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Study of Molecular Reorientation in Liquid with Raman Spectroscopy (II) 
Anisotropic Rotation of CtiF(1 in Neat Liquid

Wan In Lee, Kook Joe Shin and Myung Soo Kim*

Department of Chemistry Seoul National University. Seoul 151 Korea {lyecoiverl July 3(). 799?)

Anisotropic mtation of QFg in neat liquid is investigated by the analysis of the 巧 and 比;(both C-F stretching) bands of 
Raman spectrum and diffusion constants for the spinning (Dn) and tumbling (D」)motions arc obtained by the rotational 
diffusion theory. The same analysis is also carried out for the 均 and 以6 (both C-C stretching) bands and both resets arc 
compared with the results obtained for benzene in neat liquid. The results show that the reorientation of C6F6 is highly ani
sotropic and the anisotropy is greater for C6F6 than benzene. This is due to the fact that the spinning rate is about the 
snmc but the tumbling rate is sharply reduced for CfiFfi.

1. Introduction

Raman spectroscopy is widely used in studying molecular 
reorientation in previously, we studied the aniso
tropic rotation of CDC1/ in neat liquid with Raman spec
troscopy complemented by NQR data. Currently, various 
techniques such as Raman, 1R, NMR, etc. are available and 
valuable informations on molecular reorientation can be ob
tained by any of these techniques alone3'5 or by some combi
nations of difFerent methods.^7 Use of only one method 
provides an independent result which could be used in cross- 
이lacking the reliability of other techniques. In this regard, 
it is always desirable to have an independent method of ex
tracting necessary information whenever that is possible.

It is well known8 that NMR technique is one of those in
dependent methods. However, only the gross informations 
such as reoricntational correlation times rather than correla
tion functions themselves can be obtained in this method. 
Also various parameters included in the relaxation time 
expression are often unknown or estimated with crude 
assumptions.9

Raman spectroscopy is an attractive alternative for such 
an independent method. Not only can it provide reorienta- 
tional correlation functions and corresponding correlation 
times but also it can produce a number of independent results 
through the analysis of a variety of spectral bands. To be sure, 
the analysis of Raman spectral bands does not always give 
independent results as was shown in。니r earlier work on 
CDCI3. But recently, Tanabe5 showed a possibility of getting 
an independent result by analyzing the and y15 bands of ben
zene which are assigned to the same C-H 아retching vibrational 

modes with different symmetries. Using the isolated binary 
collision model of Fischer and Laubereau,10 he was able to 
estimate the vibrational contribution to the anisotropic 
“>mponent of y15 band from the 巧 band. The same type of 
analysis is employed in this work for hexafhjorobenzene in 
neat liquid.

Considerable attention has been paid to the reorientation 
of benzene in the liquid state. Assuming that rotations about 
symmetry axes are governed by the rotational diffusion proce
ss, a question of intere아 was the degree of anisotropy of the 
reorientational motion. Two contradictory results were re

ported. Bartoli and Litovitz3 claimed that the reorientation 
is nearly isotropic and Gillen and Griffiths6 found highly 
anisotropic motion. Recent investigations5 7 show that highly 
anisotropic reorientation is more likely.

In spite of the similar structure to benzene molecule, the 
reorientation of hexafluorobenzene has seldom been studied 
with Raman spectroscopy. Some time ago, Fujiyama and 
Crawford11 reported a highly anisotropic reorientation of 
hexafluorobenzene with JR spectroscopy. However, their 
result was obtained by neglecting the contribution of vibra
tional relaxation to the IR band widths.

The purpose of this work is to provide an independent 
method of investigating the anisotropic nature bf reorienta
tional motion of hexafluorobenzene in neat liquid with Raman 
spectroscopy. The 刃 and (both C-F stretchings) bands 
are analyzed by the isolated binary collision model and dif
fusion constants characterizing the spinning (Z)n) and tum
bling (Dx) motions are obtained in terms of the theory12 of 
anisotropic rotational diffusion for symmetric top m이ecules. 
The same procedure is also applied to the and -i% (both 
C-C stretchin흥) bands and both results are compared with the 
results obtained for benzene in neat liquid.

