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in the octafluorocyclobutane experiments. The 
first step in the formation of CF2: from this parent 
must involve scission of a carbon-carbon bond. 
The butane diradical thus formed and all inter
mediate diradicals must be extremely unstable. 
Apparently, the butane diradical either reverts 
quickly back to the parent compound or it com
pletely unzips to CF2: 

Finally, an interesting consideration in this work 
is the possible presence of species other than CF2: 
and CF3- which could lead to the same chlorination 
and warm-up products observed. For example, 
can CF2: exist in singlet and/or triplet states? 
We have recently acquired some preliminary gas 
phase data which favors the existence of both 
states and assigns the ground state to the singlet. 
This same evidence indicates that the captive 
CF2: radicals studied in this work are not in the 
ground singlet state as might be expected but are 
rather in some excited triplet state. This should 
be regarded as preliminary information which we 
plan to investigate more thoroughly in the near 
future. Another possibility is the presence of ions 

and radical-ions such as CF 3
+ and CF2-+. These 

could certainly explain the halogenation and warm-
up products as easily as the pure radicals. How
ever, it is felt that their presence in high concentra
tion is unlikely because: (1) The plasma in which 
they are created probably contains these ions ini
tially, but on the average, the plasma contains just 
as many electrons which would neutralize the ionic 
charge in the matrix (it is highly unlikely that 
electrons would be trapped along with the ions). 
(2) Build-up of a space charge about the cold 
ringer due to accumulation of ions would cut down 
the efficiency in time. No such effect was noticed. 
(3) A metal spatula cooled to liquid nitrogen 
temperatures and placed in contact with the de
posit does not seem to discharge it or affect it in 
any way. 
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The dielectric constants and losses at wave lengths of 1.25 and 3.22 cm. and 575 m. have been measured for hexachloro-
benzene, hexamethylbenzene and 4,4'-dinitrobiphenyl in benzene solution at 20°, £-dinitrobenzene in benzene solution a t 
25° and iron pentacarbonyl as the pure liquid at 20°. Dielectric constant and loss measurements have also been made at 
wave lengths of 3.22 cm. and 575 m. on benzene solutions of phenanthrene and chloranil a t 40°, anthraquinone and p-
benzoquinone at 50° and tetramethyl-l,3-cyclobutanedione a t 20°. The dielectric constant and loss were also measured 
a t 3.22 cm. wave length for £-benzoquinone in benzene solution a t 20°. The results were used to calculate upper limits 
to the permanent dipole moments of the above molecules. The absence of frequency dependence of the dielectric constant 
data excludes any dipole moment values greater than approximately 0.5 D, while the absorption data exclude any values 
greater than 0.10 or 0.20 D, depending upon the concentration of the solution measured. 

This study was undertaken because many care
ful dielectric constant measurements at radio 
frequencies have indicated the possession of small 
but appreciable dipole moments for supposedly 
symmetrical molecules.4'5 Whether a molecule 
has a permanent dipole moment or not can be 
determined by measuring the frequency dependence 
of the dielectric constant and loss in the region 
where anomalous dielectric dispersion should 
occur if the molecule were polar.6 In this fre
quency region, the dielectric constant of a polar 
liquid decreases with increasing frequency with 
most of the decrease occurring within a 100-fold 
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T A B L E I 

SOURCES, METHODS OF PURIFICATION, MELTING POINTS AND 

REFRACTIVE INDEX 
Compound Source M.p., 0 C. 

