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The Structure of Formaldehyde from Electron Diffraction 

BY D. P. STEVENSON,’ JAMES E. LUVALLE~ AND VERNER SCHOMAKER 

Introduction 
The structure of monomeric formaldehyde is of 

particular interest since i t  is the simplest mole- 
cule containing a carbon-oxygen double bond. 
BruS found the carbon-oxygen distance to be 
1.15 * 0.05 A. by electron diffraction. The 
accuracy, *0.05 A., of this determination is very 
much less than is now obtainable in determining 
the size of simple  molecule^.^ Furthermore, this 
value for the carbon-oxygen distance is about 
0.1 A. smaller than that predicted by the covalent 
radius table5 for the carbon-oxygen double bond, 
1.24 A., and that found for the carbon-oxygen 
distance of acetaldehydej6 1.22 8.) and glycine,’ 
1.24 A. Badger’s rules applied to the carbon- 
oxygen frequency gives 1.21 A.0 for the distance. 

The moments of inertia have been determined 
very accurately‘O but are insufficient by them- 
selves to determine the structure uniquely. This 
will be discussed below. Since the carbon- 
oxygen distance appeared definitely to  be shorter 
than predicted, we were led to redetermining it by 
the electron diffraction technique. 

Experimental 

Dieke and Kistiakowsky’o found it possible to 
maintain a pressure of 100 mm. of H2C0 by heat- 
ing paraformaldehyde. For this reason we first 
attempted to obtain photographs by heating 
Eastman Kodak Company White Label para- 
formaldehyde from 150 to 200’ in the “high 
temperature nozzle.’, Some of the photographs 
obtained in this fashion had the expected pattern, 
namely, that of a diatomic molecule, while others 
showed a much more complicated pattern. The 
latter were probably due to small polymers (e. g., 
trimer). In order to eliminate the possibility of 
polymer in the vapor we prepared 10 cc. of the 

(1) National Research Fellow. 
(2) Julius Rosenwald Foundation Fellow. 
(3) L. Bru, Ann. SOC. c s p a l .  5s.  quim.,  30, 483 (1932). 
(4) Cf. V. Schomaker and D. P. Stevenson, THIS JOURNAL, to be 

published. 
(51 L. Pauling and M. L. Huggins, Z. Krist., 87, 205 (1934); L. 

Pauling and L. 0. Brockway. THIS JOURNAL, 69,1223 (1937). 
(6) D. P. Stevenson and H. Burnham, i b i d . ,  to be published. 
(7) G. Albrecht and R. B. Corey, ;bid., 61, 1087 (1939). 
(8) R. M. Badger, J. Chem. Phys. ,  2, 128 (1934), and 8, 710 (1935). 
(9) H. W. Thompson and J. W. Linnett, J .  Chem. Soc., 1391 (1937). 
(10) G. H. Dieke and G. B. Kistiakowsky, Phys. Rev., 46,4 (1934). 

monomeric liquid according to the method of 
Spence and Wilde.” The liquid was held at  
- 25’ in the side-arm of a 200-cc. flask attached to 
the apparatus. This gave an effective pressure 
of nearly one atmosphere. Since air was ex- 
cluded carefully from the preparation, polymeri- 
zation was delayed long enough to obtain photo- 
graphs of the monomer. The photographs so 
obtained were excellent, having a pattern similar 
to that of a diatomic molecule. 

The camera distance was 10.84 cm. and the 
wave length of the electrons was 0.0611 if. based 
on transmission pictures of gold, the structure of 
which is known (a = 4.070 A.). 

Interpretation.-Only the *photographs ob- 
tained by the second technique will be considered 
since polymers may have been present in the gas 
in the high temperature photographs. The 
photographs showed five minima and five maxima 
of gradually decreasing intensity. The measured 
values of s (so = 5; sin 2 are given in the third 
column of Table I. Comparison with a simple 
sin x / x  curve indicated the carbon-oxygen dis- 
tance to be about 1.20 A. This distance and the 
moments of inertia (see below) give a carbon- 
hydrogen distance of 1.09 A. and a hydrogen- 
carbon-hydrogen angle of 120’. A theoretical 
intensity curve was then calculated for the corre- 
sponding model. In place of the commonly used 
cokfficients ZiZj, (Zi - fi)(Zj - f j ) e - A i j  was 
used in the expression 

4= ? 

= cc 
i j  

The use of the “temperature factor,” “e-Aii , ’ ’  

will be discussed by one of us.12 The atomic 
scattering factors ‘If‘’ were obtained from Pauling 
and Sherman.13 The curve so obtained is shown 
in Fig. 1, curve C, along with a common visual 
curve calculated for the same molecular dimen- 
sion and the curve sin 1.20x/1.20x. The vertical 
lines indicate the position of the measured 
maxima and minima. Quantitative comparison 
with the curve calculated with temperature fac- 

