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complex tensor having elements atj where i,j = ± 1 and 
0, and the new coordinates are obtained from Cartesian 
coordinates according to the definition ± 1 = 2-1/!( =F ix 
+ >'), 0 = iz. The new tensor has the form 

an a i - i aio 

a - n a - i - i a-io 

OiOl « 0 - 1 «00 (1) 

and it is straightforward to express any Cartesian tensor 
in this notation by means of a unitary transformation. 
The advantage of using the complex tensor is evident 
since ± 1 components correspond to left and right 
circularly polarized light. It is straightforward to show, 
in the case of CCl4 for example, that the totally sym
metric mode will retain the sign of polarization of the 
incident radiation since only the diagonal elements of 1 
are nonzero. This will be a feature of the ai symmetry 
vibrational modes of molecules belonging to the major
ity of the symmetry groups and may therefore be used to 
identify such modes. For nontotally symmetric modes 
it is generally the case that the off-diagonal elements a.\ _i, 
a- i i give the major contribution and thus the sign of 
circular polarization is reversed (i.e., the mode acts as a 
half-wave plate8). Again this rule applies to the non
totally symmetric vibrations of molecules belonging to 
the majority of the point groups. Figures 1-4 illustrate 
how the ai modes may be identified immediately from 
the circular polarization for the range of molecules in this 
study. In CCl4 (Figure 1) vibrational modes v2 and vA 

have symmetry t2 and e, respectively, and these reverse 
the sign of circular polarization. V1 on the other hand 
has a ai symmetry and consequently has the same sign 
circular polarization as the laser radiation. This pat
tern is repeated for the anti-Stokes lines. Chloroform, 
of lower symmetry, consequently has more ai modes than 
CCl4 and from Figure 2 it is clear that vu j>2, and v3 have 
&i symmetry and the remainder are nontotally sym
metric. The spectrum of benzene exhibits two ai 
modes, v\ and v2, and a number of modes of e2g sym
metry including a combination band. These latter all 
reverse the sign of polarization. Finally, the linear CS2 

molecule shows a strong v\ of ai symmetry, the remaining 
structure arising from hot bands and combinations. 

These results indicate clearly the power of this tech
nique as a diagnostic tool in structural analysis since the 
totally symmetric vibrations may be identified imme
diately. This rule may not apply to molecules of very 
low symmetry, Cx, C2, Ct or C8 for instance, in which the 
oixv,ayx, polarizability components may transform in the 
same way as axx,ayy. This restriction also applies to 
conventional measurements of depolarization ratios. 
The circular polarization ratios obtained in our experi
ment are determined by squares of scattering tensor ele
ments for the vibration concerned (or sums of these for 
degenerate vibrations) averaged over all molecular 
orientations and thus we obtain information on the api7 

polarizability components where p,a = x or y. Linear 
differential intensities measured perpendicular to the 
exciting beam give access to the components in which 
<*„,„ contains the z coordinate. Together with the 
tensor components from circularly polarized scattering, 
these provide data which characterizes the complete 

(8) We are indebted to Professor S. F. Mason for this analogy. 

Raman spectrum, and results of these more extensive 
studies will shortly be reported. 
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Direct Observation of the Optical Absorption Spectra 
of Reactive Free Radicals at Room Temperature 

Sir: 

The preparation of reactive free radicals in concentra
tions high enough for their direct observation by optical 
spectroscopy has until recently depended on the use of 
special experimental techniques such as low temperature 
matrix isolation12 and flash photolysis.3 Experiments 
of this type usually rely on rather elaborate instru
mentation for their execution and do not in most cases 
lead to positive assignments of the species responsible 
for the observed spectra. In this communication, we 
wish to report the development of a new method for ob
taining the optical absorption and emission spectra of 
free radicals which not only overcomes the disadvan
tages of previous techniques but also permits the ob
servation of their spectra at relatively high temperatures 
and under steady-state conditions. 

