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IR and Raman spectra are measured to elucidate both the conformation and vibrational modes of bis(4,4-
dimethyl-2,5-cyclohexadien-1-ylidene) in the fundamental state. It is found that the rule of mutual exclusion
holds for the IR and Raman spectra. Ab initio Hartr€®ck and density functional theory (DFT) calculations

with scaling were carried out to study the molecular structure and vibrational spectra. The HF and DFT
calculations predict that the molecule has a pldharstructure, showing a little discrepancy between theory

and experiment. In the Raman spectra, the most intense line is observed at 1640eith is consistent

with the DFT value of 1647 crt and is found to be a totally symmetric ring stretching along the long axis
and in-plane G-H bending. In the IR spectra, however, the most outstanding line is 788, amexcellent
agreement with the theoretical value of 775@mnd also found to be a z-polarized out-of-planeKCand

C—C—C bending (k). The results of analysis have been confirmed by measuring the depolarization ratios
from the solution Raman scattering. Comparison of the calculated and experimental vibrational spectra reveals
that the DFT calculations are quite accurate in predicting the fundamental frequencies and intensities in the
region below 1700 cr.

Introduction

The electronic structure of the cross-conjugated polyenes has
drawn a great deal of attention owing to their interesting features
in the electronically excitéddand ionized doublet statés?
Previous spectroscopic studies showed that the conformation ) ) )
of bis(4,4-dimethyl-2,5-cyclohexadien-1-ylidene) (BDCY) in the Figure 1. Molecular mod_el of bis(4,4-dimethyl-2,5-cyclohexadien-1-
fundamental state corresponds to that of biphenyl in the first ylidene) and the numbering of the atoms.
electronically excited stafe.Evidence of this structural behavior t

is supported by the spectroscopic observation that the spectra ings are slightly in boat conformations owing to the interactions

shape of .BDCY.m the funda}mental s.tate correspond; to that Ofbetween the ortho hydrogen atoms across the central double
biphenyl in the first electronically excited state and vice vérsa. bond®

This spectroscopic behavior is explained by the specific
difference of theirr-electron distributior.

The molecular structure of BDCY has been studied in the
gas phaseand crystd by the gas electron and X-ray diffraction
methods, respectively. In the gas phase, the molecule BDCY
was found to have a dihedral angle of 9.in nonplanar
carbocyclic rings that is described by & C;—C=Cs. The
molecular model and the numbering of the atoms are presente
in Figure 1. In the crystal, however, the molecule was found d
to deviate from planarity to different extents such that the
torsional angles about the single and double bonds vary by only
5.1° and 1.2, respectivelyf. It is noted for comparison that
the torsional angle of the bond between the two phenyl rings in
biphenyl is about 42in the gas phasé® In the solid state,
however, the biphenyl molecule is plafat? This can be taken
as an indication that crystal-packing forces are sufficiently large

o favorably compensate the steric strain. All six-membered

Of particular importance is the determination of fundamental
vibrational frequencies and modes in the ground state in order
to provide insight into the vibronic spectra in the electronically
excited state. As revealed in the literature, the vibrational
progression appended to the-0 band origin in fluorene
includes fundamentals, overtones, second overtones, and com-
ination bands as well as fundament4fs® Exact assignment
f fundamentals in the ground state is quite necessary for the
etermination of overtone and combination bands in the excited
state.

Thus a reliable theoretical study is required to predict the
weak bands as well as the bands of both IR and Raman inactive
modes and to distinguish fundamentals and modes among the
peaks appearing in the vibratioralectronic spectra. Recent
density functional theory (DFT) calculations on vibrational
spectra predict fundamentals of molecules with high accuracy
T Chungnam National University and Center for Molecular Science. and with mOderaJ.[e computational eﬁo??s?o DFT CalCUIatlonS.