£-Dinitrobenzene° 
Hexachlorobenzene" 
Chloranil" 
Hexamethylbenzene" 
4,4'-Dinitrobiphenyl" 
Anthraquinone" 
Tetramethylcyclobutane-

dione" 
Phenanthrene6 

/>-Benzoquinone1' 
Iron pentacarbonyl' 

A 
A 
A 
B 
B 
B 

B 
B 
C 
D 

175.0-175.8 
230.2-231.0 
294.2-294.6 (sealed tube) 
166.3-167.0 
239.8-240.6 
284.8-285.6 (sublimes) 

114.5-114.9 
102.6-103.9 
113.4-113.5 « D 19.7° 

1.51705 

* Repeated crystallization from benzene and drying under 
vacuum over phosphorus pentoxide in an Abderhalden 
pistol. * Repeated crystallization from benzin (60-70°) and 
drying under vacuum over phosphorus pentoxide in an 
Abderhalden pistol. ' Fractionally distilled. d Repeated 
crystallization from 9 5 % ethanol. Purified by G. F . Wright. 

frequency range. In this same range, the dielectric 
loss changes from a small value through a maxi
mum to a small value again. The loss factor due 
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to dipole orientation polarization is a maximum at 
a wave length known as the critical wave length. 
On the other hand, if the molecule is non-polar, 
the dielectric constant is essentially independent 
of frequency and the dielectric absorption is very 
nearly zero. 

Purif icat ion of M a t e r i a l s . — T h e s u b s t a n c e s i nves t i ga t ed 
were o b t a i n e d f rom (A) M a t h e s o n , C o l e m a n a n d Bel l , ( B ) 
T h e E a s t m a n K o d a k C o m p a n y , ( C ) Prof. George F . W r i g h t , 
U n i v e r s i t y of Toronto ' , a n d ( D ) A . D . M a c k a y , I n c . T h e 
source of each c o m p o u n d , m e t h o d of pur i f icat ion a n d me l t i ng 
p o i n t or re f rac t ive index a r e l is ted in T a b l e I . 

T h e benzene used w a s o b t a i n e d f rom t h e Allied Chemica l 
C o r p o r a t i o n a n d w a s of t h e r e a g e n t g r a d e , th iophene- f ree 
q u a l i t y . I t h a d been s to red o v e r Dr i e r i t e for t h r e e m o n t h s . 
T h e so lu t ions were a lso s to red ove r Dr i e r i t e un t i l immed i 
a t e ly p r i o r t o m e a s u r e m e n t . 

Experimental Results 
T h e dielectr ic c o n s t a n t s a n d losses m e a s u r e d b y m e t h o d s 

desc r ibed e l sewhere , '~ 9 t o g e t h e r wi th re f rac t ive index d a t a , 
a r e l is ted in T a b l e I I . T h e c o n c e n t r a t i o n in t e r m s of we igh t 
pe r cen t of so lu te is l is ted af te r each so lu t ion . T h e m e a s u r e -

T A B L E I I 

D I E L E C T R I C C O N S T A N T S , L O S S E S A N D S Q U A R E S O F 

R E F R A C T I V E I N D E X 

Wave 
length 

575 m . 

3 . 2 2 c m . 

1.25 c m . 

K2D 

575 m . 

3 . 2 2 c m . 

1 .25 c m . 

M2D 

575 m . 

3 . 2 2 c m . 

» 2 D 

575 m . 
3 . 2 2 cm. 
1 .25 c m . 

K2D 

Dielectric constant 
Solution 

Benzene (3.77%) 
Loss factor 

Benzene Solution 

H e x a c h l o r o b e n z e n e (20° ) 

2 . 2 8 5 2 . 2 9 1 

2 . 2 8 5 2 . 2 9 2 0 . 0 0 0 4 9 

2 . 2 8 4 2 . 2 9 1 0 . 0 0 3 4 

2 . 2 5 1 5 2 . 2 5 8 7 

H e x a m e t h y l b e n z e n e ( 2 0 ° ) 

Benzene 

2.283 

2.282 

2.286 

2.2515 

Solution 
(6.13%) 

2.287 
2 . 2 8 6 

2 . 2 9 1 

2 . 2 5 6 7 

Benzene 

0.00046 

0.0025 

0.00052 

0.0038 

Solution 

0.00047 

0.0023 

P h e n a n t h r e n e (40° ) 
Solution 

Benzene (15.53%) Benzene 

2 . 2 4 3 2 . 3 2 0 

2.242 2.319 0.00051 

2.2149 2.2970 

I r o n p e n t a c a r b o n y l ( 20° ) 

Pure liquid Pure liquid 

2 . 6 2 6 

2 . 6 1 8 0 . 0 0 4 6 

2 . 6 2 1 0 . 0 0 9 8 

2 . 3 0 1 4 

Solution 

0 . 0 0 0 4 6 

^ - D i n i t r o b e n z e n e (25° ) 

575 m . 