2. Experimental

Raman spectra were recorded with Japan Spectroscopic 
Company model R-300 laser Raman spectrophotometer 
modified with EG&G Princeton Applied Research model 
1120/1105 photon counting system. 514.5 nm line of Spectra 
Physics model 164-06 Argon ion laser was used as the excit
ing source with 200 mW o니tput power. All the measurements 
were performed at room temperature (20±2° C). To obtain 
the parallel (/N) and perpendicular (I丄)components of a 
Raman band, polarizer/polarization scrambler assem비y was 

used.
The effect of the slit broadening on the Raman band widths 

was corrected using the form니a."

名그嚣口一 (S/笊VI (1)

where 8t and da are the true and apparent (observed) band 
widths (FWHM's) and S is the spectr이 slit、祈dth, All the 
mechanical slits in the double monochromator were set at 
200“ width. Spectral slit width of the instrument was obtained 
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by measuring the widths of Neon emission lines at seveml 
wavelengths, 18717.550, 1851L446, and 17342.993 cm-1 in 
the present experiment. Since the spectral slit width is pro
portional to 러 % In S vs. Raman 사lift frequency (可?=协一 i?) 
plot results in a straight line in the first order approximation. 
And the spectral slit widths for the several Raman bands of 
hexafluorobenzene can be easily estimated from the calibra
tion curve.

Isotropic (Ziso) and anisotropic (Zaniso) components of a 
Raman band can be evaluated from the well-known relations15

Aso—4i — (2)

妇(3)

Instead of evaluating the full profiles of Zistl and Zaniso and 
나此n measuring the FWHM's of each profile, band widths 
of above components were calculated directly from those of 
Ll and Zu and the depolarization ratios following the proce
dure suggested by Tanabe and Hiraishi.13

Hexafluorobenzene was . purchased from the Aldrich 
Chemical Co. and used without further purification.

3. Results and Discussion

The Raman spectrum of hexafluorobenzene obtained with 
the present experimental arrangement is shown in Figure 1. 
With the benzenelike structure, the normal mode analysis for 
hexafluorobenzene is easily done, and vibrational assignments 
for Raman-active fundamentals were carried out by Del- 
bouille16 and also by Steele and Whiffen.17 Vibrational ass
ignments together with the depolarization ratios (p) for the 
Raman active fundamentals studied in this work (ylt v2* 的5, 
and yi6) are listed in Table 1. The parallel and perpendicular 
components of the above fundamentals are shown in Figures 
2-5.
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Figure 1. Raman $poctr니m of hexafluorobenzene.
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TABLE 1: Vibrational Assignment sof Some Raman Active Fund
amentals of CeFn

侦 (C-F) 1490 0.091

V2 (C-C) 560 0.041

E2停 (C-F) 1655 0.75

yi6 (CO H57 0.75
u Calculated with peak heights.

A]g fundamentals (vj and y2) arc strongly polarized and 
the、祈dths of the isotropic and anis이ropic c아nponents were 
calculated as described in the experimental section. Two 
no이otally symmetric modes。毎 and 旳Q are completely
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Figure 2. Parallel (九) and perpendic니ar (/L) components of 
巧 band. Time constarts used ware 1 sec. for and 10 sec. for /丄•

RAMAN SHIFT, cm'1

Figure 3. Pai시I이 (九 ) and perpendic니ar (/j) comp이wnls of 
i八 band. 1 sec. time constant was used.
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Figure 4. Perpendicular component of p15 band. 10 sec. time 
constant was used.
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Figure 5. Perpendicular component of y16 b차ncL 10 sec. time 
constant was used.

