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Transient polarized resonance Raman spectra of naphthalene and its fully deuterated species in the lowest
excited triplet state were measured. An analysis of the depolarization ratios showed that all the observed
bands were assignable to thewébrational modes. Matrix-isolation infrared spectra of the excited sthte [

Mol. Struct.1999 475 253] were remeasured to observe further bands with weak intensities. The DFT (density
functional theory) calculation was also performed to confirm the vibrational assignments, where the 6-31G*
basis set was used to optimize the geometrical structure. The DFT calculation is found to be useful to predict
the vibrational wavenumbers of the lowest excited triplet state as well as the ground singlet state of this

molecule.

Introduction On the other hand, fewer applications of the DFT calculation
to triplet states have so far been publish&d/ although this
method was established as one of the best ways to predict

vibrational wavenumbers of ground electronic states. For
of the normal (GgHs) and four bands of the fully deuterated S
(C1oDs) species were assigned by a comparison of the observedexample' Mohandas and Umapadthgalculated the vibrational

wavenumbers with the calculated values obtained by the ab initiowavenu_mbers op—b_enzoqumone in the jTstate by the DFT
calculation, CIS, where configuration-interaction-singles wave calculation and qs&gned 5 a'nd 3 bands for the normal and fully
function is used to compute the analytic first derivative of the d_eute_rated species, respectively. H“’S‘?k é? ahlcula?ed the
energy efficiently? It seemed that the calculated infrared bands vibrational wavenumbers of phenyl cation in the triplet state

agreed with the observed values within 25¢nmOn the other (°Ba) by the DFT/B3LYP/cc-pVDZ method to interpret the

hand, the CIS method could not reproduce the reported RamarfXPerimental photoelectron spectra. In the present study, we

bands satisfactorily, where the maximum deviation was about £X@Mine the results of the DFT and CIS calculations on the T
100 cntl. To explain this discrepancy, we proposed the sFate _of naphthalene by a comparison with the observed
possibility that some of the observed transient Raman bandsViPrational bands.
are assigned to thedwibrational modé.However, this problem
still remains ambiguous. Experimental and Calculation Methods

In the present study, we have measured the transient polarized . .
resonance Raman spectra and depolarization ratios of the 1'ansient Polarized Resonance Raman Spectroscopy.
observed bands in order to make the vibrational assignmentss""mpl_es of GHg and GoDs species, purchased from Kanto
of the T, state more reasonable. We have also remeasured thd-hemical Co. and Isotec Incz 09 at. % D) respectively, were

infrared spectra of the transient species to observe more bandglissolved in cyclohexane (HPLC grade, Junsei Chemical Co.)
with weak intensities than those in our previous stlitiystead to a concentration of 10 mM. The transient polarized resonance

of the ab initio calculation, CIS, we have performed the DFT Raman spectra were measured with the puppbe method.

(density functional theory) calculation to predict the vibrational The apparatus used was based on two Q-switched Nd:YAG

wavenumbers. lasers (Spectron SL801, 50 Hz, 10 ns pulse duration; Spectron
The CIS calculation method is used widely in recent years S804, 50 Hz, 17 ns pulse duration). The time interval between

to calculate the vibrational wavenumbers of the electronically these lasers was controlled by a delay generator (Stanford

excited singlet and triplet states of various simple molectigs. ~ Research Systems DG535). The fourth harmonic (266 nm, 1

mJ/pulse) of the Nd:YAG laser (SL804) was used as a pump

* Corresponding author. E-mail: necom@cc.tuat.ac.jp. TeB1-42- laser to excite naphthalene molecules. A first Stokes line (416
388-7349. Fax:+81-42-388-7349. nm, 0.6 mJ/pulse) of the HRaman shifter (homemade) induced

Recently we reported the matrix-isolation infrared spectra of
naphthalene in the lowest excited triplet, $tate! Ten bands
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by the third harmonic of the Nd:YAG laser (SL801) was used @
as a Raman probe laser.

The pump and probe laser beams were focused onto a thin Parallel
jet-flow of the sample solution ejected from a dye laser nozzle.

