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EJectron density distriiutions, derived from ap initio molecular wavefunttions, have been calculated for CN- and SCN- 
ions. From these dynamic densities were calculated assuming-rigid body thermal. vibrations of the molecules. Comparison 
with the difference density in NaCN + 2&O, NaSCN and N&SCW, observed by X-ray diffraction, is fair. Remaining dif- 
ferences between theory and experiment are discussed. The Hartree-Fock method gives a better correspondence with the 
observed electron density distriitition in the thiocyanate ion than the Hartree-Fock-Slater method. 

1. Introduction 

The growing interest in the determination of the 
electron density distribution in various compounds 
by means of X-ray diffraction, calls for a comparison 
of experimental and theoretic& electron densities. The 
theoretical electron density, derived from molecular 
wavefunctions, however, corresponds to the density 
of a molecule at rest, while in the X-ray diffraction 
experiment the electron density is observed as a time- 
average over the thermal vibrations in the crystal. The 
desired comparison of theory and experiment, thete- 
fore, requires an averaging of the theoreticai electron 
density over the different modes of vibration. 

The thermal motion of the atoms in molecular 
crystals can, in good approximation, be subdivided into 
two groups: (a) internal vibrations of the molecule; 
(b) external vibrations of the molecule as a rigid body, 
descriied by coupled rigid body translations and libra- 
tions. For many structures the observed thermal 
parameters can be adequately analysed in terms of 
rigid body motion, whereby a part of the internal 
vibrations may be absorbed by the rigid body model. 

A convolution of the static, theoretical density 
with a distribution function describing the motion of 
the molecule [l] is straightforward as long as only 
uncoupled rigid body translations and librations are 
considered to contribute to the motion of the mole- 

cule. When the internal vibrations of the molecule are 
included, the method becomes less simple. In that case 
molecular wavefunctions have to be calculated for a 
large number of molecular geometries and the result 
of the internal vibrations accounted for by an averaging 
over these geometries. 

An extensive study of the thermal smearing of the 
electron density in an acetylene model structure, in- 
cluding internal and rigid body vibrations, has been 
made by Ruysink and Vos [2]. They conclude that the 
internal vibrations are not important to describe the 
time-average electron density in this particular case. 
Thermally smeared theoretical densities, based on 
rigid body vibrations have been reported by a number 
of authors [3,4,5]. In the present work time-average, 
theoretical electron densities, based on a rigid body 
model for the thermal motion, will be calculated for 
the CN- and SCN- ions. Comparison will be made 
with experimental electron densities for these groups 
as observed in NaCN l 2H20 at 150 K, NaSCN at 
150 K and 81 K and NH4SCN at 81 K. The first two 
compounds have been studied by X-ray diffraction 
alone [6,7$ the last one by a combined X-ray and 
neutron diffraction study [S] _ 
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2. Method 

2.1. General case 

In this work it will be assumed that only rigid body 
vibrations contribute to the thermal motion of the 
atoms in the crystal. Then the dynamic or time- 
average theoretical density is obtained by the convolu- 
tion: 

p&) =sp& 7 u) p(n) du I (1) 

with pd(r): the dynamic density, pJr): the static 
density and P(U): a function describing the probability 
that point (r - u) is displaced over a distance u from 
its equilibrium position. 

The correlation between the translational and libra- 
tional modes of vibration is neglected. This implies 
that the S-tensor in the rigid body description of 
Schomaker and Trueblood [9] is zero, in which case 
the rigid body model reduces to the TLX model of 
Pawley [lo]. P(u) can then be considered as a con- 
volution of probability density functions for the 
translational and librational motion: 

p(U) = P&u) * Plib(@‘). (3 

(The symbol *denotes convolution). Thus eq. (1) can 

be written as: 

pd(r) =_fJpst<r - u’- D -r) Pu(urr)Plib(w)durrdw. 
(3) 

The tensor D is described by Schomaker and Trueblood 
[9] and corresponds to a rotation I WI about vector w 
such that D - r = ub. The probability density func- 
tions for translation and fibration are inthe harmonic 
approximation given by: 

P*(r) = (2n)-3/2 IT-1 1 Ii2 exp(-:rTT-‘r) D (44 

P&w) = (27r))-3’21L-‘1’12 exp(-A 2 oTL-lo), (4b) 

with T and L the translation and libration tensors 
defined by several authors 19,101. 

Several methods have been proposed to deal with 
eq. (3). Ruysink and Vos [2] and Scheringer and 
Reitz [ 1 I] describe an analytic evaluation of the 
integrals, in which case the static electron density has 
to be expressed in terms of gaussian basis functions. 

