Theoretical Vibrational Spectra of Biphenyl

chemical measurements and Prof. Taek Hyeon Kim and
Prof. Jae Nyoung Kim at Chonnam National University for
NMR measurements and Korea Basic Science Institute for
fluorescence lifetime and FAB-mass spectral measurements.

References

1. Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S;
Belser, P.; Von Zelewsky, A. Coord.- Chem. Rev. 1988,
84, 85.

2. Kalyanasundaram, K. Coord. Chem. Rev. 1982, 46, 159.

3. Balzani, V.; Juris, A.; Venturi, M.; Campagna, S.; Ser-
roni, S. Chem. Rev. 1996, 96, 759.

4. Treadway, J. A.; Barbara, L.; Lopez, R.; Anderson, P. A.;
Keene, F. R.; Meyer, T. J. Inorg. Chem. 1996, 35, 2242.

5. Strouse, G. F.; Schoonover, J. R.; Duesing, R.; Boyde,
S.; Jones, Jr., W. E; Meyer, T. J. Inorg. Chem. 1995,
34, 473.

6. Anderson, P. A.; Deacon, G. B.; Haarmann, K. H,;
Keene, F. R.; Meyer, T. J.; Reitsma, D. A.; Skelton, B.
W.; Strouse, G. F.; Thomas, N. C; Treadway, J. A;
White, A. H. Inorg. Chem. 1995, 34, 6145.

. Meyer, T. J. Pure and Appl. Chem. 1986, 58, 1576.

8. Kober, E. M.; Caspar, J. V.; Lumpkin, R. S.; Meyer, T.

J. J. Phys. Chem. 1986, 90, 3722.
9. Sauvage, J.-P.; Collin, J. P.; Chambron, J. C.; Guillerez,

~

Bull. Korean Chem. Soc. 1998, Vol. 19, No. 1 93

S.; Coudret, C.; Balzani, V.; Barigelletti, F.; De Colar,
L.; Flamigni, L. Chem. Rev. 1994, 94, 993,

10. Kelly, L. A.; Rodgers, M. A. J. Phys. Chem. 1995, 99,
13132.

11. Xu, X.; Shreder, X.; Iverson, B.; Bard, A. J. J. Am.
Chem. Soc. 1996, 118, 3656.

12. Ciana, L. D.; Hamachi, I.; Meyer, T. J. J. Org. Chem.
1989, 54, 1731.

13. Weinheimer, C.; Choi, Y.; Caldwell, T.; Gressham, P.;
Olmsted II1, 1. J. Photochem. Photobiol. A: Chem. 1994,
78, 119.

14. Sprintschnik, G.; Sprintschnik, H. W.; Kirsch, P. P;
Whitten, D. G. J. Am. Chem. Soc. 1977, 99, 4947.

15. Bartocci, G.; Masetti, F.; Mazzucato, U.; Spalletti, A.;
Orlandi, G.; Poggi, G. J. Chem. Soc., Faraday Trans. 2
1988, 84, 385.

16. Aloisi, G. G.; Elisei, F.; Latterini, L.; Passerini, M.;
Galiazzo, G. J. Chem. Soc., Faraday Trans. 1996, 92,
3315.

17. Shin, E. J.; Bae, E. Y.; Kim, S. H.; Kang, H. K.; Shim,
S. C. J. Photochem. Photobiol. A: Chem. 1997, 107,
137.

18. Sun, L.; Gomer, H. J. Phys. Chem. 1993, 97, 11186.

19. Gorner, H. J. Photochem. Photobiol. A: Chem. 1988, 43,
263.

20. Takagi, K.; Ogata, Y. J. Org. Chem. 1982, 47, 1409.

Molecular Structure and Vibrational Spectra of Biphenyl in
the Ground and the Lowest Triplet States.
Density Functional Theory Study

Sang Yeon Lee

Department of Industrial Chemistry, Kyungpook National University, Taegu 702-701, Korea
Received September 24, 1997

The molecular geometries and harmonic vibrational frequencies of biphenyl in the ground and the first excited
triplet states have been calculated using the Hartree-Fock and Becke-3-Lee-Yang-Parr (B3LYP) density func-
tional methods with 6-31G* basis set. Structural change occurs from a twisted benzene-like to a planar qui-
none-like form upon the excitation to the first excited state. Scaled harmonic vibrational frequencies for the
ground state obtained from the B3LYP calculation show good agreement with the available experimental data.
A few vibrational fundamentals for both states are newly assigned based on the B3LYP results.