(111 R. Spence and W. Wild, J. Chcm. Soc.. 338 (1935). 
(12) V. Schomaker, to be published. 
(13) L. Pauling and J. Sherman, 2. Krist., 81, 1 (1932). 
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values of the carbon-xygen and carbon- 
hydrogen distances which are consistent 
with the moments of inertia as a function 
of the hydrogen-carbon-hydrogen angle. 
Our value of 1.213 A. for the carbon-oxygen 
distance (marked by a circle on the graph) 
corresponds to an angle of 120' and a hy- 
drogen-carbon distance of 1.086 8. Ebers 
and Nielsen14 from an incompletely re- 
solved infrared band a t  4.5 p have deter- 
mined rough values for the moments of 
inertia of deuteroformaldehyde. Although 
their value for the small moment of inertia 
is in good agreement with that of Dieke 
and Kistiakowskylo for light formaldehyde, 

1 1 I I I I 

5 10 15 20 25 - 
Fig. 1.-Theoretical intensity curves for formaldehyde: A, sin their value for the large moment is not 

1.20~/1.20s; B, ordinary intensity curve for C-o = 1.20 A,, C- sufficiently accurate to be used in deter- 
H = 1.09 A., AH-C-H = 120'; C, like B with coefficients includ- 
ing the atomic scattering factors and a "temperature factor." 

Thompson and Linnett9 using the fre- 
mining the structure of formaldehyde. 

quencies of Nielsen15 and a five constant potential 
function have found kc-o = 12.3 X lo5 dynes/cm. 
and kCVH = 4.3 X lo5 dynes/cm. With these val- 
ues Badger's rule8 leads to a carbon-oxygen dis- 
tance of 1.21 A. and a carbon-hydrogen distance of 
1.09 6. in good agreement with our determination. 
Very little significance can be assigned to the 
agreement in the case of the carbon-oxygen bond 
distance since Thompson and Linnettg find the 

tor is given in Table I. 
oxygen distance of 1.213 * 0.008 8. 

It leads to a carbon- 

TABLE I 
Max. Min. a %.led." Sc/SQ 

1 3.95 3.73 (0.944)' 
1 6.62 6.71 1.014 

2 9.15 9.12 0.997 
2 11.95 11.89 0.995 

3 14.40 14.59 1.013 
3 16.90 17.10 1.012 

4 19.40 19.61 1,011 
4 22.15 22.21 1.003 

5 24.16 24.81 1.027 
5 26.86 27.50 1.024 

Average of 9 features 1.011 =t 0.008 
Carbon-oxygen distance = 1.20 X 1.011 = 1.213 * 

" From curve calculated with C-0 = 1.20, C-H = 1.09, 
LH-C-H = 120°, with temperature factor. * Omitted 
from average. 

0.008 A. 

Discussion 
Dieke and Kistiakowskylo have determined 

values for the moments of inertia of formaldehyde 
from the analysis of the rotational structure of six 
ultraviolet bands. Since the molecule is planar, 
there are only two independent moments of inertia 
while there are three parameters which determine 
the structure of the molecule, namely, the carbon-- 
oxygen and carbon-hydrogen distances and the 
hydrogen-carbon-hydrogen angle. An inde- 
pendent determination of any one of these struc- 
tural parameters along with the moments of 
inertia suffice to determine the other two struc- 
tural parameters. In Fig. 2 we have plotted the 

1.25 I 
1.151 

1.05t I I I 

115 120 125 
Fig. 2.-Graph of distances and angles 

consistent with the moments of inertia of 
formaldehyde: 11 = 2.941 X lO-'Og. crn.l; 
I2 = 21.39 X g. cm.* 

(14) E. S. Ebers and H. H. Nielsen, J. Chem. Phys. .  6 ,  311 (1938). 
(15) H. H. Nielsen, Phys. Reo. ,  46, 117 (1834). 
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same distance for ketene, which has been found 
by electron diffraction to have a carbon-oxygen 

covalent radius table for a carbon-xygen double 
bond. 

distance equal to 1.17 A.16 
The large value of the hydrogen-carbon- 

Summary 
- - -  

hydrogen angle, 1200, may be interpreted as Electron diffraction photographs of monomeric 
indicating that the bonding in formaldehyde is formaldehyde have been obtained using fast 
primarily of the sp21 type which gives three electrons. Their interpretation leads directly to 
coplanar bonds a t  120'. It has been found a CarbOnQxygen distance equal to 1-21 * 0.01 
that in acetaldehyde6 a similar situation obtains, A. Using this distance and the accurately known 
the carbon-arbon -oxygen angle being 122 L- 20. moments of inertia one finds the carbon-hydrogen 
The carbon-oxygen distance in formaldehyde is distance to be 1.09 * 0.01 A. and the hydrogen- 
definitely shorter than that predicted by the carbon-hJ'drogen 

(16) J. Y. Beach and D. P. Stevenson, J .  Chem. Phrs., 6, 75 (1938). PASADENA, CALIFORNIA RECEIVED JULY 10, 1939 

to be l20 * lo. 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY AND CHEMICAL ENGINEERING O F  THE UNIVERSITY O F  
PENNSYLVANIA ] 

The Hydrolysis of Ethylall 
BY PAUL M. LEININGER~ . .  

In a study of the inversion of sucrose3 i t  was 
shown that the parameters of the Arrhenius equa- 
tion 

depended upon electrolyte concentration and 
temperature. The present paper extends the 
study to the hydrolysis of ethylal. This reac- 
tion was chosen because the velocity constant 
can be determined conveniently over similar 
ranges of hydrochloric acid concentration and 
temperature. 

