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It is predicted that solid gold cyanide, AuCN, could have an
alternative infinite trigonal-sheet crystal structure, of almost the
same energy as the known hexagonally-packed infinite-chain
structure.

Solid gold cyanide, AuCN, 1, consists of a hexagonal packing of
infinite, one-dimensional -CN-Au-CN-Au- chains. The cyanides
can be disordered and the Au(l) ions of neighbouring chains are,
remarkably, in the same perpendicular plane. This was an early
example of ‘aurophilic’ or ‘metallophilic’ bonding.'> The original
AuCN crystal structure by Zhdanov and Shugam? is reproduced
by Pauling in ref. 4.

Recently a number of compounds have been synthesized whose
molecular constituents are held together by C-Au---N bonds (see
e.g. refs. 5,6). It occurred to us that such interactions could lead to
the formation of an infinite lattice, 2, where triazine-like C3Nj3
rings are coupled to each other by such C-Au---N interactions, see
Fig. 1. That structure could also be seen as one infinite example of
the structures, combining metals and five- or six-membered
nitrogen heterocycles.”

As gold cyanide is a commodity chemical, often providing the
material for galvanic gold plating, such an alternative form could
be of interest. Also the materials science aspects of such a potential
new material are worthy of study. We therefore carried out a
band-structure calculation, optimizing both structures, 1 and 2.}
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Fig. 1 The chain structure of gold cyanide, 1, and the sheet structure of
triaurotriazine, 2. The lattice vectors are indicated.
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Table 1 Bond lengths, lattice parameters ¢ and ¢ (picometers) and
bond angles (degrees) for solid AuCN 1, solid C3Au;N3 2, molecular
C3Au;N; 2" and molecular triazine, C3H3Nj3, 3. For structure 2, L (||)
denotes the inter- (intra-) planar distance. ‘PW2’ refers to the present
molecular calculations

Solid-state calc. (PW1) Reference data

GGA-
Case Parameter LDA GGA PAW Value Ref. Method
1 AucC 192.6 194.6 194.2
Au-N 197.0 200.3  200.0
Av. Au-C/N 1948 1974 197.1 197.03(5)¢  Exp.
C-N 1158 1164 1167 114.992)“  Exp.
Au-Au (=a) 3214 369.5 379.6 339.6(2) ©  Exp.
340.5(4) ¢ Exp.
¢ 5054 5112 5108  509.0(1) ¢  Exp.
509.22) ©  Exp.
509.5(4) ¢ Exp.
2 AuC 197.1  200.0 199.5
Au-N 204.7 2103 210.2
C-N 1343 136.1 136.2
Au-Au || 3353 3413 3412
Au-Au L (= ¢)278.2 3357 344.5
a 670.5 682.5 682.1
C-N-C 121.3 121.5 1215
2 AuC 1949 1994 1983 1979 PW2 BP86
C-N 132.1 1334 1335 1345 PW2BP86
C-N-C 1155 1150 1148 1142  PW2 BP86
3 CN 133.68(1) ¢
C-N-C 113.82 4

@ Ref. 8. " Ref. 9. ¢ Ref. 26. ¥ Ref. 27.

The calculated interatomic distances are shown in Table 1. The
calculated total energies for the two solids are given in Table 2. Of
the experimental distances, the neutron diffraction ones for 1 by
Hibble er al® take into account the directional disorder of the
cyanides and are more accurate than those of Bowmaker et al. 2
which do not. The percental deviations from experiment of
Au-C/N and C-N distances for AuCN are 0.04% and 1.5%,
respectively, at the GGA-PAW level. We find that for both 1 and 2
the Au—C/N and C-N distances are practically insensitive to the
interchain or interplanar Au-Au distance. Even compared to
isolated chains or sheets, the Au—C/N and C-N distances differ less
than ~ 0.4% for GGA-PAW. The interchain Au-Au distances
cannot be reliably described by DFT because they are dominated

Table 2 Calculated total energies per AuCN unit (eV)

Method
Case LDA GGA GGA-PAW
1 —-21.98 —19.57 -19.70
2 —22.53 —19.58 —19.70
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by dispersion interactions,>'° the deviations from experiment

being of the order of 10% for 1 at the GGA-PAW level.

The calculated distances in our 2 can also be compared with
those in various Aus(NCsHy)s structures® or Aus(MeN=COMe);
(ref. 6). A typical Au---Au distance in them is 331 pm. The
trinuclear pyrazolates [Au(3,5-(CF3)(C3N,H))]; have 334 pm.!!