* Kyungpook National University. have been applied as a cost-effective procedure to estimate
§ Korea Basic Science Institute. physical properties of moleculés:33 It is reported that the
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DFT method reproduces observed vibrational frequencies with 100
higher accuracy than obtained by the HF and MP2 calculations. sof B
Even when an uniform scaling is performed for the computed —
vibrational frequencies, the DFT study shows better consistency-g
with the experimental frequencies than do the HF and MP2 3
ones?%2225 As an example, we wish to consider a recent g =f
theoretical work for the vibrational assignment of benz8r#é26
MP?2 calculations obtained by using the 6-311G(d,p) basis set
still underestimate the fundamentals of benzene such as 707,
967, and 990 cmt, the frequencies corresponding to the CCC
out-of-plane bending, and overestimate that of 1309%cne ol
frequency corresponding to ajtmode that tends to dissociate
into three acetylene molecules. These fundamentals are, *F M
however, accurately predicted by the DFT calculation using the +
Becke-Lee-Yang—Parr (BLYP) functionaf?23.26 200 500 7000 7400 / rsoo 3000
Rauhut and Pulay (RP) applied the BLYP functional and
Becke 3-Lee-Yang—Parr (B3LYP) functional methods to 20
small molecules such as benzene, ether, and methanol, etc. 05
which fundamentals are exactly assigned, and then derived
uniform scaling factors, 0.995 and 0.963, having the root-mean-
square (rms) deviations of 26.2 and 18.5¢nrespectively?’ 100
It is reported in the literature that the scaling factors are derived sof
by the least-squares procedédfeWhen these scaling factors
are applied to another 11 molecules such as aniline, ethanol,3
and oxetane, etc., the rms deviations turned out to be 26.9 andg
19.7 cn1? for the BLYP and B3LYP methods, respectively.
We have measured the infrared and Raman spectra of BDCY >
and performed the normal vibrational mode analyses at the HF g 100 ! : ’ ’ Il
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and DFT levels of theory using the 6-31G* basis set. By using «g aof BILYP&HF/6-31G" Caled

the HF and DFT methods with the scaling factors, we could S e

reproduce the vibrational spectra of BDCY and could identify g Wl

some fundamentals of the molecule by comparing the observed © x5

peak position and peak intensities with the theoretically derived o}

ones. However, it should be noticed that the overconfidence 0 A o — —

should be avoided in the comparison of the theory and the 20 50 7060 1400 25535

experiment since the IR and Raman spectra were measured in Raman Shift (cm-1)

the crystal, and the calculations were carried out for the isolated

molecule. Figure 3. Comparison of the gxperim_ental (upper) and caICI_JIated
Itis found in this study that this DFT approach is sufficiently Sﬁcﬁ?@) Raman  spectra of bis(4,4-dimethyl-2,5-cyclohexadien-1-

powerful to predict fundamentals of BDCY in view of accuracy

and computational effort. using the Gaussian 94 progréfmat SERI in Korea. Funda-

Experimental and Calculations mentals are computed with the HF and DFT methods and then

Th d BDCY db ducti l scaled by 0.8929 and 0.963, respecti\_/ely. The_ freque_ng:ies and
of 4 Z_E?é?;ﬁ;?_z 5-cyc|ovr\1/2>s<£(;iee$1%rr$e (E/)g\rg xﬁhlviﬁrp "9 normal modes for BDCY were determined by diagonalizing the

AlH 434 Compound DCY was prepared from 4,4-dimethylcy- mass-weighted force-constant matrix.
clohexenone by an oxidation reaction using 2,3-dichloro-5,6-
dicyanobenzoquinone (DDG).