Our approach niakes use of the fact that high concen
trations of free radicals can be produced by X-ray 
and/or uv irradiation of suitable precursors in an ada-
mantane matrix.4 Thus, for example, X-irradiation of 
carefully purified adamantane containing a small 
amount of 2-methylpentane yields the 1,1-dimethylbutyl 
radical whose epr spectrum shows six equivalent /3-pro-
tons at 23.4 G and a temperature-dependent /3-methy-
lene proton hfs of 14.9 G at 2930K.6 If two pressed 
disks of adamantane (10 mm o.d., ~T mm thick) con
taining the parent hydrocarbon are placed in the sample 
and reference beams of a Cary 14 spectrophotometer, no 
absorption is observed down to 200 mm unless the disk 
in the sample beam has been previously X-irradiated. 
In that event, one observes a strong absorption feature 
at 218 nm which decays with a lifetime (1/e) of ~0 .5 hr 
at room temperature. Furthermore, it is found that the 
lines in the epr spectrum of this radical in the same 
sample decay with the same lifetime at this temperature. 
Thus, the band at 218 nm can be assigned unequivocally 
to the lowest energy electronic transition of 1,1-di
methylbutyl which involves the promotion of the un
paired electron from the nonbonding orbital of w char
acter to the lowest a* orbital of the radical. 

As further examples of the application of this tech-
CD G.N. Lewis, D. Lipkin, and T. T. Magel, / . Amer. Chem. Soc, 63, 

3005(1941); G. N. Lewis and D. Lipkin, ibid., 64, 2801 (1942). 
(2) I. Norman and G. Porter, Nature (London), 174, 508 (1954); 

Proc. Roy. Soc, Ser. A, 230, 399 (1955). 
(3) R. G. W. Norrish and G. Porter, Nature (London), 164, 658 

(1949); G. Porter, Proc. Roy. Soc, Ser. A, 200, 254 (1950). 
(4) D. E. Wood and R. V. Lloyd, / . Chem. Phys., 52, 3840 (1970); 

S3, 3932 (1970); D. E. Wood, R. V. Lloyd, and D. W. Pratt, / . Amer. 
Chem. Soc, 92, 4115(1970); D. W. Pratt, J. J. Dillon, R. V. Lloyd, and 
D. E. Wood, / . Phys. Chem., 75, 3468 (1971), 
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nique, we show in Figure 1 the room temperature optical 
absorption spectra of the prototype hydrocarbon free 
radicals cyclohexenyl, cyclohexadienyl, and benzyl in 
the near-uv region. The cyclohexenyl radical (A) is 
produced by X-irradiation of cyclohexene in adaman
tane via a hydrogen atom removal process. It has epr 
parameters typical of an allylic system with two pairs of 
inequivalent ^ protons (ai,3

H = 14.6, a2
H = 3.4, a4,e

H = 
8.4, and a4,6

H' = 26.0 G).5 The radical exhibits two 
diffuse bands at 249 and 267 nm in its optical absorption 
spectrum, and both of these decay with the same lifetime 
as the epr spectrum (0.83 hr at 2980K). Similar results 
have been obtained for several other cycloalkenyl radi
cals including cyclopentenyl, cycloheptenyl, and cyclo-
octenyl. In addition, the cyclooctenyl radical also 
shows two weak bands at 406 and 422 nm. 

The cyclohexadienyl radical (B) is produced by X-
irradiation of adamantane containing benzene via a hy
drogen atom addition process and has a well-character
ized epr spectrum.6'7 It exhibits a structured absorp
tion spectrum in the near-uv region with the strongest 
features at 308 and 314 nm, and a relatively weak spec
trum in the visible region with bands at 512 and 554 nm 
(not shown in Figure 1). Both the epr and optical spec
tra of this radical decay with a lifetime of 7.3 hr in this 
matrix at 298 0K. The 1 -methylcyclohexadienyl radical, 
which is produced on X-irradiation of toluene in ada
mantane providing care is taken to exclude O2 from the 
sample,7 has an absorption spectrum which is essentially 
identical with that of cyclohexadienyl itself. 

