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 A number of investigations have been made 
on the molecular structure of formamide. The 
geometrical structure of the molecule was 
precisely determined by the studies of the 
microwave spectrum1-3), X-ray diffraction4), 
and nuclear magnetic resonance5). It was 
indicated that the formamide molecule is planar 
in the solid state and is nearly planar and of 
very shallow pyramidal configuration as to the 
C-NH2 group in the gaseous state. The Raman 
and infrared spectra of HCONH2 were observed 
by a number of investigators in the gaseous, 
liquid, and solid states and in solutions6-13) 
The infrared spectra of N-deuterated formamide,

HCOND2, were also observed in the liquid 

state and in solutions11, 13) A normal coordinate 

treatment of the molecule as a three-body pro-

blem was made by Miyazawa13). However, a 

full analysis of the normal vibrations of the 

formamide molecule has never been attempted, 

and the assignments of the observed frequencies 

are not yet complete. 

 In order to clarify the nature of the normal 

vibrations of the formamide molecule, the 

present writer observed the infrared spectra of 
C-deuterated formamides; DCONH2 and 

DCOND2. The infrared spectra of undeuterated

1) R. J. Kurland, J. Chem. Phys., 23, 2202 (1955). 
2) R. J. Kurland and E. B. Wilson Jr., ibid., 27, 585 

(1957). 
 3) C. C. Costain and J. M. Dowling, ibid., 32, 158 

41960). 
 4) C. Post and J. Ladell, Acta Cryst., 7, 559 (1954). 
5) R. A. Krombrout and G. B. Moulton, J. Chem. Phys., 

25, 35 (1956). 
 6) B. D. Saksena, Proc. Indian Acad. Sci., 11, 53 (1940). 
 7) A. L. SunderRao, J. Indian Chem. Soc.. 18, 337 (1941),

 8) L. Kohovec and H. Wasmuth, Z. Physik. Chem., 48B, 
70 (1941). 
 9) P. G. Puranik and K. Venkata Raman, J. Mot. 

Spectroscopy, 3, 486 (1959). 
 10) J. Lecomte and R. Freymann, Bull. Soc. Chim., 8, 612 
(1941). 
11) J. C. Evans, J. Chem. Phys., 22, 1228 (1954); 31, 1435 

(1959). 
12) M. Davies and J. C. Evans, ibid., 20, 342 (1952). 
 13) T. Miyazawa, J. Chem. Soc. Japan, Pure Chem. Sec. 

(Nippon Kagaku Zasshi), 76, 821 (1955); 77, 366 (1956).
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formamide (HCONH2) and N-deuterated form-
amide (HCOND2) have been remeasured. 

A normal coordinate treatment has been 
made for all of these four molecules as a 
six-body problem. Fourteen force constants 
have been determined so that all the thirty-six 
observed frequencies are thereby explained. 
With these force constants, the vibrational 
mode and the potential energy distribution 
among the symmetry coordinates have been 
calculated for each normal vibration. 
 The purpose of this paper is to give the 

results of these observations and calculations 
and to present a complete assignment of the 
observed frequencies and a detailed discussion 
on the nature of each normal vibration of the 
formamide molecule. 

 Experimental 

 Formamide HCONH2.-The sample used was 
obtained from a commercial source, and was 
purified several times by vacuum distillation; b. p.
86℃(5mmHg).

C-Deuterated Formamide DCONH2.-This com-

pound was prepared from DCOOD and urea by the 

following procedures. First, DCOOD was prepared 

by the thermal decomposition of anhidrous heavy 

oxalic acid (COOD)2 which was obtained by the 

exchange reaction of (COOH)2 and D2O14). DCOOD 

was then mixed with urea and heated at about 150•Ž 

for 4 hr.15) Ammonia, carbon dioxide and water 

produced by the reaction were pumped out in 

vacuum. From the residual, DCONH2 was distilled 

out. It was treated with a small amount of aqueous 

solution of potassium hydroxide to neutralize the 

remaining free acid and distilled in vacuum again. 

Replacement of the amide hydrogen by deuterium 

was accomplished by adding an excess of D2O, 

evaporating the heavy water in vacuum, and 

repeating this procedure three times. 

 Infrared Spectra.-Infrared spectra were measured 

in the region from 3600 to 525cm-1 with a Perkin-

Elmer grating 'spectrometer model 112G equipped 

with a KBr foreprism16), and in the region from 

700 to 300cm-1 with a Perkin-Elmer spectrometer 

model 21, equipped with a CsBr prism. All the 

measurements were made in the liquid state. 