A Spectra-Physics 2060-7S Beam Lok Ar ion laser at the IR and Raman spectra are measured to elucidate both the
wavelength of 514.5 nm was used for the sample excitation. conformation and vibrational modes of BDCY in the funda-
The scattered light was collected through a collecting lens and mental state. In Figures 2 and 3, we present the observed
focused on the slit of a Jobin-Yvon U-1000 double monochro- infrared and Raman spectra, respectively. We have avoided
matized of which the focal length is 1 m. The monochromatized the analysis of the lattice modes appearing at the wavenumbers
photon was detected by a Hamamatsu R943-02 photomultiplierunder 100 cm®. As seen in Table 1, it is found that the rule
tube, which can be cooled t620°C. A saturated CGlsolution of mutual exclusion holds for the IR and Raman spectra. This
was used to obtain Raman bands as strong as possible. Théndicates that the BDCY molecule is centrosymmetric.
depolarization ratio in the solution was obtained by dividing  To predict the experimental frequencies, the uniform scaling
the count rate of the scattered light of which the electric vector factors of 0.8929 and 0.963 are used for HF and DFT,
is perpendicular to the electric vector of the incident light by respectively, the factor of 0.8929 has been used in our previous
the count rate of the parallel vector signals. The spectral HF calculations on fluoren®, pyrrole?® and carbazolé; and
resolution was 0.15 cmt at the slit width of 10um. The IR the factor of 0.963 has been used by RP and been verified as
spectra of the KBr pellet were measured by a Digilab-FTS-80 one of the good scaling factofs. The simulated spectra
FTIR spectrometer. The infrared resolution was 2-&m presented in Figures 2 and 3 are scaled by 0.963. It is noticed

The molecular geometries are optimized at the HF and that the simulated spectra have a Lorentzian distribution having
B3LYP levels of theory with the standard 6-31G* basis set by a fwhm of 4 cntl.

Results and Discussion
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The rms deviations of the scaled frequencies listed in Table Paralle
1 from experiment turned out to be 22.9 chior HF and 20.4 ~em Perpendicular
cm1for DFT. Itis noticed that the comparison between theory
and experiment is made for 53 fundamentals listed in Table 1,
and the fundamentals are assigned on the basis of this DFT
calculation. It is shown in this study that for the 53 experimental
frequency data, scaling factors of 0.889 for the HF calculation
and 0.960 for the DFT calculation slightly better reproduce the
experimental fundamentals with the rms deviations of 22.3 and
19.9 cn1?, respectively. Compared to the published results,
the rms deviations in both of the method’s values are close to
each other. The large deviation of the DFT calculation from
experiment occurs in the -€H stretching mode as shown in
Table 1 The DFT cglculathn too much overestimates thda.{C pr o s o 700
stretching frequencies. This large deviation from experiment
in the G—H stretching region is also observed by RPIf we Raman Shift (cm-1)
do _no_t 'n(_:IUde the fundar_nentals at 2857 and 2_9581°mthe Figure 4. Polarized Raman spectra of the saturated solution of bis-
optimization of the scaling factors, the scaling factors are (4 4-dimethyl-2,5-cyclohexadien-1-ylidene) in GCThe “x” refers to
optimized as 0.889 and 0.966 for the HF and DFT calculations, the solvent peaks. The spectra denoted by the solid and dotted lines
respectively. Notice that the scaling factor for the HF calcula- were obtained with the electric vector of the scattered light parallel
tion is invariant with respect to the exclusion of the-8 and perpendicular to the electric vector of the incident light, respec-
stretching fundamentals and also that the rms value is nottVel-
significantly reduced. However, the scaling factor for the DFT
calculation varies and also the rms value is significantly reduced @ characteristic feature of cyclic compounds, particularly
to 14.0 cmrl. Since these scaling factors are quite close to the aromatic compoundE. Therefore we represent in Table 1 only
previously used scaling factors by RPwe confirmed that our ~ the approximate mode descriptions.
assignment of the vibrational frequencies and their modes are 8 Symmetry. On the basis of our calculations and the
correctly made and that the DFT method can correctly estimate Raman spectra reported here, we made a reliable one-to-one
the fundamentals of cross-conjugated polyene molecules belowcorrespondence between the observed frequencies and any of
1700 cnrl. our fundamentals calculated with the DFT and HF methods in

