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The structure of N,N-dimethylformamide (DMF) was determined at 25 °C by means of X-ray diffraction
using a 6-0 type X-ray diffractometer. The least-squares analysis of the reduced intensities results that a
DMF molecule has a practically planar skeletal structure in the liquid state. Intramolecular structural
parameters within a DMF molecule were determined as follows: C=0; 1.24 A, N-C(CHO); 1.35A, and
N-C(CH,); 1.45A. The bond lengths are not appreciably different from those found in the gas phase,
except for the C=O length, which is slightly longer by 0.04 A in the liquid state than in the gaseous one.
The radial distribution curve of DMF shows that the intermolecular arrangement of DMF molecules is
practically fully disordered and no evidence has been found for the cluster formation of DMF molecules in

[Vol. 56, No. 11

the liquid state.
is supported by ab initio MO-SCF calculations.

Structural studies of liquid amides have drawn con-
siderable attentions of physical chemists and biochemists
in connection with the conformation of amide moieties
in polypeptides.!=3 The structure of formamide has
been extensively investigated in the liquid state,*-9
as well as in the gaseous!® and solid!:1? phases.
Theoretical considerations have also been carried out
for the structure of formamide.1®1) The molecular
structure of N,N-dimethylformamide (DMF) has been
determined in the gas phase by electron diffraction!s)
and microwave!®) methods and they concluded that all
atoms except hydrogen atoms at the methyl groups
lay on one plane. The structure of DMF in the solid
state has been studied for crystalline solvates,’-1% but
no crystal structure has been determined for pure
DMF. Theoretical treatments for the molecular struc-
ture of DMF have also been done by some authors?:2%)
for the electron distribution on the atoms within the
DMF molecule. However, intermolecular interactions
between DMF molecules have not been taken into
the theoretical consideration.

Raman and infrared spectra of liquid DMF have
been recorded by Fini and Mirone,?V) from which they
concluded that DMF molecules formed clusters oriented
in a partially ordered way. However, the cluster for-
mation has not been conclusive from NMR measure-
ments.??2-26) No X-ray study has been carried out so
far for the structure of liquid DMF.

Since X-ray diffraction measurements can provide
direct information for ordered structures of liquids, we
aimed at investigating the liquid structure of DMF
and comparing it with the structure of formamide
examined in a previous work.?)

Experimental

Reagents. Commercially available N,N-dimethylform-
amide of analytical grade was dried with Molecular Sieves
(4A) and then distilled under a reduced pressure.

Method of Measurements and Analysis of Scattering Data.
A sample solution was placed in a flat glass tray of 38 mm
depth. X-Ray scattering measurements were carried out

The experimental result for the weak intermolecular interactions between DMF molecules

at (25+2) °C in a thermostatted room by using a JEOL
0-0 diffractometer with a bent LiF monochromator. Mo
Ko radiation (1=0.7107 A) was used. The scattered in-
tensities were collected at discrete points over the s-range
from 0.6 A-! to 16.4 A-! (s=47i-'sinf, where 26 is the
scattering angle). Details of the method of measurements
have been described elsewhere.2?

Experimental intensity data were corrected for back-
ground, absorption, double scattering, polarization and in-
coherent scatterings by the usual methods and then nor-
malized to the absolute scale with respect to a stoichiometric
unit volume ¥V containing one DMF molecule.

The radial distribution curve was calculated by using
a Fourier transform

D(r) = 4nr2py + 2rn1 f "sei(s)-M(s)-sin (sn)ds, (1)
Smin

were p, denotes the average scattering density, M (s) a modi-

fication function of the form [Zn;{(f;(0)+Af0)2+(ASfV)2}

30 {(fils) +HAS)*+ (ASV)?}] - exp(—0.01s?).  The spjn and

Smax values are 0.6 A1 and 16.4 A-1, respectively. The

reduced intensities #(s) were given as follows:

i(s) = I(s)obsa — Dna{(Sfs(s) + AL+ (AS)?), 2
and n; is the number of atom : in the stoichiometric volume
and f;(s) denotes the scattering factor of atom iats. Af;
and Af: are the real and imaginary parts of anomalous
dispersion of atom i, respectively.

