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A DFT calculation of the vibrational frequencies of the infrared and Raman intensitieg,@$ @ported

using the B3-LYP exchange and correlation functional and the 6-31G* basis set. It's shown that a very good
fit to the known infrared and Raman active modes is obtained. Using the calculated frequencies as a base
guide, a full assignment of thesgvibrational frequncies is proposed. A correlation between theaad the

Cso normal modes of vibrations is discussed.

I. Introduction several cases. It is, therefore, not simple to decide which of the
o available calculations is the most reliable guide for the spectral

The vibrational spectra of fullerenes have attracted a con- assignment.
siderable attention as a probe of structural and dynamic The purpose of the present paper is to rediscuss the vibrational
properties of these carbon clusters and of their solid-state spectra of fullerene & using an approach based on three
properties. However, a complete assignment of the normal gifferent but convergent points of view. First we report on a
modes poses considerable problems particularly because the higia|culation of the vibrational frequencies and of the infrared
symmetry of the clusters makes many normal modes inactive agnd Raman intensities based on the DET approach using the
in the infrared and Raman spectra. B3-LYP exchange-correlation functional and the 6-31G* basis

In the case of the & cluster a reliable assignment has been set (the Raman intensities have been obtained with the smaller
obtained taking advantage of the fact that in the crystand 3-21G basis set). This approach has been found to be quite
in substituted molecul@amost of the normal modes become reliable for Go'! and for other conjugated molecuiés’® and
infrared or Raman active due to the reduced local symmetry. can be taken with confidence as a basic guide for the vibrational
Using the experimental infrared and Raman spectra of the crystalassignment. As a matter of fact, the reliability of the DFT
and the ab initio DFT calculated normal frequentsomplete approach at the B3-LYP/6-31G* level to calculate the vibrational
assignment of the & frequencies has been proposed by frequencies of @ has been demonstrated by Stratmann éfal.,
Schettino et af.Later, a complete assignment of thgy@ode but their analysis has been confined to the infrared active modes.
has been rediscussed by Choi ef and by Mernadez and In addition two different types of symmetry arguments and
Pagé® on the same grounds. More recently Schettino ét al. correlation have been exploited, the first based on an attempt
have shown that a DFT B3LYP/6-31G* calculation of the to correlate the g frequencies with the known frequencies of
vibrational frequencies of 4 can grant an average misfit Ceo. The basis for this correlation is found in common subgroups
between the calculated and experimental frequencies of theof thel, and Ds, symmetry groups of § and Go molecules.
active modes as low as-3.6 cntl. Therefore, the DFT A second symmetry correlation is carried out considering the
calculation could be used with confidence to assign all the silent Cro Cluster as a cyclic system under the slibgroup ofDs,
modes leading to an average difference between calculated an@nd classifying the & vibrations in diagrams recalling the
observed frequencies of5 cnr 2. dispersion curves of a crystal.

To obtain a complete assignment of the, Eluster appears A reasonable interpretation of the prystal phase infrared and
by far more complicated. In fact the number of normal modes R@man spectra can be obtained using the results of the DFT
is large (122 including 82 doubly degenerate modes) and somecalculatlons and the possible symmetry considerations.
of these will have a very low infrared and Raman intensity.
Also in this case one can expect most of the silent modes to
become weakly active in the crystal at low temperatéféput Calculations of the vibrational frequencies of,@ere carried
it will not be straightforward to distinguish them from several using the density functional theory. According to Rauhut and
of the free molecule active vibrations on intensity grounds. On Pulay® and to Scott and Raddththe use of the B3-LYP
the other hand there are semiempirtéad! and ab initig223 exchange-correlation functional in conjunction with the 6-31G*
calculations available of the normal frequencies ab. Gt basis constitutes the best compromise between applicability to
appears, however, that the presently available calculations basedarge molecules and computer resources. This approach has been
on different levels of approximation differ substantially in applied with considerable success tg!€ and, with a single

scaling factor of 0.98 on the calculated frequencies, has been

*To whom correspondence should be addressed. E-mail: schettin@ ShOWN to be able to reproduce the experimental frequencies with
chim.unifi.it very good accuracy. The same approach has been extended to
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II. Computational Details and Experimental
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TABLE 1: Correlation Diagrams of the I, and Ds, Groups
with Common Subgroups

