrogen addition re-

action. Th us, C

60

H

36

prepared b y transfer h ydrogena-

tion of C

60

con tains a mixture of the principal isomers

D

3 d

and S

6

, while C

60

H

36

prepared b y zinc reduction

of C

60

in aromatic solv en ts con tains the S

6

isomer as

the most abundan t [12�14]. Concerning the solid-state

phase of C

60

H

36

, Hall et al. [9] ha v e suggested the b o dy-

cen tered cubic structure (BCC) with the cell parame-

ter 11 : 785 � 0 : 015 Å for the pac king of the molecules

in the crystalline state. F urthermore, they supp ose, at

least for the D

3 d

isomer, that the BCC crystal struc-

ture transforms in to a b o dy-cen tered tetragonal one at

lo w temp eratures.

The optical c haracterization of h ydrofullerenes is of

great imp ortance and the Raman scattering w as suc-

cessfully used for the study of the vibrational sp ec-

trum of C

60

H

36

prepared b y the transfer h ydrogena-

tion metho d [12]. The incorp oration of 36 h ydrogen

atoms in the C

60

cage lo w ers the molecular symmetry

and activ ates Raman scattering from a v ariet y of the

initially forbidden phonon mo des. In addition, the ap-

p earance of the C�H stretc hing and b ending mo des and

those related to v arious isomers of C

60

H

36

results in a

v ery ric h Raman sp ectrum [12]. The comparison of the

phonon frequencies for �v e principal isomers of C

60

H

36

obtained b y molecular dynamics calculations with the

exp erimen tally observ ed phonon frequencies has led to

the conclusion that the material prepared b y the trans-

fer h ydrogenation metho d mainly con tains t w o isomers,

those with the symmetries D

3 d

and S

6

[12].

In this pap er, w e study the optical Raman and PL

sp ectra of the h ydro- and deuterofullerene, C

60

H

36

and

C

60

D

36

, resp ectiv ely , prepared b y high-pressure h ydro-

genation. The aim of the researc h w as to iden tify

the phonon and electron energy sp ectra of the high-

pressure h ydrogenated fullerene, to clarify the isomer

comp osition and homogeneit y of samples, and to study

the isotopic e�ects in the vibrational sp ectra. The Ra-

man sp ectra of the high-pressure h ydrogenated sam-

ples w ere compared with those obtained b y transfer

h ydrogenation and with the molecular dynamics cal-

culation data [12]. The Raman data sho w the pres-

ence of all principal isomers in the high-pressure h y-

drogenated fullerenes and a large isotopic shift for the

C�H stretc hing mo de, whereas the shift of the mo des

related to the fullerene molecular cage is negligible. W e

ha v e also studied the pressure b eha vior of the Raman

and PL sp ectra of C

60

H

36

at pressure up to 12 GP a

in order to obtain information ab out the structural

and c hemical stabilit y of the material at high pres-

sure. The incorp oration of h ydrogen in the fullerene

molecular cage ma y pla y an imp ortan t role in the

stabilit y of the material, in particular, ma y prev en t

the pressure-induced p olymerization that is t ypical of

pristine C

60

under high-pres sure and high-temp erature

treatmen t [15]. The h ydrogen incorp oration ma y also

a�ect the pressure-induced phase transition of the ro-

tational disorder/order nature in analogy to the case

of pristine C

60

. W e ha v e studied the pressure b eha vior

of phonon frequencies and the pressure-induced shift

of electronic bands. The pressure co e�cien ts of the

phonon mo des are p ositiv e and demonstrate singular-

ities at appro ximately 0 : 6 and 6 GP a. The pressure

shift of the luminescence sp ectrum is un usually small

and increases someho w at P � 6 GP a. All the observ ed

features are rev ersible with pressure and C

60

H

36

is sta-

ble in the pressure region in v estigated.

2. EXPERIMENT AL DET AILS

The commercial material, C

60

of 99.99 % purit y , w as

sublimed t wice in v acuum b etter than 10

� 5

T orr at

800 K, and w as then compacted in to p ellets of 12 mm

diameter and 1 mm thic kness. Eac h p ellet w as placed

in to a copp er capsule, co v ered with a disc of 0.01-mm

thic k Pd foil, and then annealed in v acuum at 620 K

for 2 h to exp el desorb ed gases. The remaining v olume

in the capsule w as �lled with AlH

3

or AlD

3

for h y-

drogenation or deuteration, resp ectiv ely , and w as then

tigh tly plugged with a copp er lid using gallium as sol-

der. This encapsulation pro cedure e�ectiv ely prev en ts

h ydrogen or deuterium losses during subsequen t treat-

men t, b ecause b oth Cu and Ga are largely imp ermeable

b y h ydrogen.

The assem bled capsules w ere pressurized to 3.0 GP a

in a toroid-t yp e high-pressure cell and main tained at

650 � 10 K or 700 � 10 K for a time of 24 or 48 h. AlH

3

decomp oses ab o v e 400 K [16], pro ducing h ydrogen re-

acting with the fullerite after p ermeating the Pd foil,

whic h isolates the fullerite from c hemically activ e Al.

The amoun t of the h ydrogen gas pro duced inside the

capsule corresp onds to the particle ratio H/C

60

� 90 .

Therefore, the a v ailable h ydrogen quan tit y is alw a ys in

excess of the C

60

particle n um b er during the h ydro-

genation exp erimen ts. The h ydrogenation pro cedure

w as rep eated for a second run, with the pro duct of the

�rst run tak en as a starting material for the second

run. Preliminary mass-sp ectrometry data sho w that

at least 95 % of the material in the capsule is h ydro-

fullerene C

60

H

36

, while the remaining 5 % con tains par-

861



K. P . Meletov, G. A. K ourouklis ÆÝÒÔ, òîì 127 , âûï. 4, 2005

0 500 1000 1500 2000 2500 3000

Raman shift, cm

� 1

b C

60

D

36

a C

60

H

36

In
te
ns
ity

Fig. 1. Raman sp ectra of the C

60

H

36

( a ) and C

60

D

36

( b ) samples tak en at ambient conditions in the energy range

50 � 3100 cm

� 1

. The samples w ere p repa red b y means of high-p ressure hydrogenation at P = 3 : 0 GP a, T = 700 K, and

reaction time app ro ximately 24 hours

tially h ydrogenated fullerenes. The X -ra y analysis of

the obtained material sho ws that it has the BCC struc-

ture, t ypical of C

60

H

36

[9], with the lattice parameter

11.83 Å.