Introduction

Biphenyl (BP) and its derivatives have been extensively
studied experimentally'™* and theoretically’™* to investigate
the molecular structure and the spectroscopic properties. Re-
cently, Sasaki and Hamaguchi recorded the transient reso-
nance Raman spectra of BP and its perdeuterated one(BP-d,)
in the first excited triplet state and suggested that BP in the
first excited triplet state takes a planar structure.” To assign
peaks in the Raman spectra and confirm their suggestion, it
is necessary to perform the complete vibrational analysis for
BP in the ground and the first triplet states. The complete vi-

brational analysis for BP in the ground state will be very use-
ful for the interpretation of the vibronic structures in the ab-
sorption and fluorescence spectra. Although the symmetry as-
signments of observed vibrational frequencies of BP in the
ground state by Zerbi and Sandroni (ZS)' and by Bree,
Pang and Rabeneck (BPR)" on the basis of the polarized in-
frared and Raman spectra are very excellent, their selection
of fundamental frequencies from the complicated infrared
and Raman spectra is not complete, and has some am-
biguities because the selection was done based on the force
field calculation and the assumption that the fundamental
modes show the most intense bands in the spectra.
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Density functional theory calculations™ are reported to
provide excellent vibrational frequencies of organic com-
pounds if the calculated frequencies are scaled to com-
pensate for the approximate treatment of electron correlation,
for basis set deficiencies, and for the anharmonicity. There
are some results that the vibrational frequencies and in-
tensities from the density functional calculations are better
than those from the second order Moller-Plesset per-
turbation theory calculation.'>”’

Rauhut and Pulay” calculated the vibrational spectra of
thirty one molecules by using the Becke-Lee-Yang-Parr
(BLYP)* and Becke-3-Lee-Yang-Parr (B3LYP)" functionals
with 6-31G* basis set. They could reproduce the exper-
imental vibrational frequencies and infrared intensities very
well. In their work, they calculated vibrational frequencies
of twenty smaller molecules (the training set) whose ex-
perimental vibrational frequencies are well assigned, and
derived transferable scaling factors by using the least square
procedure. The scaling factors are successfully applied to
other eleven larger molecules (the test set). Even when a
single scaling factor of 0.995 (0.963) for the BLYP (B
3LYP) method is employed, rms deviations for the training
and test sets are 26.2 (18.5) and 26.9 (19.7) cm ', respec-
tively. Thus, vibrational frequencies calculated by using the
B3LYP functional with 6-31G* basis can be utilized to el-
iminate the uncertainties in the fundamental assignments in
infrared and Raman vibrational spectra.

By using the HF/6-31G* and B3LYP/6-31G* methods,
we calculated the vibrational frequencies of BP in the
ground state to distinguish the fundamentals from the many
experimental vibrational frequencies and to predict the spec-
tral positions of the missing lines. Furthermore, the same
theoretical vibrational analysis is performed for the BP in
the first excited triplet state to make certain of Sasaki and
Hamaguchi's suggestion based on the analysis of the tran-
sient Raman spectra that the BP in the first excited state
takes a planar structure.

Calculations

The molecular structures of BP in the ground and the
first excited triplet states are optimized at the levels of Har-
tree-Fock and B3LYP with the 6-31G* basis set. Two sets
of vibrational frequencies for these species and the cor-
responding perdeuterated species are calculated with the HF
and B3LYP methods and then scaled by 0.8929" and 0.963,
respectively. The scaling factor for the B3LYP frequencies
is recommended by RP.” All the calculations are performed
by using the Gaussian 94 program™ on the CRAY-C90 su-
percomputer at SERI in Korea.

Results and Discussion

Molecular geometry. BP in the ground state has D,
symmetry. The optimized geometries at the levels of HF and
B3LYP with 6-31G* are listed in Table 1 with an ex-
perimental geometry obtained from an electron diffraction ex-
periment.’ The atomic numbering in BP is shown in Figure 1.

