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We propose a novel class of gold-containing molecules, which have
been designed using conjugated carbon structures as templates.
The sp-hybridized carbons of C, moieties are replaced with a gold
atom and one of the adjacent carbons is replaced by nitrogen.
Applying the procedure to hexadehydro[12]annulene yields the
well-known cyclic trinuclear gold()) carbeniate complex. Planar,
tubular and cage-shaped complexes can be obtained by taking
similar sp-hybridized carbon structures as the starting point.

In crystalline form, cyclic trinuclear gold(r) carbeniate com-
plexes exist as dimers, oligomers, or infinite molecular
chains.”™ Among them, trinuclear gold(i) carbeniate complexes
[Auz(RN—CR');], have been extensively studied both as solids
and in solution as they can be used as emitting layers for
phosphorescent organic light-emitting diodes or as phosphors
in inorganic light-emitting diodes.” The gold atoms in the
[Auz(RN—CR');]; complexes are bridged by three RN—CR’
units, forming an equilateral triangle. R is an organic substi-
tuent (e.g., methyl, n-butyl, cyclopentyl, phenyl) while R’ is often
a hydroxyl group or a methoxy group.'™®® There are strong
intermolecular aurophilic Au-Au interactions which determine
the crystalline structure of the complex.”™® The hexagonal
polymorph of [Auz(MeN—COMe);] in solution emits bright
yellow light upon irradiation with near-UV light."*%”'* pre-
vious studies have shown that the dimer has a large triplet
quantum yield,'®> whereas the monomer does not exhibit phos-
phorescence, which suggests that the complex forms dimers
also in solution.

In the cyclic trinuclear gold(r) carbeniate complexes, the gold
atoms function as a bridge between conjugated organic
moieties."®™"® Hakala and Pyykké suggested that solid gold(i)
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cyanide (AuCN) can consist of 1,3,5-triazine (C3;N;) rings con-
nected to each other via gold(i) atoms, yielding linear C-Au-N
bridges between the rings.'® They proposed that in solid state,
gold(1) cyanide consists of two-dimensional sheets with the
same C-Au-N motifs as in [Auz(RN—CR');];. Its structure
resembles that of y-graphyne which is a two-dimensional
all-carbon structure consisting of benzene rings that are con-
nected via -C = C- bridges.”*>* The mapping between the two
structures is done by replacing the -C-C= C-C- moieties of
v-graphyne with linear C-Au-N motifs.

Here we propose that conjugated carbon structures with C=C
bonds can be used as templates for designing gold-containing
molecules. This is the case of the aforementioned AuCN structure
based on y-graphyne, however other two-dimensional structures
can be constructed using a-, -, or é-graphyne as a starting point.

The same principle can be used to design other gold-
containing molecules with C-Au-N motifs using any all-
carbon structure with conjugated -C-C=C-C- moieties as a
template. The size of the -C= C- unit is about the same as the
size of a gold atom connected via single bonds to two carbon
atoms. When constructing the molecule, one of them has to be
replaced by a nitrogen atom since gold has an odd number of
electrons, unlike the -C-C=C-C- moiety. Thus, when it is
replaced by a C-Au-N unit, the obtained gold-containing mole-
cule is a stable closed-shell molecule as the template molecule
and the overall molecular structure is nearly the same.

The unsubstituted [Auz(HN—CH);] molecule can be
obtained from hexadehydro[12]annulene by replacing the three
-C-C=C-C- units with three C-Au-N moieties. The planar
molecules shown in Fig. 1 can be derived from y-graphyne
fragments.'® Calculations on the optimized molecular struc-
tures at the density functional theory level using the B3LYP*?
functional including the D3-BJ** dispersion correction yield
large HOMO-LUMO gaps of 4.21 eV and 3.15 eV respectively.

The corresponding infinite two-dimensional sheet derived
from y-graphyne and its unit cell are shown in Fig. 2. It has a
band gap of 1.35 eV at the PBE+vdW level. The computational
details are given as ESL{
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Fig. 1 (a) The molecular structure of the cyclic trinuclear [Aus(N3(CH),C)s]
complex. An analogous molecule consisting of seven annelated
[Auz(N3C3)] units is shown in (b). The dangling bonds of the outer carbons
are terminated with hydrogens. The structures are obtained using
v-graphyne fragments as a template. The HOMO-LUMO gaps at the
B3LYP level are 4.21 eV and 3.15 eV, respectively.
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Fig. 2 The gold-containing two-dimensional structure analogous to
v-graphyne is shown in (a) and its unit cell in (b).

