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The molecular and liquid structures of formamide have been studied by means of X-ray diffraction.

Rela-

tive stabilities of aggregates of formamide molecules have been calculated by using the ab initio LCGO-MO-

SCF procedure and minimal basis sets.

The atomic distances within a formamide molecule and the inter-

molecular N-..O distance between the hydrogen-bonded molecules are determined by the X-ray diffraction
experiment as follows: C=0: 1.24(1) A, C-N: 1.33(1) A, N...O (intramolecular): 2.25(2) A, and N---O (inter-

molecular): 3.05(5) A. The intermolecular ~-HNH---O=C{ bond angle (0) is about 120°.

It is concluded

from the X-ray diffraction experiment that liquid formamide mainly consists of the chain-like hydrogen-

bonded structure of formamide molecules by combining through -NH,-.-O=CH- interactions.
Formation of ring-dimers in the liquid formamide has not been

is supported by the ab initio calculations.

The conclusion

confirmed by the X-ray diffraction study, although a possibility of the formation of the ring-dimer structurc
as another constituent of liquid formamide is suggested from the ab initio calculations.

Formamide (HCONH,) has a relatively large di-
electric constant (g/e,=107 at 25 °C, where ¢ and #,
represent the dielectric constants of formamide and
vacuum, respectively), and thus can dissolve many
electrolytes. Since the oxygen and nitrogen atoms
within a formamide molecule are negatively charged
and the carbon and hydrogen atoms have partially
positive charges, a formamide molecule has a dipole
moment of about 12.4 < 10-3° C m in vacuo. The donor
number of formamide (DN=24) is larger than that
of water (DN=18.0), although the acceptor number
of the former (AN=39.8) is smaller than that of the
latter (AN=54.8). Therefore, rather strong interac-
tions between formamide molecules can be expected
in the condensed phase.

Molecular and crystal structures of formamide have
been determined by X-ray and electron diffraction
methods,»? and it has been found that all atoms
within one molecule lay on a plane. A similar struc-
ture is kept even in the gas phase.?) Therefore, we
can expect that molecules of formamide in the liquid
state have the planar structure similar to that ob-
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Fig. 1. Structure of formamide in the solid state,b

served in the gas and solid phases.!-3 1In crystal,
formamide molecules form ring dimers which construct
a large ring structure through hydrogen bonds (see
Fig. 1).12 However, the stable ring structure exisiting
in the solid state may be rather unfavorable to give
the high dielectric constant of formamide and high
solubilities of clectrolytes in it in the liquid phase.

The aim of the present study is to determine the
molecular arrangement, as well as the molecular struc-
ture of formamide in the liquid phase, in order to
compare the structures with those in the gas and solid
phases. The liquid structure of formamide estimated
by the X-ray diffraction method will be compared
with structural models of various aggregates examined

by the ab initio LCGO-MO-SCF calculations.

Experimental

Preparation of Sample Solution. Formamide of reagent
grade, purchased from Wako Pure Chemicals Co., Tokyo,
was distilled twice under a reduced pressure. The water
content of the formamide was determined by means of the
Karl-Fischer titration. Since the amount of water (about
0.029, w/w) was very small, it was neglected in the course
of the data analysis of X-ray diffraction.

Method of Measurement and Treatment of X-Ray Scattering
Data. The X-ray diffractometer, JEOL DX-GO-Y
(-6 type), was employed in combination with Philips
2255/20 Mo Kx X-ray tube (A=0.7107 A) and an Nal-TIl
scintillation counter. Scattered X-rays were monochro-
matized by a Johansson-type LiF monochromator and a
pulse-height analyzer. The scattering angle (20) measured
was in the range of 2° to 140° and the data were recorded
twice over the whole angle range. Corrections and
analysis of the scattering data were performed by the same
ways as those described elsewhere.® The scattering and
correction factors of atoms in the system were taken from
the literature.®

The reduced intensities i(s) were obtained by the follow-
ing equation:

i(s) = Kleor(s) — ?Ilz[{fi(s)+Aff}2“+ (AL, (1)
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Fig. 2. Reduced intensities, s-i(s), experimentally ob-

tained (circles) and calculated values (s-ziits (s), solid
line) by taking into account only intramolecular
interactions.

where K denotes a factor for transforming measured inten-
sities Ioopr(s), which had been corrected for absorption,
polarization and multiple scatterings of X-rays by the usual
methods, to the absolute ones. The factor had been
obtained by the high-angle method® and the method by
Krogh-Moe? and Norman.® The K values obtained
by the two methods agreed with each other within 19.
Afi and Af;” in Eq. 1 represent the real and imaginary
parts of the anomalous dispersion of atom i, respectively.