3 . 2 2 c m . 
1 .25 cm. 

n2D 

Benzene 

2 . 2 7 4 

2 . 2 7 5 

2 . 2 7 5 

2 . 2 5 4 0 

( 1 9 . 1 ° ) 

Solution 
(2.67%) 

2 . 2 8 6 
2 . 2 8 4 
2 . 2 8 5 
2 . 2 5 8 4 

( 1 9 . 1 ° ) 

Benzene 

0.00036 

0.0027 

Solution 

0 . 0 0 0 5 5 
0 . 0 0 3 6 

(7) J. G. Powles and C. P. Smyth, "Physical Methods of Organic 
Chemistry," A. Weissberger, editor, Vol. I, 3rd Ed1, Interscience 
Publishing Co., New York, N. Y., 1960, Part III , Chap. XXXVIII , 
XXXIX. 

(8) H. L. Laquer and C. P. Smyth, J. Am. Chem. Soc, 70, 4097 
(1948). 

(9) W. M. Heston, Jr., A. D. Franklin, E. J. Hennelly and C. P. 
Smyth, ibid., 72, 3443 (1950). 

575 m. 

3.22 

1.25 
M2D 

575 m. 

3.22 

W2D 

575 m. 

3.22 
W2D 

575 m. 

3.22 

W2D 

cm. 
cm. 

cm. 

cm. 

cm. 

4,4'-Dinitrobiphenyl (20°) 

Benzene 

2.283 

2.280 

2.286 

2.2515 

Solution 
(satd.) 

2.287 

2.283 
2.287 

2.2526 

Benzene 

0.00048 
0.0012 

^-Benzoquinone (50°) 

Benzene 

2.224 

2.223 

2.1978 

Solution 
(ca. 7%) 

2.258 

Benzene 

Solution 

0.00047 
0.0014 

Solution 

2 .318(20°) 0.00063(20°) 

2.257 

2.2051 

Chloranil (40°) 

Benzene 

2.246 

2.244 

2.2149 

Solution 
(2.62%) 
2.253 

2.250 
2.2205 

0.00052 

Benzene 

0.00046 

Anthraquinone (50°) 

Benzene 

2.224 

2.223 
2.1972 

Solution 
(sat'd.) 

2.229 

2.228 

2.2006 

Benzene 

0.00042 

0.00055 

Solution 

0.00059 

Solution 

0.00041 

T e t r a m e t h y l - 1 , 3 - c y c l o b u t a n e d i o n e (20° ) 
Solution 

Benzene (14.4%) Benzene Solution 

575 m. 2 . 2 8 4 2 . 3 0 0 

3.22 cm. 2.283 2.301 0.00053 0.00066 

«2D 2.2523 2.2195 

m e n t s a t 1.25 a n d 3.22 c m . were m a d e emp loy ing w a v e g u i d e 
t e chn iques , whi le a t 575 m . a h e t e r o d y n e - b e a t a p p a r a t u s w a s 
used . Ref rac t ive index m e a s u r e m e n t s were car r ied ou t 
us ing a Bausch a n d L o m b precis ion r e f rac tomete r e q u i p p e d 
wi th a sod ium v a p o r l a m p . 