Ly Ds Dsp Csy In
Ay, Ay A, Al A, A,
/ A 34 N
T1g7 T Ag A‘/l A2 Tlg
A{Z/ T2g
T2g7 Tou E; EII By Tiu
E/l/ T‘Zu

Gy, Gy Gy, Gy

; E, Ej Ep
% Eg N H,
Hy, Hy H,

TABLE 2: Correspondence between the Vibrations of G in
the I and Ds, Groups

In Dsh In Dsn

Aq Al Tou A+ E;

Ay AY Gq E, +Ey

‘ Tig Ay+E Gy Ej+Ej
Figure 1. The Gy cluster: the 14 atom generating set according to T2g A+ E) Hg AL+ E +E/
the G group is drawn in black. Tay Ay +E} Hy AL+ E/+E)

: S TABLE 3: Correlation of the C 7o Vibration in the Dsg, with
the to Go molecule. After a very tight optimization of the '~ Ceo Type Vibrations in the I, Group and with the

geometry, the vibrational frequencies have been calculated usingyiprations of the Equatorial Belt (Eq)
the GAUSSIAN 98 rev A.7 suite of progrard$The calculated
frequencies have been scaled uniformily by a factor 0.98, as
already proposed by Stratmann e€4al.

12A; < 2A, + 8H, + 2Eq
9A), <> 3Tyy + 4Toq + 2Eq
21E, <> 3Tyy + 6G, + 8H, +4Eq

T_he |nfrare<_1| intensities hav_e beer_l _calculated using the 6-3_1G* 20E, <> 4T29+ 6G, + 8H, +4Eq
basis set while the Raman intensities could only be obtained OA} < A, + TH, + 1Eq
with the 3-21G basis set. The vibrational frequencies and the 10Ay < 4Ty, + 5To + 1Eq
infrared intensities have been calculated also for'#@gq*C 19E/ < 4Ty, + 6G, + 7H, +2Eq
species, considering the five possible distinct positions of the 20E) < 5Ty, + 6G, + 7H, +2Eq
13C isotope.
The infrared spectra of £ films of various ticknesses have For this purpose we notice thatand Ds, have By and Cs,

been measured at various temperatures using a Brucker IFS2S common subgroups and correlate tggahd Go vibrations
HR120 Fourier transform spectromer with a resolution of 0.5 through these common subgroups. The correlation diagrams are
cm™l. The Raman spectra at room temperature have beenreported in Table 1. Through a single common subgroup, the
performed with the FT Raman option of the Brucker interfer- correlation of the G and Go vibrations is not unambiguous.
ometer. Commercial sample of;€£from Syncom have been  However, if a double compatibility from Table 1 is required, it

used without further purification. is readily found that the correlation is unique in several cases.
Whenever an ambiguity remains we consider the character in
Ill. Symmetry Considerations the starting irriducible representation of tligyroup and require

it to equal the character of the direct sum of the corresponding
The free Go cluster belongs to thBs, symmetry group and representations of th@s, group. For instance, from Table 1 it
the 204 normal vibrations classify as 124 9A, + 21E + is seen that the {f species correlates clearly with the, A
22E, + 9A] + 10A; + 19E/ + 20E,. The E and A, modes are species and with either thg] or E/ species. Comparing the
infrared active and the'/AE, and E' are Raman active. Forthe  characters for the E, £ Cy, o, and (§ operations the choice
following discussion it may be helpful to recall that thend" falls in the E' species.
vibrations are symmetric and antisymmetric with respect to the  The results are summarized in Table 2 where it is shown
equatorial symmetry plane, respectively. Itis also recalled that how the G vibrations would transform unders, symmetry.
the normal vibrations of g classify in thel, symmetry group  Alternatively, the table shows, for each vibration of the
as 2Ay+ 3Tyg+ 4Tag+ 6Gy + 8Hy + Ay + 4Ty, + 5y + 6Gy semispherical cap of 5 from which mode of the & cluster
+ 7H.. can be considered to derive. The vibrational modes of the
A direct correlation between two molecules withand Dsp, equatorial belt should be considered in addition and these
symmetries cannot be found since the latter is not a subgroupclassify as 2A + 2A), + 4E;, + 4E, + Al + A} + 2E/ + 2E,.
of the former. However, we notice, as it can be seen from Figure In conclusion the vibrations off&can be correlated with those
1, that the Go cluster can be viewed as formed by two of Cgpas shown in Table 3 which is the reverse of Table 2 and
semicircular caps of 30 carbon atoms, substantially identical to where the vibrations of the equatorial belt are also displayed. It
half the Go cluster, separated by an equatorial belt of 10 atoms. is clear from Table 2 that once the normal vibrational frequen-
As a working hypothesis it will be assumed that the vibrational cies of Gpare known it should, by comparison, be easy to look
modes of the equatorial belt (30 modes) are not coupled with in the infrared and Raman spectra for the location of the normal
those of the semispherical caps. The validity of this hypothesis frequencies of &. This same type correlation between thg C
will be checked a posteriori. Within this assumption we may and Gg vibrations has been considered by Brockner and
try to correlate the vibrations of the semispherical capsef C MenzeP! who, however, did not give a symmetry justification
with those of Gp. for the correlation.
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Figure 2. Far-infrared spectrum of a: Experimental. b: Calculated Figll”e 4. Raman spectrum of 4 a: Experimental. b: Calculated
(Full line: infrared active fundamentals #C,. dotted lines: Silent for ¥2Czo.
modes int3C%Csy.).
o) TABLE 4: Calculated and Observed Fundamental
Vibrational Frequencies of Gy