On the other hand, specific inclusion of O2 in a sample 
of toluene in adamantane7 leads on X-irradiation to the 
formation of the benzyl radical as verified by its epr 
spectrum.8-9 This radical has a highly structured ab
sorption spectrum in the near-uv region (C), with strong 
features at 231, 259, 294, 304, and 316 nm, and a shoul
der at 324 nm which becomes weaker on lowering the 
temperature to ~ 1000K and is probably a hot band.10 

No absorption has been observed at longer wavelengths in 
the case of benzyl. However, excitation of this radical at 
either 259 or 316 nm produces strong emission in the 
visible region in samples held at 2730K or below. 
Dispersion of this emission with a 0.25 m monochromator 
results in the well-resolved spectrum shown in Figure 
ID which has an apparent (0,0) band at 461.2 nm.11 

Table I summarizes the results of these experiments 
together with assignments of the observed bands based 
on the restricted SCF calculations of Longuet-Higgins, 
Pople, and others.12'13 Of particular interest are the as
signments for cycloalkenyl radicals. Theory predicts 
that the lowest energy transitions in allyl should lie 
at 234, 275, and 452 nm, and we observe bands at 249, 
267, and 422 nm. The assignment of the band at 267 
nm in the spectrum of the cyclohexenyl radical to the 
spin-forbidden 4 B / •«- 2A2 transition is based primarily 
on the agreement between theory and experiment and 

(6) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147 
(1963). 

(7) S. DiGregorio, M. B. Yim, and D. E. Wood, / . Amer. Chem. 
Soc, 95, 8455(1973). 

(8) A. Carrington and I. C. P. Smith, MoI. Phys., 9, 137 (1965). 
(9) R. V. Lloyd and D. E. Wood, MoI. Phys., 20, 735 (1971). 
(10) We thank Dr. R. V. Lloyd for carrying out the variable tem

perature measurements. 
(11) R. V. Lloyd and D. E.Wood,/. Chem. Phys., 60, 2684 (1974). 
(12) H. C. Longuet-Higgins and J. A. Pople, Proc. Phys. Soc. (Lon

don), 68, 591 (1955). 
(13) T. Shida and I. Hanazaki, Bull. Chem. Soc. Jap., 43,646 (1970). 

Figure 1. Optical absorption and emission spectra of free radicals 
in adamantane: A, cyclohexenyl radical, absorption, 2980K; 
B, cyclohexadienyl radical, absorption, 2980K; C, benzyl radical, 
absorption, 2980K; D, benzyl radical, emission, ~100°K. The 
cyclohexadienyl radical also shows weak absorption bands in the 
visible region (see text). 

Table I. Electronic Spectra of Free Radicals in Adamantane 

Radical 

1,1-Dimethylbutyl 
abs, 298 °K 

Cyclohexenyl" 
abs, 2980K 

Cyclohexadienyl 
abs, 2980K 

Benzyl 
abs, 2980K 

em, 100°K 

Observed 
A, nm 

218 

249 
267 
422« 

314 
554 

231 
259 
316 
461 

Assignment 

'A1 ' *- ' A 2 " (Dn) 

'B 1 ' - ' A J ( C J . ) 
4B1 ' *- 'A2 

'Bi *- 2A2 

' A 2 ' - 'B2(C2.) 
'A2 — 2B2 

Rydberg 
' B 2 " * - 'B2(C21.) 
2Aj' «- 'B2 

'A2 *- 'B2 

Predicted 
X, nm 

234» 
275» 
452» 

314d 

6W 

199» 
297» 
358» 

" Assignments and predicted wavelengths shown are those for 
allyl radical. » H. C. Longuet-Higgins and J. A. Pople, Proc. Phys. 
Soc. (London), 68, 591, 1955. " Observed in the absorption spec
trum of cyclooctenyl radical. d T. Shida and I. Hanazaki, Bull. 
Chem. Soc. Jap., 43, 646 (1970). 

must be considered tentative. However, an enhance
ment of other multiplicity-forbidden transitions has 
also been observed in the absorption spectra of spin-
paired systems {e.g., benzene) in adamantane.6 The 
theoretical predictions for the remaining radicals in 
Table I are in somewhat poorer agreement with ex
periment. 
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An examination of the literature reveals that many 
of the spectra described above have been previously 
observed by more sophisticated techniques.14 How
ever, it is apparent that the use of the present technique 
offers distinct advantages for optical studies of free 
radicals because they are present in a host medium of 
high optical transparency in the uv and visible regions 
and can be positively identified by epr spectroscopy. 
Preliminary experiments indicate that most of the rad
icals which have been studied by epr using this 
method4 '57 '915 also exhibit strong optical spectra. 
These results will be described in subsequent publica
tions from these laboratories. 
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Effect of Phase Transitions on Carbon-13 
Nuclear Magnetic Resonance Spectra in 
/>-Azoxydianisole, a Nematic Liquid Crystal 