Discussion of Results 
Each dielectric constant at 3.22 cm. and 1.25 

cm. in Table II is the average of five independent 
determinations, all of which were in agreement to 
within 0.03%. Four independent measurements 
of the dielectric absorption at 3.22 cm. agreed to 
within 10% in all cases, except for the p-dinitro-
benzene determination, where the agreement was 
to within 20%. However, the error in the loss 
data at 1.25 cm. was very large ,except in the case 
of iron pentacarbonyl. Therefore, these losses were 
not used in any of the calculations excepting those 
involving iron pentacarbonyl. As can be seen from 
the data on benzene, the uncertainty in the dielec
tric constant at the frequencies used in the measure
ments is of the order of 0.1%. With an uncertainty 
of this magnitude, the criterion of variation of di
electric constant with frequency could not be used 
to detect the presence of extremely small dipole 
moments, since some of the solutions studied were 
so dilute that the variation for compounds having 
moments less than 0.5 D could possibly be smaller 
than the experimental error. However, the relia
bility in the dielectric absorption measurements at 
3.22 cm. was sufficient so that, in some cases, 
moments of 0.10 D would have been detected if 
present. 

The temperatures at which the measurements 
were carried out were chosen so that all the sub
stances listed, if polar, would exhibit maximum 
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dielectric absorption somewhere between 2 and 10 
cm., making the 3 cm. wave length ideal for such a 
study. The Debye equation as used by Jackson 
and Powles10 and Heston and Smyth11 and given 
in equation 1 was employed in the interpretation 
of the loss measurements 

= r27y^r[i_+ [2,/^n1/= 
M L 8[6''T"2]WcV/r"J ( ' 

where n is the permanent dipole moment, t' is 
the dielectric constant, T is the absolute tempera
ture, k is the Boltzmann constant, / is the fre
quency in cycles per second, r is the relaxation time 
in seconds, TV is Avogadro's number, c is the number 
of moles of polar solute per cc. of solution and e" 
is the dielectric loss. For the solution measure
ments, e" is equal to the loss of the solution minus 
the loss of the solvent. Using this method, the 
value of the relaxation time has to be estimated 
from existing data in the literature. However, it 
was found that the calculated dipole moments were 
fairly insensitive to the choices of r made for the 
particular molecules considered in this study. 
Designations of upper limits to the dipole moments 
were made by considering the reliability of the 
absorption data and the concentration of the solu
tion measured. Only when fairly concentrated 
solutions were investigated could moments of 0.10 
D be excluded. 

Hexachlorobenzene, Hexamethylbenzene and 
Phenanthrene.—For hexachlorobenzene and phen-
anthrene, the observed dielectric constants of the 
solutions studied are invariant with frequency well 
within the experimental error. For hexamethyl
benzene, the dielectric constant at 1.25 cm. is in 
disagreement with the other two values to about 
0.2%. However, approximately the same varia
tion was found with the solvent, benzene. The 
losses at 3.22 cm. of the respective solutions are 
identical with those of the solvent within the ex
perimental error. Considering the magnitude of 
the concentration of the solution measured, it is 
concluded that hexamethylbenzene and phen
anthrene, if polar, cannot have permanent dipole 
moments greater than 0.10 D, while hexachloro
benzene cannot have a moment greater than 0.20 
D. As can be seen from the refractive index data, 
these molecules exhibit little atomic polarization, 
PA. The variation of the dielectric constant and 
the square of the refractive index with concentra
tion are practically identical. In this sense, these 
substances do not fall logically in line with the 
rest of the compounds investigated, all of which 
show an appreciable P A . Phenanthrene was in
vestigated due to the suggestion of Professor Kauz-
mann of this Laboratory. O. Sovers and W. 
Kauzmann12 found that a non-uniform distribution 
of charge densities is brought about by rf-hybridi-
zation, which is in marked contrast to the uniform 
distribution resulting from the use of pure p-
orbitals. This effect gives a dipole moment along 
the two-fold axis of ca. 0.17 D. 

(10) W. Jackson and J. G. Powles, Trans. Faraday Soc, 42A, 101 
(1946). 

(11) W. M. Heston, Jr., and C. P. Smyth, J. Am. Chem. Soc, 72, 99 
(1950). 

(12) To be published. 

