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The ab initio geometry of cyanamide in the gaseous and the solid states has been
optimized utilizing the analytical energy gradients. Atomic charges from pop-
ulation analyses have been used to simulate crystal field effects. The optimized
geometry is in good agreement with experimental findings. The results imply that
the point-charge model is successful in describing the crystal field effects on the
internal geometry for molecules involved in networks of medium-long hydrogen

bonds in the solid state.

The geometries of molecules in the solid state are
often different from the geometries of isolated
molecules, especially when intermolecular hydro-
gen bonds are formed. In order to represent crys-
tal field effects in ab initio calculations on cyano-
formamide, a model based upon net atomic point
charges in positions determined by crystal struc-
ture analysis was introduced.! The geometry of
the molecule was optimized utilizing the analyt-
ical energy gradients.”? A double-zeta basis set
was applied. Convincing correspondence be-
tween calculated and experimental geometries
was obtained. The results showed that the point-
charge model and the automatic refinement pro-
cedure were applicable at least to systems form-
ing planar sheets or chains of hydrogen-bonded
molecules in the crystal. Another advantage of
the point-charge model is the small increase in
computing time compared to that for a free mole-
cule, making it a useful alternative to the practice
of applying empirical corrections to ab initio geo-
metries of isolated molecules when comparing
with experimental solid state geometries.

The geometry of the cyanamide molecule has
previously been optimized by ab initio methods
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applying different basis sets,>® and the structure
has been studied by microwave spectroscopy’®
and the crystal structure determined by single-
crystal neutron diffraction techniques.® The geo-
metry of the free molecule differs significantly
from that of the molecule in the crystal, in which
the molecules form a three-dimensional hydro-
gen-bond network. Point-charge model calcula-
tions for cyanamide are hereby presented. Cyan-
amide is also a molecule for which the introduc-
tion of polarization functions is important for
obtaining a reasonable ab initio structure.’

Methods and results

The computational details are as given in Ref. 1,
except for a convergence criterion of 0.0001 A. A
double-zeta basis set [(7s3p/4s) contracted to
(4s2p/2s)] with polarization functions for the non-
hydrogen atoms'®!! and with scale factor of (1.2)?
for the exponents of hydrogen'? was used. The
calculations were carried out using the program
MOLFORC,”® a gradient program based on
MOLECULE.*

First, the geometry of the free molecule was
optimized. Cyanamide crystallizes in space group
Pbca with eight molecules in the unit cell, the
molecular symmetry is C;,. One molecule is hy-
drogen-bonded to four neighbours (see Fig. 1)
(the N(H1)---N and the N(H2)---N distances are
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H2

Fig. 1. The cyanamide molecule and its hydrogen
bonded neighbours.

3.025 and 3.046 A, respectively). All twelve mol-
ecules with their carbon atom less than 6 A away
from the carbon atom of the central molecule
were included in order to simulate the crystal
field (cry.f.) in the ab initio calculations. Similar
calculations with only the four hydrogen-bonded
neighbours included were performed in order to
examine the hydrogen-bonding (hydr.b.) effects
separately. Finally, a double-zeta basis set was
applied in the crystal field model. The point-
charge—point-charge Coulombic interaction en-
ergy terms are not included in the calculated en-
ergies. The geometry refinement (by the energy
gradient method) was observed to be critically

dependent upon the point-charge values. The ini-
tial values taken from the population analysis for
the isolated molecule were replaced with the val-
ues calculated for the point-charge model prior to
refinement. In order to obtain self consistency
the point-charge values were replaced with those
obtained in an iterative optimization procedure.

The geometrical parameters (named as in
Ref. 3, Table 1) for the free molecule and the
molecule in the solid state are listed in Tables 1
and 2, respectively. The net charges are given in
Table 3.

Discussion

The ab initio calculations give the molecular geo-
metry of a rigid molecule in an energy minimum.
Previous studies on the free molecule and the
geometries obtained with different basis sets are
summarized in Ref. 5. It has been demonstrated
that inclusion of polarization functions (at least)
on the amino nitrogen atom is necessary in order
to obtain a non-planar amino group.® Our dou-
ble-zeta basis set including polarization functions
for the heavy atoms is intermediate between the
4-31G* and the 6-31G* basis sets.>* The opti-
mized geometries derived using all three basis
sets are listed in Table 1. The energy minimum is
shallow and the final geometries may also be
dependent on the convergence criterion.