Skrabal and Schiffrer4 measured the rate of 
hydrolysis of ethylal in aqueous hydrochloric 
acid solutions by indirectly determining the 
amount of formaldehyde present a t  suitable in- 
tervals. The formaldehyde was oxidized to 
formic acid and titrated. In 1926 Skrabal and 
Eger" continued the work a t  25", using a modi- 
fication of the sulfite method of Lemme6 to 
determine the quantity of formaldehyde. 

Subsequently the hydrolysis of ethylal was 
studied at 25 and 35' by Salmi' and by Palomaa 
and Aalto* using analytical methods. In  1934 

Ink  = B - (E*/RT) (1) 

(1) Abstracted from the dissertation of Paul M. Leininger pre- 
sented to the Faculty of the Graduate School of the University of 
Pennsylvania in partial fulfilment of the requirement for the degree 
of Doctor of Philosophy, April, 1939. Paper presented before the 
Baltimore Meeting of the American Chemical Society, April, 1939. 

(2) E. I .  du Pout de Nemours and Company Fellow, 1938-1939. 
( 8 )  Leininger and Kilpatrick, THIS JOURNAL, 60, 2891 (1938). 
(4) Skrabal and Schiffrer, Z. physik.  Chem., SS, 290 (1921). 
(5) Skrabal and Eger, ibid., 122, 349 (1926). 
(6) Lemme, Chem. Zlg. ,  27, 896 (1903). 
(7) Salmi, Annal. Univ. Aboensis, A3, no. 3 (1932). 
(8 )  Palomaa and Aalto, Rer. ,  66, 468 (1933). 

AND MARTW KILPATRICK 

Palomaa and Saloneng measured the reaction rate 
dilatometrically. Lobering and Fleischmann'" 
investigated the hydrolysis a t  10, 20 and 30' in 
sulfuric acid solutions. 

If the claim of an accuracy of *4% in the 
measurement of the rate constant, made by one 
of the authors,s can be regarded as typical, it is 
apparent that for this reaction the data in the 
literature are insufficiently accurate for a study 
of the parameters of the Arrhenius equation. 
In  addition, both the temperature and concentra- 
tion ranges investigated are too limited to enable 
one to observe possible variations in the pa- 
rameters] E A  and B.  

The present investigation extends over a range 
of hydrochloric acid concentration from 0.5 to 
3.0 molar, a t  0, 10, 15, 20, 2Fi, 30, 35 and 40" 
(concentrations resulting in too rapid reaction 
being omitted at  the higher temperatures). 

Experimental 
Ethyla1.-Ethylal from the Eastman Kodak Company 

was purified by fractional distillation, the fraction boiling 
between 87.0 and 88.0" (760 mm.) being used. That thc 
preparation was free of acidic impurities was established 
by titration of an aqueous solution in an atmosphere of 
nitrogen using brom thymol blue as indicator. A further 
check upon the purity of the product was made by deter- 
mining the refractive index by means of a Zeiss dipping 
refractometer. At 17.5' different preparations gave values 
of m varying from 1.3736 to  1.3745 as compared with 

(9) Palomaa and Salonen, ibid., 67, 424 (1934). 
(10) Liibering and Fleischmann, ibid.. 70B, 1713 (1937). 
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complete exchange and possibly more; it is doubtful 
whether any appreciable exchange occurred. 

The photochemical experiments were carried out as fol- 
lows. A solution of radioactive bromine and trichloro- 
bromomethane in carbon tetrachloride was frozen with 
liquid air; the space above the solution was evacuated in 
order that oxygen might be largely removed. The solu- 
tion was melted and separated in vacuo into two approxi- 
mately equal portions which were then sealed off. One 
portion was thermostated and illuminated for a measured 
time with filtered radiation from a 500-watt tungsten 
lamp; the filter transmitted chiefly in the range 5000 to 
6100 A. The other portion was kept in the dark a t  the 
same temperature for the same time. After the illumina- 
tion was completed, both solutions were cooled in the dark; 
the bromine was extracted from the same volume of each 
and converted to silver bromide for electroscopic measure- 
ments. A small volume of each solution was also analyzed 
for bromine. 

A thermal exchange experiment was performed using 
the same technique: the solution was separated in vacuo 
into two portions; bromine from one portion was con- 
verted immediately to silver bromide; the other portion 
was kept in the dark a t  a high temperature for some 
time before the bromine extraction. 

The results obtained with solutions containing about 
0.003 mole of bromine and 0.08 mole of trichlorobromo- 
methane per liter were as follows: thermal, solution heated 
a t  76" for seventy-five minutes, -3% exchange; photo- 

chemical, solution illuminated a t  76 ' for seventy minutes, 
98% exchange. Two experiments in which solutions con- 
taining 0.003 mole of bromine and 0.02 mole of trichloro- 
bromomethane per liter were illuminated at 76" for twenty 
minutes resulted in 86 and 97% exchange. Other experi- 
ments a t  higher temperatures or with longer illumination 
times also gave 85 to 100% exchange. 