Using equation 1, and assuming a dipole moment 
of 0.17 D and a critical wave length, Xm, somewhere 
between 3 and 10 cm., one calculates absorptions 
approximately three times greater than that ob
served at 3.22 cm.: e" = 0.0017 (Xm = 3 cm.), 
e" = 0.0014 (Xm = 7 cm.), e" = 0.0012 (Xn, = 10 
cm.). Such losses would have been easily detect
able. The critical wave length range (3-10 
cm.) is very conservative when compared with the 
values of Xm found at 40° in benzene solution 
for 9-bromophenanthrene13 (5.86 cm.) and phen-
anthrenequinone14 (3.86 cm.). It is used here 
merely to point out that the argument [fi < 0.10 
D) does not depend on a particular choice of Xm. 

Iron Pentacarbonyl.—Previous dipole moment 
measurements of iron pentacarbonyl in benzene 
solution15-17 have yielded moments of the order of 
0.6-0.8 D. In the above work the atom polari
zation was taken as zero. Assuming P A equal to 
20% of the electronic polarization, P E , the static 
dipole moment vanishes.17 Electron diffraction 
data18 favor a trigonal bipyramidal (D3h) structure 
which would have no dipole moment. Assuming 
a Debye line shape, two independent estimates 
of the relaxation time were made from a linear plot 
of e' vs. e"oj,19 where co is the angular frequency. 
Because of the exceedingly small variation of e' 
with frequency, the two estimates differed so 
widely as to be meaningless. Dipole moments of 
0.15 and 0.10 D were calculated from the 1.25 
and 3.22 cm. data, respectively,20 assuming a 
critical wave length somewhere between 0.6 and 2 
cm. Also, the variation of dielectric constant 
with frequency, about 0.4% from 575 m. to 3.22 
cm., is too small to account for a moment of 0.8 
D for iron pentacarbonyl. These results show 
that, at least, a large part of the difference between 
the total polarization and P E is due to a large 
atomic polarization. 

^-Dinitrobenzene and 4,4'-Dinitrobiphenyl.—p-
Dinitrobenzene has been studied in the vapor 
phase,21 in benzene solution622 and in the solid 
state.3 Coop and Sutton21 found that the total 
polarization P was constant from 199.6 to 255.2° 
and differed by not more than 1 cc. from the value 
in benzene solution22 at 25°. Therefore, an 
assignment of 8.2 cc, P — P E , was made to the 
atomic polarization, PA. 2 1 Wright, et al.,6 however, 
from dielectric constant determinations of pellets 
of this substance, concluded that the distortion 
polarization, P E + PA, was only about 2 cc. higher 
than P E . Since their measured polarization values 
in benzene solution varied appreciably with tem
perature, they concluded that ^-dinitrobenzene 

(13) W. Zeil, H. Fischer, W. MeUger, K. Wagner and J. Haase, 
Z. Elektrochem.. 63, 1110 (1959). 

(14) D. A. Pitt and C. P. Smyth, J. Am. Chem. Soc, 80, 1061 
(1958). 

(15) E. Bergmann and L. Engel, Z. phys. Chem., 13B, 232 
(1931). 

(16) W. Graffunder and E. Heymann, ibid., ISB, 377 (1932). 
(17) E. Weiss, Z. anorg. Chem., 287, 223 (1956). 
(18) R. V. G. Evans and M. L. Lister, Trans. Faraday Soc, 35, 

681 (1939). 
(19) R. H. Cole, J. Chem. Phys., 23, 493 (1955). 
(20) W. D. Horrocks, Jr., and E. N. DiCarlo, / . Phys. Chem., 66, 

186 (1962). 
(21) I. E. Coop and L. E. Sutton, J. Chem. Soc, 1269 (1938). 
(22) C. G. Le Fevre and R. J. W. Le Fevre, ibid., 957 (1935). 
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had a permanent moment which varied from about 
0.8 to 0.7 D over a range of 20°. 