\‘ 5

collected and imaged through an analyzing polarizer (Polaroid
sheet polarizer) and depolarizer (Babinet compensator) on the
entrance slit of a triple polychromator (Jobin-Yvon T64000)
with 1800 groove/mm holographic gratings. The probe laser
polarization was set to be perpendicular to the scattering plane
using a Glan-Taylor polarizing prism, while the analyzing
polarizer was set on a computer-controlled rotating stage. The
solid angle of the cone of scattered light accepted by the
polychromator was about 04 radian. The dispersed Raman
light was detected by an intensified photodiode array detector : : : : , : ,
(Princeton Instruments IRY-1024G/RB). Since the detector had 1400 1200 1000 800 600 400 200
no wide enough range, higher- and lower-wavenumber spectra Raman shift / cm’!
were measured separately. Parallel and perpendicular compo+igure 1. Differences of transient polarized resonance Raman spectra
nents of Raman scattering were alternately measured 12 timegetween GoHg and GoDs: () parallel polarized; (b) perpendicular
and averaged to remove long-term fluctuations of the pump andPolarized. Upward and downward are due tadG and GoDs,
probe lasers in measurements of the depolarization ratios. respectively. Bands marked by **" are due to solvents.
Matrix-Isolation Infrared Spectroscopy. To reduce extra

Raman intensity

Perpendicular

photoproducts and measure as many transient infrared bands (a)k 1442
as possible at a low-noise level, the sample with a mixing ratio 1395 gs Parallel
of naphthalene/argon of about 1/5000 was prepared; it was half | 36 s

the concentration used previoushA superhigh-pressure mer-
cury lamp was used to increase the population of thetate.

A water filter was placed between the mercury lamp and the
sample chamber to avoid thermal reactions. The UV light and
the infrared beam of the spectrophotometer crossed each other
at 45 at the matrix sample. Infrared spectra were taken at a
resolution of 0.5 cm! and accumulated 64 times with an FTIR ol
spectrophotometer. Other experimental details are shown in our Perpendicular
previous papet.

DFT Calculations. The DFT calculations were performed
using the GAUSSIAN 98 progralhwith the 6-31G* basis set, . . ] . . ] .
employing open shell wave functions. The exchange functional 1400 1200 1000 800 600 400 200
used were the local spin density exchange functional of $tater Raman shift / cm™
and the gradient corrected functional of BeéReyhere the Figure 2. Drawing of Figure 1 with ten times magnification.
hybrid density functionad! in combination with the Lee, Yang,
and Parr correlation functional (B3LYRjwas used to optimize ~ TABLE 1. Vibrational Wavenumbers (cm ~) and
the geometrical structures. The Cartesian displacements weréjfeﬁ()'arrl'tﬁatl'og Ratios of Transient Resonance Raman Bands
drawn using the MolStudio R 2.0 program (NEC Co.). Details ot Maphihalene
of the CIS calculations are reported elsewhere. Ciote CioDs

(b)

Raman intensity

Mk Fisher & Takemura wrkﬁsher& Takemura

Results va  de@ Tripatht etald @ de@ Tripatht etald

Transient Polarized Resonance Raman SpectraThe 1442 8"3‘2 iggg(?) 1490
observed transient polarized resonance Raman spectra Wer€ssg 042 1337 1327 1355 041 1356 1343
disturbed by some strong bands due to the solvent, cyclohexane. 1280 0.40 1281 1266
Then, we tried to subtract the solvent bands from the observed 1163 1139 039 1142 1137
spectra by using the spectra measured without the pumping laser .. . oo 1005 ? 1005 653
light. However, it failed probably because naphthalene molecules ‘ 750  0.50 754
excited by the lasers dispersed the thermal energy in surrounding 736 038 741 730 685 0.44 690 664
solvents during measurements of the transient polarized reso- 495 0.39 496 475 0.48 476
nance Raman spectra, resulting in band broadening of the 389 0.35 393 251 041
solvents. Therefore, we subtracted thglg spectrum from the aObserved wavenumbersObserved depolarization ratidsin cy-

CioHs in order to cancel the solvent bands smoothly. The clohexane at room temperati#fed In 2-methylpentane glass at 77%K.
obtained difference spectra are shown in Figures 1 and 2 being® Overlapped with solvent bands.