F or the optical measuremen ts, visually uniform, co-

lorless, and transparen t sp ecimens w ere selected. Ra-

man sp ectra w ere recorded using a triple mono c hro-

mator DILOR XY-500 equipp ed with a CCD liquid-

nitrogen co oled detector system. The sp ectra w ere

tak en in the bac kscattering geometry b y the use of the

micro-Raman system comprising an OL YMPUS mi-

croscop e equipp ed with an MSPlan100 ob jectiv e with

magni�cation 100 and spatial resolution appro ximately

1 : 7 � m. The sp ectral width of the system w as appro x-

imately 2 : 0 cm

� 1

. The Raman frequencies w ere cal-

ibrated b y the use of the lo w-pres sure Ne lamp with

the accuracy b etter than 0.2 cm

� 1

. T o a v oid in terfer-

ence from luminescence, the sample w as excited b y the

676.4 nm line of the Kr

+

laser, whose energy is b elo w

the fundamen tal absorption gap of the material. The

laser p o w er w as v aried from 5 to 10 m W, measured di-

rectly b efore the sample, to a v oid the destruction of

the samples b y laser heating. The phonon frequencies

w ere obtained b y �tting Gaussian line shap es to the

exp erimen tal Raman sp ectra. The PL sp ectra w ere

recorded using a single mono c hromator JOBIN YV ON

THR-1000 equipp ed with a CCD liquid-nitrogen co oled

detector system. The 457.9 nm line of an Ar

+

laser

w as used for excitation of the luminescence sp ectra.

The laser p o w er w as ab out 2 m W measured directly

in fron t of the high-pressure cell; the sp ectral width

of the system w as appro ximately 1 : 0 cm

� 1

. The mea-

suremen ts at high pressure w ere carried out using the

diamond an vil cell (D A C) of Mao Bell t yp e [17]. The

4 : 1 methanol � ethanol mixture w as used as a pres-

sure-trans mitting medium and the rub y �uorescence
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tec hnique w as used for pressure calibration [18]. The

samples used for the high-pressure measuremen ts had

t ypical dimensions of appro ximately 100 � m.

3. RESUL TS AND DISCUSSION

3.1. Isomeric comp osition and isotopic e�ect in

C

60

H

36

The Raman sp ectra of C

60

H

36

and C

60

D

36

tak en

in the frequency region 50�3150 cm

� 1

at am bien t con-

ditions are sho wn in Fig. 1 a and Fig. 1 b , resp ectiv ely .

Both samples w ere syn thesized at the pressure 3.0 GP a,

temp erature 700 K and reaction time appro ximately

24 hours. The sp ectrum in Fig. 1 a consists of 126

sharp p eaks with the lo w est mo de lo cated at 86 cm

� 1

and the highest at 2912 cm

� 1

. F or comparison, the

Raman sp ectrum of pristine C

60

con tains only ten ac-

tiv e mo des, H

g

(1) � H

g

(8) and A

g

(1) � A

g

(2) , with

frequencies lo cated in the region 273�1726 cm

� 1

[19].

The sp ectrum in Fig. 1 a w as tak en at the b est site of

the b est sample, selected from the con ten t of the am-

p oule b y preliminary micro-Raman probing as ha ving

the lo w est bac kground and the clearest Raman signal.

A n um b er of rather go o d samples, tak en from the same

amp oule, sho w the Raman p eaks less in tense with re-

sp ect to the relativ ely large bac kground. The higher

bac kground is probably a result of a higher concen tra-

tion of structural defects and impurities in the sam-

ple under study . These impurities ma y b e microscopic

amoun ts of partially h ydrogenated fullerenes, whic h are

�uorescing under Kr-laser excitation in the sp ectral re-

gion under in v estigation. The ma jorit y of the selected

samples from the con ten t of the amp oule sho w the Ra-

man signal similar to that of the b est one, but there

are also man y samples that giv e a large bac kground

obscuring the structure of the Raman sp ectrum. The

samples obtained b y high-pressure h ydrogenation are

rather non uniform and great care should b e exercised

during the sample selection. Using the micro-Raman

prob e, w e ha v e c hec k ed a n um b er of samples from dif-

feren t amp oules in order to examine their qualit y in

relation to the h ydrogenation parameters, namely , tem-

p erature and reaction time. The results sho w that the

sample qualit y do es not dep end signi�can tly on the re-

action time; on the con trary , temp erature drastically

a�ects their optical qualit y . Samples h ydrogenated

at 700 K sho w a b etter optical qualit y and their Ra-

man sp ectra sho w a ric h structure, w ell-resolv ed in tense

p eaks, and relativ ely small bac kground.

The Raman sp ectrum of C

60

H

36

di�ers drastically

from that of pristine C

60

. The most imp ortan t di�er-

ences in their sp ectra are as follo ws:

i) the n um b er of the Raman-activ e mo des increases

dramatically ,

ii) the lo w-energy radial mo des (200�600 cm

� 1

) ex-

hibit a considerable in tensit y enhancemen t with resp ect

to the high-energy tangen tial mo des (1400�1700 cm

� 1

).

In addition, a n um b er of new mo des app ear that are

related to the C�H b ending (1150�1350 cm

� 1

) and

stretc hing (2800�3000 cm

� 1

) vibrations.

The vibrational data related to the Raman sp ec-

trum of C

60

H

36

are summarized in T able 1. The �rst

three columns of T able 1 con tain the data related to the

n um b er, p osition, and in tensit y of the Raman p eaks.

The next t w o columns con tain exp erimen tal results re-

lated to the p ositions and in tensities of the Raman

p eaks of C

60

H

36

rep orted in previous studies [12, 13].

The last three columns of T able 1 are related to the

frequency , Raman cross section, and symmetry of the

Raman-activ e mo des of v arious isomers of the C

60

H

36

molecule according to calculations [12] using the mo di-

�ed MNDO metho d. The comparison of the presen t ex-

p erimen tal data with those in Refs. [ 12 ; 13 ] sho ws that

the Raman sp ectrum of high-pressure h ydrogenated

C

60

H

36

is more than �v e times ric her than that of trans-

fer h ydrogenated C

60

H

36

. The ma jorit y of the exp eri-

men tally observ ed Raman p eaks (86 p eaks from a total

n um b er of 126) are v ery close, to an accuracy of appro x-

imately 5 cm

� 1

, to the calculated frequencies and cross

sections of the Raman-activ e mo des (their total n um-

b er is appro ximately 400 ) [12]. The p eaks that are close

to the calculated frequencies are assigned to all princi-

pal isomers, but a ma jorit y of them b elong to isomers

with the symmetries S

6

, T , and D

3 d

. W e emphasize

that the complexit y of the calculated vibrational sp ec-

trum, the large n um b er of isomers, and the accuracy

of the molecular dynamics calculations migh t some-

times result in an acciden tal agreemen t (disagreemen t)

of the exp erimen tal and calculated data. The p eaks

that are rather far from the calculated Raman frequen-

cies b elong mainly to the lo w-energy radial mo des of

the fullerene cage and are probably related to the pres-

ence of other isomers of C

60

H

36

in the samples under

study .

