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butions on o-av, just as expected from a classical 
model. 

As shown in sections a, b, c and d, eq. 5 and 6 
give quite satisfactory results for real cases. There
fore, these equations may be considered to be 

-112/15 -214/45 -92/45 -26/45 -4/45 

fairly general in spite of the approximate nature 
of the derivation and to be useful, because of their 
simplicity, also for other cases in the same field. 
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The electric moments of a group of dialkyl peroxides, alkyl hydroperoxides and diacyl peroxides have been measured in 
benzene at temperatures in the range 20-50°. The observed moments agree with those calculated for fixed skew configura
tions about the peroxy grouping as in the Penney-Sutherland structure for hydrogen peroxide. In the diacyl peroxides, both 
of the carbonyl groups appear to face inward. 

At present the most widely accepted model for 
the configuration of hydrogen peroxide is that pro
posed by Penney and Sutherland.2 Practically all 
of the infrared and Raman spectral data have been 
correlated with this fixed skew structure3 and the 
dipole moment4 of this substance as well as the X-
ray investigations of the crystalline5* and liquid6b 

material support this model. 
Recently, Rogers and Campbell6 have shown 

that di-£-butyl peroxide and <-butyl hydroperoxide 
have dipole moments in accord with hydrogen 
peroxide-like structures and that the bulk of the t-
butyl groups appears to exert a steric effect upon 
the magnitude of the dihedral angle between the 
C-O-O planes in the dialkyl peroxide. Shortly be-

(1) A report of work done under contract with the U. S. Department 
of Agriculture and authorized by the Research and Marketing Act of 
1946. The contract is being supervised by the Eastern Utilization 
Research and Development Division of the Agricultural Research 
Service. Part of this work was presented at the Delaware Valley Reg
ional Meeting of the American Chemical Society, Philadelphia, Feb
ruary 1956. 

(2) W. G. Penney and G. B. B. M. Sutherland, Trans. Faraday 
Soc, 30, 898 (1934); / . Ckcm. Phys., 2, 492 (1934). 

(3) O. Bain and P. A. Giguere, Can. J. Chem., 33, 527 (1955). 
(4) E. P. Linton and O. Maass, Can. J. Research, 7, 81 (1932). 
(5) (a) S. C. Abrahams, R. L. Collin and W. N. Lipscomb, Acta 

Cryst., 4, 15 (1951); (b) J. T. Randall, Proc. Roy. Soc. {London), 159, 
82 (1937). 

(6) M. T. Rogers and T. W. Campbell, T H I S JOURNAL, 74, 4742 
(1952). 

fore the publication of this work by Rogers and 
Campbell, an investigation of the dipole moments 
of some of the principal classes of organic peroxides 
was started here. This article reports the results 
for some dialkyl peroxides, alkyl hydroperoxides 
and diacyl peroxides. 

Experimental 
Preparation of Materials. Benzene.—Thiophene-free 

benzene was stored above sodium and refluxed over sodium 
shortly before use. I t was then distilled with discard of 
the first portions of the distillate. 

Di-Mmtyl Peroxide.—A gift sample from the Shell Chemi
cal Corporation was distilled at 98.5 mm. The fraction 
boiling at 52.5° was used. This was the major part of the 
distillate and had the refractive index nwD 1.3841. 

»-Butyl <-Butyl Peroxide.—This compound was synthe
sized by the method of Rust, Seubold and Vaughan.7 It 
was fractionated in vacuo. The middle fraction, b .p . 53° 
(30 mm.), was used in the measurements. 