The CC bond lengths obtained from the B3LYP cal-
culation are longer than those from the HF one by about
0.01 A except the C,-C,. bond length. The B3LYP C,-C,
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Table 1. Optimized and experimental geometries of biphenyl in
the ground state and the lowest triplet states

Ground state Lowest triplet state

Parameter’ - Z
HF B3LYP Exp. HF B3LYP
1(C,-C) 1.394 1.405 1.404 1.396 1.469
1(C;-C,) 1.386 1394 1.395 1.384 1.368
r(C,-Cs) 1.385 1.396 1.396 1.384 1.420
1(C,-Cy) 1491 1486 1.507 1.501 1.393
1(C,-H) 1.075 1.087 1.102 1.072 1.083
1(C;-H) 1.077 1.087 1.102 1.076 1.087
1(C,-H) 1075 1.087 1.102 1.075 1.085
2 C,-C,-C, 1209 121.0 1199 121.7 121.8
£ C,-C5-C, 1202 1203 1209 120.5 121.3
£ C4-Cy-Cs 119.5 1194 118.8 118.8
£ Cy-C-C, 1183 1181 1194 116.8 115.0
2C,-C,-C, 1208 1210 121.6 122.5
£C,-C,-H 119.6 1194 120.7 119.5
2 C,-Cs-H 119.7 119.6 119.3 1194
2 C;-C-H 120.3 1203 120.6 120.6
£ C-C,-C-H 1.2 1.6 0.0 0.0
2 H-C,-C;-H -08 -11 0.0 0.0
< H-C;-C,-H -04 -05 0.0 0.0
£ C,-C,-C,-C, 45.5 38.4 443 0.0 0.0

“Bond lengths in Angstrom and ~s in degree. "Values from ED
in gas phase. Reference 8.

bond is shorter than the corresponding one by marginally
small 0.005 A. This pattern is also observed in the op-
timized geometries of carbazole, fluorene and 9-fluonenone
at the HF and B3LYP levels.*”” The dihedral angle
between both ring planes through the interring bond becoines
smaller at the B3LYP than the HF level.

It is well known that the HF calculation with the 6-31G*
basis set underestimates bond lengths and the inclusion of
the electron correlation makes them longer. This elongation
usually makes the agreement better between the optimized
and the experimental geometric parameters. This pattern is
also observed here. One exception to this pattern is C,-C,,
the interring bond distance. Inclusion of the electron corre-
lation makes this bond shorter because of the increased reso-
nance in the correlated wavefunction. The optimized bond
lengths at both levels are in good agreement with the cor-
responding bond lengths obtained from the electron dif-
fraction. The bond angles from either of calculations and
the experiment are in good accord with each other.

The molecular structure optimized at the HF and B3LYP
levels for the first excited triplet state is also included in
Table 1. Upon the excitation to the first excited triplet state,
structural change occurs so that both phenyl rings are in the

3y 2! 2 3

Figure 1. The atomic numbering in Biphenyl.
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same plane. That is, the first excited state is predicted to various symmetries of 15a+16b,+16b,+13b,. According to the
have D,, symmetry at both levels. This geometry is con- group theoretical analysis of selection rule for BP in infrared
sistent with Sasaki and Hamaguchi's suggestion based on and Raman spectra, all the symmetric modes are Raman ac-
the analysis of the transient Raman spectra. The optimized tive but only the b, b,, and b; symmetric modes are infrared
parameters at the HF level are very similar to the cor- active. Calculated and scaled vibrational frequencies, infrared
responding ones in the ground state except the dihedral an- intensities, Raman activities, and depolarization ratio obtained
gle between the ring planes but the B3LYP optimized from the HF calculation are listed in Table 2. Also the cal-
parameters change significantly. The C,-C, and C,-C; bond culated frequencies with the infrared intensities from the B
lengths in the first excited state are longer than the cor- 3LYP calculation for BP (BP-h,) and perdeuterated BP (BP-
responding ones in the ground state by 0.064 and 0.024 A, dyo) are represented in Table 2. The experimental vibrational
respectively and the C;-C, and C,-C;. are shorter than the frequencies reported by ZS are also included for comparison.
corresponding ones in the ground state by 0.026 and 0.093 The frequencies noted in boeldface under the experiment
A, respectively. Upon the excitation from the ground state column are newly assigned to fundamental vibrational fre-
to the first excited triplet state, the structure changes from a quencies. The frequencies in italics are tentatively assigned to
benzene-like to a quinoe-like from. The large deviations of fundamental modes based on the present calculations.
the B3LYP optimized geometric parameters from the cor- Since almost all the vibrational modes are delocalized
responding HF ones reflect the relaxation upon the in- over whole molecule, they cannot be ascribed to several lo-
clusion of the electron correlation. cal vibrational motions. This is a characteristic feature of cy-
Vibrational frequencies of biphenyl in the ground clic compounds, particularly aromatic compounds. Thus the
state. BP in the ground state has 60 fundamentals with the modes for BP-h,, are described approximately in Table 2.

