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A long-standing issue, i.e., whether the moleculérahs-stilbene is distorted around the centret=C bond
and/or the C-phenyl bond in solution, is examined by performing density functional calculations of
the Raman intensity of the in-phase CH out-of-plane wag of the centrat@HHgroup. Dependencies of
the Raman intensity of the said mode upon the torsional angles around the cenah@ C-phenyl
bonds are calculated. Not only the normal speciesrarfis-stilbene but also two isotope-labeled species,
CsHsPCH='3CHCH5s and GHsCD=CDGC¢Hs, are treated. Comparisons of the calculated results with the
observed spectra show that tiens stilbene molecule is distorted in solution. The ranges of distortion around
the central &C and C-phenyl bonds are estimated to be 240" and 8.0-12.C, respectively, from the
planar arrangement around the respective bonds.

1. Introduction

Whether am-conjugated organic molecule is planar or
nonplanar is an interesting question in itself in relation to the
balance of forces determining its geometrical structure at
equilibrium. This problem may have more global importance
in view of the fact that biologically important polyene chro- _ L . .
mophores such as retinal in rhodopsin and bacteriorhodopsin\'lzv'ggrg;)' Vibrational mode of the in-phase ethylenic CH out-of-plane
as well as carotenoids in photosynthetic systems are distorted '
from planarity in biologically active conditioris? The present
paper reports a vibrational study of nonplanarity of a basic
organic moleculetrans-stilbene, in solution.

In 1976, Edelson and Bréeeported that, in the Raman
spectra oftransstilbene (tSB) in a CGlsolution and in the The followin tions ari to0 the abov nelusion:
melt, a band at 960 cm was dramatically intensified in . g questions arise as fo the above conclusion.
comparison with the extremely weak intensity of the same band . (1) Which distortions are more responsible for the Raman

: : : : tensity of the 960 cm! band: the central €C bond or the

in the spectrum of solid tSB. They pointed out that this Raman n .

band coincided in wavenumber position with a very strong C—ph_en_yl bc_)nd (hereafter abbreviated asRh)? From the
infrared band of tSB. The infrared band at 959 -dnis descriptions in refs 3 and 9, Edelson and Bree were not clear at

undoubtedly assignafido a mode consisting predominantly this point, although a stronger possibility of the distortion around

of the in-phase CH out-of-plane wag of the central=8€H the G-Ph b?”d was probably suggested_. )

group (hereafter called the in-phase ethylenic CH wag) as (%) What s the degree of molecular distortion?
depicted in Figure 1 (adapted from our recent p4pevhere 3 I_s it reasonable to consider tha_lt the molecular d!stortlon
the two hydrogen atoms in the central &8H group move in selectl\{ely enhances the Raman intensity of the in-phase
phase out of the CHCH plane. If the tSB molecule assumes ethylenic CH wag and gives little effects on the other modes?

the tSB molecule is essentially planar in the solid state in accord
with the results of X-ray analysés® Bree and Edelson furthered
their view in a later studyon the low-frequency Raman spectra
of tSB in the solid state.

a centrosymmetric planar structuf@ symmetry), the in-phase The present paper _aimS to answer these quest.ions by
ethylenic CH wag belonging to thg species should be infrared- performln_g density functional calculations of the Raman intensi-
active but Raman-inactive. ties for distorted model structures of tSB. Some confirmatory

On the basis of the above findings and considerations, Edelsonmeasurements of the Raman and infrared spectra of tSB and
and Bree concluded as follows. The enhancement of the Ramarits isotopically substituted analogues in solution and in the solid
intensity of the 960 cmt band in the liquid phase is due to the ~State are also carried out for this aim.

distortion of the tSB molecule from the planar structure, whereas
2. Computational and Experimental Procedures

T Part of the special issue “A. C. Albrecht Memorial Issue”. . .
*Correspondirr:g author: fax81-48-858-9473; e-mail tasumi@chem. Molecular structural parameters, vibrational wavenumbers,
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calculated for the tSB molecule by varying the torsional angle
around the central €C bond @) and that around the €Ph
bond ) (see Figure 2), which are defined in more detail in the (@)
next paragraph. Theangles around the two-€Ph bonds were
changed simultaneously to make the molecule reGisym-
metry.