a H A, A, Ay Ay
: ‘ calcd obs calcd obs calcd obs calcd obs
"g ( 253 260 486 490 336 337 318 320
g [ 393 396 546 543 529 527 458 458
= fr 448 455 628 621 612 609 564 564
564 568 732 734 704 707
ot 702 697 745 750 780 785 896 901
709 701 936 938 892 892 1143 1133
1061 1060 1215 1215 1241 1241 1206 1203
1185 1182 1339 1342 1348 1321 1320
b 1229 1222 1451 1442 1559 1550 1463 1460
1450 1459 1568 1557
. 1472 1468
’§ 1575 1576
Q
= l E) E, B Ey
‘ ‘ JJ J ‘ calcd obs calcd obs calcd obs calcd obs
: U( “ foaan ) M A 326 328 220 225 245 250 304 309
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 358 361 299 303 408 410 383 382
wavenumber (cm”) 415 418 426 430 479 480 407 412

Figure 3. Infrared spectrum of &. a: Experimental. b: Calculated gg; ggg ggg ggg 24112 gig gég gé;
for 12C70.

573 578 665 668 675 675 633

. . . . . 639 642 689 688 714 712 701 690
From a different point of view, the g normal vibrations 666 674 722 721 735 733 717 709

can be classified considering the cyclig 8ubgroup ofDsy,. 730 728 735 738 741 741 728 726
Using this subgroup the # molecule can be viewed as 751 795 741 743 795 800 782 790
originating from a set of 14 carbon atoms, shown in Figure 1, 828 83 750 768 1055 1050 ~ 920 922

that are “translated” by the symmetry operations of tbgi©up. 1%%? 1%%‘; 2375 Zai% 111222 11272% 11%2 11%2

According to this approach the normal frequencies of the C 1177 1176 1059 1055 1297 1227 1258 1261
clusters can be viewed as giving rise to dispersion curves as it 1255 1251 1187 1196 1313 1311 1316 1316
is customary in crystals under periodic boundary conditions, 1290 1291 1257 1258 1369 1367 1328 1338
with the 14 carbon atoms generating set playing the role of the 1319 1321 1329 1332 1433 1367 1399 1400

. : o 1416 1414 1350 1349 1433 1445 1455 1455
unit cell and with permissible values of thg wavevector of 0, 7435 1430 1373 1374 1516 1511 1517 1528
cos2t/5, cos4t/5, cos6r/5, and cos8/5. As it is seen from the 1490 1489 1501 1500 1574 1545 1573 1565
character table of the {Oyroup, the normal frequencies with 1570 1563 1524 1520
wavevectors cos#5, cos8r/5 and cos4/5, and cos6/5 are 1574 1580
degenerate. Considering for convenience the vibrations that are
symmetric and antisymmetric with respect to the equatorial plane curves can actually be classified into 4 subsets. The advantage
we may construct two subsets of the dispersion curves arisingof such a classification is that the multitude of normal
from the vibrations (A + A}) — E},— E,,— E,, — E}, and frequencies is at least distinguished into subsets of five
(A7 + A} — Ef,— E,,— E;, — E},. Since the set of the 14  frequencies differing only by the phase factor of the atomic
generating carbon atoms has a local symm@trthe dispersion motions in the five molecular sectors.
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TABLE 5: Experimental and Calculated Frequencies of G, Vibrational Assignment, and Correlation with the Cg Vibrational
Mode