Table 2. Comparison of calculated and experimental vibrational frequencies of biphenyl (BP-h,,) and perdeuterated biphenyl(BP-d,,)

Biphenyl-h,, Biphenyl-d,,
Synr?:)ndtztw HF B3LYP Exp.’ B3LYP Exp.’ Approx. mode description"
Freq | Iwme  DP Freq I’ Freq I’ Freq  Freq
a, Symmetry
v, 60  0.00 11.05 . 0.72 68  0.00 70 62  0.00 70 IR tors
v, 295 0.00 444 0.28 303 0.00 315 291 0.00 300 IR str+R ip def
v, 412 0.00 203 057 407  0.00 400 357  0.00 359 R oop def
v, 721 0.00 1128 0.11 729 0.00 742 646  0.00 659 R ip def+IR str+CC str
Vs 857  0.00 824 033 830 0.00 838 683  0.00 688 CH oop bend
Vi 973  0.00 7371 0.12 935  0.00 965 758  0.00 790 CH oop bend
v, 986  0.00 126 0.07 982  0.00 1003 837  0.00 835 Rip def
Vi 1012 0.00 2090 0.08 1023 000 1030 864  0.00 869 CC str
Vy 1167  0.00 591 020 1177 0.00 1190 942  0.00 960 CH ip bend
Vi 1255  0.00 10157 0.19 1264 0.00 1285 1175 0.00 1188 IR str+R ip def
Vi 1503 0.00 852 021 1499 000 1507 1405 0.00 1412 IR str+CH ip bend
Vi, 1621  0.00 26936 046 1600 0.00 1612 1566  0.00 1571 CC str+R ip def
Vi 2995  0.00 4879 070 3062 0.00 3031 2262 0.00 2275' CH str
Vi 3013 0.00 11619 074 3080 000 3052 2282 0.00 . 2285 CHstr
Vis 3026 000 55138 0.06 3092 000 3083 2298 0.00 2290° CH str
b, Symmetry
2 94  0.77 264 075 92 057 104 86 052 90 IR oop bend+R oop def
v, 349 0.10 003 0.75 359  0.10 360 327 046 355 R oop def+IR bend
vy 494 6.85 003 0.75 483 441 484 433 9385 435" R oop def+IR ip bend+IR oop bend
\'A 602  0.00 823 075 605 0.00 608 537 4253 540 R ip def
Vs 696 35.25 022 075 689  30.42 698 581 0.01 589 R oop def+CH oop bend
A 746  96.25 054 075 728  70.71 736 619  3.20 627 R oop def+CH oop bend
v, 924  3.78 023 0.5 887 2.84 903 728 256 744 CH oop bend
A 1004 025 023  0.75 959  0.24 970 792 0.62 816' CH ip bend
Vo 1057  0.21 1.03  0.75 1075 037 1090 815 024 817 CC str+CH ip bend
Vi 1093 0.07 1475  0.75 1149  0.00 1156 833  0.09 840 CH ip bend
vy 1193 0.02 023 0.75 1298 000 1282° 1034 0.00 1070 CC str
\ZT 1322 0.03 131 0.75 1314 007 1316 1293  0.00 1272 CC str
Vi3 1451 2.51 359 075 1451 1.14 1452 1337 0.29 1345 CH ip bend
' 1595 026 639 0.75 1583  0.11 1595 1549  0.02 1566 CC str
Vis 3000 006 18889 075 3066 0.03 3068 2269 0.00 2285 CH str