The observed peak positions and intensities in the IR and the region below 1700 cr.
Raman spectra are quite consistent with those in the simulated Among the 17 gafundamentals, 13 fundamentals except the
IR and Raman spectra shown in Figures 2 and 3. But the DFT C—H stretching modes are identified. These are 232, 396, 644,
method slightly overestimates the vibrational frequencies above 704, 932, 960, 1168, 1240, 1368, 1408, 1472, 1540, and 1640
2950 cnm? corresponding to the €H stretching vibration and ~ cm™*. The fundamentals at 644, 932, 960, 1168, 1240, 1368,
too much overestimates the infrared and Raman intensities in1408, 1540, and 1640 crh are actually observed in the
the C—H stretching region. In the Raman spectrum, the most polarized solution Raman spectrum presented in Figure 4, and
intense line is observed at 1640 thbeing consistent with their depolarization ratios are found to be smaller than 0.75 and
the DFT value 1647 crit, and is found to correspond to a totally ~ are close to the theoretical values listed in Table 1, indicating
symmetric ring stretch gralong the long axisytaxis). Inthe  that the modes belong tg.a

Raman Intensity (103)

IR spectra, however, most outstanding line is 780 tlveing The DFT calculation indicates that the intense Raman lines
in excellent agreement with the DFT value 775¢mand is at 1540 and 1640 cnt almost involve the ring stretching
also found to being due tozapolarized out-of-plane €H and vibration along the long axis (here theaxis). Literature shows

CCC bending (k). Taking this most intense band as a thatthe Raman scattering intensity is proportional to the square
reference IR peak, we established the percent relative intensitiedf the magnitude of the oscillating dipole moméhtAs shown
of the fundamentals predicted by the HF and DFT methods andin Table 2, the equilibrium polarizabilitgy is much greater
those of the observed bands as shown in Table 1 and couldthan oxx and az. Therefore, we presume that the major
direcltly compare the qualities of the two calculation methods contribution of the intensities of the Raman bands are from the
in the estimation of the intensities. tensor componenty and that the derivative with respect to the
normal coordinatey for a given vibrationi, doy,/dg;, is also
the greatest. These effects give rise to high effectiveness of
The BDCY molecule involves 102 fundamentals having the the Raman scattering of the vibrations of 1540 and 1640'cm
various symmetries of 17g+ 9a, + 14bg + 12by, + 8lpy + It is also shown in the DFT calculation that the fundamental at
16bp, + 12hsg + 14bs,. We seek to determine fundamentals 704 cmr! corresponds to the ring contraction along the short
making a one-to-one correspondence between the observedxis (). This is the reason the Raman intensity of the
frequencies and calculated ones. Fundamentals in the region fundamental is too low.
< 1700 cntt are well-separated and thus almost straightforward It is shown in the DFT calculation that most of the funda-
identification is achieved. The scaled vibrational frequencies mentals involve more or less in-plane CH and CCC bending,
and modes calculated with the DFT and HF methods are CH; bending, CCC scissoring, and CH and £stretching
presented in Table 1. However, the assignments of some ofmodes.
fundamentals are not straightforward due to the slight band a, Symmetry. UnderD,, symmetry, @ modes are infrared
separations and/or probably to the band overlapping and due toand Raman inactive, and thus their fundamentals are not
the low intensities. assigned. Our DFT calculations predict nine fundamentals
Almost all the modes are delocalized over the whole molecule identifiable as g 47, 219, 239, 476, 739, 926, 1001, 1459, and
and thus cannot be assigned to several local vibrations. This is2986 cnT!. Most of the fundamentals include more or less ring

Assignment of Fundamentals
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TABLE 1: Comparison of the Experimental and Calculated Vibrational Frequencies of
Bis(4,4-dimethyl-2,5-cyclohexadien-1-ylidene)

Boo et al.