The reduced intensities multiplied by s (=4nA-!sin 6) of
the test solution are shown in Fig. 2.

The radial distribution function D(r) was calculated by
the Fourier transform of the reduced intensities according
to Eq. 2.

2r Smax . .

D(r) = 4nr2p, + -;z—f‘/; s-1(s)- M(s)-sin(sr)ds, (2)

where p, is the average scattering density in the stoichiome-

tric volume V of the test solution, and s, denotes the
maximum s-value attained in the measurement (sp,x=

16.6 A-1). M(s) represents the modification function
[Zn:fi(0)%]
M(s) = [—Z:E?m'exp(—ksz), (3)

where n; denotes the number of atom { in the stoichiome-
tric volume. f;(0) and f;(s) stand for the scattering factors
of atom 7 at s=0 and s, respectively. The damping factor
k was chosen as 0.01 A% in the present experiment.

Calculations for data treatments were carried out by
using the KURVLR program developed by Johansson and
Sandstrém.?

Raman spectra of the test solution were measured before
and after X-ray radiation, and it was confirmed that
formamide was not decomposed by the X-ray radiation.

Computations for treating the X-ray data were performed
at the Tokyo Intitute of Technology at Nagatsuta by using
HITAC M-170.

Theoretical Treatment

In order to investigate the relative stabilities of
various possible aggregates of formamide molecules in
the condensed phase, varying structural models were
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Fig. 3. Differential radial distribution curve of liquid
formarmide.

examined by means of ab initio LCGO-MO-SCF cal-
culations with a minimal basis set (2s/1p),’” which
has been successfully employed in other cases.11-13)
The molecular geometry of formamide was kept con-
stant at the experimental values obtained by the pres-
ent work, except for the CG-H and N-H bond lengths
which were taken from the literature,® throughout the
calculations. The dimer models which were investi-
gated by the ab nitio calculations were selected on
the basis of knowledges obtained by the present X-ray
diffraction experiment. Some possible structural mod-
els were also examined in order to compare their
relative stabilities with those of the selected geometries.
The computations were carried out by using com-
puters at the University of Innsbruck and partly at
the Interuniversity Computer Center of the Technical
University of Vienna.

Results and Discussion

X-Ray Duffraction. The differential radial dis-
tribution curve, D(r) —4ar2p,, of formamide is shown
in Fig. 3. The first peak appearing at about 1.2 A
is ascribed to the C-N and C=O bonds within a form-
amide molecule, and the second peak at 2.3 A is at-
tributed to the intramolecular N---O distance. A
shoulder is observed at about 3 A, which may be due
to the intermolecular N---O distance according to the
data by X-ray crystallography of formamide.1:2 The
reduced intensity curve calculated by using the intra-
molecular bond distances found from the differential
radial distribution curve well reproduced the experi-
mental curve in the range s>5A-1 (see Fig. 2). At
the lower s range the two curves are remarkably dis-
crepant, the discrepancy being due to intermolecular
interactions between formamide molecules which have
not been taken into account at the present stage of
the X-ray data analysis.

The intramolecular distances thus roughly estimated
from the differential radial distribution curve were
further refined by applying the least-squares method
to the reduced intensities s-i(s) over various s ranges,
where 5., was fixed at 16.6 A-1 and s, was varied
from 4 A1 to 6 A-1. The least-squares refinement
was carried out by using the following equation:
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U= xz s2{i(s) —iatsa(s) )3 (4)

sintra

where i (s) denotes the calculated i(s) values by
taking into account the intramolecular interactions
only.

The results obtained for the intramolecular distances
within a formamide molecules, as well as the tem-
perature factors of each atom pair, in the liquid state
are summarized and compared with those found in
the gas and solid states in Table 1. No significant
difference was noticed in the bond distances within a
formamide molecule in the different phases.