Vie 3017 16.70 2022 075 3082 1042 3069 2287 5.99 2290' CH str
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Table 2. Continued
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Biphenyl-h,, Biphenyl-d,,
Synnll:;ztry HF B3LYP Exp.’ B3LYP Exp.” Approx. mode descriptionb
Freq I’ Twma® DP Freq L Freq’ I Freq* Freq’
b, Symmetry
\2 117 013 440 075 125 0.06 116 115  0.05 110 IR ip bend+R oop def
\ 266 006 531 075 261 0.02 260 240 0.01 249’ R oop def+IR ip bend
V3 544 300 175 075 539 159 545 463  3.52 - R oop def+IR oop bend+CH oop bend
V, 612 005 158 075 617 0.03 626 547 294 555 R ip def
Vs 698 1049 233 075 688  6.06 708 590 0.00 590 R ip def
Ve 785 1006 0.00 075 767 532 780 645 041 659 R oop def+CH oop bend
\ 940 124 275 075 904 091 897 761 047 - CH oop bend
Vg 1004 007 096 075 959  0.06 955 808 1.20 790 CH oop bend
Vo 1059 425 004 075 1071 587 1074 823 292 826 CC str+CH ip bend
Vi 1077 001 346 075 1150 0.07 1156 837 332 845 CH ip bend
N 1183 009 024 075 1267 255 1272 1012 032 1010 CCstr
Vi, 1308 256 122 075 1324 0.88 1340 1263 © 1.08 1266 CH ip bend+CC str
Vi3 1424 11.70 074 0.75 1423 732 1432 1318 1.00 1328 CH ip bend
Vi 1580 580 095 075 1568 417 1570 1526 0.82 1531 CC str+CH ip bend
Vis 3003 825 4074 0.75 3069 910 3068 2270 235 2276 CH str
Vie 3019 6734 049 075 3085 5728 3069 2289 3577 2307i CH str
b; Symmetry
\2 406 029 011 075 401 033 400 351 019 - R oop def
v, 597 790 073 075 601  8.00 609 579 695 590 R ip def
Vs 856 011 269 075 829 052 838 647 042 - CH oop bend
v, 968 015 6.65 075 933  0.76 965 756  0.77 - CH oop bend
Vs 982 469 125 075 977 047 990" 810 529 816 R ip def
Ve 984 126 045 0.75 989 490 1008 855 161 846 R ip def+CC str
\ 1029 090 0.01 075 1035 209 1040 937  0.00 952 CCstr
A 1163 040 165 075 1169 058 1176 962  4.43 983 CH ip bend
Vo 1480 4412 0.00 075 1478 28.66 1482 1340 13.68 1346 CCstr
Vi 1612 1557 272 075 1602 11.85 1597 1567 11.11 1568 CC str
vy 2994 785 588 075 3061 8.67 3054 2262 484 2255' CH str
Vi 3010 49.14 3039 075 3076 3346 3062 2279 14.80 2287 CH str
Vi3 3025 4501 5506 075 3090 41.13 3068 2297 2424 2307 CH str

“Reference 10. 'R, ring; IR, inter-ring; def, deformation; str, stretching; bend, bending; tors, torsion; oop, out-of-plane; ip, in-plane. “Vi-

. . . -1 a
brational Frequencies in cm .

fReference 12. "Reference 13. ‘Reference 14. ‘Reference 11.

When the HF and B3LYP calculated frequencies are com-
pared, almost all the frequencies are in good accord with
each other. However, the HF frequencies of 5a, 6a, 7b,, 8b,,
7b,, 8b,, 3b;, and 4b; modes are larger than the cor-
responding B3LYP ones while the HF frequencies of 10b,,
11b,, 10b, and 11b, modes are smaller. All these modes are
thought to have nonnegligible correlation contributions.

The calculated B3LYP frequencies are in good agreement
with experimental values. The root-mean-square(rms) deviat-
ions of vibrational frequencies of BP calculated at the HF and
B3LYP levels from experiment are 33.88 and 12.93 cm ',
respectively. That for BP-dy, at the B3LYP level is 12.65 cm ™.

a Symmetry. On the basis of the computational results
and the symmetry assigned peaks in infrared and Raman
spectra reported by ZS, we have made a reliable one-to-one
correspondence between our fundamentals and the ex-
perimental data. The a symmetric fundamental modes for
BP-h,, are observed at 70, 315, 400, 742, 838, 965, 1003,
1030, 1190, 1285, 1507, 1612, 3031, 3051, and 3070 cm .