Hase et al. [4] and Stevens et al. [S] evaluate eq;(3) 
in reciprocal space. The advantage of the latter method 
is that &r) wilt contain the series termination effect, 
of the Fourier surpmation, which is also present in the 
experimental electron density ‘distribution. 

In the present work we evaluate eq. (3) by numeri- 
cal integration in direct space. This method may be 
less efficient in computing time than the alternative 
methods, but has the advantage that the expressions 
remain fairly simple. 

2.2. Special case 

In the present study the assumption is made that 
the molecular axis corresponds to a principal axis of 
the translation tensor T and that the rigid body motion 
can be described by three principal modes of transla- 
tion and two modes of libration about axes normal 
to the molecular axis. The observed thermal param- 
eters [6-g] are well described by this model. Further- 
more it is assumed that the thermal motion is isotropic 
in the direction normal to the bond axis. This second 
condition is not fulfilled but no significant errors are 
expected to be made if the time-average density is 
calculated only along the molecular axis. 

Four parameters are then required to describe the 
rigid body motion of the molecule: T,,, T,: the mean 
square displacements of translation in axial and radial 
direction, L: the mean square amplitude of libration 
about axes normal to the bond axis, X: the center of 
libration, taken on the bond axis. 

When the time-average density is calculated dong 
the molecular axis, taken as the x axis, only, the 
rotational symmetry of the static density about the 
molecular axis can be taken into account. The dynamic 
density is then, in cylindrical coordinates x and r, 
given by: 

0.&r) = J J P&~-X, -rYop()PWm b dr, (54 
-mO 
xr 

with 

P(x) = (2nTg)-1’2 exp[-x2/(2Tu)] , 

and 

0) 

p(r) = (27rTJ’ exp[-?/(2TJ] . (SC) 

The static density has been calculated in a twodimen- 
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sional grid. The time-average density was obtained by 
replacing the integrals in eq. (Sa) by summations over 
the gridpoints. 

As the librational amplitudes are small for the 
thiocyanates studied in this work and since the time- 
average density is only calculated along the bond 
axis, a further simplification can be made by replacing 
the librational motion by a linear vibration with mean 
square displacement: 

(UZ) = (X - X)% _ (6) 

This assumption was found to give negligible errors 
in the model calculation on acetylene [2]. Now it is 
easily shown that the averaging of the static density 
over both the translations and the linear vibrations 
described by eq. (6) is again achieved by eqs. (5a)-(Sc) 
when TL is replaced by TL + cU$. 

and NH4SCN (rcs = 1.648, rCN = 1.176 A) which may 
affect the agreement between the theoretical and ex- 
perimental electron density. A second molecular 
wavefunction has been calculated for the SCN- group 
with the experimental geometry and using the Hartree- 
Fock-Slater method [ 171. The Hartree-Fock-Slater 
method was found to give deformation densities for 
CO and N2 very similar to the Hartree-Fock method 
[15,18], but has not yet been tested for molecules con- 
taining second-row elements. For this reason little can 
be said about the expected accuracy of this wavefunc- 
tion and a comparison with an.experimental electron 
density is very desirable_ Both the HF and HFS calcula- 
tions are based on extended basis sets consisting of 
double zeta + polarization functions, supposedly ade- 
quate for quantitative electron density studies [18]. 

3. Application 

The parameters describing the rigid body motion 
of the CN and SCN group in the crystal structures of 
NaCN l 2H20, NaSCN and NH4SCN, are reported in 
table l_ For the CN group in NaCN - 2H20 the libra- 
tion cannot be derived from the experimental thermal 
parameters. In this case the thermal motion of the 
atoms has to be divided over a translational and a 
librational motion in an arbitrary way. A libration 
with L = 0.010 rad2 about the center of the CN bond 
has been adopted. 

The static and dynamic total electron density of 
the CN- ion and the experimental total electron 
density in NaCN - 2H20 are shown in fig. 1. The 
effect of the thermal motion on the static eIectron 
density is considerable. The peaks at the atomic 
positions reduce to about 2% of their static values. 
The experimental density shows a considerable devia- 
tion from the dynamic density. The discrepancies are 
especially pronounced at places with the steepest curva- 
ture of the dynamics density and can be attributed to 
the series termination in the Fourier synthesis of the 
experimental density. Including a larger number of 
Fourier terms increases the agreement between the 
experimental and theoretical density, as shown in 
fig. 1. 