The Raman sp ectrum of deuterofullerene C

60

D

36

,

tak en at am bien t conditions, is sho wn in Fig. 1 b . A �rst

glance at the Raman sp ectra of h ydro- and deutero-

fullerene indicates that they ha v e sev eral similarities,

but an imp ortan t di�erence is also apparen t. The sp ec-

trum is less ric h in structure than that of C

60

H

36

. It

con tains ab out 80 p eaks, probably due to a di�eren t

isomer comp osition of C

60

D

36

samples. The p ositions
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T able 1. F requencies and intensities of the observed and calculated Raman p eaks in C

60

H

36

Exp erimen t Theory

Presen t w ork Ref. [12] Ref. [13] Ref. [12]

• ! , cm

� 1

In tensit y

�

! , cm

� 1

! , cm

� 1

! , cm

� 1

�

y

Isomer

1 86.0 vw 85

2 101.1 w 128

3 165.7 m 136

4 176.6 vs 175 180 176 7 T

5 192.3 s 194 7 D

3 d

6 196.9 vs 198 14 T

h

7 206.6 vs 207 206 21 T

8 212.4 vs 211 214 22 T

h

9 230.6 s 229 18 D

3 d

10 239.3 s 239

11 245.3 m

12 253.6 m

13 261.3 m 264

14 291.0 m

15 298.7 s 294 11 T

16 305.5 s

17 311.8 m 313

18 317.8 s

19 326.4 m 325 3 D

3 d

20 339.6 s 341 14 D

3 d

21 347.2 s 346 8 S

6

22 360.3 s 365 10 S

6

23 366.9 s 367 10 D

3 d

( c � k )

24 381.8 m 379 1 T

25 396.3 s 395 395 395 7 D

3 d

26 404.3 m 404 2 D

3 d

27 415.3 m 415 7 D

3 d

( c � k )

28 423.0 m 422 9 S

6

29 429.4 m 427 4 D

3 d

30 443.0 s 444 442 3 T

31 448.4 vs 448

32 458.6 vs 458 460 17 S

6

33 465.6 s 465 1 D

3 d

34 473.2 s 473 1 T

35 484.4 vs 484 484 488 44 T

36 491.3 vs 496 14 S

6

37 501.9 s

38 509.9 s 509 31 S

6
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T able 1.

Exp erimen t Theory

Presen t w ork Ref. [12] Ref. [13] Ref. [12]

• ! , cm

� 1

In tensit y

�

! , cm

� 1

! , cm

� 1

! , cm

� 1

�

y

Isomer

39 522.0 m 522 1 T

40 531.0 m

41 537.0 m

42 541.4 m 545 1 T

43 549.9 s

44 554.9 m

45 565.0 s 569 14 T

46 573.1 m 570 11 D

3 d

( c � k )

47 577.6 m 579 30 S

6

48 580.6 m 581 7 S

6

49 585.7 s 586 6 D

3 d

50 590.7 m

51 596.3 m 597 52 D

3 d

( c � k )

52 622.6 w

53 632.4 w 634 1 D

3 d

( c � k )

54 642.5 w 647 2 S

6

55 653.3 w 653 3 T

56 657.7 w

57 662.0 w 663 1 D

3 d

58 669.5 w 671 4 S

6

59 685.0 m

60 696.3 w 699 11 D

3 d

61 711.6 m

62 720.6 m 719 4 T

63 731.6 m 731 36 D

3 d

64 744.5 w

65 752.3 w 753

66 761.1 w

67 774.2 w

68 781.3 w

69 791.3 m 796 2 T

h

70 795.9 m 796 4 D

3 d

71 817.2 w

72 832.4 w 828 1 T

73 849.5 m 852 7 S

6

74 861.7 w 860 2 T

75 869.2 m

76 880.4 m 875 2 T

10 ÆÝÒÔ, âûï. 4 865
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T able 1.

Exp erimen t Theory

Presen t w ork Ref. [12] Ref. [13] Ref. [12]

• ! , cm

� 1

In tensit y

�

! , cm

� 1

! , cm

� 1

! , cm

� 1

�

y

Isomer

77 922.2 w 921 3 T

h

78 940.2 w 939 1 T

79 951.1 w 948 1 S

6

80 960.8 w 959 5 T

h

81 972.3 w 972 1 T

82 985.6 vw

83 991.4 w 988 5 T

h

84 1015.1 w 1015 1008 1018 2 S

6

85 1032.4 m 1039 1039

86 1054.1 w 1053 4 S

6

87 1064.0 m

88 1073.2 w 1073 2 T

h

89 1088.6 w 1087 1 S

6

90 1125.2 w 1126 1 T

h

91 1154.0 m 1154 1154 16 D

3 d

( c � k )

92 1173.9 m 1172 18 T

93 1181.3 m 1182 12 T

94 1189.7 m 1186 1191 2 D

3 d

95 1207.7 m 1209 9 D

3 d

96 1212.6 s 1212 1213 1213 44 T

h

97 1218.7 s 1217 23 S

6

98 1227.2 m 1228 5 T

99 1231.8 m 1232 1 S

6

100 1240.3 s 1238 36 T

101 1250.3 s 1252 22 D

3 d

( c � k )

102 1256.9 m 1258 19 S

6

103 1263.2 s 1262 1263 42 D

3 d

104 1274.0 s 1276 1274 74 D

3 d

105 1283.8 m 1284 12 D

3 d

( c � k )

106 1306.1 w 1304 2 S

6

107 1314.4 m 1313 29 T

h

108 1319.6 s 1318 22 D

3 d

( c � k )

109 1328.3 m 1326 33 S

6

110 1334.9 s 1330 27 S

6

111 1348.3 m

112 1353.2 s

113 1362.9 s 1363 9 D

3 d

114 1369.4 m 1386 1370 11 S

6
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T able 1.

Exp erimen t Theory

Presen t w ork Ref. [12] Ref. [13] Ref. [12]

• ! , cm

� 1

In tensit y

�

! , cm

� 1

! , cm

� 1

! , cm

� 1

�

y

Isomer

115 1430.6 m 1402 1429 5 D

3 d

116 1457.0 s 1462 1462

117 1496.6 w 1508 1497

118 1653.8 w

119 1674.8 m 1671 401 S

6

120 1714.0 s 1714 1712 211 D

3 d

( c � k )

121 1724.5 w

122 1739.4 s 1736 1739 333 D

3 d

( c � k )

123 2826.8 s 2830 2829

124 2852.5 s 2853 2852 2856 55 D

3 d

125 2911.9 s 2913 2911 2911 180 D

3 d

126 2931.2 m 8

D

3 d

( c � k ) � the lo w est energy isomer with D

3 d

symmetry [13].

�

In tensit y c haracterization: v ery w eak (vw), w eak (w), medium (m), strong (s), and v ery strong (vs).

y

Raman cross section (Å

4

/am u) [12].

T able 2. Molecula r cage vib rations and C�H stretching mo des with their isotopic shift ratio

C

60

H

36

C

60

D

36


 , cm

� 1

In tensit y

�


 , cm

� 1

In tensit y

�




H

= 


D

(


H

= 


D

)

2

206.6 vs 203.4 vs 1.016 1.032

212.4 vs 209.7 vs 1.013 1.026

464.2 vs 464.2 vs 1 1

484.4 vs 484.4 vs 1 1

2826.8 s 2113.6 s 1.337 1.789

2852.5 s 2169.7 s 1.315 1.728

2911.9 s 2209.3 s 1.318 1.737

�

In tensit y c haracterization: strong (s) and v ery strong (vs).

of the C�D stretc hing mo des are shifted to w ards lo w er

energies with resp ect to the C�H stretc hing mo des. The

related Raman p eaks are lo cated in the frequency re-

gions 2113�2209 cm

� 1

and 2827�2912 cm

� 1

for C

60

D

36

and C

60

H

36

, resp ectiv ely . A similar shift is also ob-

serv ed for the C�D b ending mo des, whic h are lo cated

in the frequency regions 800�1200 cm

� 1

and 1150�

1350 cm

� 1

for C

60

D

36

and C

60

H

36

, resp ectiv ely . W e

note that the Raman sp ectrum of C

60

D

36

also con tains

sev eral v ery w eak p eaks near 2900 cm

� 1

, whic h are

coinciden t with the C�H stretc hing mo des of C

60

H

36

.