Raman infrared INS calcd symmetry
this work ref 35 ref 36 ref 37 ref 38 this work ref36  ref39 this work Go Cso
225 226 225 231 224 227 229 220 5 E Hq(1)
232 229
250 251 252 252 252 251 252 245 TE Hq(1)
253
260 259 258 267 260 260 266 253 A Hg(1)
260 267
294
303 302 303 303 302 305 299 LE Ef
309 309 310 310 311 304 = Tau(1)
320 323 324 318 A Tau(1)
327 329 328 329 326 ‘E Gu(1)
337 338 335 338 335 336 "A Hu(1)
338
362 361 362 362 363 366 358 = Hu(1)
382 383 383 384 386 383 = Gu(1)
396 396 397 400 396 393 ‘A Hq(2)
410 410 409 408 413 409 402 408 'E Hq(2)
410
412 407 g Hu(1)
419 419 419 418 419 418 418 415 1 E Eq
420
430 430 431 434 436 431 430 438 426 5 E Hy(2)
455 455 454 458 454 448 ‘A Aqy(1)
457 458 461 458 A T1(1)
459
470 461
480 480 479 479 479 ‘E Gy(1)
490 490 491 490 494 486 YA Eq
505 506 507 506 503 E Gy(1)
507
510 511 513 510 507 ‘E Hu(2)
520 521 519 520 521 519 515 = Eq
522 523 515 g Hu(2)
527 529 A Hu(2)
535 536 537 537 533 530 533 = Tog(1)
535 534 541 533 E T1(1)
53¢
543 546 A Tag(1)
548 549 549 546 E T14(2)
553 557 556 E Eq
565 566 564 A T1u(2)
568 568 569 569 572 568 564 LA Eq
573 578 578 578 582 573 = T1(2)
586
609 606 612 A Hu(3)
621 618 629 A T1g(1)
643 642 643 639 E Hu(3)
661
668 669 670 669 653 665 LE Gy(2)
672
675 676 675 674 675 ‘E Gy(2)
675 676 666 E Hu(4)
677 677
680
683
688 688 688 682 689 E Hq(3)
690 701 E T2u(2)
695 695 697 697 696 698 702 LA Hq(3)
701 701 702 703 702 709 ‘A Hq(4)
707 707 708 704 A T2u(2)

709 717 B Hu(4)
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TABLE 5: (Continued)

Raman infrared INS caled symmetry
this work ref 35 ref 36 ref 37 ref 38 this work ref36  ref39 this work GCo Cso
712 713 714 713 712 714 il Hq(3)
716
718 721 721 721 720 722 SE Tay(2)
726 728 g Gu(2)
729 728 728 730 E Gu(2)
733 735 E Gy(3)
737 736 738 738 738 738 735 SE Gy(3)
740 742 741 E Hy(4)
743 743 745 744 741 = Hy(4)
750 752 751 745 A T2g(3)
758
760 760 767 & T2¢(3)
762 763 762
765
768 768 768 768 768 768 750 SE Eq
773 774 773 778
784 786 785 785 785 785 780 YA Eq
790 790 790 782 E Gu(3)
795 795 795 796 751 ‘E Eq
800 801 800 800 795 ‘E T1y(2)
835 835 850 828 E Gu(3)
892 889 892 A Au(l)
898 898 899 896 A Tou(3)
904 904 905 E Gu(4)
922 923 920 g T2u(3)
938 938 936 A T14(2)
946 948 948 947 948 956 945 SE Eq
1048 1050 1053 1050 1055 = Gy(4)
1055 1059 E Gy(4)
1060 1060 1061 1061 1063 1062 1060 1061 T A Hyb5)
1070 1071 1069 1071 1072 1075 S5 E Gu(4)
1086 1086 1087 1089 1087 1088 1080 1087 ' E Eq
1098 1099
1105 1105
1120
1127 1127
1134 1136 1143 A T14(3)
1152 1152 1150 1150 1156 SE Tou(4)
1156 1154
1162 1163 1164 1167 1163 1162 1177 1 E T14(3)
1172 1172 1174 1176 1176 1176 1169 T E Hq(5)
1182 1182 1184 1187 1187 1185 1A Eq
1196 1189 1196 1196 1187 SE Hy(5)
1205 1205 1208 1202 1206 5A Tou(4)
1215 1215 1218 1217 1218 1217 1215 5 A Tiy3)
1222 1221 1224 1223 1226 1229 1A Hg(6)
1227 1227 1229 1229 1232 1231 1226 T E Hy(6)
1240 1241 1241 1241 1241 1A Hy(5)
1245 1248 1251 1246 1255 'E Hu(5)
1258 1257 1258 1258 1259 1258 1252 1257 5 E  Hy(6)
1258
1267 1261 1258 E Hu(5)
1277 1275
1285 1286 1284 1285
1296 1292 1292 1286 1290 1E Eq
1296 1298 1297 1301 1302 1297 'E T1g(3)
1310 1313 1311 1316 1311 1310 1313 1 E Gy(5)
1316 1316 1314 1316 E Gu(5)
1321 1322 1321 1320 1319 1E Gu(5)
1325 1321 [ Eq
1332 1331 1335 1335 1335 1336 1329 E  Gy5)

