E. O. SCHLEMPER AND DOYLE BRITTON

tion, it now has all real amplitudes. The B values, am-
plitudes, and direction cosines of the principal axes are
(in the order B, amplitude, ¢, v, ®):

3-42 A2, 0-208 A, —0-316, —0-685, 0-706;
2:62 Az, 0-182 A, 0-945, —0-165, 0-094;
1-55 A2, 0-140 A, —0-085, 0711, 0-702.
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The Crystal Structure of Imidazole at —-150°C

BY SAGRARIO MARTINEZ-CARRERA®
Laboratorium voor Kristallografie, University of Amsterdam, The Netherlands

(Received 2 September 1965)

Imidazole, C3N;Hs, crystallizes in the space group P2;/c. There are four molecules in the cell, the di-
mensions of which are, at —150°C: a=7-582, b=5-371, c=9-790 A; p=61°1". The five-membered ring
is planar. All bond lengths in the ring indicate considerable double-bond character. NH - - - N bonds
with the exceptionally short length of 2:86 A form chains of molecules along the ¢ axis.

Introduction

The study of the crystal structure of imidazole was
started in the Instituto de Fisica Alonso de Santa Cruz
(Garcia Blanco & Martinez-Carrera, 1958). A tentative
projection of the structure was given, but the X-ray
data, taken at room temperature, were insufficient for
refinement. Low-temperature data were collected and
the structure solved in 1958/59 in this laboratory, while
the author held a Netherlands—Spain exchange fellow-
ship. The structure was further refined in 1963 in the
Laboratory of Crystallography of the University of
Pittsburgh by courtesy of Prof. G.A.Jeffrey. In the
meantime Will (1963), apparently unaware of our
former work, published a rough trial structure of imid-
azole at room temperature. Since our experimental
low-temperature data are far more complete, they per-
mit an accurate determination of the molecular ge-
ometry and of the packing in the crystal.

Experimental

Imidazole, with molecular formula

H-C C—H
5
H-N N
N2/
c

|
H

* Present address: Instituto de Quimica Fisica ‘Rocasolano’,
Serrano 119, Madrid 6, Spain.

AC20-6

crystallizes in the monoclinic system, class 2/m. Single
crystals elongated along the b axis were obtained from
ethanol solution. The cell constants were determined
by least squares, both at room temperature and at
—150°C, from sin2@ values of hk0 and A0/ reflexions.
These were obtained from Weissenberg diagrams cali-
brated with aluminum powder lines. The values found
were:
a Ou b Ob c O¢
20°C 7-732 0002 5-453 0-002 9-766 0-002 A
—150°C 7-582 0002 5-371 0-002 9-790 0-003 A
B* oy
20°C 62°47" 1’
—150°C 61° 1" 1’

The room temperature values of Will are in some-
what better agreement with those given above than
those of Garcia Blanco & Martinez-Carrera.

By comparison of the films it was clear that the struc-
ture is basically the same at —150°C and at room tem-
perature. The space group is P2;/c. With four formula
units per unit cell the calculated density is 1297 g.cm™3
at —150°C.

The crystals were mounted in thin-walled glass capil-
laries and the X-ray intensities were obtained on a
Weissenberg camera. Cooling of the crystal to —150°C
was achieved by a gas stream passed through liquid
air (Kreuger, 1955).

The X-ray diffraction intensities were recorded by
a multiple-film technique with Cu K radiation. Five

* B is taken acute, conforming with the original setting of
Greenwood (1926).
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layers about the a axis and five layers about the b axis
were recorded. The intensities were evaluated by photo-
metric measurement; for non-equatorial layers they
were corrected for spot length following the Phillips
(1956) method. No corrections were made for absorp-
tion because the absorption coefficient is very small,
p=75cm™!; even for the largest specimen used it is
estimated that the corrections would produce variations
of less than 5%; in the values of the structure ampli-
tudes.

After reduction to structure factors, the latter were
correlated by means of common reflexions on different
films. 584 independent Ak! reflexions were observed
representing 77% of the possible number observable.

The determination of the structure

The structure was essentially solved by interpreting the
three-dimensional Patterson synthesis. As the molecule
of imidazole has no centre of symmetry, all atoms must
be in general positions. The pentagonal imidazole ring
was assumed planar, with distances between neigh-
bouring carbon-carbon and carbon-nitrogen atoms
taken as 1-4 A and distances between next nearest
neighbours as 2-2 A. Initially no distinction was made
between nitrogen and carbon atoms, an ambiguity
which was not resolved during the interpretation of
the Patterson function.

The orientation of the molecules was found by plot-
ting in stereographic projection the values of the Pat-
terson function on the surfaces of spheres around the
origin with radii of 1-4 and 2-2 A, respectively. The
molecular orientation found by Garcia Blanco and
Martinez-Carrera (1958) was approximately confirmed.
However, by looking for the intermolecular vectors,
we found that the location of the molecule with respect
to the origin as given in their paper was about 0-5 A
off. The trial structure derived from the Patterson func-
tion was first refined in projections along the g and
b axes simultaneously. After several cycles all atoms
were resolved in both projections and the nitrogen
atoms were distinguished by having a slightly larger
electron density (Figs.1 and 2).