Infrared Spectra 

 Infrared spectra of HCONH2 and DCONH2 

are shown in Figs. 1 (a)-(c), and those of 

HCOND2 and DCOND2 in Figs. 2 (a)-(c). As 

may be expected, the bands at 2882, 1391 and 

1056cm-1 of HCONH2 which are assigned 

respectively to the CH stretching, CH in-plane 

and out-of-plane deformation vibrations, com-

pletely disappear on the C-deuteration, and

Fig. 1. Infrared spectra of HCONH2 and DCONH2. 
 (a) 3600-2000cm-1 (b) 1800-..525cm-1 
 (c) 700'-300cm-1 

- HCONH2 and----DCONH2.

Fig. 2. Infrared spectra of HCOND2 and DCOND2. 
(a) 30002000cm-1 (b) 1800525cm-1 
 (c) 700.300cm-1 

- HCOND2 and----DCOND2

w new bands appear at 2170, 984 and 881cm-1. 
These are assigned to the CD stretching, CD 
in-plane and out-of-plane deformation vibrations 
respectively. Besides these, every band below 
1700cm-1 is more or less affected by the C-
deuteration as well as by the N-deuteration. 
This fact suggests that, in almost every normal 
mode, the CH, NH2i CD and/or ND2 deforma-
tion motions more or less take place. 
 When HCOND2 or DCOND2 was exposed in 
the atomopheric air for a while, several weak 
bands appeared besides the absorption bands 
illustrated in Figs. 2 (a)-(c). These bands are 
supposed to be arising from N-monosubstituted 
amides, which were produced by the partial 
hydrogenation due to the atomospheric water 
vapour. The positions of these bands were 
also determined; 3300, 2460, 1470, 1212 and 
about 700cm-1 for HCONHD (both cis and

 14) R. F. Curl, Jr., J. Chem. Phys., 30, 1529 (1959). 
 15) E. Cherabliez and F. Landolt, Help. Chim. Acta, 29, 
1438 (1946). 
 16) S. Mizushima et al., A Report on the Perkin-Elmer 

Orating Spectrophotometer Model 1.12G. The Perkin-Elmer 
Corp. (1959).
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 TABLE I. THE SYMMETRY COORDINATES

TABLE II. THE FINAL SET OF FORCE CONSTANTS (md/A)

trans forms), and 3300, 2460, 1470, 1290, 1053 

and about 700cm-1 for DCONHD. 

 The values of the observed frequencies are 

given in the first column of Table III. 

 Calculation of Normal Vibrations 

 The calculation of normal vibrations was 

made by the method presented by Wilson 17), 

according to which the secular equation was 

set in the form I GF-AE I=0, where F and 

G are the potential and reciprocal kinetic 

energy matrices respectively. It was assumed 

that the molecule has a planar configuration 

(C,), the normal vibrations are classified into 

9 in-plane (A') and 3 out-of-plane (A") vibra-

tions. In the present paper, only the in-plane 

vibrations were treated. The structural para-

meters used in this calculation are as follows; 

the bond lengths of r(NH)=1.04, r(CN)=1.30, 

r(CH)=1.07 and r(C=O)=1.225 A4'5), all the 

bond angles are assumed to be 120•‹. The 

symmetry coordinates S obtained from the 

internal coordinates R by a linear transforma-

tion; 

 S=UR 

are given in Table I. 

 Force Constants.-The potential function 

employed in the calculation is of the Urey-

Bradley type");

where ri and rj are bond lengths with equi-

librium values r•‹i and r•‹1; ai .I are bond angles 
and qi .i distances betweeen nonbonded atoms. 
K, H and F are stretching, bending and 

repulsive force constants respectively. 

The values of the force constants were first 

transferred from diformylhydrazine, N-methyl-

acetamide19) and urea"). A refinement of the 

values of the force constants was made by the 

method developed by Miyazawa21). The final 

set of their values is given in Table II, and 

the calculated frequencies with these values 

are shown in the second column of Table III. 

 The calculated frequencies are in excellent 

agreement with the observed ones, the maximum 

deviation being 3.001o and the average deviation. 

1.3%. Therefore, the values of the force con-

stants obtained in this calculation may be usedd 

for the normal vibration calculations of the 

molecules which are closely related with form-

amide"). 

 L Matrix and Potential Energy Distribution-
-In order to clarify the nature of the observed 

frequencies precisely, it is desirable to calculate 

the relative amplitude of each symmetry 

coordinate in a given normal mode of vibration-

The symmetry coordinates S are related linearly 

to the normal coordinates Q through the 

matrix expression; 

 S=LQ 

The relative amplitude for each symmetry 

coordinate in a given normal vibration is given.

17) E. B. Wilson, J. Chem. Phys., 7. 1047 (1939); 9, 96 
(1941). 
18) T. Shimanouchi, ibid., 17, 245, 734, 848 (1949).