Summary 
Investigation of the exchange of bromine be- 

tween radioactive bromine and various bromine 
compounds has led to the following results: a 
rapid exchange occurs with arsenious bromide and 
with stannic bromide a t  .room temperature in 
carbon tetrachloride solution (!); in the same 
solvent no exchange beyond the limits of experi- 
mental uncertainty was observed to occur with 
either ethylene bromide or trichlorobromometh- 
ane in the dark a t  100'; a rapid exchange with 
trichlorobromomethane is induced by green light 
a t  76'. 

A convenient method has been described for the 
preparation of dilute and highly radioactive solu- 
tions of bromine in carbon tetrachloride. 
PASADENA, CALIFORNIA RECEIVED SEPTEMBER 21, 1939 
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The Molecular Structures of Glyoxal and Dimethylglyoxal by the Electron Diffraction 
Method 

B Y  JAMES E. LUVALLE~ AND VERNER SCHOMAKER 

Introduction.-Extension to open chain hetero- 
atomic aliphatic compounds of the structural in- 
vestigations2 of the constitutional effect of differ- 
ent bonds upon adjacent bonds should provide 
useful information concerning the electronic struc- 
tures and the extent of resonance in these mole- 
cules. The recent electron diffraction studies of 
formaldehydea and acetaldehyde4 have given a 
reliable value for the carbon-oxygen double bond 
distance. We have now extended the investiga- 
tion of compounds containing the carbonyl group 
to glyoxal and dimethylglyoxal, both of which 

(1) Julius Rosenwald Fellow. 
(2) (a) L. Pauling, L. 0. Brockway and J. Y. Beach, THIS JOUR- 

NAL, 67, 2705 (1935); (b) L. Pauling and L. 0. Brockway, ibid., 69, 
1223 (1937); (c) L. Pauling, H. D. Springall and R. J. Palmer ibid. ,  
61, 927 (1939); (d) V. Schomaker and L. Pauling ibid., 61, 1789 
(1939). 

(3) D. P. Stevenson, J. E. LuValle and V. Schomaker, ibid. ,  61, 
2508 (1939). 
(4) D. P. Stevenoon, H. D. Burnham and V. Schomaker, ibid., 61, 

2922 (1939). 

contain a pair of conjugated carbon-oxygen 
double bonds and present the possibility of free 
rotation around the carbon-carbon bond connect- 
ing the adjacent carbonyl groups. Furthermore, 
both substances are colored, glyoxal being the 
simplest colored compound whose molecules have 
a conjugated system. Of the compounds glyoxal, 
dimethylglyoxal, oxalyl chloride, oxamide, and 
oxalic acid, it is found that glyoxal and dimethyl- 
glyoxal are colored whereas the remaining com- 
pounds are colorless. All five of these compounds 
may be represented by the formula RCORCO and 
the difference in color between the first two com- 
pounds and the remaining three compounds sug- 
gests that there may be a structural difference be- 
tween the two groups of compounds. Oxalyl chlo- 
ride is now under investigation in these Laborato- 
ries by the electron diffraction method, and the X- 
ray study of crystals of oxamide is also under way. 
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Experimental.- --Glyoxal was prepared by the 
oxidation of ethylene with selenium dioxide after 
the method of Riley and Friend.: The ethylene 
was oxidized in a 3 X 30 cm. Pyrex tube contain- 
ing equal amounts by weight of phosphorus pent- 
oxide and finely-ground selenium dioxide placed 
in alternating layers. At the ends of the tube 
there were longer (7 cm.) columns of phosphorus 
pentoxide and plugs of "Pyrex wool" (No. 9930). 
Gentle heating was necessary for starting the re- 
action. The glyoxal was collected in a trap a t  
-60". The ethylene was obtained from the Ohio 
Chemical Company and the selenium dioxide from 
the Eimer and Amend Company, New York. 

Eastman "white label" dimethylglyoxal (b. p. 
S7-8S.So) was used without further purification. 

The electron diffraction photographs were pre- 
pared with the apparatus described by Rrockway . 
The values of so = (4irjX)sin 8/'2 given in the 
tables are averages of the values found by visual 
measurement of the ring diameters for ten or more 
films. 'The wave length of the electrons deter- 
mined from transmission pictures of gold foil (a = 
4.070 B.) was 0.0611 A. and the camera distance 
was 10.84 cm. The radial distribution functions' 
were calculated using the SO values of both the 
maxima and minima, and the coefficients] C,, 
were determined from these so values and the 
visually estimated intensities, IK, according to 
the method recommended by Schomaker. 

Glyoxal:--The photographs ot glyoxal are 
very good, extending to SO = 27 and showing 
thirteen maxima and shelves. The radial dis- 
tribution curve (Fig. 1) calculated with the C, 
and so values of Table I shows four principal peaks 
at 1.18, 1.48, 2.34 and 3.45 k., the last two peaks 
being more reliable than the first two. The peak 
at 1.18 A. corresponds to the carbon-oxygen 
double bond distance, that a t  1.48 A. to the car- 
bon-carbon distance, and that at 2.34 A. to the 
long carbon-oxygen distance. These distances 
indicate a value of about 121' for the C-C=O 
angle. Resonance probably causes the molecule 
to be coplanar. Of the two coplanar configura- 
tions] the trans form is suggested by the strong 
radial distribution peak at 3.45 A., this value being 
very close to that calculated for a trans model 

(5) H. I, Riley and N A C Frieud, J Chtm. h c . ,  2342 

(6) I,. 0. Brockway, K c s  .Mod Physzcs, 8, 231 (1936). 
(7) 1, Pauling and I 0 Rrockv.iay, T H I ~  JOURNAL, 61, 2684 

(8) Verner Schomakcr Auirricau Lheruicai Society Meeting. 