This is related to the isotopic con tamination of the

samples under study , whic h con tain a small amoun t of

C

60

H

36

caused b y initial isotopic con tamination of the

deuterium pro vider (AlD

3

) used for the high-pressure

syn thesis.

The shift of the C�H stretc hing and b ending mo des

is related to the isotopic e�ect on the vibrational fre-

quencies caused b y substitution of h ydrogen b y deu-

terium. The isotopic shift of the stretc hing mo de fre-

867 10*



K. P . Meletov, G. A. K ourouklis ÆÝÒÔ, òîì 127 , âûï. 4, 2005

200 400 600 1400 1600 1800 200 400 600 1400 1600 1800

In
te
ns
ity

air

x 1

x 15

3.7 GPa

7.3 GPa

x 15

x 15

x 15

x 15

0.3 GPa

2.8 GPa

11.6 GPa

C

60

H

36

b DownstrokeUpstrokea

Raman shift, cm

� 1

Fig. 2. Raman sp ectra of C

60

H

36

reco rded at ro om temp erature during the increasing ( a ) and decreasing ( b ) p ressure cycle

in the frequency range 100 � 1800 cm

� 1

. The frequency range containing the strong diamond Raman line is excluded

quencies can b e estimated from the form ula




H




D

�

�

M


 H

M


 D

�

1 = 2

; (1)

where 


H

and 


D

are the resp ectiv e frequencies of the

C

60

H

36

and C

60

D

36

molecules and M


 H

and M


 D

are

the reduced masses in v olv ed in the vibrations. The

large di�erence b et w een the masses of the h ydrogen

atom and the C

60

molecule indicates that the C�H

stretc hing mo de is mainly related to displacemen ts of

the h ydrogen atom along the b ond direction, whereas

the C

60

molecule remains practically stationary . Th us,

the isotopic shift of the C�H stretc hing mo de is ex-

p ected to b e close to the square ro ot of the deuteri-

um-to-h yd rogen mass ratio. The same is also exp ected

for the isotopic shift of the C�H b ending mo de. The

frequencies and isotopic shifts of a n um b er of in tense

mo des related to the fullerene cage vibrations and to

the C�H stretc hing vibrations are tabulated in T able 2.

The largest isotopic shifts [


H

= 


D

]

2

w ere observ ed for

the C�H stretc hing mo des that v ary in the region 1.73�

1.79. These v alues are close to the mass ratio of deu-

terium and h ydrogen, M

D

= M

H

= 2 . The isotopic shift

for the mo des related to the fullerene cage vibrations

is small with resp ect to the C�H stretc hing mo des and

v aries within 1�1.032. The di�erence in the isotopic

shifts b et w een the stretc hing mo des and the fullerene

cage mo des is related to the fact that the h ydrogen

atoms do not participate essen tially in the cage vibra-

tions. These results are v ery close to those obtained b y

means of surface-enhanced Raman scattering of h ydro-

gen and deuterium c hemisorb ed on a diamond (100)

surface [21]. The frequencies of the C�H and C�D

stretc hing mo des in Ref. [21] are equal to 2830, 2865,

2928 cm

� 1

and 2102, 2165, 2195 cm

� 1

, resp ectiv ely ,

and the isotopic shift v aries within 1.32�1.35. Th us,
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the parameters of the C�H stretc hing mo des of h ydro-

fullerene could b e similar to those of h ydrogen, b onded

with carb on atoms on the diamond surface. This sim-

ilarit y is related to the large di�erence b et w een the

masses of the h ydrogen atom and the fullerene molecule

or the carb on net w ork in diamond. In addition, the

C�H b onding in b oth cases tak es place with sp

3

co or-

dinated carb on atoms.

3.2. Pressure b eha vior of Raman sp ectra and

stabilit y of C

60

H

36

at high pressure

The Raman sp ectra of C

60

H

36

recorded in the re-

gions 100�800 cm

� 1

and 1400�1750 cm

� 1

at ro om tem-

p erature and high pressure are sho wn in Fig. 2 for

increasing ( a ) and decreasing ( b ) pressure runs, re-

sp ectiv ely . The Raman mo des app earing in this fre-

quency region are related mainly to the vibrations of

the fullerene molecular cage. The sp ectral region where

the strong diamond vibration is lo cated is excluded. As

can b een seen from Fig. 2, a ric h Raman sp ectrum, with

w ell-de �ned structures in the lo w-frequency region, can

easily b e follo w ed with pressure. On the con trary , the

structures in the sp ectral region 1400�1750 cm

� 1

are

broad and w eak, but still they can b e traced up to the

highest pressure studied. A t �rst glance, the applica-

tion of pressure seems to ha v e the exp ected e�ect in

the Raman sp ectrum, i.e., an o v erall p ositiv e shift in

the frequencies of the Raman mo des and a relativ e in-

crease in their line widths. But the situation di�ers

signi�can tly for the part of the Raman sp ectrum con-

taining the h ydrogen stretc hing vibrations. As can b e

seen in Fig. 3, where the C�H stretc hing vibrations are

presen ted, the initially w ell-separated structures in the

corresp onding sp ectra are gradually w ashed out, b e-

coming a v ery broad structure for pressures higher than

appro ximately 2 : 0 GP a. W e note that despite consider-

able broadening of the Raman structures, the pressure

e�ect is fully rev ersible up on releasing pressure, as can

b e seen from Fig. 2 and the top frame in Fig. 3.

The pressure dep endence of the Raman frequencies

is sho wn in Figs. 4 and 5 for pressure up to 12 GP a

and at ro om temp erature. The di�eren t op en (solid)

sym b ols corresp ond to pressure increase (decrease) in

di�eren t pressure runs, while the solid lines through

the exp erimen tal p oin ts represen t linear least-square

�ttings. The shaded areas near the pressure appro x-

imately 0 : 6 and 6 : 0 GP a denote the pressure regions

where the c hange in the slop e of the pressure dep en-

dence or the disapp earance of some Raman p eaks o c-

cur. The parameters of linear least-square �ttings and

a ten tativ e mo de assignmen t of the observ ed Raman

mo des are compiled in T able 3. In the mo de assign-

2800 2900 3000

0.1 GPa

0.2 GPa

11.7 GPa

7.6 GPa

2.8 GPa

1.7 GPa

Downstroke

Raman shift, cm

� 1

In
te
ns
ity

Fig. 3. Raman sp ectra of C

60

H

36

reco rded in the fre-

quency range of the C�H stretching mo de at ambient

temp erature and va rious p ressures fo r increasing p res-

sure. The sp ectrum in the upp er frame, at 0 : 2 GP a, is

reco rded up on p ressure release

men t column, w e indicate the isomeric form to whic h

this mo de most lik ely b elongs. The data related to pris-

tine C

60

are also included in T able 3 for comparison.