with 10 times magnification. The high- and low-wavenumber

spectra are connected after scaling so as to make the peako the T; states of the GHg and G¢Dg species, respectively.
intensities of the bands appearing in the overlapping region The observed wavenumbers are summarized in Table 1.
nearly constant. The bands of naphthalene in thet&e, the Intensities of the bands in the parallel polarized spectra seemed
intensities of which were much smaller than those of the solvent, to be stronger than those in the perpendicular polarized spectra
were also subtracted. The upward and downward bands are dues shown in Figures 1 and 2. The depolarization ratios, which
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(@) TABLE 2: Vibrational Wavenumbers (cm ~%) and Relative
* 1 Intensities of Transient Infrared Bands of Naphthalene
. S CicHa CuoDs
% WL: N X present work present work
£ . I ya int®  Nishikidaetat 12 int®  Clark et al¢
2 ®) 3059 3
< ,,,.“ 3036 3
‘ 1450 5 1408 2
1433 15 1339 4
- - - : 1389 10 1387
1400 1000 600 13549 2 1230 15
- 1262 5 1257 1106 1
Wavenumber / cm 1118 3 1113 1038 1
Figure 3. Matrix-isolation infrared spectra of gHg: (a) difference 1041 4 861 2
spectrum between those measured before and during irradiation; (b) 8979 3 853 3
difference spectrum between those before and after irradiation. Bands 815 4 806 4
marked by “X" are due to naphthalene radical cafi&i® The low- 790 9 719 17
wavenumber region is one-tenth scaled down. 682 100 681 696 6
385 535

represent the ratios of i.ntenslities of parallel and perpendicular  agpserved wavenumbersRelative intensitiest In viscous poly-
polarized spectra, are listed in Table 1. All the observed band ethylene at 90 K @In Nujol at 80 K3! € Overlapped with the bands

are found to belong to thegavibrational modes, since the  of S. fNew bands observed in this study, not reported in refNot
depolarization ratios are less than 0.50. To confirm this finding, assigned to the iTstate; see text.

we examined the depolarization ratios of some bands wifh b
mode for cyclohexane by the same experimental method and
obtained 0.75.

Matrix-Isolation Infrared Spectra. Infrared spectra of
naphthalene in low-temperature argon matrices were remeasured
by a standard technique. After the measurement, we radiated
UV light on the matrix sample in order to increase the population
of the Ty state. Figure 3 shows difference spectra between those
measured before and during UV irradiation. The decreasing
bands in (a) are assigned to thes&te and the increasing bands
to the T; state or a photoproduct. The increasing bands in Figure 14'00

Absorbance

(b)
A,

1000 600

3b with symbol “X”, 1401, 1218, 1023, 775, and 758 Tm

measured before and after irradiation, are assigned to a Wavenumber / cm™

photoproduct produced irreversibly by UV irradiation. They Figure 4. Matrix-isolation infrared spectra of @s: (a) difference
agree with those of naphthalene radical caffor® 1401, 1218, spectrum between those measured before and during irradiation; (b)

1023, 759 cmt, except for 775 cm. It was thus considered difference spectrum between those before and after irradiation. Bands
that the radical cation was easily produced by multiphotoexci- marked by *X" are due to naphthalene radical caion.
tation because the lifetimes of the electronically excited states

of naphthalene in low-temperature argon matrices were expectedl) - 2. was not exceeding O'.OS' This finding Ieads_ to a
to be longer than those in EPA solution at 77 K, 8and 3 conclusion that the DFT calculations represent thetdte with

ligible contamination from the other multiplet states. The
s for fluorescence and phosphorescence, respectiv@y. a neglig .

comparison of Figure 3a,b, we found the transient infrared bandsololt'ml'zt(.EOI geometry of d thihl'lt'ﬁt?tebtot_)talc?zd tEy ct;Tg DII:TI
appearing during the irradiation, where the 1354, 897, and 815 ;:_a cu aFlan |55coTrr;]par(;: V‘;' ab(t) _alrcljeb 3;1 € I C? (;_u a-
cm! bands were not reported in our previous pap@he lon in Figure >. The structures obtained by these caiculalions

observed wavenumbers and relative intensities are summarized€_Planar and hav@z, symmetry. The bond angles are
in Table 2. essentially consistent in these calculations. On the other hand,

the C-H lengths defined from the DFT calculation, 1.086 or
.087 A, are significantly longer than those from the CIS
alculation, 1.075 A. The C(BC(2) length, which is equivalent
0 C(3>-C(4), C(5-C(6), and C(7yC(8), and the central
C(9)—C(10) length are also longer than the correspondin@C
lengths from the CIS calculation by about 0.02 A. The other
C—C lengths are approximately equal in these calculations.
The calculated wavenumbers of the Raman and infrared active
modes are summarized in Tables 3 and 4, respectively, where
scaling factors of 0.90 and 0.96 were used for the CIS and DFT,
OIrespectively. The depolarization ratios and relative infrared
intensities obtained by the DFT method are also listed in Tables
3 and 4, respectively.

