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The Structure of Formaldehyde from Electron Diffraction 

BY D. P. STEVENSON,1 JAMES E. LUVALLE2 AND VERNER SCHOMAKER 

Introduction 

The structure of monomeric formaldehyde is of 
particular interest since it is the simplest mole­
cule containing a carbon-oxygen double bond. 
Bru3 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 molecules.4 Furthermore, this 
value for the carbon-oxygen distance is about 
0.1 A. smaller than that predicted by the covalent 
radius table6 for the carbon-oxygen double bond, 
1.24 A., and that found for the carbon-oxygen 
distance of acetaldehyde,6 1.22 A., and glycine,7 

1.24 A. Badger's rule8 applied to the carbon-
oxygen frequency gives 1.21 A.9 for the distance. 

The moments of inertia have been determined 
very accurately10 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 Kistiakowsky10 found it possible to 
maintain a pressure of 100 mm. of H2CO 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 
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monomeric liquid according to the method of 
Spence and Wilde.11 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 A. 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 (s„ = -^ s i n T> ) a r e g i v e n m 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 
coefficients Z1Zj, [Z1 - J4)(Zj ~ fj)e~A'i was 
used in the expression 

1^ = E E (2< -mZ,-f,)e-Au 
sin IqS 

kjS 

The use of the "temperature factor," "e~Ai't" 
will be discussed by one of us.12 The atomic 
scattering factors "/" 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-
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Fig. 1.—Theoretical intensity curves for formaldehyde: 
1.20s/1.20s; B, ordinary intensity curve for C-O = 1.20 
H = 1.09 A., / H - C - H = 120°; C, like B with coefficients 
ing the atomic scattering factors and a "temperature factor.' 

tor is given in Table I. 
oxygen distance of 1.213 = 

It leads to a carbon-
•• 0.008 A. 

TABLE I 

Max. Min. to Scaled." 
1 3.95 3.73 

1 6.62 6.71 
2 9.15 9.12 

2 11.95 11.89 
3 14.40 14.59 

3 16.90 17.10 
4 19.40 19.61 

4 22.15 22.21 
5 24.16 24.81 

5 26.86 27.50 
Average of 9 features 
Carbon-oxygen distance 

ScAo 

(0.944)6 

1.014 
0.997 
0.995 

013 
012 
011 
003 
027 
024 

values of the carbon-oxygen 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 A. Ebers 
and Nielsen14 from an incompletely re­
solved infrared band at 4.5 M 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 Kistiakowsky10 for light formaldehyde, 
their value for the large moment is not 
sufficiently accurate to be used in deter­
mining the structure of formaldehyde. 

Thompson and Linnett* using the fre­
quencies of Nielsen15 and a five constant potential 
function have found &c-o = 12-3 X 106 dynes/cm. 
and &C-H = 4.3 X 106 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 A. 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 Linnett9 find the 

A, sin 
A., c-
includ-

1.011 * 0.008 
1.20 X 1.011 = 1.213 =fc 

0.008 A. 

* From curve calculated with C-O = 1.20, C-H = 1.09, 
/ H - C - H = 120°, with temperature factor. ' Omitted 
from average. 

Discussion 

Dieke and Kistiakowsky10 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 
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Fig. 2.—Graph of distances and angles 
consistent with the moments of inertia of 
formaldehyde: h = 2.941 X 1 O - " g . cm.J; 
I2 = 21.39 X 10-"» g. cm.2 
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same distance for ketene, which has been found 
by electron diffraction to have a carbon-oxygen 
distance equal to 1.17 A.16 

The large value of the hydrogen-carbon-
hydrogen angle, 120°, may be interpreted as 
indicating that the bonding in formaldehyde is 
primarily of the Sp2, r type which gives three 
coplanar bonds at 120°. It has been found 
that in acetaldehyde6 a similar situation obtains, 
the carbon-carbon-oxygen angle being 122 ± 2°. 
The carbon-oxygen distance in formaldehyde is 
definitely shorter than that predicted by the 

(16) J. Y. Beach and D. P. Stevenson, J. Chem. Phys., 6, 75 (1938). 

In a study of the inversion of sucrose3 it was 
shown that the parameters of the Arrhenius equa­
tion 

In k = B - (EJRT) (1) 
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 at suitable in­
tervals. The formaldehyde was oxidized to 
formic acid and titrated. In 1926 Skrabal and 
Eger6 continued the work at 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 Salmi7 and by Palomaa 
and AaIto8 using analytical methods. In 1934 
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covalent radius table for a carbon-oxygen double 
bond. 

Summary 

Electron diffraction photographs of monomeric 
formaldehyde have been obtained using fast 
electrons. Their interpretation leads directly to 
a carbon-oxygen distance equal to 1.21 =>= 0.01 
A. Using this distance and the accurately known 
moments of inertia one finds the carbon-hydrogen 
distance to be 1.09 =*= 0.01 A. and the hydrogen-
carbon-hydrogen angle to be 120 =*= 1°. 
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Palomaa and Salonen9 measured the reaction rate 
dilatometrically. Lobering and Fleischmann10 

investigated the hydrolysis at 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,8 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, £ A and B. 

The present investigation extends over a range 
of hydrochloric acid concentration from 0.5 to 
3.0 molar, at 0, 10, 15, 20, 25, 30, 35 and 40° 
(concentrations resulting in too rapid reaction 
being omitted at the higher temperatures). 

Experimental 
Ethylal.—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 the 
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 MD varying from 1.3736 to 1.3745 as compared with 
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