The static electron density of the CN- and SCN- A different situation occurs in fig. 2, where the 
ions has been derived from Hartree-Fock molecular theoretical valence density of the CN- group is com- 
wavefunctions, given by Bonaccorsi et al. [12] and pared with the valence density observed in 
McLean and Yoshimine [13] respectively. The NaCN - 2H,O. The valence density is obtained by 
geometry adopted by McLean and Yoshimine for the subtracting from the molecular electron density atomic 
SCN- group (rCg = 1.561, ‘CN = 1.217 A) is some- core densities, based on Clementi’s atomic orbitals 
what different from the geometry observed in NaSCN [14] _ In this case excellent agreement is found*between 

Table 1 
Ridd bpdy parameters for the CN and SCN group 

structure Temperature 
00 

Tn(A’) T# 1 L(rad’) X(A) 

NaCN - 2H20 150 0.017 0.026 0.0100 0.58 a) 
NaSCN 150 0.013 0.015 0.0035 0.49 b) 
NaSCN 81 0.007 0.009 0.0017 0.58 b) 
NH4SCN 81 0.009 0.011 0.0020 o.7sb) 

a) Center of CN bond. b, Point in CS bond at distance X from carbon atom. 
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Fig. 1. The total density in the CN-group: (ai the static 
density;(b) the dynamic density; (c) the density observed in 
NaCN + 2Hz0 (sine/h C 0.75 A-‘);(d) the density observed 
in NaCN l 2H20 (sin Q/h $0.92 A-t). 

theory and experiment and it is suggested that the 
series termination error of the valence density is small 
in agreement with the smooth curvature of the dynam- 
ic valer?ce density. 

Generally considered in electron density studies is 
the deformation density, obtained by subtracting 
from the molecular electron density an atomic elec- 
tron density derived from atomic orbit&. Clementi’s 
atomic orbitals [14] have been used to obtain the 
Hartree-Fock deformation density of CN- and 
SCN-, Hartree-Fock-Slater atomic orbitals for the 
Hartree-Fock-Slater deformation density of SCN-. 
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Fig. 2. The valence density in the CN-group: (a) the static 
density;(b) the dynamic density; (c) the density observed in 
NaCN l 2HzO (sin e/h < 0.75 A-‘). 
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Fig. 3. The deformation density in the CN-group: (a) the 
static density; (b) the dynamic density; (c) the dynamic density 
neglecting librations; (d) the density observed in NaCN l 2H20. 

The static and dynamic deformation density of 
CN- is shown in fig. 3, togeJher with the experimental 
deformation density in NaCN - 2H20. In figs. 4 and 5 
the theoretical deformation density of the SCN- group, 
obtained from respectively the Hartree-Fock-Slater 
and Hartree-Fock calculation, is compared with the 
deformation density observed in NH4SCN. The 
Hartree-Fock deformation density of SCN- is com- 
pared in figs. 6 and 7 with the deformation density 
observed in NaSCN at 150 K and 81K respectively. 
Unless mentioned otherwise, the experime-ntd electron 
density in each figure is based on the X-ray data with 
sin e/h G 0.75 A-‘. 
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Fig. 4. The Hartree-Fock-Slater deformation density in the 
SCN- group: (a) the static density; (b) the dynamic density; 
(c) the density observed in NH.&XN.’ 
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Fig. 5. The Htiree-Fock deformation density in the SCN- 
group: (a) the static density; cb) the dynamic density; (c) the 
density observed in NH4SCN. 

LO 1 e/R3 

Fig. 6. The defdrmation density in the SCN-group: (a) the 
dynamic density; (b) the dynamic density neglecting libntions; 
(c) the density observed in NaSCN at 150 K. 

The thermal smearing results in a considerable 
flattening of the deformation density; the maximum 
peak heights in the bond and lone pair regions in CN-, 
for example, are reduced to about 75% and 40% of . 
their static values, respectively. The very deep cusps 
at the atomic sites have almost disappeared as a result 
of the smearing. Very similar results have been reported 
in the model calculation on acetylene [2]. 

In order to study the influence on the dynamic 
deformation density of the arbitrarily chosen librational 
parameter in NaCN * 2H,O, a calculation with L = 
0.0 rad2 and TL = 0.029 A2 is included in fig. 3 
(curve c). The maximum difference is only 0.02 e/A3 
and therefore negligible in view of the standard devia- 
tion generally obtained in experimental electron density 
studies (0.03-0.06 e/a3 in the bonding regions). A 
similar result is found for the SCN- group. The dynamic 
deformation density for NaSCN’at 150 K, neglecting 
the libration by taking L = 0.0 rad2 and T, ~0.020 fi2, 
has been included in fig. 6. The effect on the deforma- 
tion density appears again to be very small and not 
significant with respect to the experimental errors in 
the deformation density. 