Already the first difference synthesis of the 40/ re-
flexions showed all four hydrogen atoms(Fig.3). Further
refinement was carried out in three-dimensional space
by difference Fourier synthesis. The residual R was
then 0-141 for all observed reflexions, with the hydrogen
contributions included in the calculated structure fac-
tors, and an overall isotropic temperature factor B=
1-78 A2, Finally, the structure was refined by five cycles
of differential synthesis, with a program written by
Shiono (1962) for the IBM 7070 computer. In this
refinement, all atomic positions were allowed to vary;
however, the shifts for the hydrogen atoms appeared
not relevant and therefore were not used. Individual
isotropic temperature factors were computed for the
carbon and nitrogen atoms; for hydrogen a uniform
B of 2-14 A2 proved to give the best fit.

OF IMIDAZOLE AT -150°C

The final R for observed reflexions only was 0-112,
Structure factors of unobserved reflexions were invari-
ably calculated to be small.

The final calculated and observed structure factors
are given in Table 1. The atomic parameters with their
standard deviations are listed in Table 2. The bond
angles and bond lengths are shown in Table 3. The
mean e.s.d. in bond lengths in the imidazole ring is
0-005 A and in bond angles 0-3°. The hydrogen bond
length 2-86 A is exceptionally short. In a recent survey
of hydrogen bonds (Wallwork, 1962), NH--- N is
given as 3:07+0:11 A; N+-H -+ - N as 2:92+0-05 A;
N+H - N-as2:93+0:05 A.

It appears therefore from the length of the hydrogen
bond that at least the nitrogen atom N(1) carries a
positive formal charge.

Other intermolecular approaches less than 4-0 A are
listed in Table 5. The least-squares plane through the

\

3,
¥

@@

—_—

%

Fig.2. Imidazole. Electron density projection along [100].

Y

Fig.3. Imidazole. Difference Fourier synthesis along [010].
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Table 1. Observed and calculated structure factors

Reflexions marked with an asterisk were unobserved.
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Table 2. Fractional atomic coordinates, and thermal
parameters (A?), with estimated standard deviations in

parentheses
Atom x y z B
N(1) 0-78075 —0-16686 0-58746 1-98
(0-00041) (0-00061) (0-00027) (0-08)
CQ2) 0-84317 —0-28202 0:67900 201
(0-00048) (0-00076)  (0-00033)  (0-10)
N@3) 0-79256 —0-15314 0-80836 1-82
(0-00043) (0-00063) (0-00029) (0-08)
C(4) 0-69066 0-05258 0-79868 1-87
(0-00051) (0-00071)  (0-00036)  (0-09)
C(5) 0-68238 0-04574 0:66323 1-99
(0-00050) (0-00074) (0-00034) (0-09)
H() 0-817 —0-206 0472 2-14
H(2) 0-914 —0-458 0628 214
H®#4) 0-622 0-150 0-892 2:14
H(5) 0-619 0-153 0-611 2-14
Table 3. Bond lengths and angles
N(1)-C(2) 1-349 A N(1)-C(2)-N(3) 111-3°
C(2)-NQ@3) 1-326 C(2)-N(3)-C(4) 105-4
NG)-C@) 1378 N(3)-C(4)-C(5)  109-8
C(4)-C(5) 1-358 C(4)-C(5)-N(1) 106-3
C(5)-N(1) 1-369 C(5)-N(1)-C(2) 107-2
N(1)-H(1) 1-048 H(1)-N1)-C(2) 129-1
H()-N(1)-C(5)  122:9
C(2)-H(2) 1-082 H(2)-C(2)-N(3) 1382
H(2)-C(2)-N(1)  110-4
C4)-H4) 0-958 H(4)-C(4)-N(3) 115-8
H(4)-C(4)-C(5) 1332
C(5)-H(5) 1-031 H(S5)-C(5)-C(4) 136-3
H(5)-C(5)-N(1)  117-4

Table 4. Distances from the least-squares plane and
equation of the plane in A

Atom Distance from plane
N(1) 0-004 A

C(2) —0-004

N@3) 0-003

C() —0-001

C(5) —0-002

0-7314x+0-5038y —0-0460z = 3-5993

Table 5. Intermolecular distances
N - - - N hydrogen bond
Atom i Atom j D)
N(1%) NG3") 2:86 A

Van der Waals distances less than 4-0 A between atoms.
The symmetry relationship of the atoms concerned is denoted
by superscripts as follows:

’

X z
” x 3=y —i+z
i 1—x —3+y $—z
iv X —1+y z
v x —3—y i+z
vi l—x i+y -z
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Table 5 (cont.)