(1932) 

(1935) 

Haltmore, Apri l ,  193'1 

having the above parameters (3.41 A.). The re- 
maining small radial distribution peaks are prob- 
ably without significance. 

I 

L I 1 , I 

1.5 2.0 2.5 3.0 3.5 4.0 
?A +. 

Fig. 1.-Radial distribution curves for glyoxal and 
dimethylglyoxal. The vertical lines beneath the curves 
show the various interatomic distances of the models used 
in the final determination of distances by the correlation 
method. 

Twenty-four intensity curves were calculated 
with the ratio C-C/C=O varying from 1.38/1.20 
to 1.52/1.20 and the angle C - C 4  varying from 
116' to 128'. The eight intensity curves of Fig. 
2 were calculated for coplanar trans models with 
the distance C-H = 1.09 A. and the angle 
H-C--C = 114'. A temperature factor was 
introduced into all the hydrogen terms in the in- 
tensity function.6 If the C-H parameter here 
assumed were in error by 0.03 A. the change would 
not be detected since the contribution of the hy- 
drogen terms is small. The H-C-C angle pa- 
rameter is likewise unimportant. The longer car- 
bon-oxygen distance and the oxygen-oxygen dis- 
tance in these models are compatible with the 
strong radial distribution peaks at 2.34 A. and 
3.45 A. The faint seventh and tenth shelves 
which were measured and used in the radiai dis- 
tribution function cannot be distinguished defi- 
nitely on any of the theoreticd curves; however, 
this is shown by the work of Schomaker and 
Stevenson9 on the interpretation of electron dif- 
fraction photographs not to be especially surpns- 
ing. 

Curves D and F of Fig. 2 reproduce the photo- 
graphs satisfactorily, and curves C and E are 
nearly as good; in the find evaluation of parae-  
ters all four models have been used with models 
(9) V Schomaker and D P. blevenson, to be published. 
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TABLE I 
GLYOXAL 

Model Ca Model D Model E Model F 
Max. Min. I CI< SO S s/sn S s/so S S/SQ S s/so 

1 -10 - 6 3.16 3.20 (1.013)' 3.30 (1.044) 3.20 (1.013) 3.30 (1.044) 
1 4 2 4.02 3.50 (0.871) 3.60 (0.896) 3.40 (0.846) 3.50 (0.871) 

2 - 6 - 6 4.87 4.48 (0.920) 4.32 (0.930) 4.55 (0.934) 4.50 (0.928) 
2 10 6 6.06 6.07 1.002 6.10 1.007 6.06 1.000 6.08 1.003 

3 - 5 - 6 7.26 7.40 (1.019) 7.60 (1.047) 7.40 1.019 7.60 1.047 
3 5 5 8.12 7.90 (0.973) 8.00 (0,985) 7.90 (0.974) 8 .00 (0.985) 

4 - 2 - 3 8.81 8.80 0.999 8.80 0.999 8.77 0.995 8.80 0.999 
4 3 4 9.51 9.10 0.957 9.50 0.999 9.22 0.970 9.20 0.967 

5 - 7 - 8 10.34 9.95 (0.962) 10.07 (0.974) 9.90 (0.957) 10.00 (0.962) 
5 8 12 11.54 11.40 0.988 11.52 0.998 11.32 0.981 11.49 0.996 

G 3 5 13.40 13.32 0.994 13.50 1.007 13.28 0.991 13.38 0.999 
6 - 4 - 6 12.53 12.66 1.010 12.87 1.027 12.47 0.987 12.64 1.009 

c 

0 

7 - 1 - 1 14.36d . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  
7 2 3 15.06d . . .  . . .  . . .  . . .  . . .  . . .  . . .  . .  

8 - 8 -13 15.28 15.30 (1.001) 15.40 (1.008) 15.22 (0.996) 15.22 (0.996) 

9 - 2 - 3 17.76 18.05 (1.016) 18.33 (1.032) 17.90 (1.008) 18.22 (1.026) 
8 7 12 16.90 16.83 0.996 17.05 1.009 16.77 0.992 16.90 1.000 

9 1 2 18.67 18.58 0.995 18.80 1.007 18.40 0.986 18.73 1.003 
C 

c 
10 - '/z - 1 19.47d . . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  

10 '/2 1 20. 18d . . .  . . .  
11 - 8 -10 20.37 20.05 (0,984) 20.05 (0.984) 20.70 (1.016) 20.05 (0.984) 

12 - 8 - 8 23.50 23.60 1.004 23.90 1.017 23.54 1.002 23.70 1.009 
11 5 8 22.25 22.18 0.997 22.40 1.007 22.08 0.992 22.25 1.000 

12 2 3 24.38 24.10 0.989 24.60 1.009 23.90 0.980 24.40 1.001 
13 - 3 - 2 25.53 25.20 (0.976) 25.35 (0.991) 25.10 (0.984) 25.24 (0.987) 

