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Summary. A Hartree-Fock-based Self-Consistent Crystal Field (HF-SCCF) 
method is applied to the structure and lattice energy of solid FCN. This structure 
has not been experimentally determined and hence the present study is the first 
attempt to do so, either by theory or by experiment. The crystal space groups 
considered are the polar HCN analog and the non-polar C1CN analog. Both 
crystal structures were varied to minimize the lattice energy and 4.8 kcal/mol and 
3.9 kcal/mol were obtained for the polar and non-polar arrangements, respectively. 
Comparisons to the other cyanogen halide solids, HCNts~ and HF(s) are made. 
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1 Introduction 

The understanding of the intermolecular interactions in molecular crystals in terms 
of Pauli repulsion, van der Waals attraction and the Coulomb interaction with the 
infinite lattice, is a corner stone in the conceptual framework of solid state 
chemistry. Hence, the successes and failures of this assumed separability in specific 
cases are of great importance. 

In the present study, the first estimates of the lattice energy and structure of 
solid cyanogen fluoride will be presented. Cyanogen fluoride is hard to handle in 
large quantities, since it is highly volatile and poisonous. In spite of this, large 
quantities were produced by Fawsett and Lipscomb [1]. The melting and boiling 
points were determined to - 82°C and - 46°C respectively. Hence, while both the 
liquid and the gas [2] phases are characterized, the description of the solid is 
incomplete, since the crystal structure is unknown. The fact that this information is 
missing makes FCN~s) unique among the stable cyanogen halides. 

The solids of C1CN [3], BrCN [41 and ICN [5] are all found to constitute from 
arrangements of axial chains. Solid ICN differs from the other two in that the 
chains are arranged in a trigonal polar structure, as compared to the orthorombic 
non-polar arrangements of the two former solids. The present study addresses two 
hypothetical structures of solid FCN being the orthorombic polar HCN analog 
and the non-polar C1CN and BrCN analog. 

The computational approach assumed is the Hartree-Fock based Self-Consis- 
tent Crystal Field (HF-SCCF)method, which consistently employs the above 



336 I. Panas 

separation of energy contributions to efficiently compute the lattice energy of 
a molecular crystal. The method is described in [6-8] and applied to the lattice 
energy, structures and properties of solid hydrogen cyanide [6,7,9] and to the 
lattice energy and structure of solid hydrogen fluoride [10]. Hence, in [6] the 
HF-SCCF procedure was outlined and an efficient Ewald summation technique 
described. In [-7] the intermolecular Pauli repulsion and dispersion interaction 
were introduced. The Pauli repulsion expression enters as an iterative first order 
renormalization correction to the Coulombic interaction and being ad hoe, a para- 
meter can be introduced and fitted to an experimental observable or to ab initio 
calculations on the dimer. The dispersion interaction expression in [7] is parti- 
cularly attractive since it couples general multipole polarizabilities in contrast to 
the conventional coupling of dipole polarizabilities. This description of the inter- 
molecular interactions was sufficient to unambiguously discard the proposed 
non-polar structure of solid HCN [11] in favour of the polar structure suggested 
originally by Dulmage and Lipscomb [12]. The lattice energetics obtained in [7] is 
in excellent agreement with estimates obtained by Rae [ 13]. The components of the 
dielectric constant tensor and shifts in dipole moment gradients, in going from the 
gas phase to the solid, are computed in [9] in qualitative agreement with experi- 
ment. Furthermore, the free-solid shifts in intramolecular distances are predicted in 
[9], since this effect is still not experimentally determined. In I-8] the intermolecular 
interactions in the FCN dimer, as obtained from ab initio calculations, were 
quantitatively resolved in terms of the above conceptual approach. The ad hoe 
Pauli repulsion expression was found to be sufficient to reproduce the results 
at the Hartree-Fock level of theory, while a similar renormalization correc- 
tion expression was introduced at the MP2 level to perfect the fit at that level of 
theory. 

A main purpose of the study on the FCN dimer [8] was to produce 
ab initio parameters for the renormalization corrections, to be used in the 
present study, since no experimental information on the structure of the solid is 
available. 

An alternative to the HF-SCCF approach is to perform an ab initio 
Hartree-Fock calculation on the infinite crystal (see e.g. [14-16] and references 
therein). That approach is bound to fail in cases where dispersion interaction is 
vital. It corresponds to 55% of the total lattice energy in HCN~s) I-7] while the 
nitrogen and acetylene [17] solids fall apart at the Hartree-Fock level of theory. 
A second short-coming of ab initio Hartree-Fock is the inherent superposition 
error, which is of the same order of magnitude as the total lattice energy for the 
above mentioned systems and basis sets chosen. 