At the second stage of the analysis of the X-ray
scattering data, intermolecular interactions between
formamide molecules in the liquid state were estimated
from intensities due to the intermolecular interactions
only which were obtained by subtracting the intensities
due to the intramolecular interactions thus evaluated
from the experimental values:

iiter(s) = i(s) — dewica(s) - ®)
Intensities s-7i"**(s) due to the intermolecular inter-
actions thus estimated are shown in Fig. 4.

In order to interprete the s-ii"*r(s) data, various
dimer models were examined. In Fig. 5 the models
examined are summarized. In each model the C-N
and N-H bonds were rotated in order to compare

TABLE 1. INTRA- AND INTERMOLECULAR DISTANCES OF
FORMAMIDE. 7 AND b DENOTE THE BOND DISTANCE

AND TEMPERATURE FACTOR, RESPECTIVELY?®)

Bond Liquid Solid Gas
co ;})%‘(‘)(17)(‘3‘) Ae TE120AY =121 A9
N =0 ?6%(113(3 Ae 1324 r—137A9
Gine) (b G0ty Ae 7=22740  r=2200
ey =306 A =3

a) Numbers in parentheses indicate standard uncertain-
ties.
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Fig. 4. Reduced intensities, s-zirter(s), defined by Eq.
5 (circles). The solid and broken lines represent
calculated s-i(s) values for intermolecular atom-pair
interactions in models (A) and (B) given in Fig. 6,
respectively,
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the theoretical scattering intensities calculated from
the models having various configurations with the
experimentally obtained s-i(s) values. However, those
except two models did not give theoretical intensities
which satisfactorily fitted the experimental curves.
The two models were the extremes of model (3) in
Fig. 5. One was a linear dimer bonded through the
N-H---O hydrogen bond with @=0° (two molecules
were in the same plane) and 6'=0° (Fig. 6A) and
the other was a ring dimer (0=0° and ©’'=180°) (Fig.
6B). A model at an intermediate configuration (6=
0° and 0°<6'<180°) gave a theoretical intensity curve
between those of the two extremes. In the course
of the calculations of the theoretical intensity curve
$+temea(s), the N---O distance was fixed at 3.05A in
each model, which was experimentally determined by
the present X-ray diffraction work. Theoretical in-
tensities calculated on the basis of the two models
were compared with the experimental ones in Fig.
4. The theoretical s-iiisi(s) curve drawn by using
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Fig. 5. Structural models of various dimers. The
second molecule is allowed to rotate along the C-N
and O---H-N bonds.
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Fig. 6. Structural models of linecar (A) and cyclic
(B) dimers of formamide.
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Fig. 7. A structural model consisting of linear and
cyclic constituents.

the linear dimer model shown in Fig. 6A gave a better
agreement with the experimental values than that
calculated from the ring dimer model (Fig. 6B) in
the range 3.5 A-1<s<5.5 A-1, and moreover, the hump
appearing around s=~2.8 A-1 was better reproduced
by the former model than the latter.

A possibility of formation of a mixture of the two
models were also examined at various mole ratios.
However, an increase in the content of the ring dimers
in the mixture enhanced the discrepancy between the
theoretical and experimental intensity curves in the
range 2.5 A-1<5<3.5 A-1, and therefore, the mixture
model could not give a satisfactory interpretation for
the s-2'"**(s) curve.

A chain-like structure consisting of the linear and
the ring dimer units was taken into consideration
in order to interprete the experimental s-:'"**(s) curve.
The model employed is shown in Fig. 7 (model C).
However, no noticeable improvement could be achieved
in the interpretation of the experimentally obtained
s-iinter(s) curve by the introduction of the mixture
model.

The intra- and intermolecular distances thus deter-
mined on the basis of the linear dimer model are
summarized in Table 1. Disagreement between the
experimental and theoretical s-i(s) curves observed at
5<3.5 A1 is due to a disregard of longer range inter-
molecular and inter-chain interactions.

Although the linear model gave a better interpre-
tation than the ring model for the experimental X-ray
scattering data, the difference between the s-i(s) curve
calculated by using the two models was so small that
the existence of the ring dimers in the liquid formamide
could not be completely excluded by the X-ray dif-
fraction method examined in the present study.
Therefore, we examined ab initio calculations for esti-
mating energies of intermolecular interactions between
formamide molecules in order to compare relative
stabilities of the linear and ring dimer structures.