The pressure dep endence presen ted in Figs. 4 and 5

and n umerical data in T able 1 sho w that all the ob-

serv ed mo des ha v e p ositiv e pressure co e�cien ts and at

least four Raman p eaks disapp ear for pressures higher

than appro ximately 6 GP a. F urthermore, the ma jorit y

of Raman mo des exhibit a c hange in the slop e of their

pressure dep endence at appro ximately 0 : 6 and near the

pressure of appro ximately 6 GP a. These p eculiarities

w ere observ ed for b oth increasing and decreasing pres-

sure runs, and therefore the pressure dep endence of the

Raman mo de frequencies exhibits fully rev ersible b e-

ha vior.

The pressure dep endence of the stretc hing C�H vi-
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T able 3. The phonon frequency assignment and their p ressure co e�cients fo r the C

60

H

36

Raman-active mo des.

The co rresp onding values fo r C

60

a re also included fo r compa rison

C

60

H

36

C

a

60

Mo de 0�0.6 GP a 0.6�6 GP a 6�12 GP a 0.4�2.4 GP a

! ,

cm

� 1

@ !

i

=@ P ,

cm

� 1

/GP a

@ !

i

=@ P ,

cm

� 1

/GP a

@ !

i

=@ P ,

cm

� 1

/GP a

! ,

cm

� 1

@ !

i

=@ P ,

cm

� 1

/GP a

T

g

( T ) 180.6 5 : 6 � 0 : 1 6 : 4 � 0 : 1

E

g

( T

h

) 196.0 4 : 7 � 0 : 6 3 : 1 � 0 : 4 0 : 6 � 0 : 1

E

g

( T ) 206.6 2 : 7 � 0 : 3 2 : 2 � 0 : 1 1 : 6 � 0 : 1

T

g

( T

h

) 212.6 2 : 3 � 0 : 3 2 : 6 � 0 : 1 1 : 7 � 0 : 2

E

g

( D

3 d

) 230.6 3 : 5 � 0 : 1 2 : 9 � 0 : 1 1 : 2 � 0 : 2

239.1 3 : 2 � 0 : 2 2 : 6 � 0 : 2 1 : 5 � 0 : 2

261.1 2 : 1 � 0 : 1 1 : 3 � 0 : 1 0 : 4 � 0 : 2 272 H

g

(1) 3.2

305.2 2 : 2 � 0 : 2 1 : 8 � 0 : 2 1 : 2 � 0 : 2 294 !

1

2.5

317.8 3 : 1 � 0 : 1 1 : 9 � 0 : 1 1 : 0 � 0 : 2

E

g

( D

3 d

) 339.6 2 : 1 � 0 : 1 1 : 4 � 0 : 1 0 : 9 � 0 : 1

A ( S

6

) 347.1 2 : 7 � 0 : 1 1 : 6 � 0 : 1 1 : 1 � 0 : 1 345 !

2

2.9

E

g

( T

h

) 366.7 3 : 2 � 0 : 2 0 : 5 � 0 : 2 1 : 7 � 0 : 3

A

g

( T ) 484.2 4 : 6 � 0 : 2 0 : 5 � 0 : 2 3 : 3 � 0 : 2

A

g

( S

6

) 491.0 3 : 3 � 0 : 1 2 : 7 � 0 : 1 495 H

g

(2) 4.2

501.8 2 : 0 � 0 : 1 2 : 7 � 0 : 1 3 : 3 � 0 : 1

E

g

( S

6

) 530.6 2 : 7 � 0 : 2 1 : 7 � 0 : 2 2 : 4 � 0 : 2 522 !

5

1.0

E

g

( D

3 d

) 585.7 2 : 6 � 0 : 2 2 : 0 � 0 : 2 0 : 9 � 0 : 2

E

g

( S

6

) 598.6 2 : 3 � 0 : 2 1 : 9 � 0 : 2 0 : 9 � 0 : 2

T

g

( T

h

) 622.6 2 : 9 � 0 : 2 2 : 0 � 0 : 2 2 : 3 � 0 : 2 624 !

1

1.5

E

g

( D

3 d

) 632.5 2 : 4 � 0 : 1 2 : 0 � 0 : 1 2 : 1 � 0 : 3

E

g

( D

3 d

) 642.5 1 : 9 � 0 : 2 1 : 5 � 0 : 2 2 : 5 � 0 : 2

T

g

( T ) 655.8 1 : 2 � 0 : 2 1 : 7 � 0 : 2 1 : 2 � 0 : 2

E

g

( T

h

) 669.3 1 : 9 � 0 : 1 1 : 3 � 0 : 1

A

1 g

( D

3 d

) 695.6 1 : 8 � 0 : 1 1 : 6 � 0 : 1 2 : 0 � 0 : 4

A

1 g

( D

3 d

) 730.9 1 : 4 � 0 : 2 2 : 5 � 0 : 2 2 : 3 � 0 : 2 729 !

8

� 2 : 9

T

g

( T ) 1459.5 9 : 0 � 0 : 2 6 : 6 � 0 : 2 4 : 4 � 0 : 4 1467 A

g

(2) 5.5

E

g

( S

6

)? 1494.5 9 : 6 � 0 : 3 4 : 8 � 0 : 3 5 : 1 � 0 : 4

A

g

( S

6

) 1674.6 4 : 6 � 0 : 3 7 : 2 � 0 : 3 6 : 9 � 0 : 4

A

g

( T

h

) 1712.5 5 : 2 � 0 : 3 3 : 6 � 0 : 3 2 : 8 � 0 : 5

a

Data tak en from Ref. [35].

brations, where a dramatic broadening o ccurs with in-

creasing pressure, is the most striking pressure e�ect

on the Raman sp ectra of C

60

H

36

. In our opinion, the

abnormal broadening of the initially sharp p eaks in

the Raman sp ectra of C

60

H

36

ma y b e related to the

presence of v arious isomers in the samples under study .

Numerical calculations in Ref. [12] sho w that there are

man y iden tical Raman mo des related to v arious isomers

of C

60

H

36

with v ery close frequencies. W e b eliev e that

an y di�erence in their pressure co e�cien ts, ev en small,
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280

320

360

440

460

480
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560

Ra
ma
n

sh
ift,

cm

�

1

Pressure, GPa

a b

Fig. 4. Pressure dep endence of Raman-active mo des of C

60

H

36

in the frequency ranges 180 � 390 cm

� 1

( a ) and

440 � 560 cm

� 1

( b ). Di�erent op en (solid) symb ols co rresp ond to increasing (decreasing) p ressure in di�erent p ressure runs.