TABLE 코: Band Widths of the Isotropic and Anisotropic Compo
nents of vi,均,力的 and vie

Vibrational mode 毎” cm'1 疏n*>, cm"

以 5.73 + 0.22 7.14+0.12
均 5.이士0.30 6.21+0.16
y15 — 12.18+0.44
如 一 11.58±0.19 

depolarized (/?=3/4), and the widths of only the anisotro
pic components were measured. Band width data for the 
above fundamentals are listed in Table 그. The values represent 
the averages of at least 12 different measurements.

Isotropic component (/iso) of a Raman band is broadened 
by the vibrational relaxation only, and is expressed as a Fouri
er transform of the vibrational correlation function {eq. (4)). 
On the other hand, anisotropic component (ZaniSO) contains 
contributions from both the vibrational and reorientational 
relaxation processes. Assuming that the vibration지 and 
reorientational motions are completely decoupled,丄函叫 >s 

expressed as a Fourier transform of the product of the vibra
tional and reorientational correlation functions {e디 • (5)}，

7iso(w) 0vibWexpGW)^ (4)

/an iso(W)=[ 知,(河(汕&/ (5)
J —

Wan In l.cc. Ko(i Jou Slim jnd Myuoj Sou Kim

Both the vibraional and reorientational correlation func
tions are assumed to be exponential, i,e.,

0viN)=exp(—〃如 Q (6)

and

皿"£) "exp(- z/rn,nr). (7)

Then, the vibrational and reorientational correlation times 
•vib and rrcot are given by 18

膈b=(7T/&) 시 ⑻

(毎nis。一 &⑼

where and tJ,nniso are the widths (FWHM's) of tlic isotro
pic and anisotropic components, respectively.

For symmetric top molecules, the reorientational correla
tion time Tre(ir is given by

玲河=33+1)£〉丄+秫2(1거 I 一 D丄)丁니 H0)

Here Z)」and D” are the diffusion constants characterizing 
the tumbling and spinning motions of the figure axis, i.c., 
Cfi-axis in the case of hexafluorobenzene. The constants n 
and m are determined by the symmetry of the Raman band 
3 = 2, m=0 for A]g modes, and 以=2, m= ±2 for E2g modes).

Band widths of two Alg fundamentals 巧 and v2 provide 
two separate data for £>,, 0.22(士0.05) 乂 10" sec-1 from 卩】 

mode and 0.19 (±0.07) X 1011 sec-1 from 假 The agreement 
between D丄 values from two diflerent fundamentals is excell
ent within experimental errors.

R이ia미e determination of Dv from Raman spectrum is 
extremely difficult. In principle, proper treatment of a nonto- 
tally symmetric Raman band (m0 in eq. (10)) is expected 
to provide the needed information. However, depolarization 
ratio of a nontotally symmetric band equals 3/4, aixl isotro
pic component vanishes completely (e아. (2)). Tot이 disappear
ance of the isotropic component makes it impossible to sub
tract the contribution of the vibrational relaxation from the 
anisotropic band width.

Tanabe5 proposed an approximate method of estimating 
the vibrational relaxation time for n이itot이ly symmetric 
Raman band in his study of anisotropic reorientation in 
liquid benzene. Assuming that the vibrational dephasing is 
the dominant vibrational relaxation process, the isolated bin
ary collision model of Fischer and Laubereau10 was used to 
evaluate the vibrational relaxation 어，i하hs of the Raman bands 
of interest. When two Raman bands,蛙 and 心，are of the 
similar vibrational type, the vibrational relaxation widths 
arising from dephasing may be related by

為&)=(十厂)端,(虹).. (II)

The 山 and u]3 bands of hexafluorobenzene studied in this 
work are of the same vibrational type (C-F stretchings). 
Also, v2 and yl(； are assigned to the same vibrational modes 
(C-C stretchings).