2-Butyl Hydroperoxide.—Material from the Lucidol Di
vision of the Novadel-Agene Corporation was fractionally 
distilled. The large fraction, comprising most of the 
material, b .p . 51.8° (40 mm.), »30D 1.3958, was used for the 
measurements. A lower boiling fraction, b .p . 47-49.5° 
(52 mm.), was taken for separate measurement to duplicate 
the material (b.p. 45° at 40 mm.) used by Rogers and 
Campbell.6 

Cumene Hydroperoxide.—A sample of 98% pure cumene 
hydroperoxide in petroleum ether was donated by the Her
cules Powder Company through the courtesy of Dr. John 

(7) F. F. Rust, F. H. Seubold and W, E, Vaughan, ibid., 78, 338 
(1950). 
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TABLE I 

T H E D I L U T E SOLUTION VALUES OF THE DIELECTRIC POLARIZATION, MOLAR REFRACTION AND DIPOLE MOMENT OF THE 

ORGANIC PEROXIDES IN BENZENE 
Temp., MRD 

Compound 0C. «10 a Vu /S 11-10 y P21 Obsd. Theor. n 
Di-t-butyl peroxide 30 2.2629 0.305 1.1530 0.056 2.2353 - 0 . 3 0 3 60.86 43.0 43.52 0.94 

50 2.2231 .202 1.1818 .107 60.05 43.0 0.95 
»-Butyl i-butyl per

oxide 30 2.2631 .6443 1.1518 .0731 70.95 42.98 1.19 
(-Butyl hydroperoxide 30 2.2622 3.460 1.1516 .0483 2.2349 - 0 . 3 7 3 91.1 24.4 24.39 1.82 

b.p. 51.8° (40 mm.) 50 2.2220 2.984 1.1807 .0326 85.1 24.4 1.79 
50 2.2193 3.060 86.5 24.4 1.81 

i-Butyl hydroperoxide 
b.p. 47-49.5° (52 mm.) 30 2.2630 3.604 93.7 24.39 1.86 

Cumenehydroperoxide 30 2.2630 2.172 1.1530 - .194 2.2327 .0492 106.1 43.95 43.88 1.76 
30 2.2625 2.302 1.1530 - .192 109.9 43.95 1.81 

Dibenzoyl peroxide 30 2.2629 1.2232 1.1525 - .331 2.2341 .126 115.4 63.84 64.05 1.60 
Bis-^-chlorobenzoyl 20 2.2822 0.8046 1.1387 - .412 114.4 75.96 72.93 1.36 

peroxide 30 2.2633 .7263 1.1528 - .421 2.2333 .211 111.6 75.96 1.33 
Dilauroyl peroxide 20 2.2823 .2653 1.1389 - .0290 2.2516 - . 188 152.2 116.1 116.89 1.32 

20 2.2825 .2721 1.1390 - .0403 151.4 116.1 1.30 

H. Elliott. It was purified by conversion to the sodium value for peroxidic oxj-gen13 being taken as 2.19 cc. mole - 1 . 
salt which was washed four times with benzene and then Only in the case of n-butyl /-butyl peroxide was the theoreti-
returned to the hydroperoxide by reaction with carbon cal value of MRu used to evaluate the moment. 
dioxide in water solution at 10°. The hydroperoxide was The Hoecker plot14 of Vc2P2 against iv2 gave in each case a 
then extracted with benzene, the extracts being washed with good straight line passing through the origin, indicating 
water to remove inorganic salts. After removal of the ben- that no association of the peroxides existed in the range of 
zene, the recovered hydroperoxide was analyzed by the concentrations used. 
method of Seubold and Vaughan8 and showed a purity of The dipole moment of bis-^-chlorobenzoyl peroxide was 
100.6%. measured also at 50°, but the behavior of the solutions in-

Dibenzoyl Peroxide.—Material of 99.5% purity was ob- dicated decomposition, and the moment value was low 
tained from the Lucidol Division of the Novadel-Agene ( : - 1 0 D-)> as would be expected for decomposition into 
Corporation. I t was recrystallized from chloroform by c ° 2 . di-p-chlorophenyl and p-chlorobenzoic acid.16 

addition of methyl alcohol and was dried in a vacuum desic- -p.. . 
cator over Drierite for several days before use. UISCUSSIOII 