The findings of the present work agree with the 
assignment of an abnormal P A , to this substance. 
The observed dielectric constants of the solution 
studied are invariant with frequency well within 
experimental error, excluding permanent moments 
greater than ca. 0.5 D. Also, assuming a dipole 
moment of 0.8 D, one calculates a 3.22 cm. absorp
tion ten times greater than tha t observed. Con
sidering tha t the loss measurements in this case 
were no more reliable than 20%, it is concluded tha t 
/>-dinitrobenzene cannot have a permanent moment 
greater than 0.20 D. The estimate of r, 19 X 
10~12 sec , was made from a consideration of the 
relaxation t me measured for ^-nitrotoluene.23 

However, as was mentioned earlier, the choice of 
T is not critical. For example, moment values of 
0.19, 0.17, 0.17, 0.18 and 0.20 D are obtained for 
^-dinitrobenzene using relaxation times of 9, 14, 19, 
28 and 38 X 10 - 1 2 sec , respectively. 

4,4'-Dinitrobiphenyl has been studied in ben
zene4 '24 and in dioxane4 solution and in the solid 
state.4 Le Fevre and Vine made an assignment of 
21.5 c c to P A on the assumption tha t this sub
stance would have axial symmetry and, therefore, 
no dipole moment. Wright, et al., from solid state 
measurements obtained a distortion polarization 
only 0.8 cc. higher than tha t ascribed to electronic 
polarization. Their determination of the total 
polarization in benzene solution at 40° was about 
10 cc. lower than tha t observed by Le Fevre and 
Vine a t 25° in the same solvent. They assign a 
value of 0.7 to 1.0 D to the dipole moment and con
clude tha t this molecule must have a non-linear 
structure. The dielectric loss measurements in 
Table I I indicate tha t this compound, if polar, 
cannot have a permanent moment greater than 
0.20 D and, therefore, confirm the existence of a 
large P A . The dielectric constants measured for 
the saturated solution are identical a t 575 m. and 
1.25 cm. The dielectric constant a t 3.22 cm. is in 
disagreement with the other two values to about 
0.2% bu t about the same variation was observed 
with benzene. 

Quinones.—The difference, P — P E , for ^-benzo-
quinone has been shown to be about 8 cc 4 ' 2 1 ' 2 8 - 2 8 

or about 2 0 % of the total polarization, which 
amounts to an abnormal P A if this molecule is non-
polar. This discrepancy coupled with some ques
tion about the temperature dependence of P has 
led to the assignment of a dipole moment of ca. 
0.7 P).26-27 Wright 's directly determined P A 

(1.7 cc.) agrees with this assignment. However, 
Coop and Sutton 's temperature study2 1 of P 
indicated the compound to be non-polar. Electro-
optic birefringence measurements2 9 agree with a 
centro-symmetric structure and exclude dipole 

(23) R. J. W. Le Fevre and E. P. A. Sullivan, J. Chem. Soc, 2873 
(1954). 

(24) R. J. W. Le Fevre and H. Vine, ibid., 1878 (1938). 
(25) C. O. Le Fevre and R. J. W. Le Fevre, ibid., 1696 (1935). 
(26) O. Hassel and E. Naeshagen, Z. fhysik. Chem., B6, 445 (1929). 
(27) D. L. Hammick, G. C. Hampson and G. I. Jenkins, Nature, 

136, 990 (1935). 
(28) D. L. Hammick, G. C. Hampson and G. I. Jenkins, / . Chem. 

Soc, 1263 (1938). 
(29) E. Charney, / . Am. Chem. Soc, 83, 578 (1961). 

moments greater than 0.15 D. The birefringence 
study also showed tha t the large value of P — P E 
is not caused by contributions from the orbital 
moments of the lone pair electrons of the oxygen 
atoms under the action of the external field as had 
been proposed.30 From refractive index measure
ments in the infrared region, Cartwright and 
Errera31 made an assignment of 9.5-16.2 cc. to 
P A . Intensity measurements in the infrared 
region on £>-benzoquinone solutions32 also favor 
a large P A . 

Our results indicate tha t this molecule cannot 
have a permanent moment greater than 0.10 D. 
Based on shape and size considerations, ^-benzo-
quinone, if polar, would be expected to have maxi
mum dielectric loss somewhere between 1 and 3 cm. 
a t the temperatures used in the measurements. 
A dipole moment of 0.7 D would have led to a 
much more intense absorption a t 20°, approxi
mately ten times greater than tha t observed. 
There also would have been a detectable variation 
of absorption with temperaure, but as can be seen 
from Table II, the losses observed for the solution 
are practically identical at 20° and 50°. 