The angle) is defined as the torsional angle around the central
C=C bond in the H-C=C—H linkage in a way consistent with '
the IUPAC Recommendations on the Definition and Symbolism 1100 1050 1000 950 900
of Molecular Force Constant8 Similarly, the angler is defined Wavenumber / cm
around the €&Ph bond in the &C—C—C linkage (the last C Figure 3. Raman spectrum of tSB in the 116000 cnTregion: (a)
atom being cis to the first C atom in the planar structure). Thus, POWder: (b) GDs solution; (c)n-hexane solution.
in the case of the planar structu®andr are equal to 180
and O, respectively. Changes il and = from the planar
structure are expressed A8 andAz, which are positive for a
clockwise torsion around the respective bond and negative for
an anticlockwise torsion.

The angles\6 and At were first independently varied from
0° to 2C° at intervals of 4. Optimization of structural param-
eters except fof andr was carried out for each model struc-

998

1027
985

region of tSB. Concentration ingDg solution was 0.5 mol dr¥.
Whenn-hexane was the solvent, a saturated solution (concentra-
tion less than 0.05 mol dnf) was used.

Raman spectral measurements were performed with a Bruker
RFS 100 Fourier transform Raman spectrometer by using
Nd:YAG 1064-nm light for Raman measurements. Infrared
spectra were recorded on a Bio-Rad FTS-40 Fourier transform
ture having a set of prefixed values 6f and 7. Spectral infrared spectrophotometer. Both Raman and_infrared measure-
simulations were performed for six model structures wiif ments for tSB were performed at 1 chresolution. Interfero.-
in the range of 2.54.0° and A7 in the ranges of 4:012.0 grams from 4000, 8000, and 1_024 scans were averaged in the
and —(4.0-12.07). Raman measurements of tSB igl, n-hexane, and the solid

Density functional calculations were performed by using the State (powder), respectively. Measurements for t8B-were
B3LYP functionat-12in combination with the 6-3HG** basis made under similar conditions. The Raman spectrum ofdsB-

set. The Gaussian 98 revision A.9 program packawas used in CsDg solution was obtained at 4 crhresolution by av_eraging

at a network parallel execution moge \?vith L%daka?gmbedded in 16 000 scans, beqause the Ra“."a.“ banql due to the in-phase CD
Gaussian 98) on a computer system HPC Alpha 21264 (5ooout-of-plane wag is very weak in intensity.

MHz x 4 CPU).

The wavenumbers of the normal vibrations calculated by
density functional theory were multiplied by a single scaling In this section, mention is frequently made of the band
factor of 0.978%to have a good fit between the observed and assignments of tSB, which were discussed in detail in ref 4.
scaled wavenumbers. By this uniform scaling, the differences A. Confirmatory Measurements of the Raman Spectra of
between the observed and corresponding calculated wavenumiSB in Deuterated Benzene andn-Hexane Solutions.To
bers were made to be within 10 cfaIn the band assignments, confirm that the enhancement of the intensity of the Raman
the calculated Raman and infrared intensities were also fully band at 960 cmt of tSB is commonly observed in solution,
taken into accourt. the Raman spectra of tSB were measured in deuterated benzene

Two kinds of isotope-labeled speciesHs3CH=13CHC¢Hs (CsDg) and n-hexane solutions. The spectra in the 12000
(tSB-13C,) and GHsCD=CDCgHs (tSB-dy), which were ob- cm! region, where the most interesting results are observed,
tained some years ago and kept by the Hamaguchi group at theare shown in Figure 3, together with the spectrum obtained from
University of Tokyo, were used. The Raman spectrum of a powder sample. Clearly, a weak band is observed at 962 cm
tSB-13C; coincided with that reported by Gustafson etalhe in C¢Dg solution and at 958 cnt in n-hexane solution, whereas
sample of tSBd, was synthesized according to the method no band is observed at about 960¢rim the powder spectrum.
described by Hamaguchi et'&The Raman and infrared spectra  In CgDg solution, two bands, a weak one at 1029¢rand a
of tSB-d, were essentially the same as those reported by Meic strong one at 1000 cmd, are observed, which are assigrfed,

3. Results and Discussion

and Gistenl® respectively, ta'1o andvygin the g species. Another very weak
For spectral measurements in solution, benzenendrekane band is observed at 989 cin CgDg solution, which is more

were used as solvents. In the Raman measuremesidg,vias clearly seen at 985 crd in the powder spectrum. This band

used as solvent instead of normal benzene, because the verynay be assignédo vsg in the by species.