Molecules based on a-graphyne form six-membered rings
with three carbon and three nitrogen atoms at the vertices and
six gold atoms along the edges as shown in Fig. 3(a). The
aurophilic interactions between the gold atoms cause slight
bending in the C-Au-N units, which distorts the hexagonal
structure. The planar coronene-like structure in Fig. 3(a) has a
small HOMO-LUMO gap of 0.62 eV at the B3LYP level,
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Fig. 3 Molecular structures constructed from (a) a«-graphyne and

(b) B-graphyne. The HOMO-LUMO gaps calculated at the B3LYP level
are (a) 0.62 eV and (b) 1.71 eV.
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suggesting that structures based on o-graphyne are not as
stable as those based on y-graphyne.

The molecule in Fig. 3(b) is obtained by using a p-graphyne
fragment as a template. Each [Auz(N—C);] moiety shares the
N—C groups with three annelated [Auz(N—C);] units. Its
HOMO-LUMO gap of 1.71 eV at the B3LYP level is larger than
for the coronene-like gold complex but smaller than that for the
gold complex derived from y-graphyne.

The two-dimensional structures based on o-graphyne are
metallic. The two-dimensional structure in Fig. 4 constructed
from f-graphyne has an optical gap of 1.23 eV at the
PBE+vdW level.

The gold complexes shown in Fig. 5 are derived from
d-graphyne fragments. The molecular structures belonging to
the C,, point group have large optical gaps of 4.23 eV and 4.85
eV, respectively. The C-Au-N moieties are linear because the
shortest Au-Au distance is 3.40 A, implying that the aurophilic
interaction is rather weak. Optimization of the structures in Cg
symmetry yielded bent structures as shown in the ESI.{ The
energy difference between the planar and bent structures is
0.5 kJ mol™" and —3 kJ mol ™" for Fig. 5(a and b), respectively.
Thus, the bent structure of Fig. 5(b) is slightly lower in energy.
The small energy differences show that Fig. 5(a and b) are very
flexible.

The gold complex with fused triazine rings shown in Fig. 6
can be obtained using polycyclic antiaromatic hydrocarbons as
the starting point.>® The structure resembles a six-pointed star
with cyclic trinuclear gold(r) carbeniate moieties at the vertices
connected via 1,3,5-triazine rings. In the optimized structure,
the C-Au-N units are linear. The molecule has a very large
HOMO-LUMO gap of 3.95 eV at the B3LYP level. The two-
dimensional gold structure shown in Fig. 6(a) has an optical
gap of 1.08 eV. It is obtained by using a unit cell based on the
star-shaped molecule in Fig. 6(b) and periodic boundary
conditions.

Stacked cyclic trinuclear gold(i) carbeniate complexes are
strongly phosphorescent in crystalline form and in solution.
The phosphorescence originates from the presence of dimers
which are bound through aurophilic interaction. In the crystal-
line form, the distances between the individual molecules alter-
nate in a pairwise manner due to aurophilic interactions. In the
solid state, the individual molecules are often shifted with
respect to each other to enable stronger aurophilic interactions.

(@ (b)

Fig. 4 The gold-containing two-dimensional structure analogous to
a) B-graphyne and (b) its unit cell.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Molecular structures belonging to the C,, point group constructed
from §-graphyne. The HOMO-LUMO gaps calculated at the B3LYP level
are (a) 4.23 eV and (b) 4.85 eV.
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Fig. 6 The molecular structure constructed from a polycyclic antiaro-
matic hydrocarbon reminiscent of a B-graphyne fragment is shown
in (a). The HOMO-LUMO gap at the B3LYP level is 3.95 eV. An example
of a two-dimensional structure that is constructed based on the star-
shaped molecule is shown in (b).