Theoretical reduced intensities were calculated by Eq.
3:

i(s) = Dny[Znpg{(Fo(s) + AS7) (fo(8) + ASS)

sin (s7
SN N s

(57pq)
_ 4nR;j . 3{sin (sR;) —sR; cos (sR;)}

k1% (sRy;)?
-exp (—B;s) - {Xny(fis) + Af{)Zny-
(f1()+Af)) + ZmAfIZn;A 1]}, 3
where 7,4, by, and n,, stand for the distance, the temperature
factor, and the frequency factor of the p-g atom-pair, re-
spectively. R; denotes the distance from an atom j beyond

which a continuous electron distribution is assumed. A
parameter Bj; is introduced since the emergence of such a

cexp (—bpes?)]
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Fig. 1. The structure of DMF molecule.
continuous electron distribution around atom j is not sharp.
Intramolecular interactions of all possible atom-pairs of
DMF were calculated by using the first term of Eq. 3, while
interactions between different molecules were approximated
by using the second term of Eq. 3 on the assumption of the
continuous electron distribution beyond the R; values of
each atom in one molecule. The R; values were selected
in order to obtain the best fit s-i(s) curve to the experimental
one and assumed to be 2.50 A for H and N atoms and 3.30
A for O and C atoms by taking into consideration the inter-
atomic distances found in the present work as will be shown
later. The B; values were set to be 0.05 A2 for all the atoms.
The C-H bond length within a DMF molecule was fixed
at 1.09 A. The calculations were performed by using the
KURVLR program.?®

Distances of atom-pairs in the system were first assumed
to be the same as those with the literature values reported
from the electron diffraction measurement in the gas phase,®
and then the structural parameters of the atom-pairs were
refined by the least-squares method applied to the reduced
intensities so as to minimize the error-square sum U=
Sw{i(s) —i(5)carea}?, where the weighting function w=
I(s)shea-cos 0. The NLPLSQ program was used for the
calculations.?%

For the sake of convenience of the discussion in the fol-
lowing section, we numbered the carbon atoms within a
DMF molecule (Fig. 1).

Results and Discussion

The s-i(s) and radial distribution (D(r)—4nr2p,)
curves are shown in Figs. 2 and 3, respectively. The
radial distribution curve of formamide is also shown
in Fig. 3 for comparison.

Two distinct peaks are observed at 1.3 and 2.3 A in
the radial distribution curve of DMF (Fig. 3a). The
former peak contains peaks due to the N-C,, N-C,,
N-C;, and C;=O bonds within each DMF molecule,
and the latter can be ascribed to the C;---C,, C;---C,,
C,---C3, and N---O nonbonding interactions. No sig-
nificant peak is found in the range 7>3 A in the radial
distribution curve of DMF, in contrast to that of form-
amide (see Fig. 3b).

NMR studies showed that a DMF molecule can
rotate along the N-C; axis, although the free energy
of activation of the rotation of the molecule is rather
large (88 kJ mol—1).39) Therefore, we first attempted to
postulate two possibilities of configuration of a DMF
molecule; i.e., a planar (¢=0°) and a perpendicular
($=90°) structures (see Fig. 1). For the both model-
structures we employed the least-squares calculation
for the reduced intensities over the s-range from 3.5
A-1 to 16 A-1 in order to find structural parameters
which can best reproduce the experimental s-:(s) values.
In the course of the calculations we assumed a tetra-
hedral structure of the methyl groups within a DMF

Liquid Structure of DMF
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Fig. 2. The s-i(s) values of liquid DMF. Circles
represent the s-i(s) values experimentally obtained.
The solid line shows the theoretical s-i(s) values at
¢ =0° including those for interactions between atoms
and electrons continuously distributed in the region
of r>R;. The dashed line shows the theoretical
values at ¢ =90°.
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Fig. 3. Radial distribution curves D(r)—4mr2p,. (a)
DMF. The solid and dashed lines represent ex-
perimental and theoretical curves, respectively. (b)
Formamide.

molecule and the C-H bond length to be 1.09 A. The
results obtained from the two models are compared
with the experimental values in Fig. 2, and it is obvious
that the planar model gives a much better fit to the
experimental curve than the perpendicular one does.
Moreover, when we introduced interatomic distances
calculated from models at ¢=30° and 60° as the
initial values and allowed them to be optimized without
fixing the rotation angle, the distances converged to
the values resulted from the least-squares analysis at
¢=0°. Therefore, we concluded that the structure of
a DMF molecule is practically planar. The final
values of the bond distances thus obtained are listed
in Table 1, together with the values found in the ga-
seous and solid states. The bond angles were estimated
as follows: /N-C,-O; (121+£3)°, £C-N-Cy=2C;-
N-Cg; (116£4)°, and £Cy—N-Cy; (124+£5)°.

