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Our final parameters and estimated limits of error, as 
deduced from qualitative comparisons of calculated curves 
(Fig. 1) and from ratios of calculated to observed positions of 
maxima and minima (Table I is an example), are the follow
ing: C-H/Se-C = 1.09/1.97 (assumed), S e - ' H / S e - C = 
1.300 ± 0.017, ( ZSe-C-H = 110.5 ± 3.5°), C--C/Se-C = 
1.51 ± 0.11, ( Z C - S e - C = 98 ± 10°), Se-C = 1.977 ± 
0.012 A., Se---H = 2.571 ± 0.034 A., and C - C = 2.98 ± 
0.23 A. 

Discussion 
It seems appropriate to regard the selenium-car

bon bonds in unconjugated compounds of bivalent 
selenium as normal and, therefore, to take 1.98 A. 
as the normal Se-C single bond length. With a 
small (and perhaps unjustifiable) correction for 
electronegativity difference, the selenium radius 
then becomes 1.22 A. (1.98 = 0.77 + 1.22 - (0.09 
X 0.1)). This is appreciably greater than Pauling's 
value 1.17 A.,9 which is supported by the bond 

(9) L. Pauling, "The Nature of the Chemical Bond," 2nd edition, 
Cornell University Press, Ithaca, N. Y., 1940, p. 165. 

The purpose of the present paper is to draw at
tention to the fact that, by suitable combination of 
three solvent effect equations—those due to Sug-
den,1 Smith,2 and Goss3—with the conventional 
expression for dipole moments in solution,4 values 
of the moments can be obtained which, for five 
compounds at least, agree very reasonably with 
the true values which the compounds exhibit when 
in the vapor state. For the purpose of discussion 
the following notation is employed. 

Pi2 is the total polarization of a two component 
mixture and is given by 

P12 = [(«1. - D/(«u + Z)](M1C1 + M,c%)/du (1) 

t denotes dielectric constant, d density, M molecu
lar weight, c mole fraction, n refractive index, and 
the subscripts 1, 2, and 12 refer respectively to the 
solvent, the solute and the mixture. Pi and P2 are 
the partial polarizations of the solvent and of the 
solute and are calculated on the assumption that Pi 
is independent of c. Psi and PS2 are the correspond
ing partial polarizations obtained by the intercept 
method,6 in which Psi is assumed a function of c. 
/iP denotes orientation polarization, P D distortion 
polarization. These are related by 

»P = -P2= - P D (2) 

where P D is given by 
Pu = 1.05(w| - 1 )/(•«! + 2)Mi/<k (3) 

(1) S. Sugden, Nature., 133, 415 (1934). 
(2) J. W. Smith, Trans. Faraday SoC, 43, 802 (1952), 
(3) F. R. Goss, J. Chem. SoC, 1915 (1937) 
(4) R. J. W. Le Fevre,"Dipole Moments," Methuen & Co., London, 

1918, p. 31. 
(5) W. J. C. Orr and J. A. V. Butler, Nature, 130, 930 (1932). 

lengths of 2.32 A. in hexagonal selenium10 and 2.34 
A. in both a- and /?-monoclinic selenium.11'12 It 
has been pointed out,13 however, that nominal 
single bonds in the heavier elements may actually 
have appreciable double-bond character; our value 
for the selenium radius is in agreement with this 
possibility, which, accordingly, may deserve further 
consideration. 
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The subscript co indicates the value of the particu
lar parameter at infinite dilution, n, the dipole mo
ment is calculated from the Debye equation 

M = 0.0128[P(P20, - P D ) ] 1 A (4) 

The solvent effect equation of Sugden, which is 
applicable to the particular case of polar solutes 
dissolved in the non-polar solvent benzene, may be 
written 

P2 = A + MP(eI2 - l)/(«is + 2) (5) 
In this A is a constant characteristic of the solute 
and solvent. Plotting P2 against («i2 — l)/(«u + 
2) should therefore yield a straight line of slope ixP, 
and from this n can be calculated by equations 2 to 
4. 

The second solvent effect equation considered is 
that due to Smith.2'6 This is written 

P2„ = B + „P(ei - l)/(«, + 2) (6) 
where again B is a constant. When polar solvents 
are used it is necessary to correct the measured P2 a 
values for the quantity dPi/dc2, i.e., for the varia
tion in P 1 with concentration of the solute. Then 
plotting P2 co cor against (ei — l)/(ei + 2) should 
yield a straight line from which /zP and ix can be 
calculated as before. 