Infrared Intensities in KM/mole. ‘Raman Scattering Activities in A*/AMU. ‘Raman Depolarization Ratios.

These symmetry modes are totally symmetric vibrations.
The fundamental modes below 1650 cm ™' consist of int-
erring torsion, ring bendings, CC stretchings, and CH bend-
ings. The higher frequencies are from CH stretchings.

b; Symmetry. Although these modes are Raman ac-
tive, their Raman scattering activities are calculated to be re-
latively low. Fundamentals attributable to b, for BP-h, are
observed at 360, 484, 608, 698, 736, 903, 970, 1090, 1156,
1282, 1316, 1452, 1595, 3068 and 3069 cm '. The unob-
served fundamental 1b, is predicted to be the second lowest
fundamental and to be located at 92 cm '. Since the third
lowest fundamental, 1b, is predicted to be located at 125
cm ' and observed at 116 cm ™!, and the fourth lowest fun-
damental is observed at 260 cm ', the peak observed at 170
(160) cm ' for BP (BP-dy) can be assigned to the com-
bination band of la+1lb; (or the overtone band of 1b)).
Then the 1b;, mode is tentatively assigned to around 104
(85) and 90 (80) cm ' for undeuterated and perdeuterated
biphenyl, respectively. The observed frequencies at 970 and
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1282 cm ! are newly assigned to the 8th and 11th modes,
respectively. The peak at 1373 cm ™! that was ascribed to a
fundamental turns out to be not the real fundamental. These
symmetry modes below 1600 cm ! consist of interring out-
of-plane bending, ring deformations, CH bendings and CC
stretching. The other modes are CH stretchings

b, Symmetry. Thirteen fundamentals assigned to b,
mode are at 116, 260, 545, 626, 780, 1074, 1156, 1272, 1340,
1432, 1570, 3068 and 3069 cm L, The observed frequency at
1340 cm ' is newly assigned to the 12th modes. The peaks
observed at 441 and 1383 cm™ ' were tentatively assigned to
a fundamental but it is not the case. Based on the B3LYP
results, the remaining three fundamentals are tentatively as-
signed to the peaks observed at 708, 897 and 955 cm” ),
respectively. These symmetry modes below 1600 cm ™' con-
sist of interring in-plane bending, ring deformations, CH bend-
ings and CC stretching. The other modes are CH stretchings

bs Symmetry. Thirteen fundamentals attributable to b,
mode are observed at 400, 609, 838, 965, 990, 1008, 1040,
1176, 1482, 1597, 3054, 3062, and 3068 cm '. The ob-
served peaks at 990 cm ' is newly assigned to the Sth
mode that was assigned to the peak at 965 cm '. The
modes whose frequencies are smaller than 1600 cm ' con-
sist of ring bendings, CC stretchings, and CH bendings.
The other modes are CH stretchings

Vibrational frequencies of biphenyl in the first
triplet state. Sasaki and Hamaguchi observed seven
bands (1568, 1475, 1364, 1204, 983, 963 and 335 cm™')
for BP and four bands (1537, 1420, 863 and 825 cm ') for
BP-d,, in the transient Raman spectra. There is a peak at
400 (359) cm ' in the Raman spectra for BP (BP-d,) in
the ground state and that peak has some contribution from

the interring torsional motion. But the corresponding peak -

of BP in the first triplet state could not be observed around
400 cm ', Thus, they suggested that BP in the first triplet
state has a planar structure. As discussed in the molecular
structure section, geometry optimization confirmed that their
suggestion is correct. BP in the first triplet state has D,
symmetry and has 60 fundamentals with the various sym-
metries of 11a,+4a,+3b;,+10b;,+6b,,+10b,,+10b;,+6bs,.
Since this species has the center of inversion, only the

Table 3. Calculated and observed vibrational frequencies of bi-
phenyl and Biphenyl-d,, in the lowest triplet state

S R BP S, BP T, BP-d,, T,
mme
Y i Cal” Exp° Cal’ Exp® Cal’ Exp’
a, Symmetry
' 303 315 325 335 313 319°
v, 982 1003 946 963 817 825
\ 1023 1030 973 983 858 863
Vs 1177 1190 1215 1204 943
Vs 1264 1285 1378 1364 1194
\Z 1499 1507 1486 1475 1442 1420
Vg 1600 1612 1627 1568 1597 1537