Infrared spectra of the {gdDg species in an argon matrix were
also measured by the same experimental method. Figure 4a,
show difference spectra between those measured before an
during UV irradiation and between those before and after UV
irradiation, respectively. The fully deuterated naphthalene radical
cation bands appeared at 1464, 1260, 1075, and 1063 iom
the spectra as a photoproduct produced irreversibly by UV
irradiation. The ratio of signal-to-noise was so high that the
1260 cnt! band of the cation, first observed in this study, seems
to correspond to the 1401 crhband of the normal species. By
a comparison of these difference spectra, 10 transient infrare
bands of GoDg were observed. The observed wavenumbers and
relative intensities are summarized in Table 2, where six bands
of the transient species were first observed in this study.

DFT Calculation. The spin contamination due to the use of
unrestricted open shell methodology was found to be very low, Transient Resonance Raman Spectra.Comparison of
where the maximum deviation from the actual valuex® + Obsered Bands with Praous ResultsThe transient resonance

Discussion
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TABLE 4: Calculated Wavenumbers (cnt?) and Relative
Intensities of Infrared Active Modes in the T, State and
Assignments of the Observed Bands

CioHs CioDs
DFT DFT
sym CISy2 b int® obsyd CIS»* ®  int® obsyd
1b,, 3040 3072 64.3 3036 2244 2266 42.8
2, 3026 3059 7.7 2233 2255 1.8

3b, 1427 1412 8.1 1433 1335 1347 0.2 1339
4b,, 1382 1369 7.4 1389 1208 1203 10.1 1230
5by, 1238 1243 7.7 1262 1038 1023 1.0 1038
6b,, 1019 1018 <0.1 1041 847 844 <0.1 853
by 784 774 6.1 790 712 703 69 719

8, 349 345 0.1 319 316 0.1
1b,, 3050 3084 66.1 3059 2260 2288 37.2
2, 3025 3059 7.3 2226 2250 5.2
3b,, 1465 1492 0.8 1353 1461 0.4
4bp, 1315 1435 3.5 1450 1249 1347 0.1
5b,, 1130 1161 <O0.1 838 870 0.9 861
(b) CIS 6h,, 1054 1091 7.9 1118 833 835 7.5 806
Ty 77 824 <0.1 747 770 <0.1
Figure 5. Optimized geometrical structures of the lowest excited triplet  8h,, 582 574 14.6 560 553 12.3

state of naphthalene: (a) DFT calculation; (b) CIS calculation. Bond 1h;, 831 789 57 815 698 672 7.7 696
lengths and bonded angles are given in angstroms and degrees2h,, 705 674 108.2 682 553 526 49.3 535

respectively. 3bsy 401 382 5.0 385 342 324 8.5
4bg, 161 162 21 148 148 1.9

TABLE 3: Calculated Wavenumbers (cnT?) and .

Depolarization Ratios of Raman Active Modes in the T ~ *Wavenumbers calculated by CIS/6-31G*. A scaling factor of 0.90

State is used. P Wavenumbers calculated by DFT/B3LYP/6-31G*. A scaling
factor of 0.96 is used: Relative infrared intensity calculated by DFT/

CidHs CidDs B3LYP/6-31G*. 4 Experimental wavenumbers listed in Table 2.
DFT DFT
sym  CIS»? vb deg  CIS»? b dep Comparison of Obseed Bands with DFT CalculatiorThe

wavenumbers of the §a8a;, 7ay, 6&, 5a, 4a, and 3g modes
269 3032 3065 064 2240 2263 053 for C]_()Hg are predICted to be 487, 727, 1022, 1145, 1354, 1433,
33, 1536 1597 0.15 1493 1562 0.15 and 1597 cm? by the DFT calculation. The bands observed at
43 1452 1433 0.23 1229 1275 054 495, 736, 1336, and 1442 crhagree with the 9a 8a,, 5a,
58y 1245 1354 0.22 1303 1363 022 and 4@ modes, respectively, within 20 cth The corresponding
63 1136 1145 0.65 851 854 0.23 bands for GoDg are predicted to be 469, 666, 809, 854, 1363,
’ 1275, and 1562 crt. The bands observed at 475, 685, 1355,
93, 483 487 0.36 465 469 0.35 and 1280 cm! agree with the 9a 8a,, 53 and 43 modes,
Lhg 3037 3070 0.75 2240 2264 0.75 respectively, within 20 cmt, too. The most intense band shows
2bgg 3022 3056  0.75 2227 2250  0.75 an increase in the wavenumbers on deuteration from 1336 to
by, 1408 1385 075 1306 1269 075 1355 cnrl The 53 mode, predicted by the DFT calculation,

: also shows an increase from 1354 to 1363 &nThis finding

5bsg 1187 1168 0.75 999 981 0.75 . .