The resonant energy transfci1,1 process, which is another 
major cmilrib비tor to vibration^ band broadening, is not 
expected to be significant for Raman bands of hexafluoroben-
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Pi, 1 이】sec이 I사, 10llsec 2

TABLE 3: Diffusion C이略也nts for Anisotropic R바athm of Hexafluorobenzene and Benzene

財％ 0.22 土 0.05
O.19±O.O7

1.6740.17 
그.36 土 0.10

Raman (以。％), this work
Ratnan (巧，以Q, this work

0.25 土 0.1 G Raman (卩2), ref. 3"
0.157 -- Rayleigh, ref. 20*
1.8 5.4 IR, ref. \ 1
0.63 ±0.1 0.5210.16 Raman (巧，g), ref. 3
0.54 3.36 Raman (1也)+ NMR, rcf. 6
0.89 1.80 Raman *5), ref. 5
0.64 2.34 Raylcigh+NMR, ref. 7

Evaluated from the band width d기a therein. " Ev시uated from the single particle reorientation time therein.

zone. The resonant energy transfer between oscillators on 
adjacent molecules occurs mostly through interactions bet
ween transition dipoles or between permanent dipoles, both 
of which vanish for Raman bands of centrosymmetric hexafl- 
uorobenzene.

Therefore, the vibrational relaxation widths of 刃：，and 
modes may be estimated from the isotropic band wid나is 

of 以 and y2, respectively, using eq. (11). With the values 
thus calculated, the vibrational relaxation widths can be sub
tracted from the anisotropic band widths in eq. (9).

Diffusion constants for the anisotropic rotation of hexa
fluorobenzene thus evaluated are listed in Table 3 together 
with some previou이y reported values. Diffusion constants 
for the same motion of benzene in neat liquid are also 
li이ed in the table.

Diffusion constant for the tumbling motion (D±) of hexa
fluorobenzene agrees very well with the one evaluated from 
the previous Raman spectroscopic work by Bartoli and Li- 
tovitz3 (D丄=0.25 (±0.16) X 1011 sec'1). The value evaluated 
from the single parti이e reorientation time data obtained 
from depolarized Rayleigh scattering experiments by Bauer, 
Brauman and Pecora20 also exhibits good agreement with 
our data. However, IR spectroscopic result reported by Fujiy
ama and Crawford11 is much larger than the present one. 
This discrepancy is understandable since the vibrational 
relaxation widths could not be ade아uately determined by IR 
technique and thus were neglected in their work. Also, it is 
interesting to note that tumbling in CGFe is more dilHcult 
than that in C6Hfi, probably due to the presence of heavy 
fluorine atoms and conspicuous inertia! effect thereby.

The values of diff너sion constant (Dit) for spinning motion 
of hexafluorobenzene determined from two different sets of 
Raman bands display slight difference. This difference may 
originate from different degrees of vibration-rotation coupl
ing in different modes. Alternatively, it may be implied that 
the present method of estimating the vibrational relaxation 
widths needs some refinement. A better understanding of 
the dominant vibrational relaxation mechanisms for each 
Raman band would be very helpful.

Du determined by IR technique is a흥ain larger than the 
present data probably due to the same reason as discussed 

for D±. Spinning motion of hexafluorobenzene looks as easy 
as for benzene, which is very surprising when the difficulty 

of tumbling motion of hcxMl니。robEzcnc is recalled. Also, 
the reorientational m이ion in neat liquid hexafluorobenzenc 
is highly anisotropic, certainly more so than in liquid benzene.

4. Summary

The anisotropic reorientation of GF； in neat liquid was 
studied by Raman spectroscopy. Diffusion c이istants for 
tumbling (D ) and spinning (Z가) motions around the fig니rc 
axis were obtained by ana'yzing 刃 and v15 band pair (C-F 
stretching), and also 立 and v1G pair (C-C 아retching). The 
reorientational motion of C6F(； in neat liquid was found to 
be highly anisotropic, even more so than that of C6H(； in neat 
liquid.
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Effect of Trialkylborane on the Stereochemistry of Ketone Reduction with 
Lithium Bor아lydride

Nung Min Yoonf, Jin Soon 아la and Won Suh Park

Department of Chemistry, Sogang University, Seoul 121, Korea (Received August 6. 1982)