13 3 4 27.08 27.43 (1,013) 27.63 (1.020) 27.28 (1.007) 27.60 (1.019) 
Average 0.994 1.008 0.989 0.999 
Average deviation 0.008 0,006 0.008 0.006 
(C=O) = 1.20 x (s/sg) 1.193 1.208 1.187 1.199 
(C-C) = 1.46 X (s/Je) 1.451 1.472 

(C=O) = 1.20 * 0.01 A. 
= 1.48 X (s/so) 1.464 1.479 

(C-C) = 1.47 * 0.02A. 
" The models are described in the legend to Fig. 2. Less reliable values, not included in taking the averages, are showti 

in parentheses. The values of so 
used in the radial distribution function were somewhat different than the ones given here; the weights show these terms 
were relatively unimportant. 

' The theoretical curve indicates no precisely measurable feature at this point. 

D and F assigned weights three times as great as 
models C and E. Curves A, B, G and H are not 
a t  all satisfactory and the corresponding models 
were discarded. 

It is concluded that the glyoxal molecule has 
the configuration and distances described by the 
following parameters: C-H = 1.09 A. (assumed), 
C 4  = 1.20 * 0.01 A., C--C = 1.47 * 0.02 A., 
angle C-C=O = 123' * 2'. The molecule is 
probably coplanar and trans; the evidence for this 
view provided by the radial distribution function 
is supported by a strong dependence of the inten- 
sity curves upon the relative orientation of the 
carbonyl groups of the glyoxal molecule. Theo- 
retical considerations10 indicate that resonating 

systems tend to be coplanar. The electron dif- 
fraction data are not incompatible with a mixture 
containing a small fraction of molecules with the 
cis configuration. The data indicate that the 
amplitude of libration around the carbon-carbon 
bond is small. 

Dimethylglyoxa1.-The photographs of di- 
methylglyoxal are excellent, extending out to SO = 
27 and showing eleven maxima and shelves. The 
SO, IK, and CK values are given in Table 11. The 
radial distribution curve (Fig. l), calculated with 
the so and CK values of this table, has peaks a t  
1.19, (1.50), (2.12), 2.41, 2.75, (3.56), and 3.95 8. 
(The less reliable peaks are enclosed in parenthe- 
ses.) We can assume coplanarity of the molecuIe - 
as it possesses a resonating system. The peak 
at 1.19 A. corresponds to the carbon-oxygen (10) L. Pauliug and 5. Sherman, J .  Chon. Phys. ,  1, 679 (19'38); 

W G .  Penney, Proc. Roy.  .COG. (1,oudoa). Al68, R I M  (1987). 
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S +  

Fig. Z.-Theoretical intensity curves for glyoxal. Denoting the C-C=O by a: and the ratio of 
the C-C distance to the C=O distance by p :  

Curve& a: = 128", p = 1.42/1.20; 
Curve C, cy = 125", p = 1.46/1.20, 
Curve E, 01 = 125", p = 1.48/1.20; 
Curve G, (Y = 122", p = 1.52/1.20: 

Curve B, LY = 1%", p = 1.42/1.20; 
Curve D, a: = 122", p = 1.46/1.20; 
Curve F, cy = 122', p = 1.48/1.20; 
Curve H, 01 = 119", D = 1.52/1.20 

TABLE I1 
DIMETHYLGLYOXAL 

Model C" Model D 
Max. hlin. I CK so s $/so s s/su 

1 50 4 3.05 2.94 (0.964) 2.90 (0,951) 
2 -100 -10 4.3R 4.27 (0.979) 4.25 (0.975) 

2 100 12 5.59 5.75 (1.028) 5.82 (1.041) 
3 - 30 - 2 7.35 7.23 0.984 7.30 0.993 

3 60 11 8.20 8.27 1.008 8.30 1.012 

4 B 1 9.37 9.30 0.993 9.30 0.993 
5 - 50 -12 10.23 10.20 0.997 10.26 1.003 

5 50 12 11.44 11.52 1.007 11.50 1.005 
6 - 40 -11 12.37 12.43 1.00.5 12.42 1.004 

6 55 14 13.44 13.46 1.001 13.42 0.999 
7 - 60 -24 18.29 15.13 0.990 15.10 0.988 

60 17 16.21 16.77 (1.035) 16.61 (1.027) 
8 - 30 -10 17.64 17.73 1.W5 17.57 0.998 

8 20 5 18.84 18.47 (0.980) 18.34 (0.973) 
9 - 60 -15 20.19 19.90 0.986 19.88 0.985 

9 45 13 21.48 21.60  1,001 22.30 1.038 
10 - 20 - 7 28.26 23.80 1.023 23.63 1.017 

10 10 3 24.34 24.70 (1.015) 24.40 (1.002) 
11 - 25 - 7 25.23 25.05 (0.993) 25.60 (1.015) 

11 30 8 26.87 27.53 (1.028) 27.35 (1,018) 

4 - 10 - 2 8.86 , . , L  . . .  . . .  . . .  

Average 0.998 1.001 
Average deviation 0.007 0.010 

a The models are described in the legend to  Fig. 3. 
The theoretical curves do not show a precisely measur- 

able feature at this point. 