Solid lines rep resent linea r least-squa re �ts. The shaded a reas at P � 0 : 6 and P � 6 : 0 GP a denote the regions of p ossible

phase transitions

ma y result in additional pressure-induced broadening

of these p eaks, whic h gradually obscures the initially

sharp Raman structure. A similar broadening of the

Raman sp ectra at high pressure w as also observ ed in

the isomeric mixture of C

84

fullerene samples [22]. It

is imp ortan t to note that this kind of broadening is ex-

p ected to b e rev ersible with pressure, and this b eha v-

ior is indeed observ ed in our exp erimen ts. Bearing in

mind that the n um b er of the main C�H Raman mo des

of C

60

H

36

do es not c hange with pressure, w e ha v e �t-

ted the exp erimen tal data in this region b y k eeping the

same n um b er of p eaks at an y pressure. The pressure

b eha vior obtained in this w a y is displa y ed in Fig. 6, in

whic h op en (solid) circles denote increasing (decreas-

ing) pressure runs. Despite the crudeness of the pro ce-

dure, the pressure dep endences of the C�H Raman p eak

p ositions sho w a b eha vior that is compatible with that

of the Raman mo des of the fullerene molecular cage

up to appro ximately 6 GP a. In particular, these p eaks

exhibit an o v erall p ositiv e shift up to appro ximately

6 GP a as w ell as c hanges in the slop es of the pressure

b eha vior of the Raman mo de frequencies at appro xi-

mately 0 : 6 GP a. Ho w ev er, their pressure dep endence

is di�eren t for pressures ab o v e 6 GP a, where a soft-

ening in the C�H stretc hing vibrations is observ ed. It

is imp ortan t to note that ev en if w e follo w the pres-

sure dep endence of the �cen ter-of-gra vit y� frequency

of the o v erall C�H Raman band region, w e also �nd

a c hange in the slop e of the pressure dep endence at

appro ximately 6 GP a. This dep endence is sho wn in

Fig. 6 b y solid stars, whic h represen t b oth the pressure

increase and decrease runs.

The observ ed p eculiarities in the pressure dep en-

dence of the Raman mo des of C

60

H

36

ma y b e under-

sto o d b y in v oking the corresp onding b eha vior of pris-

tine C

60

and C

70

at high pressure. It is kno wn that

under h ydrostatic pressure at ro om temp erature, C

60

transforms, at 0.4 GP a or b y co oling do wn to 259 K,

from the F CC-structure, where the C

60

molecules are

orien tationally disordered due to c haotic rotations, to
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Pressure, GPa
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ma
n

sh
ift,
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�

1

a b

a

b

Fig. 5. Pressure dep endence of Raman-active mo des of C

60

H

36

in the frequency ranges 570 � 770 cm

� 1

( a ) and

1450 � 1770 cm

� 1

( b ). Di�erent op en (solid) symb ols co rresp ond to increasing (decreasing) p ressure in di�erent p ressure

runs. Solid lines rep resent linea r least-squa re �ts. The shaded a reas at P � 0 : 6 and P � 6 : 0 GP a denote the regions of

p ossible phase transitions

the SC-structure, where the molecular rotations are

partially ordered [ 23 ; 24 ]. Similarly , under pressure,

C

70

undergo es an orien tational ordering phase transi-

tion from an F CC-structure to a rhom b ohedral phase at

appro ximately 0 : 35 GP a or b y co oling to 280 K [ 25 ; 26 ].

F urthermore, Hall et al. [9] found that the distortion of

the molecules brough t ab out b y h ydrogenation along

with the h ydrogen atoms b onded around the equator

giv es the molecule a strongly oblate shap e. The BCC-

structure allo ws e�ectiv e pac king of oblate spheroids

if the p olar axes of the molecules are aligned. The

longer second-nearest-neigh b or distance then prev en ts

close approac hes of the equatorial h ydrogen atoms. If

this alignmen t actually o ccurs, then there should b e a

tendency to form a tetragonal structure with a ratio

c=a < 1 . Therefore, they predict that at su�cien tly

lo w temp eratures, the BCC-structure m ust transform

in to a b o dy-cen tered tetragonal structure. Th us, k eep-

ing in mind the pressure-induced orien tational order-

ing of C

60

and C

70

and the �nding b y Hall et al. [9],

w e migh t sp eculate that the observ ed p eculiarit y at ap-

pro ximately 0 : 6 GP a in the pressure dep endence of Ra-

man mo des can b e assigned to an orien tation ordering

structural phase transition.

The c hanges in the pressure dep endence of the Ra-

man frequencies at appro ximately 6 GP a, esp ecially

the b eha vior of the C�H stretc hing mo des, could b e

attributed to a p ossible phase transition in whic h

the h ydrogen b onds ma y b e in v olv ed. It is kno wn

that the in termolecular and in tramolecular distances in

fullerene b ecome comparable at su�cien tly high pres-

sure. Therefore, the h ydrogen atoms in the C

60

H

36

molecule, whic h initially form terminal C�H b onds, can

in teract with carb on atoms b elonging to neigh b oring

molecular cages. This in teraction ma y result in the for-

mation of the bridging C�H�C h ydrogen b onds when

the decrease of the in termolecular distances b ecomes

appropriate. As a result, the bulk mo dulus of the crys-

tal increases, whic h is manifested b y the decrease in

the slop e of the pressure dep endence of the Raman fre-
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quencies. In addition, the formation of the bridging h y-

drogen b onds results in some elongation of the in v olv ed

terminal C�H b onds. The increase of the C�H terminal

b ond lengths results in mo de softening, whic h increases

with a further increase of pressure. The presence of

the bridging C�D�C mo des in the C

60

D

x

samples w as

found recen tly ev en at am bien t pressure b y means of

the NMR in v estigation of deuterofullerene [27]. Simi-

lar pressure b eha vior of h ydrogen b onds w as also found

in other molecular materials that exhibit a softening

in their C�H stretc hing mo de frequency under pres-

sure [28].

3.3. Pressure b eha vior of the

photoluminescence sp ectra of C

60

H

36

The photoluminescence sp ectra of C

60

H

36

at nor-

mal pressure and v arious temp eratures are depicted in

Fig. 7. The sp ectrum at ro om temp erature con tains

t w o broad p eaks and t w o shoulders, lo cated near the

lo w er and higher energy sides of the sp ectrum. The

structure of the PL sp ectrum is reminiscen t of that

of pristine C

60

at ro om temp erature, but the in ten-

sit y of luminescence is considerably higher. The on-

set of the sp ectrum is lo cated near 2.5 e V, whic h is

higher than the onset of the PL sp ectrum in pristine

C

60

b y appro ximately 1 e V [29]. As the temp erature

drops to 80 K and b elo w to the liquid helium tem-

p erature, the PL sp ectrum b ecomes more resolv ed, as

sho wn in Figs. 7 b and 7 c . The PL sp ectrum at the lo w-

est temp erature (10 K) con tains a n um b er of sharp and

w ell-resolv ed p eaks, lo cated near its onset. The rela-

tiv ely high PL in tensit y in C

60

H

36

, in comparison to

pristine C

60

, is mainly asso ciated with small lumines-

cence quan tum yield in pristine C

60

due to the dip ole-

forbidden transitions from the lo w est exited state [30].

The �ne structure of the PL sp ectrum in C

60

H

36

at lo w

temp erature resem bles the w ell-dev elop ed structure in

the PL sp ectrum of the C

60

single crystals at the liq-

uid helium temp erature. This structure is related to

the shallo w defect lev els [31], while the �ne structure

of the PL sp ectrum in the C

60

H

36

ma y b e related to

the abundan t isomer comp osition of the samples under

study .