Sir: 
Liquid crystals are comprised of long, rod-like 

molecules.1 At high temperatures, they form normal 
liquid phases in which the molecules tumble isotropi-
cally. As the temperature is lowered, a transition 
occurs into a liquid crystal phase characterized by long 
range orientational order of the molecules. The 
study of these phases is of extreme interest because 
of their importance in several areas, including their 
role as model systems for biological membranes, 
the study of phase transitions and critical phenomena, 
their use as orienting solvents, etc. In this regard, 
nuclear magnetic resonance (nmr) has formed a valu
able tool.2 However, the use of nmr has been restricted 

(1) G. W. Gray, "Molecular Structure and the Properties of Liquid 
Crystals," Academic Press, New York, N. Y., 1962. 

(2) Some recent reviews describing the application of nmr to liquid 
crystals are: (a) S. Chandrasekhar and N. V. Madhusadana, Appl. 
Spectrosc Rev., 6, 189 (1973); (b) A. Saupe, Annu. Rev. Phys. Chem., 
24, 441 (1973); (C G. H. Brown, J. W. Doane, and V. D. Neff, "A Re-

by the near impossibility of obtaining tractable high 
resolution spectra of the liquid crystal molecules. 
This is because the magnetic dipole-dipole couplings 
between nuclear spins are not averaged to zero as in 
liquids, and the abundant protons produce a large 
number of overlapping lines rendering the spectra 
broad and intractable except in special cases such as 
partially deuterated materials.34 

The development of techniques to obtain routinely 
simple, high resolution nmr spectra would clearly be 
quite valuable. An especially appealing possibility 
is 13C nmr, since: (a) if the 1H spins are decoupled, 
the spectra should be simple and tractable due to the 
absence of 13C-13C couplings, (b) the chemical shield
ing anisotropy for 13C is large, thus making the nmr 
sensitive to orientational effects and molecular order
ing, (c) spin relaxation of 13C is dominated primarily 
by intramolecular magnetic couplings. The only 
problems with this approach have been the traditional 
ones of sensitivity and resolution and the requirements 
of high power spin decoupling. 

We have overcome the requisite technical problems 
and recently reported the observation of high resolu
tion 13C nmr spectra in the nematic phase of p-meth-
oxybenzylidene-/?'-«-butylaniline (MBBA),5 exhibiting 
the effects of phase transitions, molecular ordering, 
conformation, and motion. This has opened the 
way for the application of nmr to detailed microscopic 
studies of structure and dynamics in liquid crystals. 
In this communication, we report preliminary results 
of work on ^-azoxydianisole (PAA), one of the sim
plest compounds exhibiting a nematic phase. Figure 
1 shows 13C nmr spectra obtained in the isotropic, 
nematic, and solid phases of PAA. In the isotropic 
phase, the chemical shifts, o~\, are given by 

ffi = 3 Trd (1) 

where d are the chemical shielding tensors. In the 
nematic phase, rapid rotation about the long molecular 
axis yields an averaged tensor 5 with elements a-M and 
S1 along and perpendicular to the long axis and the 
shifts, <x, are given by 

O" = Ci + J1 S(an — 3j_) (2) 

where 5 is the order parameter6 

S = ^<3 cos2 6 - 1) (3) 

and 8 is the angle between the long molecular axis 
and the external magnetic field. 

For aromatic nuclei, the general features of d have 
been characterized in single-crystal studies.7 The 

view of the Structure and Properties of Liquid Crystals," Chemical 
Rubber Publishing Co., Cleveland, Ohio, 1971; (d) S. Meiboom and 
L. C. Snyder, Accounts Chem. Res., 4, 81 (1971). 

(3) J. D. Rowell, W. D. Phillips, L. R. Melby, and M. Panar, / . 
Chem. Phys., 43, 3442 (1965). 

(4) Y. S. Le.-, Y. Y. Hsu, and D. Dolphin, presented at the American 
Chemical Society Symposium on Ordered Fluids and Liquid Crystals, 
Chicago, 111., 1973. 

(5) A. Pines, presented at the 15th Experimental Nuclear Magnetic 
Resonance Conference, Raleigh, N. C , 1974; A. Pines and J. J. Chang, 
Phys. Rev. A, in press. 

(6) A. Saupe, Z. Naturforsch. A, 19, 161 (1964). 
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