HF/6-31G* B3LYP/6-31G* exptl
sym no® freq I1r(%) Iram(®%) DF freq 1r(%) freq Ir(%) Iram(%) DP® approximate type of mode
a 7 216 0 06 032 218 0 232 0 21 ip (CCC), b (gHsci (CCC)
18 378 0 0.1 013 382 0 396 0 2 ip (CCC), sci (CCC), b §CH
26 615 0 09 029 625 0 644 0 8 ~0 ip (CCC), b (CH)), sci (CCC)
30 691 0 03 072 712 0 704 0 0.4 ip (CH and CCC), sci and str (CCC), b)(CH
38 902 0 09 043 907 0 932 0 3 ~0 ip (CH and CCC), b (CH}, roc (CCC)
43 945 0 3.8 027 944 0 960 0 33 0.21 ip (CHand CCC), sci (CCC), b)(CH
54 1171 0 6.1 0.38 1158 0 1168 0 19 0.27 ip (CH), str (CCC), bgfCH
57 1242 0 6.2 040 1238 0 1240 0 13 0.46 ip (CH)
64 1390 0 15 0.33 1374 0 1368 0 14 0.28 b gkp (CH), str and sci (CCC)
67 1409 0 05 036 1399 0 1408 0 7 0.38 ip (CH and CCC), bsJCH
74 1469 0 19 064 1471 0 1472 0 1 b (§H
78 1582 0 26 0.32 1535 0 1540 0 53 0.31 ip (CHand CCC)
81 1697 0 100 0.30 1647 0 1640 0 100 0.25 ring str, ip (CH)
86 2858 0 8.1 0.04 2929 0 str (GH
94 2929 0 3.6 071 3012 0 str (GH
98 2976 0 3.4 0.13 3039 0 str (CH)
102 3060 0 29 0.18 3108 0 totally symmetric CH stretching
a 2 55 0 0 0.42 47 0 ring tor, two (CCC), b (GH
8 229 0 0 045 219 0 b (CH
11 245 0 0 032 239 0 b (G twi (CCC)
22 486 0 0 0.35 476 0 ring tor, b (GH
31 757 0 0 043 739 0 oop (CH and CCC)
42 984 0 0 0.63 926 0 oop (CH and CCC)
49 1012 0 0 0.73 1001 0 b (GH str (CCC)
72 1457 0 0 0.40 1459 0 b (GH
87 2905 0 0 0.72 2986 0 str (GH
by 12 260 0 0.01 0.75 254 0 b (GH
15 313 0 0.02 0.75 316 0 336 0 0.5 i/Cy bend, wag (CCC), b (CHi
19 432 0 0.07 0.75 439 0 452 0 1 ring defm, wag (CCC)
24 565 0 0.01 0.75 576 0 584 0 0.8 b (§Hp (CH and CCC)
36 895 0 0.03 0.75 897 0 920 0 0.9 b (§Hp (CH and CCC), wag (CCC)
53 1124 0 0.06 0.75 1122 0 ip (CH)
59 1272 0 02 075 1271 0 1288 0 1 ip (CH and CCC), b4{CH
61 1312 0 06 0.75 1307 0 1320 0 4 ip (CH and CCC), wag (CCC), XCH
66 1397 0 14 075 1394 0 1400 0 6 ip (CH and CCC), b{CH
76 1478 0 0.1 0.75 1482 0 b (GH
79 1633 0 16 0.75 1594 0 1584 0 11 ~1 ring str, ip (CH)
89 2911 0 58 075 2991 0 str (GH
95 2972 0 3.8 0.75 3036 0 str (CH)
99 3027 0 0.01 0.75 3086 0 str (CH)
by 1 24 0.1 0 0.00 27 0.2 ring tor, roc (CCC)
5 148 0.08 0 0.69 145 0.02 ring tor, roc (CCC), b @TH
17 372 7.6 0 0.50 379 7.6 389 19 0 ring tor, roc (CCC), b {CH
27 625 8.0 0 0.75 629 11 642 26 0 ring tor, wag and str (CCC), ks CH
33 791 100 0 0.37 775 100 780 100 0 oop (CH and CCC)
39 914 0.4 0 0.41 909 0.02 b (GHistr and roc (CCC)
46 1007 0.03 0 0.33 961 0.01 oop (CH and CCC)
51 1135 28 0 0.37 1105 25 1115 16 0 oop (CH and CCC), roc (CCC), B)(CH
63 1352 4.1 0 0.42 1365 45 1352 13 0 b @pHtr and wag (CCC)
70 1458 35 0 0.34 1457 7.0 1434 10 0 b ¢H
83 2852 43 0 0.35 2925 a7 str (GH
92 2927 52 0 0.35 3011 53 str (GH
bog 6 220 0 0.04 0.75 215 0 b (GH twi (CCC)
10 240 0 0.01 0.75 234 0 b (GHtwi (CCC), ring tor
21 459 0 0.03 0.75 450 0 464 0 0.5 ring tor, b (EHwi (CCC)
32 755 0 0.2 0.75 740 0 732 4 oop (CH and CCC)
45 994 0 0.02 0.75 946 0 oop (CH and CCC)
48 1014 0 0.05 0.75 1001 0 1036 0 0.6 b @Hwi (CCC)
73 1457 0 06 0.75 1459 0 b (GH
88 2905 0 0.2 0.75 2986 0 str (GH
by 14 308 14 0 0.41 310 15 336 0.2 0 sci (CCC), b gL kb (CCC)
23 497 14 0 0.49 504 4.7 516 3 0 ip (CH and CCC), sci (CCC), b;JCH
29 673 0.1 0 0.33 688 13 707 5 0 ip (CH and CCC), str and sci (CCC), B)(CH
35 889 0.7 0 039 895 121 917 79 0 ip (CH and CCC), b{Csti (CCC)
41 895 86 0 0.35 923 7.7 931 22 0 ip (CH and CCC)
47 964 5.0 0 0.37 963 0.1 ip (CH and CCC), sci (CCC), b£CH
55 1169 25 0 0.39 1158 25 1166 7 0 ip (CH), str (CCC), bCH
56 1208 13 0 0.53 1203 35 1205 11 0 ip (CH)
65 1393 1.3 0 0.42 1378 6.7 1368 5 0 sci and str (CCC), bsQpi(CH)
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TABLE 1 (Continued)