19) T. Miyazawa, T. Shimanouchi and S. Mizushima, 
ibid., 29, 611 (1959). 
20) A. Yamaguchi, T. Miyazawa, T. Shimanouchi and 

S. Mizushima, Spectrochim. Acta, 10, 170 (1957). 
21) T. Miyazawa, J. Chem. Soc. Japan, Pure Chem. Sec. 

(Nippon Xagaku Zasshi), 76, 1132 (1955). 
22) I. Suzuki, to be published.
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 TABLE III. THE OBSERVED AND CALCULATED FREQUENClES, AND POTENTIAL ENERGY DISTRIBUTIONS

by the corresponding element of the L matrix. 
The elements of the L matrix computed for 
each species of formamide are given in Table 
IV. (The L matrix is normalized to G; LL' 
= G23)) 

It has been shown that the ratios of the 
potential energy distribution (P. E. D.) among 
the symmetry coordinates (Si) for a given 
normal coordinate (Qs) can approximately be 
expressed as FiiL2i8/,24) where Fii is a dia-
gonal element of the F matrix, •I8 is sth 
frequency parameter. These are also computed

and the results are shown in Table III. 

 Numerical Computations.-All the numerical 

computations were carried out with a para-

metron computor PC 1, which was designed 

and constructed by Professor H. Takahashi and 

his collaborators in the Department of Physics, 

Faculty of Science, University of Tokyo. The 

routines used in the computations have been 

programmed by Shimanouchi, Takeda and the 

present writer. The details will be published 
elsewhere 21). 

The Nature of the Observed Bands 

 Based on the calculated values of vibrational 

amplitudes and potential energy distributions

23) T. Shimanouchi and I. Suzuki, to be published. 
 24) Y. Morino and K. Kuchitsu, J. Chem. Phys., 20, 1809 
(1953).' 1. Nakagawa, J. Chem. Soc. Japan, Pure Chem. Sec. 
4Nippon Kagaku Zasshi), 74, 243 (1953).
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TABLE IV. THE ELEMENTS OF THE L MATRICES

shown in Tables III and IV, the nature of the 
observed bands will be discussed. 
 The Bands above 2000cm-1.-The 3330, 3190 

and 2882cm-1 bands of HCONH2 are un-
doubtedly assigned respectively to the NH2 anti-
symmetric, NH2 symmetric stretching and the 
CH stretching vibrations. As may be seen from 
Table III, each of the normal vibrations corre-
sponding to these frequencies takes place along 
one of these symmetry coordinates, and practi-
cally no other vibrations are coupled with it. The 
bands at 3330, 3190 and 2170cm-1 of DCONH2 
are likewise shown to be almost pure NH2 
antisymmetric, NH2 symmetric stretching and 
CD stretching vibrations respectively. In a 
similar way, each of the three high frequencies 
of HCOND2. and DCOND2 is assigned to almost

pure ND2 antisymmetric, ND2 symmetric, CH 
or CD stretching vibration. 

The calculated frequencies of these NH2,.. 
NDz, CH and CD stretching vibrations are in 
agreement with the observed ones with the-
maximum deviation of 2.5%. In detail,, 
however, there are systematic deviations found 
between the calculated and observed frequencies..
Namely, the frequency difference dv=s-,c。lc.

is always negative for the NH2 and CH 

stretching vibrations and always positive for 

the ND2 and CD stretching vibrations. This-

may be interpreted as due to the anharmonicity 

in the internal potential in which the hydrogen 

or deuterium atoms are placed, which is-

neglected in the present calculation. 

 The Band at 1690cm-1.-To this band there
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are considerable contributions of both the 
v(C=O) and v(CN) vibrations. The energy 
associated with the P (C=O) vibration is 50% of 
The total and that associated with the v(CN) 
ts 25%, while the amplitude ratio of the v(CN) 
To the v(C=O) is computed to be-0.73. 
Therefore, this band may well be called "N-C=O 
antisymmetric vibration" rather than " C=O 
stretching vibration". In addition, the contri-
bution of the b(CH) motion to this band is 
not negligible as it is in the case of N-methyl-
formamide22) and diformylhydrazine19). 

This band at 1690cm-1 shifts towards lower 
frequency both on N-deuteration and C-deutera-
tion the amount of shift being 23 and 15cm-1 
respectively. For DCOND2, it is found at 
1648cm-1. On the C-deuteration the contribu-
tion of the 8(CH)vibration is removed, and

on the N-deuteration the interaction from the 
b(NH2) vibration is removed. This may be 
the cause of the shifts of the band in question. 
The way of coupling of the v(C=O) and v(CN) 
vibrations in this normal mode seems to be 
unaffected by any deuteration. 