2
1338 1328 E Hu(6)
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TABLE 5: (Continued)

Raman infrared INS caled symmetry
this work ref 35 ref 36 ref 37 ref 38 this work ref36  ref39 this work GCo Cso
1342 1343 1339 A Tag(4)
1349 1349 1351 1352 1350 1355 1350 5 E Tog(4)
1354
1367 1366 1368 1362 1364 1367 'E Eq
1374 1374 1376 1377 1371 1370 1370 1373 5, E Hy(7)
1376
1383 1384
1390 1389
1400 1400 1405 1399 5E Eq
1410 1413 1414 1416 1414 1416 1 E Hu(6)
1424 1423 1426
1430 1430 1432 1432 1428 1430 1432 T E o Tw(4)
1430
1432
1435 1435 1436
1439 1439 1438
1443 1442 1442 1451 A Eq
1445 1445 1448 1447 1449 1447 1448 1433 ! E Hq(7)
1452
1455 1456 1455 E Gu(6)
1460 1458 1460 1459 1463 1458 1450 T A Hy(7)
1462 1460 1463 / T1(4)
1468 1467 1467 1471 1471 1471 1466 1472 1A Ay(2)
1472 1472
1480 1479 1479 1478
1484 1490 1488 1490 ‘E Gy(6)
1496 1493
1500 1501 E Gy(6)
1508 1506
1510
1511 1511 1513 1514 1515 1514 1514 1516 ! E Gy(6)
1520 1519 1524 E Eq
1528 1529 1528 1517 E T2u(5)
1533 1535 1534
1545 1546 1546 1574 E Hq(8)
1550 1552 1552 1559 ‘A Hu(7)
1558 1557 1557 1557 1568 5A T2u(5)
1563 1562 1570 E Hu(7)
1564 1565 1566 1564 1573 SE Hu(7)
1568
1576 1578 1576 1574 A Hq(8)
1580 1581 1583 1575 E Hq(8)
1585

2 Eq = equatorial> Component of a crystal splitting.

IV. Results and Discussion in the approximate ratio 10:7. As a matter of fact in thg C
crystal it has been shown by Procacci and B&ard Procacéf
that the intermolecular interactions are very effective in activat-
f ing silent modes in the infrared spectrum. In a previous work
on Gyt we have calculated the infrared spectrum of'fi@zg!°C
isotopomer showing that most the silent modes acquire a small
with the calculated spectrum. It can be seen that the agreemenfUt N0t negligible infrared intensity, in particular in the vicinity
between calculations and experiments is excellent and this©f the infrared fundamentals, where the mode mixing and the
allows a straightforward identification of the low-frequency Ntensity transfer induced by the symmetry reduction is par-
infrared fundamentals. It can be seen from the figure that besideticularly effective. The same type of calculation has been carried
the infrared fundamentals other weak bands appear in the@lS0 for the Go cluster obtaining similar results with the
spectrum, very much like it has been reported for thg C additional complication that there are several non equivalent
crystals. In the low-frequency region of the spectrum these peaksPOsitions for the isotope substitution. The calculated spectrum
must evidently be interpreted as Raman or silent modes thatOf **Ces™*C isotopomer is also shown in Figure 2.
are made active by symmetry reduction in crystal or by the In Figure 3 a portion of the spectrum in the middle infrared
presence in the sample of a mixture'&E,o and2Ceg!*C species region is compared with calculations. It can be seen that the fit