strong Raman band of normal benzene at 993dmterfered The infrared spectra of tSB were also measured in benzene

with accurate measurements of the most informative spectralandn-hexane solutions. A strong infrared band is observed at
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Figure 4. A6 and At dependencies of the total energy of planar and f 2000+
distorted tSB.AEnergy refers to energy increase from the planar 2 04 TR R
structure.O and ® show, respectively, th&d and At dependencies. % 40004 )
< (e
962 cnt! in benzene solution, and it shifts to 959 chin é 2000+ |
n-hexane solution. The 3 crthdownshift on going from benzene g 07 PR R S
solution ton-hexane solution parallels the 4 cidownshift 4000 (b)
observed in the Raman measurements. (The difference of1 cm 2000
between the peak wavenumbers of the Raman and infrared bands | &
observed inn-hexane solution is allowable under the present 07 = '3‘ e e
experimental conditions.) These results convincingly show that 4000 g < EEIC)
the Raman band observed in solution at about 960'dras an 20004 | |T 88
origin common to the strong infrared band observed at the same 0 T
. . . - . T T T T T
wavenumber within experimental error. This strong infrared 1800 1600 1400 1200 1000 800

band is undoubtedly assignabke v,7 in a, which primarily Wavenumber / cm”"
consists of the in-phase ethylenic CH wag.
Figure 5. A6 dependency of the calculated Raman spectrum of tSB
The above observations support Edelson and Bree’s assertiony, the 1806-800 cnr region.Ad = (a) @, (b) 4, (c) &, (d) 12, (e)
that the weak Raman band observed in solution at about 96016°, and (f) 20. r = 0° in all cases. Arrow indicates the; band.
cmt arises from the in-phase ethylenic CH wag, which should

be Raman-inactive if the tSB molecule is planar.
B. Dependence of the Total Energy omA@ and Az. The

C. Dependence of the Raman Intensity of the In-Phase
Ethylenic CH Wag on A#. Calculations of the Raman spectra

molecular total energy of tSB was calculated by independently of model structures of tSB witthd = 0—20° changing at &

changingA@ andAr from 0° to 20° at 4° intervals. Molecular
geometry at each set of the prefixed valuesfodnd r was

intervals andr = 0° in all cases were performed. The calculated
results in the wavenumber region of 180800 cnT! are shown

optimized, and these are called model structures. Increase inas stick spectra in Figure 5. It is seen in this figure that the
the energy of each model structure from that of the planar departure ofA6 from 0° not only causes some changes in
structure , AEnergy, is plotted in Figure 4. It is noted that, for wavenumber position and intensity for many bands existing at
an amount of increase in energy, the valuééfgiving rise to A6 = 0° but also gives rise to a number of very weak bands
this increase is approximateli the value ofAr doing the same. nonexistent ah® = 0°. Among the bands in the latter group,
For exampleA# = 2.5° gives a comparable increase in energy only the band calculated at 967 ch(indicated with arrow)
asAr = 8.0°, andAf = 4.0° does the same ast = 12.C°. becomes definitely stronger with increasing. This band is
This result is reasonable, since (Ap refers to the torsion  due to the in-phase ethylenic CH wag).
around the central €C bond, which definitely has a double- In Figure 6, the 1106900 cnt! region of Figure 5 is
bond charactet, and (2) Az refers to the torsion around the  enlarged. Clearly, the,; band (indicated with arrow) steadily
C—Ph bond, which may be regarded as a single bond althoughgrows and shifts to lower wavenumbers with increasixg
its length is slightly shorter than the length of a typicatC The band calculated at 991 cin(vy in ag), assignetito the
single bond"’ strong Raman band at 1000 ch{Figure 3b), slightly decreases
The results obtained above seem to have the following in intensity with increasing\@. The calculated activities of these
implications. In the distorted molecule, there is no reason two modesy, andv,y, are plotted in Figure 7. The results in
AEnergy is localized in the torsional degree of freedom around Figures 6 and 7 show that a marked increase in the intensity of
a particular bond. In other words, the totfsiEnergy should be  v,7 occurs withA6 changing from ©to 20°. The band calculated
equally borne by the torsional displacements around the centralat 1025 cm! (v19 in a), assigneito a weak Raman band at
C=C and the G-Ph bonds. Then, it seems most reasonable to 1029 cnt! (Figure 3b), does not show a definite change in
consider that the value af6 should be abou; that of Az in intensity with A6 changing from 0 to 20°. Two very weak
the distorted molecule of tSB, if it really exists. bands are calculated at 985 and 979 ¢értFigure 6a,b). The
The fully optimized geometry of the tSB molecule is planar. origin of the 985 cm* band ¢ in a,) will be discussed later.
Then, a question may arise as to the legitimacy of performing The 979 cm* band, which exists in the spectrum/&f = 0°
normal coordinate calculations for model structures that are more (Figure 6a), corresponds t@g in by mentioned in section A.
or less deviated from the true potential minimum. However, Another even weaker band, which is due ig in by is
such an approach may be permitted for the purpose of thecalculated at 962 cnt (Figure 6a). Since this band shows no
present study, since the in-phase ethylenic CH wag and otherchange in either intensity or wavenumber position with increas-
modes to be discussed in this paper are orthogonal to theing A@ (Figure 6), it may be disregarded in the present
torsional modes around the centra=C bond and the EPh discussion.
bond, and their frequencies are much higher than the torsional D. Dependence of the Raman Intensity of the In-Phase
frequencies. Ethylenic CH Wag on Ar. In parallel with the case described