2 Computational details 

2.1 The molecular description 

In the present study, the same intramolecular description as in [8], including bond 
distances and a 6-31G + ÷ basis set, has been employed. Detailed analyses of basis 
set effects and coupling between intra- and intermolecular degrees of freedom are 
premature at this stage, since a description of intramolecular electronic near 
degeneracies is missing. Support for decoupling of intra- and inter-molecular 
degrees of freedom are obtained from the study on solid HCN [9], where this effect 
was found to be negligible. 
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2.2 On the choice of hypothetical structures 

The critical structural hypothesis of the present study is that the crystal structure of 
FCN(s) is either a polar HCN(s) analog or a non-polar solid C1CN(s) analog, both 
structures consisting from axial arrangements of chains. The main arguments in 
favour of this hypothesis are the obvious similarities in molecular structures and all 
three molecules having sizable dipole moments [2]. 

2.3 On the renormalization parameters 

It should be noted here that the value of the Pauli repulsion parameter, obtained 
for the FCN dimer [-8] (kl = 0.68), agrees excellently with that obtained for the 
non-polar structural candidate of HCN (kl = 0.66) [7]. This serves as a consistency 
test for the intuitive similarity between the two systems. Furthermore, it was noted 
in [7] that in the case of the polar structural candidate, a Pauli repulsion parameter 
kl = 0.96 was needed to reproduce the experimentally observed intermolecular 
distance along the hydrogen-bonded chains. It was implied in [-7] that this is due to 
the lattice field tendency to compress the unit cell, in conjunction with too soft 
a Pauli repulsion functional description for small intermolecular separations. 

The similar parametrizations of the Pauli repulsion for the non-polar FCN 
dimer and HCN(s), suggest that the analogy can be brought one step further in that 
the Pauli repulsion parameter for the polar FCN(s) structural candidate is taken 
equal to that for the corresponding HCN(s) structure. 

3 Results and discussion 

3.1 The non-polar ClCN structural analog 

The renormalization parameters obtained from the study on the dimer, 
were assumed. Both tetragonal and orthorombic structures were considered. 
These arrangements are depicted in Fig. la. For the tetragonal P4/nmm structure 
a unit cell with dimensions a = b = 9.0 bohr and c = 10.2 bohr is obtained. 
The energy contributions for the optimization of a are shown in Fig. 2a. 
In Fig. 2b the system is shown to have an orthorombic Pmmn optimal structure 
with a = 8.5 bohr and b = 9.2 bohr and a lattice energy of 3.9 kcal/mol. The 
non-polar structure contains one additional degree of freedom, R I[ (see [7, 8] for 
definition), corresponding to a transverse relative displacement of the antiparallel 
chains. The truly minor energy dependence in this degree of freedom is shown in 
Fig. 2c for the tetragonal structure. The data for the FCN Pmmn structure are 
displayed in Table 1, where they are compared to the experimentally obtained 
values for CICN(s) and BrCN(s). 

3.2 The polar HCN structural analog 

The renormalization description obtained for the polar structure of HCN(s) was 
assumed (see discussion in Sect. 2.3). This structure is shown in Fig. lb. In accord 
with the investigation of the non-polar structure, both the 14mm tetragonal 
(Fig. 3a) and the Imm orthorombic (Fig. 3b) structures were optimized. For the 
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Fig. la, b. The non-polar and polar structures are depicted in Fig. la  and Fig. lb, respectively, a = b 
corresponds to the tetragonal structures P4/nmm and 14rnm, while a ~ b corresponds to the orthorom- 
bic structures Pmmn and Imm, respectively 
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Fig. 2a, e. The potential energy surface for the 
non-polar arrangement is displayed. Figure 2a shows 
the decomposition of the lattice energy to dispersive 
and non-dispersive (HF-SCCF + Pauli repulsion) 
contributions close to the optimal tetragonal 
structure. Figure 2b shows the orthorombic minimum 
potential energy curve. Figure 2e displays the 
decomposition of the potential energy curve for 
a transverse inter-chain geometry change• (3 non- 
dispersive; 4, dispersive; x total 
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Table 1. The parameters for the optimized Pmmn structure of FCN(s) are displayed together with the 
corresponding for C1CN(s) a and BrCN(s). All values in bohr 

a b c Z(X) Z(C) Z(X) 

FCN 9.25 8.50 10.25 0.119-0.163 0.352-0.396 0.564-0.607 
C1CN b 10.74 a 7.52 10.85 0.149 0.424 0.624 

BrCN c 11.38 7.79 10.96 0.144 0.45 0.65 

a There is a misprint in the text of ref. [3] a is given as 5.68 ,~ in the abstract and 3.684 ___ 0.007 A in the 
text. The correct value is a = 5.684 ___ 0.007 A. 
b Ref. [3] 
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Fig. 3. The potential energy surface for the polar arrangement is displayed. Figure 3a is analogous to 
Fig. 2a and Fig. 3b analogous to Fig. 2b. © non-dispersive; • dispersive; × total 

14rnm space group, the lattice parameters a = b = 8.1 bohr and c = 10.3 bohr are 
estimated and a lattice energy of 4.8 kcal/mol is obtained. No  asymmetric 
minimum is found although an orthorombic structure cannot be excluded, due to 
the shape of the potential energy curve for this degree of freedom (see again Fig. 3b) 
in conjunction with the neglect of intramolecular electron correlation couplings to 
the crystal structure. 