5 10 15 20 25 
s +. 

Fig. 3.-Theoretical intensity curves for dimethyl- 
glyoxal. All the curves hpve the following parameters 
in common: C-H = 1.09 A. (assumed), C=O = 1.20 A,, 
C2-G = 1.47 A., C1-C2 = 1.54 A,,  and angle CO-C=O 
(cy)  = 123" * 2". Denoting angle CH$-C=O by fl  we 
have: Curve A, p = 125"; Curve B, p = 124'; Curves 
C, C', and C", p = 123'; Curves D, D', and D", f l  = 
122'; Curve E, p = 131". 
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double bond distance, that a t  1.50 A. to the 2-3 
carbon-carbon distance and the two 1-2 carbon- 
carbon distances, and that at 2.41 A. to the 1-3 
carbon-carbon distance and the two carbon-xy- 
gen distances. The peak a t  2.75 A. may be at- 
tributed to the long carbon-oxygen distance of 
the molecule with the trans configuration or pos- 
sibly to the long carbon-carbon distance ‘for the 
cis configuration, and the broad peak a t  3.56 A. 
may represent the oxygen-oxygen distance for the 
trans configuration or the long carbon-oxygen 
distance for the cis configuration. However, the 
peak a t  3.95 A. can be attributed only to the long 
carbon-carbon ( 1 4 )  distance of the trans form, 
which indicates strongly that the molecule has the 
trans configuration. 

Assuming that the distances and the C-C=O 
angle found for glyoxal hold for dimethylglyoxal, 
five models were set up and fifteen intensity curves 
calculated, five for the cis form, five for the trans 
form, and five in which the terms dependent upon 
the relative orientation of the acetyl groups were 
omitted from the intensity function. The angle 
p was varied from 119 to 125’. 

Of the curves shown in Fig. 3, A, B, C, D and E 
are for the trans models, C’ and D’ are for the cis 
models, and Cf’ and D” are the incomplete inten- 
sity curves corresponding to C and D, respec- 
tively. Curves C and D both give satisfactory 
agreement with the photographs except for the 
ninth and tenth maxima. On curve C, the ninth 
maximum is observed to have shifted to a smaller 
s value than that measured and the tenth maxi- 
mum is too weak, whereas on curve D, the ninth 
maximum is observed to have shifted to a larger s 
value than that measured and the tenth maximum 
is too strong. The best model accordingly lies 
between model C and D. Examination of Fig. 3 
shows that the remaining trans models, A, B, and. 
E, are unsatisfactory and the cis models C’ and 
D’ are out of the question. Curves C” and D” 
show that the libration around the 2-3 carbon- 
carbon bond is not of great amplitude. 

It is concluded that the dimethylglyoxal mole- 
cule is essentially coplanar and trans with the 
following parameter values: C-H = 1-09 A., 

A,, C* = 1.20 k 0.02 A., angle CO-C=O 
(a) = 123’ * 2O, and angle CHs-C=O (a) = 
122.5’ * lo. The electron diffraction data are 
not incompatible with a mixture containing a 
small fraction of cis molecules. The data indi- 

c2-C~ = 1.47 k 0.02 A, CI-C~ = 1.54 * 0.02 

cate that the amplitude of libration around the 
(C2-C,) carbon-carbon bond is small. It must be 
emphasized that the determination of the con- 
figuration and distances in dimethylglyoxal is not 
as precise as that for glyoxal. The radial dis- 
tribution curve strongly indicates this model but 
a model in which the 2-3 carbon-carbon bond is 
somewhat lengthened and the 1-2 and 3-4 car- 
bon-carbon bonds are slightly shortened cannot 
be eliminated by the qualitative comparison, but 
such a model does not agree with the radial dis- 
tribution function as well as our final model. 

Discussion.-The observed shortening in both 
molecules of 0.07 A. for the carbon-carbon bond 
connecting the adjacent carbonyl groups corre- 
sponds to 15 or 20% double bond characterIzb and 
is nearly the same as that (1.46 A.) reported for 
butadiene.2d The electron diffraction data for 
both glyoxal and dimethylglyoxal indicate re- 
stricted rotation around the carbonyl-carbonyl 
bond. 

Calculation of the potential restricting rotation 
around the 2-3 carbon-carbon bond in dimethyl- 
glyoxal by the method of Beach and Stevenson” 
using Zahn’s values12 of the dipole moment and 
Smyth’s values18 of the group moments indicates 
that the potential barrier restricting rotation is 
steeper than a parabolic barrier and greater than 
12 kcal. in height. Zahn12 finds an amplitude of 
approximately 30’ for the libration in dimethyl- 
glyoxal. Dipole moment data are not available 
for glyoxal, so that the corresponding calculation 
could not be made; however, the potential barrier 
should be of the same order of magnitude for both 
substances. 