A ccording to n umerical lo cal-densit y functional cal-

culations of the electronic structure, the gap b et w een

the highest o ccupied molecular orbital (HOMO) and

the lo w est uno ccupied molecular orbital (LUMO) is dif-

feren t for the �v e most stable isomers and v aries b e-

t w een 3.84 and 3.91 e V [32]. These calculations are re-

lated to the isolated C

60

H

36

molecule and their results

should b e compared with the exp erimen tal absorption
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Fig. 6. Pressure dep endence of the Raman-active

mo des of C

60

H

36

in the range of the C�H stretching

mo des. Op en (solid) circles co rresp ond to the increas-

ing (decreasing) p ressure runs, while the p eak p ositions

w ere obtained b y �tting Gaussians lineshap es to four

exp erimental p eaks at any p ressure. The sta rs co rre-

sp ond to the frequency of the �center of gravit y� of

the C�H Raman band as a function of p ressure

sp ectra of the C

60

H

36

solutions. The absorption sp ec-

tra of the C

60

H

36

solutions in meth ylene dic hloride and

b enzene [13] sho w that the onset of the absorption sp ec-

trum is lo cated b et w een 2.96 and 3.24 e V. Concern-

ing the HOMO�LUMO gap calculations for the solid

C

60

H

36

, there are no a v ailable data to compare with

the presen t exp erimen tal results. As is kno wn, the cal-

culations of the HOMO�LUMO gap for v arious molec-

ular solids sho w that the gap is shifted to lo w er ener-

gies with resp ect to the isolated molecules due to the

v ap our�crystal shift of the electron energy sp ectrum.

In an y case, the onset of the photoluminescence sp ec-

trum in solid C

60

H

36

, observ ed in the presen t w ork, is

considerably smaller than the HOMO�LUMO gap for

an isolated molecule [32].

The PL sp ectra of C

60

H

36

tak en at ro om temp er-

ature and v arious pressures are sho wn in Fig. 8. The

initial sp ectrum tak en at 0.5 GP a gradually broadens

up on increase in pressure up to 12 GP a, while the shift
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Fig. 7. Photoluminescence sp ectra of C

60

H

36

at ambi-

ent p ressure and va rious temp eratures

of the sp ectrum is not apparen t. The pressure-induced

shift of the sp ectrum is un usually small as it follo ws

from the pressure dep endence of the band frequencies

obtained b y �tting Gaussian band shap es to the main

p eaks in the PL sp ectrum. The pressure dep endence

of the t w o main bands of the PL sp ectrum of C

60

H

36

is sho wn in Fig. 9. The pressure co e�cien ts for these

bands are close to zero at pressure up to appro ximately

6 : 5 GP a, but they increase in the absolute v alue at

higher pressures, to � 7 : 5 me V/GP a and � 9 me V/GP a,

resp ectiv ely . The pressure b eha vior of the electronic

states in C

60

H

36

is not t ypical of molecular crystals,

whose electronic lev els usually exhibit large negativ e

pressure shifts, rapidly decreasing with pressure [33].

It is kno wn that the pressure-induced shift of the elec-

tronic lev els in molecular crystals is negativ e for the

ma jorit y of the materials that ha v e a cen ter of symme-

try , whereas it ma y b e p ositiv e for materials in whic h

the molecules do not ha v e a cen ter of symmetry [34].

The samples under study con tain the T isomer in abun-

dance, whic h do es not ha v e a cen ter of symmetry . This

means that at least a part of the PL sp ectrum related to

this isomer ma y ha v e a p ositiv e pressure-induced shift,

while at the same time, w e ha v e a negativ e pressure-

induced shift originating from isomers ha ving a cen-

ter of symmetry . The un usual pressure b eha vior up to

1.8 2.0 2.2 2.4 2.6

12.2 GPa

10.0 GPa

8.0 GPa

5.8 GPa

3.4 GPa

0.5 GPa

PL

int
en
sit
y

Energy, eV

Fig. 8. Photoluminescence sp ectra of C

60

H

36

at ambi-

ent temp erature and va rious p ressures

6.5 GP a ma y b e asso ciated with m utual comp ensation

of the opp osite shifts from the t w o parts of the lumi-

nescence sp ectrum, originating from electronic states

of v arious isomers. A t higher pressure, ho w ev er, the

luminescence related to isomers that ha v e a cen ter of

symmetry dominates: their electronic states are do wn-

shifted to lo w est p ositions in energy , and w e therefore

ha v e an o v erall negativ e pressure shift.

4. CONCLUSIONS

The Raman sp ectrum of h ydrofullerene C

60

H

36

pre-

pared b y high-pressure h ydrogenation has a v ery ric h

structure and con tains ab out �v e times more p eaks

than that of transfer-h ydrogenated C

60

H

36

. The com-

parison of exp erimen tal Raman p eaks with the results

of the molecular dynamics calculation sho ws the pres-

ence of �v e principal isomers in the samples under

study . The ma jorit y of the exp erimen tally observ ed
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Fig. 9. Pressure dep endence of the t w o main bands in

the PL sp ectrum of C

60

H

36

Raman p eaks b elong to the S

6

, T , and D

3 d

isomers.

The micro-Raman probing of sev eral samples, prepared

under di�eren t reaction parameters, sho ws that the ho-

mogeneit y of the samples dep ends strongly on the re-

action temp erature. The Raman sp ectrum of deutero-

fullerene C

60

D

36

prepared b y the same metho d is in

general similar to that of C

60

H

36

. The imp ortan t dif-

ference b et w een the t w o sp ectra is a large isotopic shift

of the C�D stretc hing mo des with resp ect to the corre-

sp onding C�H ones. The isotopic shift in the mo des as-

so ciated with the fullerene molecular cage is v ery small.

This is a strong indication that the h ydrogen atoms do

not pla y an imp ortan t role in the C

60

H

36

molecular

cage vibrations.

The pressure b eha vior of the optical Raman and

PL sp ectra of C

60

H

36

is not t ypical of fullerene-based

materials b ecause they b ecome rather di�use, ev en at

relativ ely small pressure. The pressure dep endence of

the phonon frequencies is rev ersible with pressure and

exhibits p eculiarities at appro ximately 0 : 6 GP a and

6 GP a. The �rst p eculiarit y is probably related to

a phase transition from the initial orien tationally dis-

ordered BCC-struc ture to an orien tationally ordered

structure. The p eculiarit y at appro ximately 6 GP a ma y

b e related to a pressure-dri v en enhancemen t of the C�

H in teraction b et w een the h ydrogen and carb on atoms

b elonging to neigh b oring molecular cages.

The PL sp ectrum of C

60

H

36

is shifted to higher

energy b y ab out 1 e V with resp ect to that of pristine

C

60

. The sp ectrum at ro om temp erature consists

of t w o broad p eaks and b ecomes more structured at

10 K. The pressure-induced shift of the PL sp ectrum

of C

60

H

36

is close to zero up to 6.5 GP a, while at

higher pressure, a negativ e pressure shift w as observ ed.

The un usual pressure b eha vior of the PL sp ectrum is

related to the isomer comp osition of the high-pressure

h ydrogenated fullerene samples.

The authors thank S. Assimop oulos for assistance

and I. O. Bashkin for pro viding the C

60

H

36

samples.