8254 J. Phys. Chem. A, Vol. 107, No. 40, 2003

4001 e

200

04— 1 Lo .
400

1
N
=]
o
1
—

N B

o o

o o o
| 1 |

o
|
(—

400

200

o
|
(—

Raman Activity / A* amu’

400

991 (v,)

200

—1025 (v,)

0_
400

991 (v,)

200

— 1025 (v,)

<
1
b
o

U
1100

T ™ T
1050 1000 950 .
Wavenumber / cm

T
900

Figure 6. Af dependency of the calculated Raman spectrum of tSB
enlarged in the 1106900 cnt? region.A6 = (a) @, (b) 4°, (c) &, (d)

12°, (e) 16, and (f) 20. 7 = 0° in all cases. Arrow indicates the;
band.

«1

>

E 500

< 4001 ® g o

o w d O O

~ 3001 ] °

2 s

2 200+ ° u

Q

< 100 ¢

S @

1S 01 @ 0 """" —_—

& 0 4 8 12 16 20
A6, At/ deg

Figure 7. A6 andAr dependencies of the Raman activities/gfand
v27. Open symbols show th&6 dependency, and solid symbols show
the At dependency. Squares represent circles representy;.

in section C, the Raman spectra of model structures vith=
0—20° changing at Zintervals and? = 180 in all cases were
calculated. The results in the 186800 cnt? region are shown

in Figure 8. The departure @t from 0° also gives rise to the
Raman intensity of,7 (indicated with arrow). This result is
similar to the case described in section C for model structures
with changingA6. However, the Raman intensities of some
bands depend oft in a way different from their dependencies
on A6. For example, the calculated intensities of the bands at
1649 @7 in ay) and 15981 in a) cm 1, assigned,respectively,

to the very strong Raman bands at 1639 and 1600 cdepend
differently on A6 and Ar; in Figure 5, the intensity of/7
gradually decreases with increasifig and that ofvg gradually
increases, whereas in Figure 8, the intensityvefslightly
decreases with increasirfyr and that ofvg also decreases
significantly. A similar trend is seen for the two bands calculated
at 1185 ¢15) and 1180 ¥1¢) cm™1, assigned, respectively, to
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the strong Raman band at 1194 ¢nand the weak Raman band
at 1183 cm™.

In Figure 9, the 1108900 cnt! region of Figure 8 is
enlarged. The enhancement of the intensity ofithédand with
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increasingAr is clear, but the degree of the intensity enhance-

ment of v,7 with increasingAr is smaller than that with 4007 ()

increasingA®, as shown in Figure 7. On the other hand, the 200 #

intensity decrease ok with increasingAr in Figure 9 is more |

rapid than that with increasingd, as shown in Figure 7. L e
It is noted in Figure 9 that another band is calculated at 983 4007 )

cm~1 with a Raman intensity comparable with thatef (Figure 200 4

9c¢). The intensity of this band is also enhanced with increasing
At but not as markedly as that of the; band. (Actually, a
band corresponding to this band exists in Figure 6 also, but its
intensity does not increase with increasifng.) According to