The effects of trialkylborane on the stereochemistry of ketone reduction with lithium borohydridc were studied for the four 
representative ketones, namely 4-/-butylcyclohexanone, 2-inethylcyclohexanonc, norcaniphor, and camphor. The 
presence of trialkylborane increased the yields of the less stable alcohols. For example, in the presence of tri-5- 
butyl borane, 42 % yield of c/5-4-/-butylcyclohexanol was observed whereas。이y 8 % yi 이 d with lithium borohydride al 이 le 
in the reduction of 4-/-butylcyclohexanone. The in situ formation of lithium trialkylborohydride, by the hydride transfer
from lithium trialkoxyborohydride to trialkylborane, 
trialkylborane.

Introduction

The stereochemistry of the ketone reduction by metal hy
dride reagents has been extensively studied.1'5 In the case 
of the rigid bicyclic ketones such as norcamphor and camp- 
phor, the attack of hydride from the reagents occurs predo
minantly at the less hindered side of the carbonyl group to 
provide the less stable isomer of the two possible alcohols 
as a major product. On the other hand, in the case of the less 
rigid monocyclic ketones such as 2-methylcyclohexanone 
and 4-^-butylcyclohexanone, the major reduction products 
arc the more stable equatorial alcohol isomer.

There are many attempts and achievements to increase 
stereoselectivity toward the less stable alcohol isomer by 
modifying metal hydrides. Among them, some of the recently 
synthesized trialkylborohydrides possessing great steric re
quirements have shown excellent selectivities in the reduction 
of both cyclohexanones and bicyclic ketories.6T Thus lithium 
t ri-5-butylborohydr ide, a hindered trialkylborohydride, 
reduced 4-/-butylcyclohexanone and norcamphor to yield 
93 % of cis-4-/-butylcyclohexanol and 99.6 % of endo- 
norborneol, the less stable isomers.

Recently, we have carried out a systematic study for the 
reaction of lithium borohydride with representative organic 
compounds.10 In this study, lithium borohydride showed 
remarkable contrasts to borane in reducing characteristics, 
presumably due to its basic character compared to the acidic 
character of borane. And we have found that trialkylborane 
exhibits significant cat시ytic effects11 on the reactions of 
alcohol, epoxide, and ester with lithium borohydridc.

was demonstrated as a possible mechanism for the catalytic effect of

Therefore, it appeared desirable to explore the effect of 
trialkyl borane on the stereochemistry of the ketone reductions 
with lithium borohydride. Accordingly, we selected a group of 
model ketones, 4-r-butylcyclohexanone, 2-methylcyclohexan
one, norcamphor, and camphor, and subjected them to the 
reduction by lithium borohydride in the presence of trialkyl
boranes, under the standard condition (0°, THF).

Results and Discussion

In general, all reactions were carried out with a mixture of 
the compound (0.25 M), and various concentrations of the 
hydride reagents and trialkylboranes in THF at 0°.

After the appropriate time of reaction, the reaction mix
ture was hydrolyzed with water and oxidized with alkaline 
hydrogen peroxide. And then THF layer was separated by 
addition of anhydrous potassium carbonate, dried over an
hydrous magnesium sulfate, and subjected to 횸Ipc analysis.

Effect of Trialkylborane on the Stereochemistry of Ketone 
Reduction with Lithium Borohydride. In order to examine 
the effect of trialkylborane on the stereochemistry of 
ketone reduction with lithium borohydride, representative 
ketones, namely 4-/-butylcyclohexanone, 2-methylcyclo
hexanone, norcamphor, and camphor, were reacted at 0° 
in T니F with lithium borohydride itself and with lithium boro
hydride in the presence of equimolar amount of triethylborane 
or tri-5-butylborane. The total yields of alcohols and the 
normalized percentage of the less stable alcohols are sum
marized in 1.

As shown in Table 1, for the reaction of monocyclic ketones, 
as the size of alkyl substituents on boron increased, the per-