3.3 On the lattice energy 

The lattice energy, for conformations close to the optimal structures, was decom- 
posed into dispersive and non-dispersive contributions (see Fig. 2a and 3a). While 
the dispersive contribution is found to be fairly similar for the two proposed 
structures, the non-dispersive contribution is ~ 1 kcal/mol greater for the polar 
structure. 
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T a b l e  2. A is the difference between the expected X...N distance from the atomic van der Waals radiP 
and the distance obtained. X is F, C1, Br, H and I. Values in parentheses are the dipole moments in the 
solids. All values in atomic units 

A I~lg, obs ~eale 

FCN - 0.3 b 0.846 - 0.697 h, ( - 0.945 n°np°l . . . .  1.07P°la') i 
C1CN 0.8 ° 1.09 - 
BrCN 1A d 1.15 - 
HCN 1.1 e 1.174 1.168 i, 1.29 j, (1.73n°nP°la~) j, (1.89P°lar) k 
ICN 1.5 f 1.45 - 

a Ref. [-18], b present work, ~ ref. [3], a ref. [-4], e ref. 1-12], f ref. I-5], g ref. [2], h present work, i ref. [19], J ref. 
[6], ~ ref. [9]. 

3.4 On the crystallization mechanism 

A decompos i t ion  of the lattice energy in terms of intra- and inter-chain contr ibu-  
tions was per formed by dissociating the crystal into infinite chains. The inter- 
molecular  distance was found to increase by less than  0.05 bohr  and inter-chain 
lattice energy contr ibut ions  of 4.3 and  3.4 kca l /mol  are obta ined for the po la r  and 
non-po la r  structures, respectively. Hence,  the intra-chain contr ibut ion to the lattice 
energy amoun t s  to 10-13 % of the total  binding in solid FCN.  This is in contras t  to 
the 73% and 95% obta ined  for solid H C N  [-7, 9] and solid H F  [-9], respectively. 
Fur thermore ,  the inter-chain interact ion for solid H F  was found to be of similar 
magni tude  (0.4-0.5 kca l /mol  [9]) as that  obta ined for the intra-chain interact ion 
for solid F C N  (0.5 kcal/mol). This suggests similar melt ing points, but  while HF(s) 
decomposes  into chains, FCN(s) decomposes  into sheets. This is suppor ted  by 
experiment,  since the - 83°C melt ing point  of HF~s) is a lmost  identical to that  of 
FCN~s). 

The above  analogy with HF~s) works  for the non-po la r  F C N  structure but  not  
for the polar,  since the intra-sheet  interactions are at tract ive in the case of the 
former  but  repulsive in the case of the latter. 

3.5 Some structural considerations 

The apparen t  anomalous ly  short  intermoleeular  distances along the cyanogen 
halide chains has been an issue of discussion (see [3] and references therein). The 
general consensus is that  this results f rom the electronically depleted and polarized 
halogen a tom,  C1 < Br < I. The present  study is able to complete  this picture by 
producing  results for FCN(s), were it a HCNts) or  C1CNts) structural  analog. 

In  Table  2, the difference between the expected intermolecular  distances a long 
the chains obta ined  f rom the corresponding a tomic  van der Waals  radii and the 
values for the FCN,  C1CN and BrCN,  H C N  and I C N  solids are displayed. The 
signs and  the magni tudes  of  the discrepancies are correlated to the molecular  
dipole m o m e n t s  (negative sign is electrons shifted towards  X). Propert ies  to note  in 
par t icular  are: 

(a) F C N  is the only molecule with excess of  electrons on X and accordingly, its 
crystal structure stands out  as the only structure with X . . . N  distance larger than 
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expected from the atomic van  der Waals  radii. This is due t o  the lone-pair  on 
ni t rogen being at tracted to X in all cases bu t  X = F. A secondary consequence of 
this difference is that  the uni t  cell shrinks in a and  b (see Table 1). 

(b) HCN(s) does no t  s tand out  in the series, which emphasises the similarities 
between hydrogen bonded  and  non-hydrogen  bonded  solids. Wha t  makes the 
hydrogen b o n d  unique  is ra ther  its strength, which in tu rn  is a result of the 
proximity of the l igand lone pair  to the H nucleus. This in terpre ta t ion is in accord 
with that  of U m e y a m a  and  M o r o k u m a  for the hydrogen bond ing  in (H20)2 and  
(HF)2 [20]. 

(c) The gas phase molecular  dipole moments  are only indicative of the general 
trend, since the dipole moments  in the solid are significantly larger (values in 
parentheses in Table  2). 

4 Conclusion 

Two structural  candidates  of solid F C N  have been determined, being HCN~s) and 
CICN(s) analogs, respectively. 

The structures of solid F C N  stand out  from the rest in that  the intermolecular  
distance in the chains is greater than  what  is expected from the van  der Waals  radii 
of a tomic fluorine and  nitrogen. For  all other halides the opposite is observed. This 
effect is explained by the excess of electrons on fluorine, In  the cases of the other 
cyanogen halides the electrons are polarized towards the cyanide. 
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