The third solvent effect treatment considered is 
due to Goss,37 and applies strictly only when the 
isotropic, non-polar solvent CCl4 is used. The rele
vant equations are 

P.2 = P D + £{(«i2 - l)/(»,2 + 2)]« + K/«1S (7) 

(6) J. W. Smith and L. B. Witten, Trans. Faraday Soc, 47, 1301 
(1951). 

(7) F. R. Goss, J. Chem. Sot., 702 (1940). 
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The apparent dipole moments of acetophenone, phenetole, chlorobenzene, nitrobenzene and benzonitrile have been 
calculated from solution data by the conventional method, and by employment of the solvent effect equations of Sugden, 
Smith and Goss. The values differ from the true vapor values by amounts which depend on the method of calculation. 
These differences can be almost completely eliminated by averaging the values obtained by the four different methods. 
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and 
M/J = F/[3J(Z + P B ) / / ^ ) ' / . - 2] (8) 

in which Y and Z, which are constants for any par
ticular solute, are obtained by the simultaneous 
solution of 

(/^)0-O = PD + Z{U 

(1'.A-, = l'i> + Z\(<* 

l ) / ( , , + 2 ) j < + ]'/«, 

I)As2 + 2)]' + Y/e. 
(9) 

The experimental results from the present inves
tigation have been combined with literature results 
and the combined data subjected to the four solvent 
effect treatments outlined above. The general find
ings will be discussed shortly. 

Experimental 
Preparation of Materials.—High grade commercial mate

rials were purified by standard methods taking particular 
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TABLE 1 

D A T A AT 20 
Pl! Pu 
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TABLE I 
€12 

Benzonitrile 
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8.731 
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18.90 
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(Continued, 
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in chlorobenzene 

62.09 
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35.06 
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TABLE I l 

RECALCULATED POLARIZATION DATA FOR VARIOUS SOLUTES AT 20 

Solvent 

C6H14 

CCl4 

CfiHe 

C6H5Cl 
C6H6CN 
C6H6NO2 

(<i - U / 
(« + 2) 
0.233 

.292 

.300 

.610 

.891 

.921 

Data 
ref. 

11 
16 
10 
16 
16 

Benzonitrile 

P 2 0 0 , 
cc. 

Chlorobenzene 

368 
360 
161 

91. 
90. 

P)to cor., 
cc. 

368 
360 
228 

91.4 
74.9 

Data 
ref. 

11 
15 
10 
16 
15 

P2C0, 
cc. 

Pits cor., 

Solvent 

CCl1 

C6H6 

C6H6OC2H6 

C6H6COCH3 

(« - DA« + 2) 
0.292 

.300 

.518 

.848 

Data 
ref. 

11 
16 

16 

Acetophenone 
Pzco, 
CC. 

216 
212 

99.0 

care to exclude moisture. The agreement between the 
measured physical constants (Table I) and reliable literature 
values was in all cases good. 

Measurements.—Binary liquid mixtures over the whole 
concentration range possible were made up by weight. 

Dielectric constants were determined from the variation 
in electrical capacity of Sayce Briscoe cells (see ref. 4, p . 36) 
silvered by the method of Sugden,8 and thermostated in a 
bath of transformer oil. The circuit used was that of Goss9 

with the ear phone detector replaced by a "magic eye ." 
Dried, filtered air, «20 1.0005, and the following purified 
liquids were employed as standards for the purpose of cell 
calibration: benzene e20 2.282510; chlorobenzene e2o 5.700"; 
chloroform «20 4.806"; benzonitrile eso 25.48"; and nitroben
zene €20 35.92." 

Densities were measured in an Ostwald Sprengel pyc-
nometer fitted with an overflow expansion bulb. 

Refractive indices for the sodiurn-D line were measured 
with an Abbe refractometer. 

Results 
The experimental results are set out in Table I 

in which the notation used has already been given. 
P values were calculated in the conventional man
ner, P s values by the intercept method.5 P2*, val
ues were determined by graphical extrapolation and 
checked by employment of a number of mathema
tical extrapolation methods. A more detailed ac
count of this aspect of the work is published else
where.12'13 Orientation polarizations were calcu
lated (a) by use of equations 1 to 3 in the usual 
manner, (b) by plotting P2 against (e12 — l)/(«i2 + 
2) and taking fiP as the slope of the best straight 
line through the points, (c) by Smith's method. 
For this the present results were combined in Table 
II with reliable literature data. The P2^, values 
were corrected for the quantity dPi/dc2 as described 
by Smith2 and then P2^ cor plotted against (en — 
1)7O12 + 2) of the solvent. The slope of the best 
straight line through the points gave a value for 
IdP. Finally (d) equation 9 was employed on the 
polarization data for carbon tetrachloride solutions 
and p.P calculated by means of equation 8. The fxP 
values obtained by the four different methods are 
recorded in columns (a), (b), (c) and (d), respec
tively, of Table III. 