-1

N

o

o o
| |

]

S

©

. ) < 200

the results of the present calculations, the 983 clmand is - ¢
due tovys in &,* which is a mode assignable to a CH out-of- 2 04 ol CRTR
plane wag of the phenyl ring (a ring CH wag for short) but has 2 400- T % © = ]
a considerable contribution of the in-phase ethylenic CH fvag. < o i }
Similarly, as seen in Figure Y7 may be called the in-phase § 207 53| [ g o
ethylenic CH wag but has a contribution of the ring CH wag as % oda™ RN

14

well. 400
In other words, the in-phase ethylenic CH wag and the ring

CH wag tend to mix i, andv,7. The in-phase ethylenic wag 2007 ¢
must be the mode giving rise to the Raman intensity when the o4 1. .. L. Y.
tSB molecule is distorted, but the ring CH wag is not expected s004d 3% (%

to behave in a similar manner. Therefore, it is most likely that fg z (@)

the degree of the mode mixing between the two wagsdris 2004 &3] 3

overestimated in the present calculations, because, as described 0 .‘_ R Y
in section A, only the band observed at about 960 t(962 1100 1000 800 700

cmtin benzene solution and 958 ciin n-hexane solution)
definitely acquires its Raman intensity on going from solid to
solution. To examine this point in more detail, calculations and Figure 10. At dependency of the calculated Raman spectrum of
Raman measurements were extended to two kinds of iso-tSB-g; in the 1106-650 cnt* region.Az = (a) @, (b) 4, (c) &, (d)
tope-labeled species, tSBS, and tSBd,. Similar attempts on 12°, (e) 16, and (f) 20. 6 = 180 in all cases. Arrow indicates the
CsDsCH=CHCsDs were not fruitful, because a strong Raman vsrd band.

band due to the §Ds group was observed in close proximity to F. Raman Measurements and Calculations for tSBib.

the expected position of the in-phase eth}"e”'c CH wag. Calculations for distorted model structures of t8Bshow that
E. Raman Measurements and Ca|CU|atI0nS fOI‘ tSB"?’CZ V31'd5 Wh|Ch Corresponds t0,27 Of the norma' Spec|es and

The 1106-900 cnt* region of the Raman spectrum of tSB-  ¢onsists almost solely of the in-phase ethylenic CD wag, is
13C, observed in benzene solution is almost the same as that ofigcated at 716 crrt. In fact, a very weak Raman band is
the normal species in Figure 3b, except that the 962'drand observed at 714 cm in C¢Ds solution (observed spectrum to
of the normal species shifts to 958 cthin the spectrum of  pe shown later). An infrared band corresponding to this Raman
tSB-°C,. Thevzs andv2; bands are calculated at 983 and 965 pand is observed at 715 cfhwith an intensity considerably
cm~*for the planar structure of tSBC,. This means thatonly  decreased from the infrared intensity of the 962 &pand of

the v27 band shifts by 2 cm' upon *3C substitution in the  the normal species. In the Raman spectrum of powderd:SB-
calculated results, in comparison with the observed shift of 4 the 714 c¢mi® band is not observed at all. This indicates that
cm ! mentioned above. The results of calculation show that the 714 cmi? band is not due to an impurity in the sample. The
this small shift, which causes a larger separation between  Raman intensity ofs;-d calculated for distorted model struc-
andvz7 of tSB-3C,, is clearly accompanied by a decrease in tyres of tSBé, is enhanced with increasingg or Az, as shown
the extent of mode mixing between the in-phase ethylenic CH ijn Figure 10 for the case afr dependency. These results fully

wag and the ring CH wag inzs andvz7 of tSBCz; vzs has @ confirm the expectation that the tSB-molecule is planar in
smaller contribution of the in-phase ethylenic CH wag than in the solid state but distorted ingQg solution.