Bis-^-chlorobenzoyl Peroxide.—A gift sample was ob- T h e m o m e n t s f o u n d for di-i!-butyl pe rox ide , 
tained from the Lucidol Division of the Novadel-Agene Q.94 D . a t 30° a n d 0.95 D . a t 5 0 ° , a r e in g o o d a g r e e -
Corporation. After purification by the procedure of Blom- f -fh .-. v q 1 l 1 p rpr.nrfPA K v Rnp-erq a n d C a m r , -
quist and Buselly,8 it was found to be 99.7% pure by the ^ n . t w i t n t n e v a l u e r e p o r t e O D y R o g e r s a n a L a m p 
analytical method of Swain, Stockmayer and Clarke.10 DeIl," 0 .92 D . a t 2o , a n d s h o w l i t t l e effect Ol in-

Dilauroyl Peroxide.—Received as a gift of the Novadel- c rease in t e m p e r a t u r e . T a k i n g t h e b o n d m o -
Agene Corporation, this material was purified by crystalli- m e n t s , H - C = 0.4, C - O = 0.62, a n d Z C - O - O = 
zatipn from M-hexane. The purified material was analyzed 1 0 5 o a g e x p l a i n e d b y R o g e r s a n d C a m p b e l l , t h e 
by lodide-thiosulfate titration and was 9 9 . / % pure. 4. r\ >\A T\ j ^ - i t . 1 j 

Apparatus and M e t h o d s . - T h e apparatus and procedures ^ ^ n t 0.94 D c o r r e s p o n d s t o t h e v a l u e <t> = 
for measuring the dielectric constant, density and refractive 123 for t h e d i h e d r a l ang l e b e t w e e n t h e C - O - O 
index of solutions were those which have been developed and p l a n e s in t h e P e n n e y a n d S u t h e r l a n d s t r u c t u r e , 
improved in this Laboratory over a long period of time.11 x h i s d i h e d r a l ang l e is r e a s o n a b l y g r e a t e r t h a n t h e 
solutions"6 ' ' ' ^ e X e r C l s e d m e x c l u d l n S aioisture from the 1 0 Q o v d u e f o u n d f o r h y d r o g e n p e r o x i d e , in v i ew of 
S The Halverstadt and Kumler method" was used to cal- ^ e b ^ k ° f * e 1 ^ 1 f ° U P S - M o l e c u l a r m o d e l s 
culate the infinite dilution values of both the molar polari- s h o w t h a t <j> s h o u l d b e ot t h e m a g n i t u d e f o u n d he re , 
zation, P20, and the molar refraction, MRD, of the solute. C e r t a i n l y , c o m p l e t e r o t a t i o n of t h e g r o u p s a b o u t 
These quantities, together with the electric dipole moments, t h e 0 - 0 axis is imposs ib l e in t h e d i a lky l pe rox ides , 
M in debyes), evaluated from them and the least-squares d t t h { f fa J k , T h ^ , 
values of the intercept and associated slope terms, em, Via, , , , , . . J * , . ^ 1 , ,. . r . 
«2,oD, a, /3 and 7, for the Halverstadt and Kumler calcula- m o m e n t c a l c u l a t e d for free r o t a t i o n a b o u t t h i s axis 
tions are listed in Table I. The solute weight fractions, is 1.39 D . , w h i c h i n d i c a t e s t h e r e s t r i c t i o n of r o t a 
t e , were in the range 0.00089 to 0.016. The dielectric con- t i o n a c t u a l l y p r e s e n t . I n a d d i t i o n t o t h e n e a r con
stant of the stock benzene was measured before and after c f a r l n „ nt fhp r n o r n p n t :th „ t 9 n ( , „ :„ t p m n e r a t u r e 
the preparation of the solutions and these two values were f a n c y °} t n e m o m e n t w i t n c n a n g e m t e m p e r a t u r e , 
given equal weight with the other <• values in the least- f u r t h e r i n d i c a t i o n of t h e r i g i d i t y of t h e mo lecu l e 
squares determination of em and a for each run. Table I c o m e s f rom ca l cu l a t i on of t h e m o m e n t e x p e c t e d for 
also shows the values of the theoretical molar refractions free osc i l l a t ion o u t s i d e t h e r eg ion (2<j> = 246° ) ex-
calculated from standard bond and atomic refractions, the d u d e d b y ^ b a r r i e r t Q ^ c o n f i g u r a t i o n . T h i s 