Atom { Atom j D)
N(1) C2") 380 A
N(1%) Cc@4”) 3-82
N(1%) Cc@”) 3-53
N(1%) C(5""") 3-52
C2) N@3") 3-85
CQ) C(4tv) 376
C(2) C(5tv) 3-84
Cc) C(5""") 3-63
N(3) C(5v) 379
N(3) C(5"") 3-83
C@4) C(5vY) 376
Cc4) C(5""") 3-81
Cc(5) C(5v1) 3-63
Cc(5) C(5"") 363

imidazole molecule, together with the distances of atoms
from this plane, is given in Table 4. These structural
data were obtained with programs written by Chu
(1963) for the IBM 1620 computer.

Discussion

Bond lengths and angles of the imidazole molecule are
shown in Fig.4. As seen in Table 4, the imidazole ring
is completely planar within the error limits. The posi-
tions of the hydrogen atoms are less certain; none of
them lies more than 0-16 A out of the plane of the ring.
In analogy to other heterocyclic ring systems, imidazole
may be represented as a resonance hybrid with con-
tributions from the following formulae (see e.g. Hof-
mann, 1953):

H H H H H

H
AN / AN / AN /
C—C c—C c—C
/ N Y4 \e o/ AN

/ N\ / N / N\ N / N\
H \C/ H \C/ H \2/

I I I
H H H

m 61)) 16819

N

H H H H
Ne N o
C==C c—C

e/ N\ o/ AN

/N\ N /N\ /N
H AN / H N 7/
? C

I
H H

(1v) v)

An estimate was made of the contributions of the
limiting structures (I) to (V) from the bond lengths in
Table 2 in the following way. The double-bond char-
acter of the C—C bond was obtained from the curve
of bond length versus bond order given by Pauling
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(1960); for the C-N bonds an analogous curve con-
structed by Wheatley (1954) was used. The percentages
estimated were:

N(1)-C(2) 37%
C(2)-N(3) 51
N(3)-C(4) 24
C(4)-C(5) 68
C(5)-N(1) 27

The sum of the double-bond percentages is 207%,
which is as close to the expected 200%; as could have
been hoped for. By assuming the shortening of N(1)-
C(2) to be due only to formulae (IT) and (IV), etc.,
we evaluated the contributions of (I) to (V) as 3825 (1),
289 (II), 15% (I11), 8% (IV) and 11%; (V). Although
we must not attach too much importance to these
values, there seems to be no doubt that the non-polar
form (I) is the most important, with (II) as a good
second and minor contributions from the forms with
a negative formal charge on carbon. The relatively large
total contribution of the polar forms (II)-(V) is in
agreement with the high dipole moment of imidazole.
Form (II) especially with its positive charge on N(1)
and negative charge on N(3) will contribute to the
strength of the attraction between the pyridine nitrogen
of one molecule with the imino nitrogen of the next
molecule, generated by the glide plane ¢. In this way,
strings of molecules along the ¢ axis are formed, as
seen in projection along the g and b axes in Figs.5

THE CRYSTAL STRUCTURE

OF IMIDAZOLE AT -150°C

and 6 respectively. Even in non-polar solvents strings
of several molecules appear to persist (Hofmann, 1953).
In this connection, it is interesting to note the strong
anisotropy of the thermal expansion. Since the axial
angle § changes, and in some directions the expansion
coefficient is negative, it is impossible to calculate the
expansion ellipsoid (Wooster, 1938, p.26) from the
change in d values. Table 6 shows some values for the
expansion coefficient in various directions.

The slightly negative thermal expansion along the
¢ axis might be due to a slight change in orientation
of the molecules at room temperature. In this respect

H2
I3
no9
!
27T
13820 1108°
i ! \
e ‘
& 2291
\'.'5'b ma N . _Hy
\ _--"T05
y w720 NT7
/ N 1229°
137
usa CA 136 i CS 11‘74
/ l
0,9§/\_1332 13630 < 103
7/ \
Hy, H5

Fig.4. Bond lengths and angles in the imidazole molecule.
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Fig.5. Imidazole. Projection of the structure along the a axis.
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Fig. 6. Imidazole. Projection of the structure along the b axis.

Table 6. Thermal expansion coefficient
of imidazole in various directions

Direction ax 104 Direction ax 104
[010] 0-90 (100) 22
[100] 1-95 (702) 2:3
[001] —-014 (604) 2:3

(001) 0-83
(7,0,10) —-0-15

the promised refinement of the room temperature data
(Will, 1963) is awaited with interest.

The author wishes to express her gratitude to Prof.
C.H.MacGillavry, Dr C.H.Stam and Mr A.Kreuger
for their help during her stay in Amsterdam; to Prof.
G. A.Jeffrey for allowing her to use the computation
facilities and program of the Laboratory of Crystal-
lography of the University of Pittsburgh.
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