6bsg 937 915  0.75 837 829 075 supports our assignment for the most intense bands.

7hg 900 881  0.75 759 744  0.75 The 953 cmit band of GoHg and the 750 cmt band of G¢Ds
8bsg 474 464 0.75 458 450 075 are tentatively assigned to theg#aode. They differ from the
1bng 939 906 0.75 72 761 0.75 corresponding calculated values by about 70 and 60%cm
2byg 804 792 0.75 744 713 0.75 . . : L
3, 711 696 0.75 577 568 0.75 respectively, but the observed isotope shift, 203~nis
4@3 454 460 0.75 401 408 0.75 consistent with that calculated, 213 th Another possible
1byg 812 769 0.75 655 622 0.75 assignment is the combination modes ofénd 3hg, where
2by 683 674 0.75 508 501 075 the wavenumbers are calculated to be 67278 = 952 and
3bng 294 278 0.75 260 245 0.75 501+ 245= 746 cn1! for C;0Hg and GoDg, respectively. The

aWavenumbers calculated by CIS/6-31G*. A scaling factor of 0.90 consistency between the observed and calculated values is better
is used ®Wavenumbers calculated by DFT/B3LYP/6-31G*. Ascaling than the assignments to thegTaode. The bands of the gand
factor of 0.96 is used. Depolarization ratios calculated by DFT/B3LYP/ 6a, modes were not observed in the expected regions, probably
6-31G*. because of their weak intensities or overlapping with other
Raman spectra were reported by Fisher and Tripatund bands.
Takemura et & Their results are compared with ours in Table The 389 cm! band of GgHg and the 252 cmt band of GoDg
1. The wavenumbers of the bands in our spectra are essentiallystill remain unassigned. These bands should be assigned to a
consistent with those obtained by Fisher and Tripathi but are modes, judging from the analysis of the depolarization ratios.
systematically higher than those of Takemura et al. by about However, the results of the DFT calculation showed gomade
20 cnT!or less, probably because of the errors in wavenumber bands below 487 and 469 cinfor CygHg of C10Dsg, respectively.
calibration. We could not confirm the 1163 chband of GoHs It is also impossible to assign them to any overtone or
and the 1490 and 853 crhbands of GoDg reported by them? combination modes. For example, the lowest calculated wave-
One band of the GDg species, first observed at 252 tih number of GoDg is predicted to be 148 cm for the 4l3, mode
probably corresponds to the 389 chiband of the GHg species. and overtone of this band, 296 ciis much higher than the
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TABLE 5: Vibrational Assignments of the Observed Raman
Bands

vibrational CaoHs C1oDs
assignments  obs célc obs calé
43 1442 1433 1280 1275

5a 1336 1354 1355 1363

Tay 953 1022 756 809

84, 736 727 685 666

94, 495 487 475 469

3bpg+ 3y 1395 1392=696+ 696 1139 1136= 568+ 568
2byg + 2bng Cc 1348=674+674 1005 1002501+ 501
2big—3bg 389 396=674— 278 251 256=501— 245

aWavenumberes calculated by DFT/B3LYP/6-31G*. A scaling factor (a) DFT (b) CIS
of 0.96 is used® These bands may be assigned tog2t 3byg.
¢ Overlapped with the Samode. Figure 6. Cartesian displacements of,5and 4b, modes: (a) DFT

calculation; (b) CIS calculation.

observed wavenumber, 252 ctnFurthermore, the isotope shift
from 389 to 252 cm! seems to be too large for vibrational is found that the observed wavenumbers of this mode, 1336
modes of normal molecules. One possibility is that these bandscM ™, is close to the result of DFT, 1354 ¢ but not of CIS,
are due to stokes lines from fto 2y, where the wavenumbers ~ 1245 cnt.
are calculated to be 67278= 396 and 50+245= 256 cnt?! Matrix-Isolation Infrared Spectra. Comparison of Obseed
for CioHg and GgDsg, respectively. Another possibility is that Bands with Preious StudiesNishikida et af° reported five
these low-wavenumber bands originate from clusters such asT: bands of GoHg in viscous polyethylene at 90 K, while Clark
dimer or excimer. If this band is related to an intermolecular et al. reported one band ofi§Dg in Nujol at 80 K3! Since the
interaction through the €H bond, a large isotope shift may range of measurement of our experimental was 600%con
be expected. However, this possibility can be ruled out by the higher, we could not confirm the 385 and 535 ¢nands for
fact that no new bands appeared in the spectra of tiesC the GoHs and GoDg species, respectively. Other bands are
Ci10Ds mixed sample measured by the same experimental essentially consistent with ours within 5 chas shown in Table
method. .