-1
Wavenumber / cm

the case of the normal species, anghas a larger contribution A noticeable feature in the Raman spectrum of ths the
of the same. The results of calculation for distorted model existence of another banats¢-d) calculated at 767 cnt for
structures of tSBC, show that the Raman intensity efe is the planar structure (765 crhin Figure 10c). As seen in Figure

less enhanced with molecular distortion than in the case of the 10, the Raman intensity of thise-d band is also enhanced with

normal species, reflecting the decreased mixing of the in-phasejncreasingAz, although the extent of enhancement is smaller
ethylenic CH wag. than that fors;-d. Examination of the vibrational mode of-d
The results described above for t$%, are consistent with indicates that, for the planar structure, it is primarily a ring CH
the inference that (13,6 of the normal species would actually wag similar tovs; of the normal speciéswith a very small
have a smaller contribution of the in-phase ethylenic CH wag contribution of the in-phase ethylenic CD wag, but the contribu-
than indicated in the present calculations, and accordingly little tion of the in-phase ethylenic CD wag becomes larger with
enhancement of the Raman intensity would occunfgmwith increasingAr. This increased mixing of the in-phase ethylenic
molecular distortion, and (2),7 of the normal species would  CD wag invse-d with increasingAr is probably real, because
consist predominantly of the in-phase ethylenic CH wag giving an extremely weak band seems to exist at 763 'cin the
rise to the enhanced Raman intensity fgy with molecular Raman spectrum of tSBy in C¢Dg solution, but no correspond-
distortion. ing band exists in the powder spectrum. The situation described
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here is similar to that mentioned in section D fags of the
normal species. The difference betweggd of tSB-d, andvzs (e)
of the normal species is that the present calculations give rise
to an overestimated mode mixing igs of the normal species,

as well as the too-small calculated separation betwggand

vo7 of the normal species (16 crhfor the planar structure),
but estimate the mode mixing imo-d of tSB-d, more ap-
propriately. In the latter, the calculated separation betwegd (d)
andvss-d of tSB-d; is larger (51 cm? for the planar structure).

In Figure 10, five very weak bands are calculated in the region
of 850-770 cnt! as Ar departs from zero. Their intensities
change withAz, but it is difficult to discuss the molecular
distortion based on these results, since three bands are expected
to exist for the planar structure and they suffice to account for
the Raman spectrum observed in this region.

G. Estimation of A@ and Ar in the Distorted Structure
in CeDg Solution by Simulations of the Raman Spectra in
the Regions of the In-Phase Ethylenic CH and CD Wags.
From the fact that the spectra observed gpgsolution and in
n-hexane solution are essentially similar (Figure 3b,c), itis likely
that the tSB molecule in these solutions is distorted to almost
the same extent. For estimatingy and Az in the distorted
structure, simulations of the Raman spectra of tSB anddSB-
observed in @Dg solution are performed by fitting appropriate
combinations of Gaussian and Lorentzian band shapes to the
observed bands, so that differences in the shapes and widths of
the observed bands are taken into account. (Such differences
in band shapes may be an interesting subject of study but will
not be discussed in this paper.)

Basic assumptions adopted in these simulations are that (1) T T T
Raman intensities calculated by density functional theory are 1100 1050 1000 950 900
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-
useful for the present simulation, even if some of them have Wavenumber / cm
significant deviations from the observed, and (2) as described Figure 11. Simulations of the Raman spectrum of tSB in the 100
in section B, the value of should be approximatelys that of 900 cnt* region. (a) observed; (b, c) simulated wilp = 3° andAr

= 9° (d, e) simulated wittA§ = 3° andAr = —9°. The asteriskeds

7 in the distorted structure. Under these assumptions and byband is not included in the simulation (see text)

comparing the observed spectrum in Figure 3b with the

calculated stick spectra in Figures 6 and 9, the possible ranges,anq in Figure 11c is made equal to the height of the observed
of A6 andAr are estimated, respectively, to be 240 and band at 1000 cmt in Figure 11a. In Figure 11b, the calculated
8.0-12.0. In the first place, spectral simulations are performed ik spectra including thexs band at 982 cmt (marked with

for the following two sets o\d andAz: (2.5°, 8.0") and (4.0, an asterisk) are shown, where the height of thestick band
12.0°). Stick Raman spectra for the distorted model structures jg ade equal to that of the simulategh band.