The infrared spectrum of £ below 400 cm?! has been
reported by von Czarnowski and Meiwes-Br&ebut not in
sufficient details for the purpose of a complete assignment o
all the vibrational modes. In Figure 2 the low-frequency portion
of the infrared spectrum of gat 8 K isshown and compared
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TABLE 6: Correlation between the Calculated C;o and Cg Vibrational Frequencies (in cm™1)

CGO C?O CGO C70
symmetry v Al A, E} E) symmetry v A7 AL EY E)
Ay 487 448 A 947 892
1473 1472
Tig 561 629 546 Tu 527 507 458
824 936 795 577 573 564
1277 1215 1297 1190 1177 1143
Tog 555 546 533 1431 1432 1463
723 732 722 T 336 318 304
789 745 767 709 704 701
1345 1399 1350 958 896 920
Gy 480 503 479 1177 1206 1156
565 665 675 1535 1568 1517
741 735 735 G 351 326 383
1073 1059 1055 737 730 728
1308 1329 1313 751 828 782
1507 1501 1516 963 905 1075
Hyg 261 253 220 245 1308 1319 1316
429 393 426 408 1435 1490 1455
705 702 689 714 H 400 358 336 407
772 709 741 1169 530 507 529 515
1105 1061 1187 1226 666 639 612 633
1251 1229 1257 1257 728 666 734 717
1426 1450 1373 1433 1220 1255 1241 1258
1585 1575 1574 1574 1343 1416 1348 1328
equat. 564 486 451 299 1576 1570 1559 1573
modes 1185 1451 751 750 equat. 780 1321 515 556
1087 945 modes 1367 1399
1290 1524

is excellent concerning both peak positions and intensities. Onthe assignment summarized in Table 4. It can be seen that the
these grounds one can easily proceed to the identification of average discrepancy between observed and calculated frequen-
all the infrared active modes, on the basis primarily of the cies is 4.9, 4.3, and 4 cm for the A}, E}, and E species,
comparison, in the various spectral regions, of the relative respectively.

infrared intensities. The only significant misfit concerns the E Encouraged by the results obtained for the infrared and
mode calculated at 751 crhand observed at 795 crh This Raman active species, the calculated frequencies have be used
misfit was already noted and discussed by Stratmann %t al. with confidence to identify among the weak infrared and Raman
We mention that the frequency of this mode is the most sensitive peaks the remaining silent modes. The results of such an attempt
to the basis set and increases considerably changing from theto complete the assignment fordare collected in Table 4 from
3-21G to the 6-31G* basis. We shall return to the nature of which it can be seen that only three modes remain unassigned,
this mode later. The assignment of the infrared modes;ofSC ~ most likely because they are coincident with active modes. For
summarized in Table 4, and coincides with that proposed by the A,, A}, and E symmetry species the average difference
Stratmann et &’ except for the highest frequencie$ iBode. between calculated and observed frequencies comes out to be
However, the present assignment of the infrared modes is4.1, 3.3, and 4.3 cnm#, comparable to the values obtained for
complete. The average difference between calculated andthe active species.

observed frequencies in the;And E species is 3.2 and 5.9 The available experimental frequencies used to obtain the
cm 1, respectively. It can be noted in the &pecies~30% of assignment reported in Table 4 and resulting from Ra&fnah

the misfit should be attributed to the mode calculated at 751 gnd infrared@® spectroscopies, inelastic neutron scatteéfing
cm ! and discussed above. The general agreement is quiteexperiments, and from the present work are collected in Table
satisfactory and comparable to that found ig,@onfirming 5 with the values of the calculated frequencies and the
that for this kind of systems the DFT approach at the B3-LYP/ assignment to the symmetry species of the molecular group. In

6-31G* level can be used with confidence. the last column of the table the symmetry of thg Gormal