The experimental parameters for the free mol-
ecule are not easily determined as the molecule
undergoes large amplitude vibration.® The non-
planarity of the amino group was established by

Table 1. Geometrical parameters for the free cyanamide molecule (named as in Ref. 3, Table 1).

ab initio Basis set Exp. results
DZ+P? 4-31G*? 6-31G*° Ref. 7 Ref. 8
r(INHYA 1.001 0.998 0.998 1.001 1.008 (constr.)
r(N—C)/A 1.349 1.340 1.343 1.346
IN=C)/A 1.135 1.135 1.138 1.160 1.165 (ass.)
ZHNH?P? 1115 113.5 1131 113.5 112.8
ZCNH/F° 1129 115.0 1145 115.6 113.0
O(NCN)» 1.6 2.0 1.8 O(ass) 5.2
o 46.3 39.6 413 38.0 45.0
energy (+147)/Hartree -0.78621 —0.76458 —0.90866
wDebye 4.36 4.58 4.59 4.32 4.25 (see 8)

aThis work. °Ref. 3. °Ref. 5.
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Table 2. Geometrical parameters for cyanamide influenced by neighbours (see text) and in the solid state.

ab initio Basis set

Exp. results?

cry.f.2 hydr.b.? cry.f.c 100 K 298 K
DZ+P DZ+P Dz

r(NH1)/(A) 1.004 1.005 0.999 1.006 1.002
r(NH2)/A 1.005 1.003 0.999 1.006 1.024
N—C)/A 1.319 1.324 1.321 1.319 1.320
T(C=N)/A 1.143 1.141 1.151 1.175 1.174
ZHNH/° 118.8 118.4 118.8 120.8 120.4
ZCNH1/° 120.2 118.6 120.9 120.0 120.5
ZCNH2/r° 118.8 116.9 120.1 117.8 118.4
O(NCN)/° 1.5 1.9 0.2 1.5 1.1
Ol 14.6 24.6 49 12.4 8.4
energy (+147)/Hartree —0.84061 —0.83441 1.24702
212 Neighbours. ?4 Neighbours. °12 Neighbours. “Ref.9.
Table 3. Mulliken charge densities.
Atom Basis set

Ref.6 This work

isol. isol. cry.f hydr.b. cry.f.

6-31G* DZ+P DZ+P DZ+P Dz
N(amino) —0.875 -0.771 -0.827 -0.820 —-0.895
N(cyano) —0.444 -0.329 -0.524 —0.503 -0.374
C 0.502 0.375 0.493 0.480 0.439
H1 0.408 0.363 0.425 0.427 0.414
H2 0.408 0.363 0.433 0.416 0.416

microwave spectroscopy.” Whereas a linear
N—C-N geometry was assumed in Ref.7, the
semi-rigid bender model treatment® indicates a
non-linear N—C—N and different r; structures for
different isotopic species. The results are consis-
tent with those of Ref.7 but yield structural pa-
rameters for the energy minimum position as
well. However, the carbon—nitrogen triple bond
was not refined, and the nitrogen—hydrogen
bond length was restricted in order to reduce the
number of parameters. The experimental values
are included in Table 1.

The bond parameters are reasonably close to
the experimental values, except for the carbon-
—nitrogen triple bond, which is underestimated
by calculations of this type (Ref.5, p.838) (our

calculation on a free molecule was performed in
order to eliminate effects caused by different ba-
sis sets when comparing the free molecule with
the molecule in the solid state).

The neutron diffraction data were collected at
room temperature and at low temperatures
(100 K). The bond distances to terminal atoms,
as well as the bond distance between carbon and
the amino nitrogen have been corrected for ther-
mal vibrations assuming riding motion.” The de-
rived molecular geometries are not significantly
different at the two temperatures, except for the
flatness of the amino group (Table 2). The neu-
tron diffraction refinement gives the nuclear posi-
tions and harmonic thermal vibration parame-
ters. It is reasonable (on the basis of extrapola-
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tion to T=0K) to expect a somewhat more
pyramidal amino group for a static molecule. The
amino group is slightly asymmetric and the mole-
cule has C, symmetry in the crystal.