The Au-Au distances in the excite-state dimers shrink signifi-
cantly which leads to strong phosphorescence because the rate
constants of intersystem crossing (ISC) and internal conver-
sion (IC) from the triplet state of the dimers to the singlet
ground state are very small."> We investigated the double-
decker dimers shown in Fig. 7 which exhibit prominent Au-Au
interactions in addition to the van der Waals interactions
between the triazine rings. The Au-Au distance between the
monomers are 3.23 A and 3.20 A. The dimer structures of Csp
and Dj;, symmetry of Fig. 7(a and b) are higher in energy and

(a) (b)

Fig. 7 Double-decker dimer structures of gold-containing y-graphyne
fragments belonging to the Dz and Dzq4 point groups. The HOMO-LUMO
gaps at the B3LYP level are 3.55 eV and 2.68 eV for (a) and (b), respectively.
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have smaller HOMO-LUMO gaps of 3.34 eV and 2.25 eV. The
excitation energies of 3.24 eV and 3.18 eV calculated at the
MO06-2X level for Fig. 7(a and b) show that the lowest excited
state in the near-UV region can be reached by the dipole-
allowed HOMO-LUMO transition. The excitation accumulates
electron density between the two molecules suggesting that the
dimers have interesting optical properties as also found for
stacked trinuclear gold() carbeniate complexes.™®”"'**°

The described procedure for designing gold-containing
structures can also be applied to other graphyne-based carbon
materials such as nanotubes and cages.>*** The structures of
the gold-nanotube fragment shown in Fig. 8 and the corres-
ponding gold-containing nanotube in Fig. 9 were obtained
using graphyne nanotubes as templates.”®”” The gold-
containing cage structures in Fig. 10 were constructed using
all-carbon cages with sp- and sp*-hybridized bonds (gaudienes)
as a template.?®*™°

A small gold-containing cage (C;,N;,Au;,) can be con-
structed from the recently proposed C,s quasi-fullerene.®’ The
molecular structure of the gold-cage complex shown in Fig. 11
belongs to the T4 point group. It has a large HOMO-LUMO gap
of 2.93 eV at the B3LYP level. The molecular structure of the
cage consists of four 1,3,5-triazine rings pairwise connected
with Au, bridges.

In most of the studied structures, the C-Au-N motifs are
linear or nearly linear with Au-C and Au-N the distances in the
range of 1.99-2.06 A and 2.09-2.14 A, respectively. The Au-Au
distances depend on the employed template. They are between
3.38 A and 3.42 A in the structures derived from y-graphene,
while slightly shorter Au-Au distances of 2.72 A and 2.89 A
from are obtained for molecules that are constructed from
a-graphyne and B-graphyne, because the C-Au-N motifs at
the edges are slightly nonlinear. The infinite sheets exhibit
Au-Au distances of the same length as obtained for the corres-
ponding basic molecular structures. Some of the C-Au-N
motifs of the cages are non-linear with Au-Au distances that
are shorter than 3.0 A. However, the Au-Au distances of the
cages are in general in the range of 3.25-3.35 A.

In this work, we have shown that the molecular structure of
[Auz(HN=—CH);] can be derived from hexadehydroannulene via
substitution of the ~-C-C = C-C- moieties with C-Au-N motifs.

Fig. 8 Gold—nanotube complex constructed by using a fragment of a
carbon nanotube of y-graphyne. The molecular structure belongs to the
C4y point group and has a large HOMO-LUMO gap of 2.90 eV at the
B3LYP level.

Chem. Commun., 2020, 56, 5433-5436 | 5435
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Fig. 9 The unit cell of the gold—nanotube complex. The band gap is
1.83 eV at the PBE+vdW level.

(a) (b)

Fig. 10 The molecular structures of (a) a gold—gaudiene cage
(CseN36AU7,) and (b) a gold—cage complex obtained from a B-graphyne
cage. The structures belong to the T4 point group. The HOMO-LUMO
gaps of the molecules are 0.31 and 0.93 eV respectively at the B3LYP level.

Fig. 11 The molecular structure of a gold—cage complex obtained by
using a recently suggested all-carbon Cy4g cage as template.*® Its HOMO-
LUMO gap is 2.93 eV.

More general gold-containing molecules with C-Au-N motifs
can be obtained using various graphyne-based structures as
template. The method is suitable for designing large gold
complexes, including nanotubes and cages. The gold atoms
in the obtained complexes lie close to each other, allowing
for aurophilic interactions. The dimers of the novel gold-
containing molecules might have interesting phosphorescence
properties as those observed for cyclic trinuclear gold(r) com-
plexes in crystalline form and in solution.
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