,ON -o TT c u ,J J w T- „ u -r- T *c „ „ , c a l c u l a t e d v a l u e is 0.6 D . , s h o w i n g t h a t t h e ba r r i e r 
(8) F. H. Seubold and W. E. Vaughan, T H I S JOURNAL, T5, 3791 ' ° . , , 

(19S3). t o trans conf igura t ion is a lso a p p r e c i a b l e . 
(B) A. T. Biomquist and A. j . Buseiiy, iHd., 73, 38S3 (1951). I n go ing t o w-bu ty l / - b u t y l pe rox ide , t h e m o m e n t 
(io) c. o. swain, w. H. stockmayer and j . T. Clarke, aid., T2, r j s e s t o 1 \Q Tj c o r r e s p o n d i n g to 3. d i h e d r a l ang l e of 

5426 (1950). 
(11) J. G. Miller, ibid., 56, 2360 (1934); 60, 42 (1938); 64, 117 (13) X. Milas, D. M. Snrgenor and I. H. Perry, ibid., 68, 1617 

(1942); J. G. Miller and H. S. Angel, ibid., 68, 2358 (1946); P. A. (1946). 
Geary and J. G. Miller, J. Ekctrcchem. Soc, 97, 54 (1950). (14) F. E. Hoecker, J. Clum. I'hys.. i, 431 (1936). 

(12) I. F. Halverstadt and W. D. Kumler, THIS JOURNAL, 64, 2988 (15) A. V. Tobolsk}- and R. B. Mesrobian, "Organic Peroxides," 
(1942). Interscience Publishers, Inc., New York, K. Y., 1954, p. 85. 
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105°, as expected from replacement of one of the 
/-butyl groups by a «-butyl group. Similarly, 
Rogers and Campbell6 found that the electric 
moment of di-w-butyl disulfide is greater than that 
of di-/-butyl disulfide by an amount indicating a 
dihedral angle smaller by about 10°. Earlier work 
in this Laboratory18 showed that the dipole mo
ments of polysulfides in general give proof of the ex
istence of rigid skew structures for the polysulfide 
groupings, which are expected to use bonding orbi-
tals similar to those in the peroxides. 

Turning to the alkyl hydroperoxides, the value 
found here for /-butyl hydroperoxide is slightly dif
ferent from that, 1.87 D., reported by Rogers and 
Campbell,6 who measured material of boiling point 
45° at 40 mm. We have found that the main frac
tion in the distillation of /-butyl hydroperoxide 
boils at 51.8° under their pressure, 40 mm. This 
material has a constant moment averaging 1.81 D. 
over the range 30-50°, a value much closer to the 
value, 1.78 D., calculated6 for a rigid skew struc
ture with <f> = 100°. The lower-boiling fraction 
(47-49.5° at 52 mm.) obtained in the fractionation 
of the /-butyl hydroperoxide has a moment of 1.86 
D., indistinguishable from the value obtained by 
Rogers and Campbell, and apparently contains a 
polar impurity. 

When one changes from /-butyl to cumene hy
droperoxide by replacing one of the methyl groups 
of the former by a phenyl group, no discernible 
change in moment takes place. This near equality 
of moments is the same as observed hitherto for 
other benzyl and benzal compounds in comparison 
with the corresponding alkyl compounds.17 In 
the present case, this equality is to be expected 
from the probability that any electronic charge 
drawn away from the phenyl ring by the peroxy 
group would be largely compensated by the usual 
charge shifts in the opposite direction due to inter
action of the phenyl group with the alkyl groups. 
The moment observed for cumene hydroperoxide 
may therefore be considered good confirmation of 
the findings obtained for /-butyl hydroperoxide, 
namely, that the alkyl hydroperoxides, like the di-
alkyl peroxides, show moments in accord with hy
drogen peroxide-like structures. 