Calculation of the coulombic interactions for 
the cis and trans models of glyoxal and dimethyl- 
glyoxal using Smyth’s values13 of the bond mo- 
ments shows that the trans glyoxal molecule is 
about 6.9 kcal./mole more stable than the cis 
configuration and that the trans dimethylglyoxal 
molecule is about 1.7 kcal./mole more stable than 
the cis configuration. Calculations of the ratio 
of the partition functions of cis to trans glyoxal 
and dimethylglyoxal are simplified by the as- 
sumption that the vibrational partition functions 
are the same for both the cis and trans configura- 
tions, the translational partition functions are the 
same; therefore, the calculation becomes the cal- 
111) J. Y. Beach and D. P. Stevenson, J .  Chsm. Phys., 6 ,  636 

(1938). 
(12) C. T. Zahn, Phys. Rev., 40, 291 (1932). 
(13) C. P. Smyth, J .  Phys.  Chem., 41, 209 (1937). 
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culation of the square root of the ratio of the prod- 
uct of the three principal moments of inertia for 
the two configurations. The ratios [ ( IJJJc$s 
(IJJ,),,,,,,] "' for the glyoxal and dimethylgly- 
oxal molecules are 1.15 and 1.00, respectively. 
For the equilibrium cis f trans these values 
combined with the AE values given above corre- 
spond to equilibrium constants of 87,000 and 20 
for glyoxal and dimethylglyoxal, respectively; 
that is, the fraction of cis glyoxal is negligible and 
that of cis dimethylglyoxdl may be about 5%. 
'These results agree with our electron diffraction 
ii irestigation s. 

We express our thanks to Dr. Linus Pauling for 
his helpful criticism and discussion and to Dr. 
D. P. Stevenson for assistance with the calcula- 
tions and helpful discussion. 

summary 
The configurations of glyoxal and dimethyl- 

glyoxal as determined by the electron mraction 
method are given by the following parameters : 
Glyoxal. C -H = 109 b (assumed). C=O = 1 2 0  * 

0 01 A ,  C-c = 1 47 + o O Z A ,  a n g l e c - c d  
= 12:<" = 2" 

C--H = 109 A. (assumed), C==O = 
1.20 * D O 2  -4, c2-C~ = 1.47 * 002A.,  
cl- cr = I 54 * o 02 A., angle CO-C=O = 
123 =t 2 O ,  angle CHB---C===O = 122 5" * 1 

The electron diffraction data and the dipole mo- 
ment data as well as chemical information indi- 
cate uniformly that both molecules are coplanar 
with the trans configuration and that rotation 
around the carbon-carbon bond connecting the 
adjacent carbonyl groups is restricted. 

Ditnethylglyoxal: 
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Quantum Efficiency of Photosynthesis in Chlorella. I1 
BY H. G. PETE RING,^ B. M. DUGGAR AND FARRINGTON DANIELS 

Photosynthesis in algae has been the object of 
an extended investigation in these laboratories. 
The quantum efficiency was found to be of the 
order of 0.05 molecule per quantum,2 much lower 
than the older value of 0.25 reported by War- 
burg and Nege1eh3 In order to study further 
the reasons for this large discrepancy, a new 
method was developed4 for the rapid determina- 
tion of dissolved oxygen making use of the drop- 
ping mercury electrode. The respiration correc- 
tion seemed to be the most important source of 
error, and the manometric method used by War- 
burg and Negelein involves a considerable time 
lag in determining the rate of respiration and of 
photosynthesis. If respiration is faster under the 
conditions imposed by photosynthesis, then a 
prompt determination of respiration after the 
light is turned off is necessary if arbitrary assump- 
tions are to be minimized. Results obtained with 
the dropping mercury electrode are given here. 
They agree essentially with those reported earlier2 
and are in definite disagreement with those of 

.1) Present address: Chemical Section, Michigan Experiment 

(2) W M Manning, J .  F. Stauffer, B. M. Duggar and F. Daniels, 

(3) 0. Warburg and E. Negelein, Z. physsk.  Chem., 108, 191 (1923). 
(4) H. C Prtering and P Daniels, THIS JOURNAL, 60, 2796 

Station, East Lansing, Michigan. 

TKIS JOURNAL, 60, 266 (1938). 
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Warburg and Negeleh3 Recently Rieke6 has 
reported a value of 0.24 obtained with the mano- 
metric method in agreement with Warburg and 
Negelein. 

Experimental Procedure 
i'he material was Chlorella pyrenoidosa, of the same 

strain as used before.2 It was grown in pure culture on 
agar slants and periodically transferred to fresh slants or 
to liquid media. The liquid culture was essentially the 
salt nutrient recommended by Warburg and Negeleh3 
The composition was: 

Agar medium, g. Liquid nutrient, M 
NaNOl 0 25 MgSOc 0.020 
CaCll .is KNOs ,005 
KHJ'Ol ,25  KHaP04 .018 
XgSO4 .25 FeSOs .00001 
Cane sugar 2.00 
Water 1 liter 

Distilled water from a block tin condenser was used in 
most of the experiments but no dserences were noted 
when in some of the experiments tap water from Lake 
Mendota was used. The algse were grown in 300-cc. 
flasks on a water-cooled rack illuminated from the bottom, 
while air, to which had been added 5% carbon dioxide, 
was bubbled through. Warburg's recommendations were 
followed in a general way, exposing algal cultures to bright 
light (four 200-watt filament lamps at 30 em.) for a week 
and then to weaker light (six 25-watt lamps at 45 cm.) 
__I__ 

( 3 )  F. F. Kieke, J C h i n  Phys , 7, 238 (1939). 