Fisher and TripatR# assigned the 1139 and 1005 chibands Comparison of Obseed Bands with DFT CalculationThe
of CioDg to the kyy mode. However, our analysis of the calculated wavenumbers obtained by the DFT calculation are
depolarization ratios leads to the conclusion that the 113%cm compared with the observed values in Table 4, where we assign
band is due to angamode. It conflicts with the result of the  the observed bands considering the wavenumbers and relative
DFT calculation, which showed that ng-mode bands exist  intensities. The wavenumbers of the bands are consistent with
between 854 and 1275 cth Therefore, we assumed that these the calculated values within 30 crh except for the €&H
bands, 1139 and 1005 ci are assigned to the overtone modes stretching modes. It is known that a smaller scaling factor is
of 3pg and 2R, respectively, where the calculated values are necessary for high-wavenumber bands such-all Gtretching??
568+ 568= 1136 and 501 501= 1002 cn1?. The band for The weak 1354 and 897 crhbands of GoHg and 1404 and
CioHg corresponding to 1139 crhwas observed at 1395 crh 1106 cnt! bands of GoDs, observed first in this study, could
where the calculated value is 696 696 = 1392 cntl. The not be assigned to the; Btate. These bands may be assigned
band for GoHg corresponding to 1005 cmh, where the to other transient species but not a photoproduct, since they
calculated value is 674 674= 1348 cnT?, seems to overlap ~ did not appear in Figure 2b or 3b. Further information is

with the most intense Ganode appearing at 1336 ¢ Our necessary to identify the species. Since the DFT calculation
assignments for the observed resonance Raman bands areeproduces the observed wavenumbers satisfactorily for both
summarized in Table 5. the normal and fully deuterated species as well as the Raman

Comparison of DFT with CIS Calculatiohe calculated active mode, we conclude that the DFT calculation can predict
wavenumbers obtained by the CIS calculation are approximatelythe wavenumbers of the lowest excited triplet state of naph-
equal to those by the DFT calculation. However, the wave- thalene as well as the ground singlet state.
numbers of the most intense Saode of the CIS method is Comparison of DFT Calculation with CIS Calculatiofihe
lower than that of the DFT method by 109 cthTo find the tendency seen in the Raman-active modes is also seen in the
origin of this discrepancy, we examined the Cartesian displace-infrared active modes. The wavenumbers of the,4hode
ments of this mode. As drawn in Figure 6, the, Baode is a calculated by CIS is different from that calculated by DFT by
mixture of the central €C stretching and €H bending modes. 120 cml. Like the 53 mode, the direction of the C(2H,

The direction of the C(2)H bending, which is equivalent to  C(3)—H, C(6)—H, and C(7>H bending in the 4%, mode of

the C(3)-H, C(6y-H and C(7>H bending, of the CIS is CIS is opposite to that of DFT, as shown in Figure 6. It is certain
opposite to that of the DFT. This finding means that the sign that the band observed at 1450 ©hagree well with that

of the off-diagonal force constant between the centralCC estimated by DFT, 1435 cm, but not CIS, 1315 cmi.
stretching and C(2)H bending is opposite. This is one of the However, one may notice that the CIS calculation agrees with
reasons that the vibrational wavenumbers strongly depends orthe observation better than the DFT calculation, including the
the degrees of mixing of the-G@C and C-H stretching modes.  C;0Dg bands, if the 1450 and 1118 cfbands are assigned to
Since the DFT calculation considers effects of multielectron 3b,, and 5b,, respectively, where the calculated values obtained
configuration in a term of potential of Hamiltonian, but the CIS by the CIS method are 1465 and 1130¢nfurther applications
calculation considers only one-electron excited state, the DFT of DFT to other molecules are useful to test which calculation
calculation seems to make more reasonable predictions of themethod is more reasonable to estimate vibrational wavenumbers
vibrational wavenumbers for the lowest excited triplet state. It for the lowest excited triplet states.
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