For 2 the C-N distance of the central triazine ring is close to the
experimental distances in related, isolated molecules. The other
distances are also close to those in related molecules. The interlayer
distances are much less certain. Anyway, taking the calculated
GGA-PAW crystal densities for both 1 and 2, the latter is only
~ 69% of the former. Therefore it is natural that the suggested
new structure has not been observed in the high-pressure
experiments on AuCN 1.'>'* No phase transitions were seen in
them, but the electric conductivity increased by a factor of
10° between 10 and 50 kbar. The calculated GGA-PAW energy
gap for a single sheet of 2 is about 1.7 eV.

We also show in Table 1 our calculated geometries for a single
C3AuzN; monomer 2', calculated by both solid-state and
molecular DFT methods, see Fig. 2. Both have C-N distances
and C-N-C angles close to the experimental gas-phase geometry
for s-triazine C3H3N3 3. The Au-C distances are also closely
similar to the calculated data for 2.

The present structure 2 could possibly be synthesized from
precursors of the triazine type. Another, brute-force approach
could be to use the pyrolysis of the appropriate metal cyanide.
Such experiments have, in fact, been reported for CuCN, AgCN
and Hg(CN),. The resulting substances were described as a ‘metal-
containing paracyanogen’.'* It is hoped that the present calcula-
tion will stimulate further experiments and a more stringent
characterisation of the resultant products. A useful tool could be
the calculated IR spectra. For the isolated molecule 2" we obtain
the three highest, in-plane ring deformations ¢’ at 1395 (955), 1208
(616) and 739 (117) cm ™!, with the intensities in km/mol given in
parentheses.

Concerning the faithfulness of the present DFT description, the
main uncertainty comes from the aurophilic part of the energy. It
is not impossible to calculate it also for solids, using localized-
orbital-based methods, but that is a major undertaking already for

Fig. 2 The monomer structure of triaurotriazine, 2'.

relatively simple crystals like AgCl and AuCL"> A comparison of
the two structures reveals here that in 1 each Au is experimentally
surrounded by six equidistant Au atoms at 339.6 pm. In the
calculated structure of 2 we find four intrasheet distances and two
intersheet Au-Au distances, all of roughly similar order.
Therefore, the DFT-induced errors may not drastically change
the relative energies of 1 and 2. Our best general estimate for the
aurophilic attraction at R(Au-Au) = 340 pm is 12.6 kJ/mol
(0.13 eV) per pair, using eqn. (3) of ref. 10.

In conclusion, we predict the possible existence of a new
crystalline isomer of AuCN. Similar structures could exist for
AgCN and CuCN. It has not escaped our attention that the AulN
groups could also be replaced by valence isoelectronic MC groups,
where M is a divalent metal, such as Be or Zn-Hg. We invite the
experimentalists to look for them in the pyrolysis experiments
already carried out.'*
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Notes and references

+ Method of calculation: The bulk calculations for structures 1 and 2 were
carried out using the plane-wave program VASP'®'® within the density-
functional theory (DFT). Ultrasoft (US) g)seudopotentialsw‘zo and
projector augmented-wave (PAW) potentials®™*> were employed with the
generalized gradient approximation (GGA). The exchange-correlation
functional by Perdew and Wang®** was used. For comparison, a local-
density approximation (LDA) calculation was also performed with US
pseudopotentials. Standard values were used for the energy cutoffs for the
plane-wave expansion. Supercell approximation was used, and a I'-centered
6 x 6 x 6 grid for the k points was employed for the energetics. The unit
cell has 3 and 9 atoms for structures 1 and 2, respectively. Constant-volume
calculations were performed to optimize the parameters ¢ and ¢ of the
hexagonal lattice and the positions of the atoms in the unit cell.

Calculations were also performed for isolated 1-D chains of structure 1,
2-D sheets of structure 2 and the molecule 2’ (separations about 9 A, 12 A
and 16 A, respectively). According to our tests the total energy differences
between the systems can be expected to be accurate to ~ 0.05 eV or better
per AuCN unit, whereas the interatomic distances (except the interplanar
distance in 2) are accurate to ~ 0.5% or better with the chosen
computational parameters. The interplanar distance in 2 can be expected
to be accurate to ~ 5%. For the in-plane distances in 2 there remained a
small numerical noise component (less than 0.1%) in the calculated
equivalent distances Au-C/N and C-N in the unit cell.