(8) S. Sugden, J. Chem. Hoc, 7B8 (1933). 
(9) F. R. Goss, ibid., 1341 (1933). 
(10) J. Timrnermans "Physicochemical Constants of Pure Organic 

Compounds," Elsevier Publishing Co., New York, 1950. 
(11) F. R. Goss, private communication. 
(12) N. Pilpel, Research, B, 444 (1952). 
(13) N. Pilpel, ibid.. 6, 18S (1953). 

84.6 
82.5 
62.0 
82.2 
84.5 

Solute-

P2m cor., 
cc. 

216 
212 

99.0 

84.6 
82.5 
62.0 
45.7 
48.0 

Data 
ref. 

14 
11 
14 
14 
16 
16 

Nitrobenzene 

P2CO1 

cc. 

380 
364 
361 
162 
91.7 
94.2 

P:o. 
cor., 
cc. 

380 
364 
361 
232 
102 
94.2 

Data 
ref. 

11 
16 
16 

Phenetole 
P3 = , 
cc. 

78 
74.0 
05.5 

Pzco, cor., 
cc. 

74.0 
05.5 

TABLE III 

ORIENTATION POLARIZATIONS AT 20 
Mean 

Solute 
CeHiOCjH, 
CeHsCl 
CtHiCOCH1 

C H H 1 N O I 

CsH.CN 

(a) 
cc. 

39.5 
49.3 

175 
330 
320 

(b) 
cc. 
41.0 
67.3 

190 
420 
430 

(c) 

203 

(d) 
cc. 
45.8 
56.6 

204 
385 
431 

43.7 
57.8 

193 
389 
410 

/tvapor, 
D 

1.40 
1.68 
3.01 

D 
1.43 
1.67 
3.02 
4.32 4.23 
4.44 4.30 

Discussion 
Examination of column (a) in Table III shows 

that for the five solutes now studied yusoiution is in all 
cases less than ^ vapor, i.e., the solvent effects for all 
these compounds are negative. The solvent ef
fects are seen to be considerable, particularly for the 
more polar materials such as acetophenone, nitro
benzene and benzonitrile. 

The application of Sugden's method in all cases 
results in an increase in the apparent orientation 
polarization of the solute. This is shown by com
parison of columns (a) and (b) in Table III. The 
moments thereby calculated are generally greater 
than the true vapor ones. However the absolute 
magnitudes of the solvent effects are reduced. 
In view of the relative simplicity of Sugden's treat
ment and the fact that the experimental data obey 
equation 5 noticeably well, it may be concluded 
that the treatment represents a definite improve
ment over the conventional method for calculating 
dipole moments from solution data. 

Sugden's method is restricted solely to the treat
ment of polarization data obtained in benzene solu
tion. There are many classes of organic com
pounds, however, for which benzene is not a par
ticularly suitable solvent, and it is here that 
Smith's treatment is likely to prove more satisfac
tory. 

Examination of column (c) in Table III shows 
that for all the solutes considered the orientation 
polarizations obtained by application of Smith's 
treatment are again higher than those calculated by 
the conventional method. The treatment thus has 
the same general effect as Sugden's, i.e., to convert 
a negative into a positive solvent effect. Once 

(14) J. W. Smith add D. Cleverdon, Trans. Faraday SoC, 45, 109 
(1949). 

(15) R. J. W. Lc Fevre and P. Russell, J. Chem. Soc, 191 (1931'.) 
(ll>) Present investigation. 

CsH.CN
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again the absolute magnitudes of the solvent ef
fects are reduced, in two cases—phenetole and 
chlorobenzene—almost to zero. On the whole, 
however, Smith's treatment gives values for the 
moments which are further from the true vapor val
ues than Sugden's. On the other hand it does enable 
a very much larger body of experimental data to 
be rationalized than can be achieved by employ
ment of equation 5. The plots of Pz<* cor. against 
volume polarization of the solvent approximate 
very closely to straight lines and in no case con
sidered, even when highly polar solvents are used, 
do any of the experimental points lie markedly off 
these lines. This fact, combined with the im
proved agreeement between ^soin. and juVapor shows 
that the treatment is one of considerable value. 