Ab Initio LCGO-MO-SCF Calculations. Rela-
tive stabilities of intermolecular interactions of dimeric,
trimeric and even tetrameric polymers of formamide
were calculated by the ab initio LCGO-MO-SCF pro-
cedure with a minimal basis set, which had been
employed for calculations in other systems.10-13) The
geometry of the formamide molecules was kept con-
stant at the experimental values given in Table 1 which
were obtained by the present work, except for the
C-H and N-H distances which were taken from the
literature,V) throughout the calculations, and the inter-
molecular —-NH,---O=CH- distances were allowed to
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TapLe 2. Enercies at optmizep C-H---O anp N-H---O
HYDROGEN BOND DISTANCES (R) AND ENERGIES PER
HYDROGEN BOND (E,) WITHIN FORMAMIDE DIMERS®)

Model R/A E,/kJ mol-!
H NH.
AN P
(@ =0+ H-C 3.27 —8.4
e No
N o
() /C= ”'H'N\ 2.75 —43.9
HoN C=
2 s
H
o Seohun? 2.80 —45.2
TR S
0/
6: ° H
H 40 hH-N 2.80 —67.8
() >c/{‘23 N
HoN H
H
/
H 0« -H-N
@ > " ew 2.80 —63.2
S-g- .07
H/
a) The total energy of monomer is —143.34210
hartrees. 1 hartree=2625.34 kJ mol-1.

change in order to search the energy minimum of
the interaction at a given aggregate model.

For dimers, five different models as shown in the
first column of Table 2 were examined as selected
ones on the basis of considerations described in the
previous section for the X-ray diffraction experiment.
In models (a), (b), (d), and (e) we assumed that the
two molecules were situated in the same plane. In
model (c), on the other hand, the planes containing
each molecule differed by 90°.

The optimized distance (R) of the intermolecular
hydrogen bonds and energies for each hydrogen bond-
ing (FE,) are listed in Table 2. In agreement with
previous results,'1%) model (d) gave the largest stabi-
lization energy for the hydrogen bonding among the
chain-like structures examined here. The stabilization
energy for the formation of the dimers becomes largest
in model (e), because the dimer has two hydrogen
bonds within the unit structure (i.e., —63.2 k] per
hydrogen bond x2=—126.4 k] per dimer). Thus we
can say that the cyclic structure is most stable in the
formation of dimeric formamide. Nevertheless, as we
will discuss in later sections, the structure shown in
the linear model (d) can be more favorable than
the cyclic dimer model (e) at a high degree of poly-
merization of the molecules in the condensed phase
in which a large number of formamide molecules in-
teract each other.

In model (d) the change in the relative stability of
the linear dimer with changing angle of rotation (@
in Fig. 6A) of the second molecule around the axis
of the hydrogen bond was examined. The changes
in the total energy (AE,,) by the rotation are tabu-
lated in Table 3. A shallow minimum appeared at
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TapLe 3. THE ENErRGY CHANGE (AE,,) OF THE LINEAR
DIMER MODEL (d) AT VARIOUS ROTATION ANGLES (O)

Cls AE, . /k] mol—t
0 _
30 6.7
60 9.7
90 7.5
120 9.5
150 11.6
180 11.6

6=90°, which suggested that the rotated structure of
model (d) could have some contribution to the liquid
structure of formamide, although the minimum was
very shallow and the basis set employed in the present
calculations was not highly sophisticated.

The hydrogen-bond distance between two formamide
molecules through either C-H---O or N-H--O inter-
action was calculated by optimizing the distance at
the lowest energy of intcractions of a given configura-
tion of the formamide dimers by the ab initio method
(Table 2). ELxcept for model (a) which had a longer
hydrogen bond than the experimental value (3.05A),
the distance found in models (b) to (e) was in the
range 2.75—2.80 A independent of the configurations.
The result suggested that the intermolecular hydrogen-
bonded distance of formamide molecules is rather in-
sensitive to the molecular arrangement.