A dipole moment 0.71 D has been reported for 
anthraquinone4 and one of 0.6 S for chloranil.33 

The results in Table I I indicate an upper limit of 
0.20 D for chloranil. No a t tempt was made to 
interpret the loss measurements on anthraquinone 
due to its extremely low solubility in benzene. 
However, a moment of 0.7 D would have led to a 
much greater absorption than tha t observed even 
for the extremely dilute solution measured. 

Tetramethyl-l ,3-cyclobutanedione has been stud
ied by several investigators.5 '21 '28 Coop and 
Sutton2 1 found tha t in the vapor phase the polari
zation is constant over a 60° range of temperature. 
The polarization value at 25° in benzene solution28 

differs by only 1.6 cc. from tha t of the vapor at 
225°, hardly indicative of orientation polarization. 
I t was concluded from the vapor measurements tha t 
this molecule was non-polar, possessing an atomic 
polarization of ca. 10 c c . However, the solid 
measurements5 gave an atomic polarization of only 
0.9 c c , which would indicate a permanent moment 
of ca. 0.8 D. Considering the concentration of the 
solution investigated and assuming \ m to lie some
where between 2 and 4 cm., an upper limit of 0.10 
D is calculated from the loss data in Table I I 
agreeing with an exceptionally large atomic polari
zation. 

The determination of these small upper limits for 
the dipole moments of the probably symmetrical 
molecules which have been considered is not to be 
regarded as establishing the existence of such 
small moments. Actually, with the exception of 
iron pentacarbonyl, the moments are experimentally 
indistinguishable from zero, and the upper limits 
given are the max mum possible experimental 
errors. The principal reason for the frequent 

(30) L. Paoloni, ibid., 80, 3879 (1958). 
(31) C. H. Cartwright and J. Errera, Proc. Roy. Soc (London), AlSi, 

138 (1936). 
(32) E. Charney and E. D. Becker, to be published. 
(33) R. J. W. Le Fevre, "Dipole Moments," Methuen and Co,, 

London, 1948, p. 100. 
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attribution of small dipole moments to seemingly 
symmetrical molecules has been neglect of the 
unknown atomic polarization. The low atomic 
polarization values in the solid state and con
sequent appreciable dipole moments in solution 
calculated by Wright and his co-workers may be 
due, at least in part, to a considerable difference 

experimentally determined coupling constants ai and 
the various calculated values for the spin density pi 
are summarized in Table I. In many applications 
it has been found that good results can be obtained 
with McConnell's first order relation,9 where Q is a 
factor that is approximately constant for all aro-

a\ = Qp\ 

matic hydrocarbons and has an empirical value of 
— 22.5 gauss.10 In Table I it can be seen that the 
Q values obtained for triphenylmethyl are consider
ably smaller than 22.5 gauss. 

In order to extend the study of triarylmethyl 
radicals the e.s.r. spectra of several substituted 

(1) (a) Supported in part by grants from the National Science 
Foundation and the Research Corporation, (b) Alfred P. Sloan, 
Foundation Fellow. 

(2) H. S. Jarrett and G. J. Sloan, / . Chem. Phys., 22, 1783 (1954). 
(3) S. I. Weissman and J. C. Sowden, J. Am. Chem. Soc, 78, 503 

(1953). 
(4) S. I. Weissman, T. R. Tuttle, Jr., and E. deBoer, / . Phys. Chem., 

61, 28 (1957). 
(5) F. C. Adam and S. I. Weissman, J. Am. Chem. Soc, 80, 2057 

(1958). 
(6) D. B. Chesnut and G. T. Sloan, / . Chem. Phys., 33, 637 

(1960). 
(7) P. Brovetto and S. Ferroni, Nuovo Cimento, B, 142 (1957). 
(8) H. S. Jarrett, quoted in ref. 6. 
(9) H. M. McConnell, J. Chem. Phys., 24, 764 (1956). 
(10) D. J. E. Ingram, "Free Radicals as Studied by Electron Spin 