We now consider the applicability of Goss's 
treatment of the data obtained in carbon tetrachlo
ride solutions. The orientation polarizations of the 
five solutes are recorded in column (d) of Table III. 
It is seen that once again the values obtained are 
higher than those by the conventional method, and 
that again the absolute magnitudes of the solvent 
effects are reduced. Indeed, with the one excep
tion of benzonitrile, it is seen that the agreement be
tween /xSoin. and /ivapor is now in general better than 
that obtained either by Sugden's or Smith's meth
ods. With all the solutes, however, there is still 
an appreciable solvent effect. 

It cannot therefore be said that any of the treat
ments that have been discussed are entirely satis
factory in translating the solution data into the 
true dipole moment of the solute considered. The 
conventional method leads to values which are too 

In the preceding paper of this series2 yields of ra-
diohalogen following neutron capture in several 
liquid alkyl halides as a function of the concentra
tion of added free halogen were shown to be describ-
able in terms of diffusion controlled dissociation-
recombination in a two particle system. The equa
tion appearing below was derived, as an extension 
of the work of Samuel and Magee,3 to describe the 
probability of recombination W of two free radicals 

Cl) From the doctoral dissertation of Jean-Claude Roy, Univer
sity of Notre Dame, June, 1954. Presented at the 126th meeting of 
the American Chemical Society, New York, September, 1954. This 
work was been supported in part by a grant from the Atomic Energy 
Commission under contract At(ll-l)-38. 

(2) J. C. Roy, R. R. Williams. Jr., and W. H. Hamill, THIS JOURNAL, 
76, 3274 (1954). 

(3) A. H. Samuel and J. L. Magee, J. Client. Phys., 21, 1080 (1953). 

low, the other methods generally to values which 
are too high. 

In view of this fact it has seemed reasonable to 
try the effect of averaging the polarization values 
obtained by the four different treatments. These 
mean values are given in column 5 of Table III and 
the dipole moments calculated therefrom in column 6. 

When these are compared with the true vapor 
values, given in column 7 of the same table, it is 
seen that the agreement is in all cases remarkably 
good. In no instance do the figures in column 6 
and 7 differ by more than 0.09 Debye unit. The 
maximum error involved in taking the value of the 
moment from column 6 is about 2% (for nitroben
zene), the average error is about 1%. This is con
sidered very reasonable. 

Attempts to improve the agreement between the 
figures in columns 6 and 7 by including in the former 
values obtained by use of a number of other sol
vent effect treatments, e.g., Onsager's,17 and Gug
genheim's,18 were unsuccessful. Such inclusions in 
general led to poorer agreement. 

I t is therefore concluded that a likely value of a 
dipole moment will be obtained from solution data 
by averaging the values derived from the conven
tional method and the three solvent effect treat
ments discussed. Further work, however, will be 
needed to confirm this finding. 

The author wishes to thank Battersea Polytech
nic and the Directors of J. Lyons & Co., Ltd., for 
laboratory facilities. 

(17) L. Onsager, THIS JOURNAL, 88, 1686 (1936). 
(18) E. A. Guggenheim, Nature, 137, 459 (1936). 
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as modified by a competing reaction with a reactive 
solute at mole fraction X; the primary dissociation 
results in an initial mean separation .Ro = »o'/! L, 
where M0 is the number of displacements of mean 
free path L, in terms of an equivalent fictitious sep
aration by random walk. Also y = Ld-1 and p0 = 
Rod-1. 
- In (1 - WJX))(I - W„(X))-i = 

<rP,[7rL2(27r«o)IA]-1[l - (Tm11P2X)'A] 
= PJ2.517P0] - 1 - P 1 P 2

1 A[I^l 7
2 J- 1 X 1 A ( la ) 

- l o g ( l - WJX)) [ log(l - Wo(X)) + 
P,(5.75Wo)-1] - P 1 P 2

1 A O ^ T 2 I - 1 X 1 A ( lb ) 
= 0 - MX 'A 

In equation la, a- = ird% is the collision cross section 
for recombination occurring with probability Pi per 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF THE UNIVERSITY OF NOTRE DAME] 

Diffusion Kinetics of the Photochemical and Thermal Dissociation-Recombination of 
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A diffusion equation for dissociation-recombination in the non-steady state region is applied to the photodissociation of 
B r 3

- and I 3
- , using Mn(II ) as a radical scavenger. The efficiency of oxidation of Mn(II) is enhanced by additional X - . 

If X 3
- - * X 2

- - 4- X-, the effect of additional X - is attributable to X - + X- -»• X 2
- - which hinders recombination. The 

thermal dissociation of iodine, in the presence of Mn(II) and of I - , exhibits a similar dependence upon concentration of I -

but different kinetics may apply. 