For reference, the molecular calculations on molecule 2" were performed
also using Gaussian03 at the BP86 level (19-VE Andrae pseudopotential,
two f-functions of & = 0.2 and 1.19%).

1 H. Schmidbaur, Gold Bull., 1990, 23, 11.

2 P. Pyykko, Chem. Rev., 1997, 97, 597.

3 G. S. Zhdanov and E. A. Shugam, Zh Fiz. Khim., 1945, 19, 519;
G. S. Zhdanov and E. A. Shugam, Acta Physicochim. URSS, 1945, 20,
253.

4 L. Pauling, The Nature of the Chemical Bond, Cornell University Press,

Ithaca, NY, 3rd edn, 1960, p. 125.

A. Hayashi, M. M. Olmstead, S. Attar and A. L. Balch, J. Am. Chem.

Soc., 2002, 124, 5791.

6 R. L. White-Morris, M. M. Olmstead, S. Attar and A. L. Balch, Inorg.
Chem., 2005, 44, 5021.

7 J.-P. Zhang and X.-M. Chen, Chem. Conmmun., 2006, 1689.

8 S. J. Hibble, A. C. Hannon and S. M. Cheyne, Inorg. Chem., 2003, 42,
4724,

9 G. A. Bowmaker, B. J. Kennedy and J. C. Reid, Inorg. Chem., 1998, 37,
3968.

10 P. Pyykko, Angew. Chem., Int. Ed., 2004, 43, 4412, Angew. Chem., 2004,

116, 4512.

W

This journal is © The Royal Society of Chemistry 2006

Chem. Commun., 2006, 2890-2892 | 2891



11 M. A. Omary, M. A. Rawashdeh-Omary, M. W. A. Gonser,
O. Elbjeirami, T. Grimes, T. R. Cundari, H. V. K. Diyabalanage,
C. S. P. Gamage and H. V. R. Dias, Inorg. Chem., 2005, 44, 8200.

12 G. S. Bradley, D. C. Munro and P. N. Spencer, Trans. Faraday Soc.,
1969, 65, 1920.

13 H. Prosser, G. Wortmann, K. Syassen and W. B. Holzapfel, Z. Phys. B,
1976, 24, 7.

14 Z. Toth and M. Beck, Magy. Kem. Foly., 1992, 98, 58.

15 K. Doll, P. Pyykkd and H. Stoll, J. Chem. Phys., 1998, 109, 2339.

16 G. Kresse and J. Hafner, Phys. Rev. B, 1993, 47, 558.

17 G. Kresse and J. Furthmiiller, Comput. Mater. Sci., 1996, 6, 15.

18 G. Kresse and J. Furthmiiller, Phys. Rev. B, 1996, 54, 11169.

19 D. Vanderbilt, Phys. Rev. B, 1990, 41, 7892.

20
21
22
23
24

25

26
27

G. Kresse and J. Hafner, J. Phys.: Condens. Matter, 1994, 6, 8245.

P. E. Blochl, Phys. Rev. B, 1994, 50, 17953.

G. Kresse and J. Joubert, Phys. Rev. B, 1999, 59, 1758.

J. P. Perdew and Y. Wang, Phys. Rev. B, 1992, 45, 13244.

J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson,
M. R. Penderson, D. J. Singh and C. Fiolhais, Phys. Rev. B, 1992,
46, 6671.

P. Pyykkd, N. Runeberg and F. Mendizabal, Chem.—Eur. J., 1997, 3,
1451.

O. Reckeweg and A. Simon, Z. Naturforsch., B, 2002, 57, 895.

C. A. Morrison, B. A. Smart, D. W. H. Rankin, H. E. Robertson,
M. Pfeffer, W. Bodenmilller, R. Ruber, B. Macht, A. Ruoff and
V. Typke, J. Phys. Chem. A, 1997, 101, 10029.

Chemical Biology

An exciting news supplement providing a
snapshot of the latest developments in chemical

biology

Free online and in print issues of selected RSC journals!®

Research Highlights - newsworthy articles and significant scientific advances

Essential Elements - latest developments from RSC publications

Free links to the full research paper from every online article during month of publication

*A separately issued print subscription is also available

RSCPublishing

www.rsc.org/chemicalbiology

2892 | Chem. Commun., 2006, 2890-2892

This journal is © The Royal Society of Chemistry 2006