with these two sets are calculated in the same way as described The simulated spectrum fak@ = 3.° and Az = 9. in

earlier. The results of simulations indicate thalt the observed piq 16 11¢ satisfactorily agrees with the observed spectrum in
Raman spectrum in éDs in the 1106-900 cn™ region is Figure 11a. The degrees of agreement between the simulated
halfway between the simulated spectra for these two sets. Thenspectra for the two initial sets\@ = 2.5° and A7 = 8.0°; A6

simulations are performed for an intermediate sef6fand = 4.0° andA7 = 12.(°) and the observed spectrum are slightly
A7 (3.0°, 9.0°). The simulated spectrum for this setis shown'in - |,er- the intensity of ther,; band is relatively too weak for
Figure 11, together with the observed spectrum. AO = 2.5 andAr = 8.0° and too strong foAf = 4.0° andAr

In the simulations, the observed three bands at 1029, 1000,= 12.(°. However, differences between the degrees of agreement
and 962 cm* are simulated by theis, v20, andv,7 bands at  are small. Therefore, it seems appropriate to state that the
1025, 992, and 969 cm, respectively, as shown in Figure 11.  distorted structure of tSB in solution is likely to had@ in the
Thewvsg band observed very weakly at 989 chis not included range of 2.5-4.0° and Az in the range of 8.612.C.
in this spectral simulation, since this band is not significant for o far, combinations of clockwise torsions round the@
the purpose of the present discussion. Theband calculated  and G-Ph bonds (i.e., sets of positiva0 and positiveAr
at 982 cmit is not included either, because, as described in detail values) were assumed. A question arises as to what happens if
in section D, the calculated Raman intensity of thisband is  a set of a positive\@ and a negative\r is assumed. Spectral
undoubtedly overestimated. The Gaussian/Lorentzian ratiossimulations are then performed for the following three sets of
optimized for thevig, v20, andv,7 bands are 1/0, 7/2, and 7/2 Ap and A7 (2.5°, —8.0°), (3.C°, —9.0°), and (4.0, —12.0).
by peak heights, respectively. The full widths at half-maximum Since similar results are obtained for the three sets, the results

for these bands are 6.3, 4.8, and 15.0"tmespectively. of simulations forA@ = 3.0° and At = —9.0° are shown in
The observed spectrum in Figure 11a is compared with the Figure 11d,e. It is obvious that the intensity of the band at
results of simulation in Figure 11b,c fé&x@ = 3.0° andAtr = 969 cnTlis too weak in the simulated spectrum in Figure 11e.

9.0°. The simulated spectrum in Figure 11c is synthesized from This means that mutual cancellation occurs between the changes
the simulated bands in Figure 11b. The peak height ofvthe in polarizability derivatives due to a positived and a negative
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because the intensity of thege-d band is more reliable than
©) that of thevio-d band. Such comparisons lead to the same
conclusion as derived from the above discussion for tSB on
the most likely values oA6 andAr in the distorted structure;

992

1031
1016

cm ! is too weak, in agreement with the extremely weak
intensity of thev,; band at 969 cmt! of tSB in Figure 11e.

H. Possibility of Finding Other Distortion-Sensitive Bands.
As mentioned in sections C and D, calculations show that many
Raman (and infrared) bands show changes in intensity and/or
shifts in wavenumber position upon molecular distortion.
However, if the band is expected to exist also for the planar
b) structure, it would be nearly impossible to discern experimen-
tally whether a particular band is distortion-sensitive, unless the
L intensity change on going from solid to solution is so obvious

S i.e., they seem to take values intermediate between the set of
Te e AO = 2.5 andAr = 8.0° and the set ofA# = 4.0° andA7 =
‘fg 12.0.
%, (d) Spectral simulations for tSH, are also performed for the
1 three sets of positiva@ and negativeAr values. The results
of simulations forA6 = 3.0° and At = —9.0° are shown in
Zf.g A‘;’S ‘:; Figure 12d,e. It is seen in Figure 12e that thed band at 718

Raman Intensity
1031
}?1016
e
796
765
17

2 that it is easily recognized at first glance. Detection of a small
e change in intensity on going from solid to solution by the
technique of taking a difference spectrum is expected to be
@) difficult due to a shift in band position or a change in band
shape, which often occurs with the change of states. Only if a
band that is forbidden for the planar structure is actually
° observed would the band be easily recognized as a distortion-
| SRR K| sensitive band. Calculations show that such bands should exist
1106' '1'0'06 o 'sclmo' i '7(')(; ' but their int_ensities are 9>_<pected.to bg very weak ir! most cases.
1 Therefore, it would be difficult to find distortion-sensitive bands
Wavenumber / cm other than the’,7 band, at least in the case of tSB.
Figure 12. Simulations of the Raman spectrum of t8 the 1106- I. Why is the Molecule of tSB Distorted in Solution? An
6_5809m1 region. (a) obs_erved;_(b,oc) S'm“'a_tef WM) = 3" andAr important question as to the origin of the 960 driRaman band
= 9°% (d, e) simulated witlA@ = 3° andAr = —9°. . . . . . .
observed in solution is whether this band is due to the distortion