The intramolecular bond distances of each atom-
pair in DMF found in the liquid state are well con-
sistent with those in the gas phase'® except for the
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TaBLE 1. THE INTRAMOLECULAR DISTANCES (r) AND THE
TEMPERATURE FACTORS (b) OF ATOM-PAIRS IN LIQUID
DMF. THE VALUES IN PARENTHESES ARE THEIR STAND-
ARD DEVIATIONS ESTIMATED (3¢). THE BOND LENGTHS
WITHIN A DMF MOLECULE DETERMINED IN THE GAS PHASE

AND IN A CRYSTALLINE SOLVATE ARE ALSO SHOWN

) Gas!® Liquid Crystalline
Atom-pair r/A —— solvate!®)
/A b/A2 r/A
C,=0 1.20 1.24(1) 0.003(1) 1.30
N-C, 1.34 1.35(2) 0.002(1) 1.28
N-C, 1.45 1.45(1) 0.004(1) 1.51
N-C, 1.45 1.45(1) 0.004(1) 1.50

C=0 bond length, which is slightly longer by 0.04 A
in the liquid state than in the gaseous one. The
result may indicate a weak hydrogen-bonded interac-
tion between DMF molecules. However, there are
some discrepancies in the bond distances between in
the liquid state and in a crystalline solvate,'®) probabiy
because of strong ion-DMF interactions in the crystal-
line solvate compared with intermolecular interactions
of DMF themselves in the liquid state.

In the radial distribution curve of DMF we do not
find appreciable peaks in the range r>3 A, in which
we see still peaks due to intermolecular interactions
of formamide molecules (Fig. 3). If we assumed a
continuous electron distribution beyond R; from each
atom j within a DMF molecule, the reduced intensities
calculated from Eq. 3 gave values which fitted sat-
isfactorily with the experimental ones over the wide
s-range of 1 A-1 to 16 A1 (see solid line in Fig. 2).
The radial distribution curve showed no distinct peak
beyond r=3 A, which indicated a practically random
distribution of molecules in the system. Therefore,
the result indicated that no significant interactions
existed between molecules through, for instance, hy-
drogen bonds and thus the cluster formation of DMF
molecules was not observed from the present X-ray
diffraction work.

However, it is obvious that DMF molecules interact
with each other to form a condensed phase at a room
temperature. Therefore, we estimated the interaction
energy between DMF molecules with the aid of the
ab initio MO-SCF method by using some suitable
structure models and minimal basis sets. The geometry
of the DMF molecules was fixed at the experimental
one obtained by the present work, and the distance
between DMF molecules and the configuration of
DMF associates were varied. The calculations were
performed in a similar way as described previously.?

The dimer model used for the calculation is shown
in Fig 4. At 6=0'=180° the dimer at ¥=0° was
more stable by ca. 8.4 kJ mol-! than that at ¥=180°
when the intermolecular C-H---O distance was 3.2 A.
In the latter configuration the lowest energy of inter-
action was found at ©=180° and ©'=90° at r;_g4..o=
3.2 A. At ©'=120° a slightly higher energy of sta-
bilization was estimated for the dimer, but the differ-
ence was too small (ca. 1 kJ mol-1) to be significant.

The rotation barrier of the DMF dimer around the
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Fig. 5. The energy surface for the linear-dimer of
DMF plotted against the C-H---O distance (r¢_g...0)
between molecules and the rotation angle ¥ around
the CG-H-.-O axis. The numbers indicated in the
diagram show the stabilization energy of the dimer
(—AE) in kJ mol~! units.

C-H--O axis at ®=06'=180° was calculated at various
C-H---O distances. The energy surface diagram is
plotted for varying bond distance 75_g.., and rotation
angle ¥ in Fig. 5. The numbers indicated in the
diagram show stabilization energies of dimerization of
DMF molecules (—AE) in kJ mol~! units. It is seen
from the diagram that the configuration is most stable
at 7¢_y..o=32 A and ¥=0° but the curvature is
so small that the bond distance and the rotation angle
can change over the range +0.15 A and =+30° re-
spectively, by the thermal energy (kT) at T=300 K.
The crosshatched area in Fig. 5 indicates the region
where the variation of the energy is smaller than the
kT value at room temperature. The maximum sta-
bilization energy of dimerization was estimated to be
—22.2 kJ mol~! (see Fig. 5), which is much smaller
than the energies of hydrogen bonds of water molecules
(—30 to —40kJmol-1) and of formamide (—68k]J
mol~1%). The ring-dimer structure of DMF was much
less stable than the linear dimer examined above.

A chain-trimer connected by the C-H---:O hydrogen
bonds of DMF molecules had a similar stabilization
energy (—23 kJ mol-!) per bond as the linear dimer,
and thus, no special stabilization is to be expected by
the formation of oligomers. The vibrational am-
plitude of the C-H-+-O bond at room temperature
was estimated to be about 0.23 A from the surface
of the stabilization energy of the trimer and the £T
value. The amplitude of the trimer is practically the
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same as that of the dimer (0.15 A). Since the vibra-
tional amplitude of DMF associates is fairly large, we
may not expect to detect the associated species as
discrete units in the liquid DMF. This conclusion
is consistent with that obtained by the X-ray diffrac-
tion measurement demonstrated in the present study.
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