Although the Hartree-Fock and Hartree-Fock- 
Slater deformation densities of SCN- are qualitatively 
very similar, there is a quantitative difference. It is 
evident from figs.4 and 5 that the experimental defor- 
mation density in NH,SCN fits the shape of the 
Hartree-Fock density better than the Hartree-Fock- 
Slater one does. Therefore only the Hartree-Fock 
density has been considered in the comparison with 
NaSCN. 

Although the Hartree-Fock deformation density 
of the CN- and SCN- groups shows a fair resemblance 
with the deformation density observed in NaCN l 2H20, 
NH4SCN and NaSCN, there are a number of striking 
differences. The nitrogen lone pair peaks and CS bond 
peaks are systematically lower in the experimental 
than in the theoretical maps. Moreover it is found that 
temperature reduction has less effect on the experi- 
mental deformation density of NaSCN than the 
theoretical calculation would indicate. These differences 
may be related to systematic effects in the treatment 
ofthe theoretical and experimental data and will be ’ 
discussed in more detail in the next section. 

Fig. 7. The deformation density in the SCN-group: (a) the 
dynamic density; (b) the density observed in NaSCN at 8 1 K. 
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4. Discus&on 

A number of factors may affect the comparison of 
the time-average theoretical and the experimental 
electron density: 

The !ack of acctrr$e atomic parameters. The atomic 
parameters in the NaCN - 2H20 and NaSCN structures 
have been obtained by least-squares fitting of the X- 
ray intensities collected at high diffraction angles 
(sin oh> 0.65 a-1). Lone pair electrons, however, 
are generally found to contribute to these atomic 
parameters in the least-squares refinements [16] _ The 
low nitrogen lone pair peaks observed in Na.CN-2H20 
and NaSCN can be attributed to this effect. The ex- 
perimental deformation density in the CN bonds in 
these compounds, how&er, is in excellent agreement 
with the theoretical density. This suggests that the 
errors in the positional and thermal parameters cancel 
in this region while they may accumulate in the lone 
pair region. Atomic parameters from neutron diffrac- 
tion would eliminate this error as in the case of 
NH$CN. ’ . 

Series termination effect. The finite number of 
terms in the Fourier synthesis of the experimental 
electron density leads to zn underestimation of the 
electron density with the steepest curvature as illus- 
trated in fig. 1. In the def&mation density this effect 
is expected to be especially pronounced near the 
atomic positions. It may be responsible for the fact 
that the experimental deformation density is less 
dependent on a temperature reduction than the 
theoretical calculation indicates (see figs. 6 and 7). 
As both thermal smearing and series termination 
mostly affect the density regions with the steepest 
curvature, the gain in detail obtained by temperature 
reduction in the X-ray diffraction experiment may be 
partly lost by an increase in the series termination 
effect. A thermal smearing analysis in reciprocal 
space [4,5] will be needed to confirm this suggestion. 

X-ray scale factor. A scale factor has been applied 
to the X-ray data to bring the observations on an 
absolute scale. The uncertainty in the scale factor is 
estimated at about 1% and will result in errors in the 
observed deformation density near the atomic posi- 
tions. These errors are about 0.15 and 0.35 e/a3 at 
the positions of the first and second row atoms, and 
are most likely responsible for the behaviour of the 
experimental density in the region near the S-atom 

in fig. 6. As no better estimates of the X-ray scaIe fac- 
tor are presently available [19], these errors cannot 
yet be reduced. 

Incorrect geometry The Haitree-Fock calculation 
of the SCN- ion is based on a structure with a shorter 
CS bond length than the experimental one. This may 
be responsible for the low peak-height in this bond in 
the experimental maps. 

Chace transfer and packing effects. Packing effects 
were found to have little effect on the deformation 
density in the nitrate ion in a model calculation by 
de With et al. [20]. The charge transfer between 
cations and anions in the crystal structure, however, 
can affect the electron density. A net charge of -1 .O 
electron has been assigned to the anions in the quantum 
theoretical calculation, whereas a charge density 
analysis on the experimental data indicated that 
values of -0.5, -0.3 and,-0.6 electron are more ap- 
propriate in case of NaCN l 2H,O, NaSCN and 
NH$CN, respectively [6-S]. a 

Summarising these results, it can be concluded that 
the Hartree-Fock method gives a better representation 
of the electron density distribution in the thiocyanate 
ion than the Hatree-Fock-Slater method. There is a 
general agreement between the experimental and the 
time-average theoretical electron density, based on 
Hartree-Fock calculations. Significant differences 
remain and have been related to the treatment of the 
theoretical and experimental data. Further studies of 
the time-average electron density should be made in 
reciprocal space rather than in direct space. 
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