Interpretation of the electric moment values of 
the diacyl peroxides would appear to be compli
cated by additional modes of intramolecular rota
tion and the effects of resonance due to the carbonyl 
and phenyl groups present. The rotations pic
tured in the following reference diagram show the 
dihedral angles to be considered 

S? 
o -

R' 

C 

JO 

These rotations are all that need be considered 
for the three peroxides under consideration in view 

(16) C. C. Woodrow, M. Carmack and J. G. Miller, J. Chem. Phys., 
19, 951 (1951). 

(17) C. P. Smyth, "Dielectric Behavior and Structure," McGraw-
Hill Book Co., Inc., New York, N. Y., 1955, p. 317. 

O 
Il 

of the strong evidence that the C-C-O atoms in 
carboxylate groups are in fixed coplanar arrange
ment. 

Although severe restriction of rotation about 
the 0 - 0 axis would be expected from the bulk of 
the acyl groups as well as the mutual repulsion of 
the pw electrons on the peroxy oxygen atoms, the 
effects of resonance must also be considered. 
Since structures such as 

R O 
\ / 

C 
% 

O R 
\ / 

C 
/ 

R O 
\ / 

C 
\ 

O R 
\ / 

C 
/ 

are probably involved, it would appear that the co 
values would be fixed at 0 or 180° due to the co-
planarity requirements. At the same time, it 
would be difficult to predict the net effect of inter
action of such structures with the peroxy grouping. 
It is possible that the Penney-Sutherland barrier 
to rotation about the 0 - 0 axis might be lowered 
since the resonance appears to utilize the p7r-elec-
trons of the peroxy oxygen atoms in double bond 
formation with the two carbonyl carbon atoms. 
On the other hand, the charges placed on the car
bonyl oxygen atoms would raise the barrier to 
rotation about the 0 - 0 axis. In all three of the 
diacyl peroxides the adjacent charges placed on the 
peroxy group would also be expected to lower the 
stability of the forms pictured above and hence to 
minimize that resonance. In dibenzoyl peroxide 
and bis-^-chlorobenzoyl peroxide, additional reso
nance forms such as 

O O 

>=c 
\ 

\ 
c—< 

would be expected to diminish the double bond 
character of the links connecting carbon to peroxy 
oxygen, due to competition with the other reso
nance forms. 

In view of these complications it will be helpful 
to compare the observed moments with those cal
culated for different internal rotations. In these 
calculations, the effect of other parameters, namely, 
the bond moments and bond angles, must be con
sidered also. With regard to the latter, the bond 
angles of the carbonyl carbon and the peroxy oxy
gen atoms would be expected to vary only slightly 
from the values Z C-C-O = 110°, Z O=C-O 
= 125°, Z C-O-O = 105°, and we shall fix them 
at those values for all of the calculations. For the 
bond moments C-O, C=O, it has been found18 

that resonance in the phenyl ring makes very little 
contribution to the moments of the phenyl ketones 
and aromatic carboxylic acids such as benzoic acid 
and ^-chlorobenzoic acid, so that we should expect 
no large effect upon those bond moments in chang
ing the acyl group from lauroyl to benzoyl or p-

(18) M. B. Hobbs and A. J. Weith, Jr., THIS JOURNAL, 66, 967 
(1943); C. S. Brooks and M. E. Hobbs, ibid., 62, 2851(1940); C P . 
Smyth, ref. 17, pp. 253, 308, 319. 
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chlorobenzoyl. In the acyl peroxides studied here, 
the only other moment to consider is that due to 
the alkyl or aryl group attached to the carbonyl 
carbon atom. In each case this moment will be 
directed along the axis of attachment to the car
bonyl carbon atom and this resultant R-C moment 
will vary with the nature of the R group. 