The positional parameters from the least-
squares refinement of the low-temperature neu-
tron diffraction data were used in the point
—charge model calculations. The agreement be-
tween the optimized geometry of the crystal field
model and the experimental geometry is convinc-
ing, and even the asymmetry of the amino group
is qualitatively correct (Table 2). It is evident
from the simple point-charge model that the main
source of energy stabilization in the solid is hy-
drogen-bond formation. The energy difference
between a free molecule and the hydrogen-
bonded model is 126.5 kJ mol™! (i.e., 63.2 kJ
mol~! for each hydrogen bond). The influence of
the other neighbouring molecules (corresponding
to a further decrease in energy of 16.3 kJ mol™!)
is nevertheless of importance for the amino group
bending. The double-zeta basis set also repro-
duces the experimental solid state findings quite
satisfactorily, except for a less pyramidal amino
group. However, this basis set gives, as men-
tioned earlier, a planar free molecule.’

The main differences in the calculated geo-
metries between a free molecule and the mole-
cule in the solid state (the first columns in Table 1
and 2, respectively) are a less pyramidal amino
group (A®,,, = 31.7°), a shorter amino nitro-
gen—carbon bond (A = 0.030 A), and a longer
cyano nitrogen—carbon bond (A = 0.008 A) for
the latter. All experimental findings are quantita-
tively confirmed by the present calculations. In
accordance with the findings for cyanoforma-
mide,' the population analysis (Table 3) shows
that the molecule becomes more polarized in the
solid state.

The point-charge model has been frequently
applied in theoretical electron density calcula-
tions (see Refs. 16 and 17 and references
therein).An early study of the internal geometry
of bound molecules applying the model is a calcu-
lation of the conformation of the oxonium ion in
solids.' The introduction of the analytical energy
gradient calculation? has made geometry optimi-
zation more or less automatic compared to the
time-consuming and rather complicated proce-
dure of earlier days. The results presented pro-
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vide an example showing that the point charge
model is successful in describing crystal field ef-
fects on the internal geometry of molecules in-
volved in a network of medium-long hydrogen
bonds in the solid state.

Acknowledgements. We are indebted to Dr. Finn
Krebs Larsen for making the neutron diffraction
parameters available.

References

1. Szbg, S., Klewe, B. and Samdal, S. Chem. Phys.
Lett. 97 (1983) 499.

2. Pulay, P. In: Schaefer, H. F., III, Modern Theoret-
ical Chemistry, Plenum Press, New York 1977,
Vol. 4, p. 153.

3. Ichikawa, K., Hamada, Y., Sugawara, Y., Tsuboi,
M., Kato, S. and Morokuma, K. Chem. Phys. 72
(1982) 301.

4. Daoudi, A., Pouchan, C. and Sauvaitre, H. Chem.
Phys. Lent. 91 (1982) 477.

5. Riggs, N. V. and Radom, L. Aust. J. Chem. 38
(1985) 835.

6. Yabushita, S. and Gordon, M.S. Chem. Phys.
Lett. 117 (1985) 321.

7. Tyler, J. K., Sheridan, J. and Costain, C. C. J. Mol.
Spectrosc. 43 (1972) 248.

8. Brown, R.D., Godfrey, P.D. and Kleibgmer, B.
J. Mol. Spectrosc. 114 (1985) 257.

9. Dyhr-Nielsen, L., Hansen, N.K. and Krebs Lar-
sen, F. (a) Abstracts of the Danish Crystallography
Meeting, Arhus 1975; (b) Abstracts of the American
Crystallographic Association Winter Meeting 1976,
Abstract E 10, p. 28.

10. Roos, B. and Siegbahn, P. Theor. Chim. Acta 17
(1970) 209.

11. Roos, B. and Siegbahn, P. Theor. Chim. Acta 17
(1970) 199.

12. Dunning, T. H., Jr. J. Chem. Phys. 53 (1970) 2823.

13. Saxbg, S. Internal Report, Dept. of Chemistry, Uni-
versity of Oslo, Oslo 1979.

14. Almlof, J. USIP Rep. 74-29, University of Stock-
holm, Stockholm 1974.

15. Busing, W.R. and Levi, H. A. Acta Crystallogr. 17

(1964) 142.

16. Taurian, O.E. and Lunell, S. J. Phys. Chem. 91
(1987) 2249.

17. Hermansson, K. Acta Chem. Scand., Ser. A4l
(1987) 513.

18. Almlof, J. and Wahlgren, U. Theor. Chim. Acta 28
(1973) 161.

Received December 7, 1988.