Resonance," Butterworths, 1958, pp. 111-112. 

between the atomic polarization in the solid state 
and that in the liquid.34 
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(34) K. H. Illingerand C. P. Smyth, J. Chem. Phys., 35, 392 (1961). 

of 9.1 kmc. Further instrumental details and the 
methods of sample preparation are described 
elsewhere.11 

Tri-^-chlorotriphenylmethyl (See Fig. 1).— 
The observed spectrum of tri-^-chlorotriphenyl-
methyl appears in Fig. 2. The spectrum has been 
interpreted in terms of splitting constants of 2.64 ± 
0.05 and 1.32 ± 0.05 gauss for the ortho and meta 
protons, respectively. The calculated spectrum 
is indicated in Fig. 2. The assignment of the 
larger splitting constant to the ortho protons was 
made in view of the calculations on triphenylmethyl, 
where the unpaired spin density is considerably 
larger in the ortho positions than in the meta 
positions. (See Table I.) Note the rather large 
increase in the meta splitting over that observed in 
triphenylmethyl. The lines are quite broad in 
the tri-^>-chlorotriphenylmethyl radical, presum
ably because of unresolved hyperfine splittings 
and quadrupole moment effects arising from the two 
chlorine isotopes, both of which have a spin of 3/2 
but slightly different magnetic dipole and electric 
quadrupole moments. If the ratio of the two pro
ton splitting constants is not exactly 2:1, the hyper
fine components arising from these two non-
equivalent groups of protons would not exhibit 

(11) H. Judeikis, Master's Thesis, University of California, Los 
Angeles, 1961. 
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The e.s.r. spectra of several triarylmethyl radicals have been studied and proton coupling constants have been assigned. 
The coupling constants obtained for tri-£-chlorotriphenylmethyl are 2.64 ± 0.05 and 1.32 ± 0.05 gauss for the ortho and meta 
protons, respectively. For tri-£-methoxytriphenylmethyl the coupling constants are 2.89 ± 0.02, 0.34 ± 0.02 and 1.05 ± 
0.10 (or 0.71 ± 0.10) gauss for ortho, methoxy and meta protons, respectively. Tentative assignments for o-toluyldiphenyl-
methyl are 2.8, 1.1, 2.5 and 2.2 gauss for the para, meta, ortho and methyl proton coupling constants, respectively. 

The e.s.r. (electron spin resonance) spectrum of 
triphenylmethyl has been investigated by several 
workers2-6 and considerable theoretical work has 
been done in an attempt to relate the spectral 
observations to molecular calculations.6>7'8 The 

triphenylmethyl radicals have been investigated. 
Toluene solutions of the radicals were prepared 
by reaction with silver in an inert atmosphere, and 
spectra were observed at —50° using an X-band 
spectrometer operating at a microwave frequency 

TABLE I 

E.S .R. PARAMETERS FOR TRIPHENYLMETHYL. pp i s THE THEORETICAL SPIN DENSITY ON THE para CARBON AND ap i s THE 

EXPERIMENTAL COUPLING CONSTANT OF THE para HYDROGEN. | p, iP | I a/22.51 
-Valence bond7-

(planar) 
Valence bond8-

(twisted) 
-Valence bond8,1 

(planar) 

Nucleus 

H {ortho) 
H {meta) 
H {para) 
C13 (methyl) 

0.200 
- .104 

.182 
.5645 

IP/Po I 

1.099 
0.571 
1.000 

p 

0.188 
- .099 

.175 

.616 

I P / p p I 

1.074 
0.566 
1.000 

p 

0.159 
• .105 

.203 

IP/PPI 

0.783 
0.517 
1.000 

| 0 | 
gauss 

2.53 
1.11 
2.77 

22 

-Experimental1-

| a / a P | 

0.913 
0.401 
1.000 

I Pm I 
0.112 

.049 

.123 