Vyg-d
Vyg-d

14

799
790
763

1019
1000

At. It is likely, therefore, that the distortions around the=C of the molecular structurat equilibriumas discussed above or
and G-Ph bonds in the distorted structure of tSB have the same IS associated with the existence of thermally excited low-
sense. frequency modes. In relation to the latter possibility, Myers et

Spectral simulations are also performed for the Raman al.l” discussed the effects of thermally excited low-frequency
spectrum of tSB, in CgDg solution in the same way as modes of tSB on the homogeneous and inhomogeneous widths
described above. The observed and simulated spectra in theof the electronic absorption and resonance Raman intensities.
1100-650 cnT? region are shown in Figure 12. At least eight It should be pointed out, however, that the large-amplitude low-
bands are observed in the spectrum in Figure 12a. The mostTeguency modes do exist not only in tSB in solution but also
important band at 714 cm arising from the in-phase ethylenic  in tSB in crystal as evidenced by the diffuse X-ray diffraction
CD wag corresponds to the,-d band at 717 cmt in Figure patterns of crystalline tSBAs described earlier, the 960 ci

12b,c. The strong band observed at 1000 im Figure 12a, band is practically nonexistent in the Raman spectrum of tSB
which has exactly the same origin as the 1000 tivand of in the solid state. These experimental results seem to indicate
tSB, corresponds to thex-d band calculated at 992 crhin that the molecular structure at equilibrium of tSB is nonplanar

Figure 12b,c. The medium-intensity band observed at 1018 cm in solution, whereas it is planar in the solid state.

in Figure 12a is due to the CD in-plane bend ipla Figure Then, why is the molecule of tSB in solution distorted from

12b,c, thev;o-d band calculated at 1016 crhcorresponds to the planar structure? No simple answer to this question is
the observed 1019 crhband, although the calculated intensity available at present. Both the present density functional theory
of the v15-d band is apparently too large. Another weak band calculations and the Hartre€ock calculations indicate that the
exists in the higher-wavenumber tail of the observed 1019'cm  optimized geometry of tSB in a vacuum is planar. Solvation,
band. This band (corresponding to thg-d band calculated at  dimerization, clustering, etc., occurring in solution or in the
1031 cntlin Figure 12b,c) is due to a ring CH in-plane bend, liquid state may account for the stabilization of the system
which bears a close similarity e of the normal species. As  accompanied by molecular distortion, but no evidence for any
described in some detail in section F, thg-d band calculated of such possibilities has been obtained. It would be desirable
at 766 cmi! (Figure 12b,c) seems to account for an extremely to perform advanced molecular dynamics calculations for tSB
weak band observed around 763¢m in solutions to obtain an insight into this problem. It is also

For the present purpose of evaluating the value8 ahdr required to perform quantum chemical calculations of the
in the distorted structure, it seems reasonable to compare themolecular geometry at levels higher than the present one, to
intensities of the,-d andv;;-d bands in Figure 12b,c with the  examine the possibility that an isolated tSB molecule has a true
observed intensities of the corresponding bands in Figure 12a,potential minimum at a slightly nonplanar structure.
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4. Conclusions (2) Tasumi, M.; Sakamoto, A.; Hieda, T.; Torii, H. iHandbook of
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pand arises from the in-phase ethylenic CH wag, which g|y(_as . (é) I:)linder, C. .J.; Newton, M. G:; Allinger, N. Acta Crystallogr. B
rise to a strong infrared band at the same wavenumber position1974 30, 411.
within experimental error. (6) Bernstein, JActa Crystallogr. B1975 31, 1268.
(2) Normal coordinate analyses of distorted model structures  (7) Bouwstra, J. A.; Schouten, A.; Kroon,Acta Crystallogr. C1984
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tions around the €C and C-Ph bonds have the same sense. D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
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