For the purpose of correlating the observed mo
ments with those calculated for different assign
ments for the dihedral angles and group or bond 
moments, we have developed a general expression 
for the molecular moment in terms of the param
eters mentioned above. In this formula, the 
angles W1 and co2 will be taken in a counter-clockwise 
direction looking along the C-O axes from C to O 
for measurement of rotations of the acyl groups out 
of the plane containing the 0 - 0 axis. The co-
planar arrangement shown in the reference diagram 
specifies the zero values of W1 and w2. The angle 0 
will be measured in a counter-clockwise direction 
looking along the 0 - 0 axis from right to left for 
measurement of rotations of the right-hand C-O-O 
plane out of the coplanar arrangement with the 
other C-O-O plane. 

The R-C, C = O and C-O moments of the carbox-
ylate group on the left will be symbolized a, b and 
c, respectively, and the corresponding moments 
for the other group will be written, e, d and / . 
When these moments are oriented in the customary 
manner, e.g., R -*• C, C -*• O, the moments are posi
tive in sign. The bond angles for the left-hand 
and right-hand C-O-O groupings will be sym
bolized di and 62, respectively. Finally, we will 
take Z C-C-O = 90° + a, and Z O = C - O = 
90° + /3 for the acyl group on the left with y and 
5 the corresponding values for the group on the 
right. The following expression then gives the 
molecular moment, n, of any configuration of a di
acyl peroxide in terms of these parameters. 

M2 = [(e cos 7 + d cos S) cos a2 cos (B2 — 90) 
+ (a cos a + b cos (3) cos (Bi — 90) cos on 
— (f + e sin 7 — i sin S) cos (180 — B2) 
+ (c + a sin a - 6 sin /3) cos (180 - S1)]

2 

-j- [— (/ + e sin 7 — d sin 5) sin (180 — O2) sin <j> 
— (e cos 7 + d cos S) sin u2 cos <t> 
— (e cos 7 + d cos S) sin (B2 — 90) cos u2 sin <j> 
— (a cos a + b cos /3) sin CJI]2 

+ I — (/ + e sin 7 — d sin 5) sin (180 — B2) cos 4> 
+ (e cos 7 + d cos S) sin u2 sin <f> 
— (e cos 7 + d cos S) sin (B2 — 90) cos ui2 cos <j> 
— (c + a sin a — b sin 0) sin (180 — Bi) 
+ (a cos a + b cos /3) sin (Bi — 90) cos coi]2 

For a symmetric diacyl peroxide, the formula 
simplifies greatly because of the equalities a = e, 
b = d, c = f, a = 7, /3 = 8, Bx = O2 = 9. Further
more, we shall fix the bond angles, as mentioned 
above, at the values a = 20°, /3 = 35°, 6 = 105°. 
Table II shows some of the calculations made with 
the use of the formula with respect to lauroyl 
peroxide. The first ten rows of that table show the 
effects of the dihedral angles and the last three rows 
consider the effects of the bond or group moments. 

In considering the dihedral angle, the R-C and 
C-O moments are fixed at the values used for the 
alkyl peroxides and hydroperoxides and the C = O 
moment is assigned the normal value,19 2.3 D., on 
the basis mentioned above, that these moments are 

(ID) C. P S m y t h , ref. 17, p . 245, 

TABLE II 

T H E EFFECTS OF DIHEDRAL ANGLES AXD BOND MOMENTS 

ON THE 

4> 

Free 
rot. 

100 

Free 
rot. 

Free 
rot. 

Free 
rot. 

100 
109 
180 
100 
100 
100 

100 

100 

MOLECULAR '. 

CCl 

Free 
rot. 

Free 
rot. 

0 

0 

180 
0 
0 
0 

180 
0 
0 

0 

0 

UiI 

Free 
rot. 

Free 
rot. 