“Although the point group of the bipheny! in the ground state is
D,, the symmetry modes are classified according to D,, to be cor
related with those of the biphenyl in the T, state. "All the cal
culated frequencies are obtained from the B3LYP with 6-31G*
basis set. “See Table 2. “Reference 3. ‘Reference 6.
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gerade modes are Raman active and the ungerade modes
are infrared active. Since the assignment of the observed fre-
quencies in the transient Raman spectra is tried here, ob-
served vibrational frequencies and the corresponding fre-
quencies caiculated at the B3LYP level for BP and BP-dy,
are listed in Table 3 to save space.*® The calculated and ob-
served vibrational frequencies for BP in the ground state
that correspond to the vibrational modes observed in the
transient Raman spectra are also included in the Table 3 for
the comparison. The vibrational modes for the BP in the
ground state are classified according to D,, symmetry.

Since the rms deviation of the calculated frequencies
from the observed ones is only about 13 cm ' for BP in
the ground state and nearly the same deviation is expected
for BP in the first triplet state, the assignment of the ob-
served Raman frequencies could be made with confidence
by comparing the calculated frequencies with observed ones,
by comparing the ratio of a calculated frequency of BP to
the corresponding one of BP-dy,, vy/vp, with the cor
responding ratio from the observed frequencies for BP and
BP-d,;, and by considering the calculated scattering ac
tivities. All the observed peaks turn out to be a, symmetric
mode. The peaks at 1475, 1364, 1204, 983, 963 and 335
cm ' for BP are assigned to 7a,, 6a,, 5a,, 4a, 3a, and la,,
respectively while those at 1420, 863, 825, and 319 cm '
for BP-d,, are attributed to 7a,, 4a,, 3a, and la,, respec-
tively. The peak at 1568 cm ' for BP (the peak at 1537 cm
! for BP-d,;) could be ascribed to 8a, mode but the diff
erence between the calculated and observed frequencies is
quite larger than those for other observed and assigned
modes. Maybe it is a combination band of 8a,+lower fre-
quencies mode.

Summary

The molecular structure of biphenyl in the ground and
the first excited triplet states and the vibrational spectra of
biphenyl are calculated by using the HF and B3LYP with 6-
31G* basis set. Upon the excitation to the first triplet state,
the structural change occurs from a twisted benzene-like to
a planar quinone-like form Based on the calculated and the
experimental vibrational frequencies, a few fundamental fre-
quencies are newly assigned.
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The crystal structure of dehydrated Rb*-exchanged zeolite X, stoichiometry Rb;Na,-X (Rb;;Na,;Sij00AlyOsg4)
per unit cell, has been determined from single-crystal X-ray diffraction data gathered by counter methods. The
structure was solved and refined in the cubic space group Fd3, a=25.007(3) A at 21(1) °C. The crystal was pre-
pared by ion exchange in a flowing stream using a 0.05 M aqueous RbOH solution (pH=12.7). The crystal
was then dehydrated at 360 °C and 2x 10 ° torr for two days. The structure was refined to the final error in-
dices, R,=0.047 and R,=0.040 with 239 reflections for which />3c(l). In this structure, 71 Rb* ions per unit
cell are found at six different crystallographic sites and 21 Na® ions per unit cell are found at two different
crystallographic sites. Four and a half Rb* ions are located at site I, the center of the hexagonal prism. Nine
Rb* ions are found at site I' in the sodalite cavity (Rb-0=2.910(15) A and O-Rb-0=78.1(4)"). Eighteen Rb*
ions are found at site II in the supercage (Rb-0=2.789(9) A and 0O-Rb-0=92.1(4)"). Two and a half Rb* ions,
which lie at site II', are recessed ca. 2.07 A into the sodalite cavity from their three O(2) oxygen planes (Rb-O=
3.105(37) A and 0-Rb-0=80.6(5)"). Thirty-two Rb* ions are found at site III deep in the supercage (Rb-O=
2.918(12) A and O-Rb-0=71.9(4)"), and five Rb* ions are found at site III'. Seven Na* ions also lie at site 1.
Fourteen Na* ions are found at site II in the supercage (Na-0=2.350(19) A and 0-Na-0=117.5(6)").
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