It is possible to proceed in the same way to analyze the modes from which, according to the symmetry correlation
Raman spectrum. In Figure 4 the calculated and experimentaldiscussed in the previous section, thg @ormal mode can be
spectra are compared. In the present case some caution igonsidered to derive is reported. The correlation of thgaBid
necessary in considering the Raman intensities since theseCyo vibrations is illustrated in Table 6 where the modes that
depend appreciably on the exciting line waveleégt# and can be considered to be mainly localized in the equatorial belt
the calculations refer to fully out of resonance excitation are also displayed. By visual inspection of the form of the
conditions. In addition calculations of the Raman intensities normal modes and of the associated atomic displacements by
could only be carried with the 3-21G basis set. In any case it molecular graphics programs, the “equatorial” normal vibrations
can be seen from the figure that the agreement betweenare in most cases easily identified. Looking at the normal
calculations and experiments is surprisingly good, although not vibrations more quantitatively, it turns out that in the modes
guantitative, also for the Raman spectrum. Also in the Raman classified as equatorial the average displacement of the atoms
spectrum of the crystal several additional features agpeér in the equatorial belt is larger than for the others. No such degree
that can be associated with weakly activated silent or infrared of localization can be found for the other sets of atoms in the
modes. Therefore, using as a guide the calculated Ramancluster. Such a localization of the normal modes is at first sight
frequencies and relative Raman intensities one easily obtainssurprising, particularly by comparison with thg/Case where
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Figure 5. Correlation of the calculated infrared spectra e§ (Bigher

part) and G (lower part). The arrows indicate the position of silent Figure 7. _Correlation of the vibrational frequencies ofd@ccording
to the cyclic G subgroup. Full and Dotted lines correspond/tand

modes in Go. Clic 4
v, type vibrations.
0.1 1 I
‘ ‘ | frequencies of the cluster as originating from a lateral segment
| h of 14 carbon atom under the effect of the rotations of the cyclic
= ‘ y Cs subgroup, as described in the previous section. The dispersion
é ‘ ‘ J curve type of diagrams obtained is represented in Figure 5,
E ’ U ‘ ' | where the correlation for the’AA%, AT and A modes is shown
k ! Jw k ‘\ U U\J separately. The diagram has been constructed simply assuming
0.0 ul‘ \J wL:W . ) L T a type of noncrossing rule. The diagram shows how the
\J \\ ‘w{ \ \ \]/ J \/ ‘”/ \ vibrational frequencies can be correlated in groups of vibrations
0.0 [ VARER AR . that only differ in the phase of atomic displacements in different
I LKA I 1 ‘\ﬂ sectors of the cage. Alternatively the diagram is a simpler way
02 r ] of tabulating the vibrational frequencies of the carbon cluster.
204+ . Since this point of view essentially reduces thg @brations
3 ) to coupled motions of an independent symmetrically inequiva-
E067 lent set of 5 carbon atoms, it also suggests an approach to derive
08 1 a possible force field for use in molecular dynamics simulations.
1'0200 400 600 800 1000 1200 1400 1600 Summary and Conclusion
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Figure 6. Correlation of the calculated infrared spectra e Gigher . In the present pqper starting frpm a DFT calculatlgn of t.he
part) and G (lower part). The arrows indicate the position of silent vibrational frequencies and of the infrared and Raman intensities

modes in G an attempt has been made to interpret the vibrational spectra of
crystalline Go leading for the first time to a substantially
there is a single set of symmetrically equivalent atoms and, by complete assignment of the vibrational frequencies. It has been
symmetry considerations, the normal modes are expected to beshown that the DFT approach using the B3-LYP exchange-
completely delocalized. In the case ofgCthe 10 atoms of the  correlation functional in conjunction with the 6-31G* basis set
equatorial belt do constitute a set of symmetrically equivalent is a particularly reliable procedure for this type of systems,
atoms and originate symmetry coordinates that are the majorconfirming the results obtained previously in our and in other
contributors of some of the normal vibrations. It is interesting laboratories. It has been possible to correlate the infrared and
to note that the Emode calculated at 751 crhand that, as Raman spectra of 4 with those of G, distinguishing the
discussed above, shows the largest deviation from experimentsvibrational modes of the equatorial belt from those of the
is actually one of the equatorial vibrations. semispherical caps. Within the;£cage a possible symmetry
The correlation between theggand Go normal vibrations correlation among groups of vibrational modes under effect of
allows a substantial simplification of the interpretation of the the G subgroup of the molecular symmetry group is suggested.
spectrum of the latter. Pictorially, this correlation is represented
in Figure 5 and Figure 6 for the infrared and Raman active  Acknowledgment. This work has been supported by the
modes. In some regions of the spectrum the correlation is Italian Ministero dell’'Universitae della Ricerca Scientifica e
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for the G modes originating from the Aand T,y modes and measurement of the Raman spectrum.
from Hy(1), Hy(2), Hy(5), Hy(6), Hy(7) modes. In particular, for
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