HF/6-31G* B3LYP/6-31G* exptl
sym no® freq 1r(%) lram(%) DF freq I1r(%) freq k(%) Iram(%) DF* approximate type of mode
69 1417 4.4 0 0.36 1417 3.8 1415 5 0 ip (CH and CCC), b4CH
75 1470 34 0 0.37 1472 56 1452 14 0 b @TH
82 1696 7.6 0 0.34 1667 18 1655 15 0 ring sy (CH)
85 2858 181 0 0.35 2928 232 2857 26 0 str §cH
93 2929 92 0 0.38 3012 82 str (GH
97 2974 44 0 0.52 3038 44 2958 47 0 str (CH)
100 3028 4.4 0 0.34 3087 3.1 str (CH)
bag 3 42 0 0.03 0.75 48 0 oop (ECy), roc (CCC), b (CH)
9 221 0 0.07 075 230 0 roc (CCC), ring tor, b (§H
20 441 0 0.01 0.75 445 0 oop (CH and CCC), b gfiag (CCC)
28 658 0 0.4 0.75 654 0 672 0 2 oop (CH and CCC), roc and str (CCC), k) (CH
34 807 0 0.7 0.75 801 0 812 0 2 oop (CH and CCC)
40 914 0 0.6 0.75 909 0 b (GH roc and str (CCC)
44 995 0 0.6 0.75 945 0 ip (CH and CCC)
52 1135 0 1.4 0.75 1105 0 1124 0 2 roc (CCC), ip (CH and CCC), kCH
62 1379 0 0.02 0.75 1365 0 b (GKistr and wag (CCC)
71 1458 0 0.05 0.75 1457 0 1456 0 1 b (gH
84 2852 0 0.08 0.75 2925 0 str (gH
91 2927 0 0.6 0.75 3011 0 str (GH
bsy 4 130 003 O 0.53 133 0.07 ip (CH and CCC), wag (CCC), b4CH
13 268 0 0 0.60 261 0 b (GH
16 369 003 O 0.38 373 0.3 396 sh 0 ip=€C, bend, wag (CCC), b (CHj
25 591 0.1 0 041 602 0.01 608 2 0 ring defm
37 897 0 0 0.52 900 0.2 b (GH ip (CH and CCC)
50 1088 1.7 0 0.35 1103 2.7 ip (CH and CCC), b ¢¢H
58 1232 11 0 0.47 1239 28 1244 5 0 ip (CH and CCC), wag (CCC)
60 1292 0.08 0 0.37 1288 1.6 1297 2 0 ip (CH and CCC), wag (CCC), B)(CH
68 1409 0.1 0 0.51 1404 0.9 ip (CH and CCC)
77 1479 13 0 0.37 1483 21 1467 20 0 b (H
80 1637 0.5 0 0.75 1598 0.5 1585 6 0 ring str, ip (CH)
90 2911 120 0 0.34 2991 110 str (@H
96 2973 57 0 0.39 3037 63 str (CH)
101 3058 55 0 0.62 3106 77 str (CH)