180 

0 

180 
180 
180 
180 

0 
0 

180 

180 

180 

MOMENT OF 

a 

0.4 

.4 

.4 

.4 

.4 

.4 

.4 
Any 
0.4 
0.4 
1.05 

(25.0) 
0.4 

( • 

0.4 

DlLAUROYL P E R O X I D R 

b 

2.3 

2.3 

2.3 

2.3 

2.3 
2.3 
2.3 

Any 
2.3 
2.3 
2.3 

2.10 
- 0 . 5 0 ) 

2 3 

C 

0.02 

.02 

.02 

.02 

.62 

.02 

.02 
Any 
0.02 

.02 

.02 

.62 

0.73 
(2.84) 

M 

3.30 

3.27 

1.60 

4.51 

4.51 
1.45 
1.31 
0 
0.05 
4.52 
1.31 

1.31 

1.31 

little affected by the resonance pictured for the 
molecule. The three calculations in which free 
rotation is taken only about the 0 - 0 axis give in 
each case the same moment value as if <f> were fixed 
at 90°. With this and the coplanarity require
ments for the carboxylate groups as well as the bulk 
of those groups in mind, all of the calculations of 
the effects of the rotations indicate strongly that 
only a fixed structure with the approximate values 
C01 = 0°, U2 = 180° fits the observed value, 1.31 D. 
In fact, with <j> = 100° and taking the sixteen pos
sible combinations of 0°, 90°, 180°, 270° values 
for wi and OJ2, this is the only combination which 
gives a moment within 1.1 D. units of the observed 
value. As to 4>, a value slightly larger than the 
Penney-Sutherland 100° value is approximated, 
but it would be superfluous to refine the interpre
tations beyond this point. 

The last three rows of Table II show the cal
culations of the group and bond moments corres
ponding to the fixed structure of observed moment, 
1.31 D. Fortunately, as might be expected from 
the spatial direction of the moments, the moment 
of the molecule is found not greatly dependent on 
the R group moment, a, which is apt to be the 
most questionable of the component moments. 
With b and c, small changes affect /J. greatly, and 
the results indicate that the assignments 2.3 and 
0.62 are quite reasonable. The formula gives a 
quadratic relation between /j. and the group and 
bond moments, which explains the improbable 
values shown in parentheses in Table II. 

Similar calculations for dibenzoyl and bis-^-
chlorobenzoyl peroxide confirm the indication that 
the diacyl peroxides have fixed skew structures 
with the carbonyl groups facing inward. Here, 
with b and c the same as for dilauroyl peroxide, the 
usual values of the phenyl and £>-chlorophenyl group 
moments, 0 and —1.6 D., respectively, appear 
satisfactory. 
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Oesper and Smyth20 measured the moments of 
dibenzoyl peroxide and dibenzoyl persulfide. For 
the former, they reported the value 1.58 D. at 45° 
in benzene, nearly the same value as reported here 
for 30° in the same solvent, and for the persulfide 
they obtained the values 1.1 D. at 25° and 1.4 D. 
at 45° in benzene. Taking all the other param
eters the same as we have taken them for di
benzoyl peroxide, the moments for the persulfide 

(20) P. F. Oesper and C. P. Smyth, THIS JOUBNAL, 64, 768 (1942). 

Introduction 
As a part of an isotope fractionation study for-

mic-d acid was synthesized and assayed mass 
spectrometrically. It was convenient at this time 
to compare the cracking patterns of the three pos
sible deuteroformic acids with that of unlabelled 
formic acid. The deuterium labels served as 
indicators of the relative amounts of hydrogen lost 
from each of the two possible positions in the for
mation of several ions by fragmentation of formic 
acid during electron bombardment. 

Mass spectrometric studies of positive ions from 
formic acid have been carried out by several in
vestigators.2-4 In addition to tabulating the posi
tive mass spectra of formic acid, Mariner and 
Bleakney2 reported the appearance potential for 
each of the fragment ions. They observed two 
values for approximately one half of the ions and 
suggested that this might be due to the existence of 
two isomeric forms of the acid, cis and trans. 
Approximate appearance potential studies were 
made for the ions at masses 29 (CHO+) and 45 
(CHC>2+) in the present investigation, and the re
sults are discussed in terms of structure of the ion 
rather than the form of the parent molecule. 

Although much work has been done on the 
positive ion spectrum of formic acid, little infor
mation is available concerning the negative ions 
and only the O H - ion has been previously re
ported.2 In the present work a systematic study 
of the negative ion spectra was carried out in order 

(1) Previous study, Gus A. Ropp, C. J. Danby and D. A. Dominey 
T H I S JOURNAL, 79, 4944 (1957). 