The distances of the hydrogen bond in models (b)
to (e) were all slightly shorter than the observed value.
The shortening of the calculated distance of the hy-
drogen bond may mainly be due to a more or less
simplified basis set used in the present calculations,
although the minimal basis set employed in the present
calculations can give rather reasonable distances for
hydrogen bonds between molecules compared with
other minimal basis sets used so far.1®

Stabilization energies of formation of trimers were
estimated by the same procedure for five kinds of
trimeric aggregates, four of them being shown in Fig.
8. The other onec is the trimeric moiety of the chain-
like structure of the mixed linear-and-ring structure
shown in Fig. 7 (structure C). The energy of the
hydrogen bonds within the last trimer model was a
simple sum of the energies of the linear dimer (d in
Table 2) and the ring dimer (e), ie. (—67.84 (2%
—63.2)) kJ per trimer. The stabilization energies of
the other trimers shown in Fig. 8 are summarized in
Table 4. Structure (II), which is an extension of the
linear dimer (d) (or model A in Fig. 5), has the largest
energy per hydrogen bond among the five models.
However, the total energy of stabilization of the trimers
is largest in the mixed linear-and-ring model. There-
fore, this type of the chain-like structure may contribute
to some extent to the construction of liquid formamide,
although the existence of the ring-dimer structure was
not well accepted as the model explainable for the
X-ray diffraction data.

It should be noted that the energy of hydrogen
bonding in the formation of trimer (II) was the same
as that in dimer (d). This result suggests that the
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Fig. 8. Structural models of trimers.

TABLE 4. STABILIZATION ENERGIES FOR TRIMERIC
STRUCTURES DUE TO HYDROGEN BONDING (Ey)

Model E,/kJ mol—
I —48.5
(I1) —67.8
(I11) —60.2
(v) —44 .4

energy of hydrogen-bonding of this type seems to be
additive. On the other hand, trimer model (I), which
is an extension of dimer (b), had an increased energy
of the hydrogen bond by polymerization, although the
stabilization energy of the formation of trimer (I) was
still smaller than that of trimer (II). A relatively
large stabilization energy of the hydrogen bond in
trimer (III) suggested that rotation of molecules in
trimer (IT) might be easy. Trimer (IV) seems to be
rather unstable compared with trimers (II) and (I11)
and has almost the same stability as trimer (I).
Stabilization energies for the formation of some tet-
ramers were also calculated. For a tetramer similar
to trimer (I) (i.e., a linear polymer with the N-H---O
angle of 180°), a slight increase by 1.3 k] mol-! (the
total energy of the hydrogen bond was —49.8 k] mol-1)
was observed in the stabilization energy of the aggre-
gate, which was much less than the increment in the
formation of trimer (I) from dimer (b) (4.6 kJ mol-1).
This suggests that the stabilization energy due to
hydrogen bonding of this type may reach a constant
value of about —50 k] mol-! at a pentamer or a hex-
amer of formamide. Since the stabilization energy of
the formation of hydrogen bonds of this type is much
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less compared with that of the type of dimer (d) or
trimer (II) (67.8 k] mol-1), the chain-like structure of
the trimer (I)-type may be less important in liquid
formamide. The stabilization energy per hydrogen
bond of the trimer (II)-type (or the dimer (d)-type)
within a linear tetramer was essentially the same as
that of the corresponding trimer and dimer, which
indicated that the additivity of the stabilization of the
aggregates was held in this configuration, and the
chain structure of this type thus becomes the most
stable one in liquid formamide.

Although the ring dimer has a larger stabilization
energy due to the formation of two hydrogen bonds
within it than any of the open-chain structures ex-
amined, the open structure consisting of dimer (d)-
units becomes more stable than the ring structure, if
the chains is formed with more than 16 molecules.
Entropy effects due to easier bond rupture between
molecules in the chain structure than in the ring struc-
ture and duc to rotation of molecules in the chain
will probably make the chain structure more favorable
than the ring structure, so that the number of mole-
cules for polymerization necessary to form stable chains
might be much less than 16. Thus it can be concluded
from the results of the MO-calculations that the open
structures consisting of the trimer (II)-units and, to
some extent the trimer (I1I)-units, should be dominant
in liquid formamide. The ring-dimer structure may
contribute to some extent to the chain structure as a
link between the linear chain structures, as indicated
in structure C, although the contribution was not
detectable by the X-ray diffraction experiments.

A long chain structure and a mixed linear-and-ring
structure did not give improved interpretations to the
X-ray diffraction data, because interactions between
the chain structures could hardly be estimated in the
interpretation of the intensities of scattered X-rays.
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