aVibrational frequencies in cm. ® Mode numbers are extracted from the output of the DFT calculatibepolarization ratio? Approximate
mode descriptions are extracted from output of the DFT calculation. ip refers to in-plane; oop to out-of-plane, “b” to bending, sci to scissoring, roc
to rocking, tor to torsion, twi to twisting, and wag to wagging, and the modes assigned are sorted in the order of their contributions to the vibrational
motions.

TABLE 2: Polarizabilities of wagging, CH bending, out-of-plane CH and CCC bending, and
Bis(4,4-dimethyl-2,5-cyclohexadien-1-ylidene) Calculated i )
with the HF/6-31G* and B3LYP/6-31G* Methods CH stretching modes

bag Symmetry. Among the eight kg fundamentals, only three
component Qo Oy %z Oyz Oz fundamentals are identified owing to the weak Raman intensities.
HF 131.774 0.000 352.092 0.000 0.000 93.407 These are 464, 732, and 1036 Tm
B3LYP 144342 0.000 383.776 0.000 0.000 98.177 Most of the vibrations include ring torsion, CCC twisting,
CHs bending, out-of-plane CH and CCC bending, and;CH
stretching modes.

b,y Symmetry. This mode involves the in-plang (long

torsion, CCC twisting, Chlstretching or bending, and out-of-
plane CH and CCC bending modes.
b1y Symmetry. Among the 14 fundamentals attributable to

the b, mode, only eight fundamentals are identified owing to axis)-polarized vi_bration of_ whi_ch intensities are quite high
the weak intensiies in the Raman spectrum. These are 336C0MPared to the in-plane vibrations(mode) along the short

452, 584, 920, 1288, 1320, 1400, and 1584 &mThe  2Xis &). Among the 16 b, fundamentals, as many as 13
assignment of the fundamental at 1584 is confirmed by the fundamentals are identified owing to their relatively higher

depolarization measurement in which the depolarization ratio INtensities in the IR spectrum. These are 336, 516, 707, 917,
turned out to be almost unity (Figure 4), indicating that the 931, 1166, 1205, 1368, 1415, 1452, 1655, 2857, and 2958.cm

vibrational mode is antisymmetric. The DFT calculation correctly estimates the observed IR
Almost all the vibrations include C+bending, CCC wagging, Intensities Qf the fundamentals at .917 and 93.1 hrbgt the
in-plane CH and CCC bending, and CH and Cétretching HFicaIcuIatlon top much underestimates the |nt'en5|ty of 917
modes. cm~! and overestimates that of 931 chas shown in Table 1.
b1, Symmetry. Among the 12 k, fundamentals, the only ~Most of the vibrations include CCC scissoring, £énding,
six fundamentals that we could identify are 389, 642, 780, 1115, in-Plane CH and CCC bending, and CH and {retching
1352, and 1434 cnt. These fundamentals are found to have Modes.
high intensity in the IR spectrum (Figure 2). The fundamental  bsg Symmetry. Among the 12 b, fundamentals, only four
at 780 cn?, having out-of-plane CH and CCC bending modes, fundamentals are identified because of the weak Raman intensi-
is most intense in the observed IR spectrum. ties. These are 672, 812, 1124, and 1456tm

Most of the vibrations include ring torsion, CCC rocking and Most of the vibrations include ring torsion, CCC rocking and
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wagging, CH bending, in-plane and out-of-plane CH and CCC
bending, and Ckistretching modes.

bsy Symmetry. Among the 14 k, fundamentals, only six
fundamentals are identified owing to their low intensities in the

Boo et al.
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cmL,

Most of the vibrations include CCC wagging, €bending,
in-plane CH and CCC bending, and CH and {étretching
modes.
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