(2) T. Mariner and W. Bleakney, Phys. Rev., 72, 792 (1947). 
(3) G. P. Happ and D. W. Stewart, THIS JOURNAL, 74, 4404 (1952). 
(4) "Catalog of Mass Spectral Data," Amer. Pet. Inst. Res. Proj. 44, 

Nat. Bur. Stds., Washington, D. C , Serial No. 300. 

correspond to a C -»• S moment of 0.94 D. in the one 
case and 0.7 D. in the other. The amounts by 
which these moments exceed the C —*• O moment 
lie in a reasonable range for the change from oxygen 
to sulfur.20 
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to tabulate the principal ions and to seek infor
mation concerning their origin. 

Experimental 
Mass Spectrometer.—Data were obtained using a 6 in. 

radius 60° type of mass spectrometer described in detail 
elsewhere.6'8 The temperature of the ionization chamber 
was reduced to 120° since the formic acid sample decomposed 
into hydrogen and carbon dioxide at higher temperatures. 

Formic Acid.—The unlabeled acid used was Eastman 
Kodak 98 + % formic acid. 

Preparation of Deuteroformic Acids.—The deuteroformic 
acids used were above 9 5 % pure and were synthesized by 
the following methods. 

Formic Acid-d (HCOOD).—Trideuterophosphoric acid was 
prepared by the reaction of phosphorus pentoxide with the 
calculated amount of 9 9 + % deuterium oxide. Vacuum 
dried C P . sodium formate was warmed to about 70° in an 
evacuated system with excess trideuterophosphoric acid and 
the formic acid-<2 was vacuum distilled into a trap cooled in 
liquid nitrogen. The trap could be removed from the line 
and attached to the mass spectrometer without permitting 
air to reach the acid. All of the glass apparatus was baked 
in vacuo before use to remove water which, if present, could 
exchange with the formic acid-<2. A large sample of the for
mic acid-<2 (about 3 g.) was prepared in order further to 
minimize the effect of possible exchange with traces of 
water present during storage. 

Formic-d Acid (DCOOH).—Thoroughly dried C P . so
dium cyanide was hydrolyzed with excess 99 + % deuterium 
oxide in a sealed tube at 180° over a period of 18 hours. 
The tube was opened and attached to a vacuum line where 
excess deuterium oxide and deuteroammonia were distilled 
out leaving dry sodium formate-i. A sample of this salt 
gave a negative test for cyanide. The sodium formate-d 
was heated at 70° to 125° with excess 8 5 % phosphoric acid. 
The aqueous formic-d acid which came over at a pressure 
of approximately 1 micron was then fractionated using a 
40 inch Vigreux column. Formic acid-water azeotrope, 
b .p . 105-106° at 745 mm., dm 1.170, was collected. It 
was shown to contain 72% formic-d acid by alkali titration. 
The azeotrope was neutralized with sodium hydroxide, and 

(5) C. E. Melton and G. F. Wells, J. Chem. Phys., 27, 1132 (1957). 
(6) G. F. Wells and C. E. Melton, Rev. Sci. Instr., 28, 1065 (1957). 
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The principal positive and negative ions in the mass spectra of formic acid and deuteroformic acids are reported. I t is 
shown that the positive ions of mass 45 (CHO2

+) , 29 (CHO + ) and 13 (CH + ) are formed by reactions involving loss of hydro
gen from either position in the formic acid molecule. Loss of the hydrogen attached to carbon occurs only a little more 
readily than loss of the other hydrogen in the formation of the ion CHO2

+ . Loss of the hydrogen attached to oxygen occurs 
more readily in the formation of the ions C H O + and C H + . Negative ions of masses 45 (CHOj - ) are formed almost ex
clusively by loss of the hydrogen attached to oxygen. The relative sensitivities for formation of negative ions from formic, 
acetic and propionic acids are approximately those predicted from the structures of these acids. 