The Band at 1608cm-1.-The band at 1608 
cm-1 of HCONH2 corresponds to almost pure 
b(NH2) vibration. This band is not sensitive 
to the C-deuteration and is found at 1620cm-1 
in DCONH2. The band corresponding to the 
b(ND2) vibration is found at 1118cm-1 in 
HCOND2. The position of the band is hardly 
a ffected by C-deuteration, but its intensity 
becomes weaker. 

The Band at 1391cm-1.-The band at 1391 
cm-1 of HCONH2 can be assigned to the 8(CH) 
vibration. However, contributions of both the 
y(CN) and v(C=O) vibrations are not negligible. 
In the normal vibration, the C-N and C=O 
bonds stretch and contract in phase with an 
amplitude ratio of +0.66. This band is not 
sensitive to N-deuteration and is found at 
1398cm-1 in HCOND2. The band at 984cm-1
in DCONHZ corresponds to almost pure 8(CD)
vibration. It shifts towards higher frequency
on N-deuteration by 53cm-1. As is seen from
Tables III and IV the shift can be explained
as due to the interaction between 8(CD)and
r(NDz)vibrations.
The Band at 1309cm-1.-This band is mainly
due to the y(CN)vibration, although there are
energetically small contributions of N(CH)
and r(NH2) vibrations. The contribution of 
the v (C=O) motion is shown to be quite 
negligible by the present calculation, in con-
tradiction to some previous authors' expecta-
tion12,13). On N-deuteration the band moves 
to higher frequency by 29cm-1. The nature 
of the normal mode corresponding to this 
band is more complex. Here, the contributions 
of the 3 (CH) and b (ND2) vibrations are as

important as the v (CN) vibration. 
 It is noted that the contribution of the 

v(C=O) vibration increases on C-deuteration, 
while that of the B(CH) becomes negligible. 
In the corresponding normal vibration at 1341 
cm-1 of DCOND2 the energy associated with 
the v(C=O) vibration is 16% of the total. 

The Bands at 1090 and ca. 600cm-1.-The band 
which occurs at about 1090cm-1 in HCONH2 
can be assigned to the r(NH2) vibration, 
although there is a small contribution of the 
v (C=O) vibration. On C-deuteration it shifts 
towards higher frequency by about 40cm-1. 
The broad band at about 600cm-1 of HCONH2
corresponds to almost pure 8(NCO)vibration.

(It is overlapped with another broad band 
arising from the NH2 wagging vibration.) The 
band is insensitive to C-deuteration. In N-
deuterated formamides, an interaction between 
the r(ND2) and B(NCO) vibrations takes place, 
and this gives rise to two obserbed bands at 
912 and about 570cm-1 in HCOND, and those 
at 891 and about 560cm-1 in DCOND2. In 
addition, there is a small contribution of the 
o(CD) vibration to the band at 891cm-1 of 
DCOND2. 
 The Out-of-plane Vibrations-Of three out-

of-plane vibrations, two can easily be identified. 
They are the CH out-of-plane deformation and 
NHz wagging vibrations; 7r(CH) and w(NH2). 
 Of HCONHz, the 7r (CH) vibration is assigned 
to a band at 1056cm-1. On N-deuteration it 
is a little shifted, while on C-deuteration it 
disappears as is expected from the assignment. 
The band at 881cm-1 in DCONH2 can be 
assigned to the it (CD) vibration, although its 
intensity is comparatively weak. In DCOND2 
it is probably overlapped by the r(ND2) band 
at 891cm-1 and cannot be distinguished. The 
above assignment is consistent with the result 
given by a study on the infrared spectra of 
DCONHCH3 and DCONDCH3zz). Both of them 
show a band at 864cm-1, the intensity of which 
is as weak as that of the 881cm-1 band of 
DCONH2. 

A broad band found at about 750cm-1 in 
both HCONH2 and DCONH2 is assigned to 
the w(NH2) vibration. On N-deuteration it 
moves to lower frequency up to about 450 
cm-1. 

Another out-of-plane vibration, the NHz 
twisting or torsional vibration, is expected to 
occur at a lower frequency than 300cm-1. The 
Raman line found at 200cm-1 of HCONH29) 
may be assigned to this vibration. 

Thus, a complete assignment has been made 
of the infrared absorption bands of the four 
isotopic species of formamide observed in the 
3600-300cm-1 region. The present assignment 
for HCONH2 and HCOND2 is in comformity
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-with that proposed by Miyazawa13) except for 

a few minor points, but considerably different 

from others' assignments. 

 The present writer wishes to express his 

gratitude to Professor Takehiko Shimanouchi 
-for his kind guidance and encouragement 

throughout this work and to Professor Hidetoshi

Takahashi for allowing to use the PC-1 com-

putor. His thanks are also due to Dr. Michiro 
Kawano for the infrared measurements in the 
CsBr region. 

Department of Chemistry 
 Faculty of Science 
University of Tokyo 
 Bongo, Tokyo