K. P . M. ac kno wledges the hospitalit y of the Aristo-

tle Univ ersit y of Thessaloniki. Supp ort b y the RFBR,

gran t • 03-02-16011, and b y the Russian State Re-

searc h Program �Ph ysical prop erties of the carb on-

based nanostructures and dev elopmen t of new elec-

tronic devices� , gran t • 541-02, is gratefully ac kno w-

ledged.

REFERENCES

1 . A. C. Dillon, K. M. Jones, T. A. Bekk edahl,

C. H. Kiang, D. S. Beth une, and M. J. Heb en, Nature

386 , 377 (1997).

2 . A. Rathna and J. Chandrasekhar, Chem. Ph ys. Lett.

206 , 217 (1993).

3 . L. D. Bo ok and G. E. Scuseria, J. Ph ys. Chem. 98 ,

4283 (1994).

4 . M. I. A ttalla, A. M. V assallo, B. N. T attam, and

J. Hamma, J. Ph ys. Chem. 97 , 6329 (1993).

5 . I. O. Baskin, A. I. K olesnik o v, V. E. An tono v,

E. G. P on y ato vsky , A. P . K obzev, A. Y. Muzyc hk a,

A. P . Mora vsky , F. E. W agner, and G. Grosse, Mol.

Mat. 10 , 265 (1998).

6 . R. A. Assink, J. E. Sc hirb er, D. A. Lo y , B. Morosin,

and G. A. Carlson, J. Mater. Res. 7 , 2136 (1992).

7 . R. E. Hau�er, J. Conceicao, P . Chiban te et al., J. Ph ys.

Chem. 94 , 8634 (1990).

8 . C. Jin, R. Hettic h, R. Compton, D. Jo yce, J. Ble, and

T. Burc h, J. Ph ys. Chem. 98 , 4215 (1994).

9 . L. E. Hall, D. R. McKenzie, M. I. A ttalla, A. M. V as-

sallo, R. L. Da vis, J. B. Dunlop, and D. J. H. Co c k a yne,

J. Ph ys. Chem. 97 , 5741 (1993).

875



K. P . Meletov, G. A. K ourouklis ÆÝÒÔ, òîì 127 , âûï. 4, 2005

10 . R. L. Da vis, D. R. McKenzie, L. E. Hall, A. M. V as-

sallo, and A. K. Sop er, ISIS Ann ual Rep ort V ol. 2,

Rutherford Appleton Lab oratory Rep ort RAL-94-050,

p. A 200 (1994).

11 . M. Bühl, W. Thiel, and U. Sc hneider, J. Amer. So c.

117 , 4623 (1995).

12 . R. Bini, J. Eb enho c h, M. F an ti, P . W. F o wler, S. Leac h,

G. Orlandi, C. Ruc hardt, J. P . B. Sandall, and F. Zer-

b etto, Chem. Ph ys. 232 , 75 (1998).

13 . R. V. Bensasson, T. J. Hill, E. J. Land, S. Leac h,

D. J. McGarv ey , T. G. T ruscott, J. Eb enho c h,

M. Gerst, and C. Rüc hardt, Chem. Ph ys. 215 , 111

(1997).

14 . A. D. Darwish, A. K. Ab dul-Sada, G. J. Langley ,

H. W. Kroto, R. T a ylor, and D. R. W alton, J. Chem.

So c. P erkin T rans. 2 , 2359 (1995).

15 . Y. Iw asa, T. Arima, R. M. Fleming, T. Siegrist,

O. Zhou, R. C. Haddon, L. J. Roth b erg, K. B. Ly ons,

H. L. Carter Jr., A. F. Hebard, R. T yc k o, G. Dabbagh,

J. J. Kra jewski, G. A. Thomas, and T. Y agi, Science

264 , 1570 (1994).

16 . S. K. K ono v alo v and B. M. Bulyc hev, Zh. Neorg. Khim.

37 , 2640 (1992).

17 . A. Ja y araman, Rev. Sci. Instr. 57 , 1013 (1986).

18 . D. Barnett, S. Blo c k, and G. J. Piermarini, Rev. Sci.

Instr. 44 , 1 (1973).

19 . D. S. Beth une, G. Meijer, W. C. T ang, H. J. Rosen,

W. G. Golden, H. Seki, C. A. Bro wn, and

M. S. De V ries, Chem. Ph ys. Lett. 179 , 181 (1991).

20 . B. W. Clare and D. L. Kep ert, J. Mol. Struct.

(Theo c hem.) 315 , 71 (1994).

21 . K. Ushiza w a, M. N.-Gamo, Y. Kikuc hi, I. Sak ogushi,

V. Sato, and T. Ando, Ph ys. Rev. B, 60 , R5165 (1999).

22 . I. Margiolaki, S. Margadona, K. Prassides, S. Assi-

mop oulos, I. T silik a, K. P . Meleto v, G. A. K ourouklis,

T. J. S. Dennis, and H. Shinohara, Ph ysica B 318 , 372

(2002).

23 . G. A. Samara, J. E. Sc hirb er, B. Morosin, L. V. Han-

sen, D. Lo y , and D. Sylw ester, Ph ys. Rev. Lett. 67 ,

3136 (1991).

24 . K. P . Meleto v, G. K ourouklis, D. Christo�los, and

S. V es, Ph ys. Rev. B 52 , 10090 (1995).

25 . C. Christides, I. M. Thomas, T. J. Dennis, and K. Pras-

sides, Europh ys. Lett. 22 , 611 (1993).

26 . A. Lundin, A. Soldado v, and B. Sunquist, Europh ys.

Lett. 30 , 469 (1995).

27 . V. P . T araso v, Y. B. Mura vlev, V. N. F okin, and

Y. M. Sh ulga, Appl. Ph ys. A 78 , 1001 (2004).

28 . E. Katoh, H. Y ama w aki, H. F ujihisa, M. Salashita, and

K. A oki, Ph ys. Rev. B 59 , 11244 (1999).

29 . K. P . Meleto v, D. Christo�los, S. V es, and G. A. K ou-

rouklis, Ph ys. Stat. Sol. (b) 198 , 553 (1996).

30 . P . A. Lane, L. S. Sw anson, Q.-X. Ni, J. Shinar,

J. P . Engel, T. J. Barton, and L. Jones, Ph ys. Rev.

Lett. 68 , 887 (1992).

31 . W. Guss, J. F eldman, E. O. Göb el, C. T aliani,

H. Mohn, W. Müller, P . Häussler, and H.-U. ter Meer,

Ph ys. Rev. Lett. 72 , 2644 (1994).

32 . B. I. Dunlap, D. W. Brenner, and G. W. Sc hriv er,

J. Ph ys. Chem. 98 , 1756 (1994).

33 . K. P . Meleto v, V. K. Dolgano v, O. V. Zharik o v,

I. N. Kremensk a y a, and Y u. A. Ossip y an, J. de Ph ys.

I 2 , 2097 (1992).

34 . A. S. Da vydo v, The ory of Mole cular Excitons , Plen um

Press, New Y ork (1971).

35 . K. P . Meleto v, G. A. K ourouklis, D. Christophilos, and

S. V es, JETP 81 , 798 (1995).

876


