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Aurophilic Attraction and Luminescence of Binuclear Gold(f)) Complexes with
Bridging Phosphine Ligands: ab initio Study

Hong-Xing Zhang and Chi-Ming Che*[?!

Abstract: Electronic  structure and
spectroscopic  properties of [Au,-
(dpm),]** (dpm = bis(diphosphino)me-
thane) were studied by ab initio calcu-
lations. The absorption and emission
spectra of this binuclear gold() complex
in acetonitrile and in the solid state were
calculated by single excitation configu-
ration interaction (CIS) method. In the
calculations, the solvent effect was taken
into account by the weakly solvated
[Au,(dpm),]** - (MeCN), complex. The
ground state structures of [Au,(dpm),]**
and [Au,(dpm),]** - (MeCN), were opti-

structures were optimized by the CIS
calculations. The results reveal that
coordination of acetonitrile to the gold
atom in the 3[d,.s,] excited state causes a
significant red shift in emission energy.
The weak aurophilic attraction exists in
the ground states of [Au,(dpm),]** and
[Au,(dpm),]**+ (MeCN),, and is greatly
enhanced in their 3[d,.s,] excited states.
In acetonitrile, the 3A,(s,) —'A,(dy)
transition (phosphorescence) of
[Auy,(dpm),]>** was calculated at
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557 nm, in consistent with the observ-
ed emission of [Au,(dppm),](ClO,),
(dppm = bis(diphenylphosphino)metha-
ne) at 575 nm. A high energy emission at
331 nm is predicted for [Au,(dpm),|** in
the absence of the interaction between
the gold atom and solvent molecule and/
or neighboring anion in the excited state.
The CIS calculations on the excited
states also reveal that the two absorption
bands at 278 and 218 nm recorded for
[Au,(depm),](ClO,), in acetonitrile can
be attributed to the 'A,(dy) — 'Ay(ps)
and 'A,(d,.) — 'A,((sp),) transitions, re-

mized by the second-order Mgller—
Plesset perturbation (MP2) method,
while the emissive triplet excited state

nescence -

Introduction

The aurophilic attraction!"# and photoluminescencel'2 of
gold(1) complexes have kept gold(1) chemistry to be one of the
most attractive fields in recent years. A wide range of
luminescent gold(l) complexes have been synthesized and
structurally characterized, and their absorption and emission
spectra have been examined in considerable detail.l >1% Very
precise computations, taking electron correlation and rela-
tivistic effects into account, have estimated the strength of
weak Au'-Au! interaction.l" >4 In addition, theoretical Xa,
and SCF calculations have been undertaken to rationalize the
luminescent properties of gold(l) complexes.P! In light of the
difference in absorption and emission properties between
mononuclear and binuclear gold(l) phosphine complexes, the
relationship between aurophilic attraction (intra- and inter-
molecular) and luminescence behavior has been empha-
sized.F-» 131 The lowest energy emissions of binuclear gold(i)
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gold - lumi- spectively.

complexes containing bridging phosphine ligands have pre-
viously been assigned to metal-localized transitions, and
aurophilic attraction was involved to explain the red shift in
photoluminescence from the mononuclear to binuclear com-
plexes. For example, the 575 nm emission of [Au,(dppm),]-
[C10,], (dppm = Dbis(diphenylphosphino)methane) recorded
in acetonitrile was attributed to the metal-localized 6p, — 5d,-
transition.> 91 For (TPA)AuSPh (TPA =1,3,5,-triaza-7-phos-
phaadamantanetriylphosphine) and its derivatives, their low-
est energy emissions were attributed to ligand-to-metal
charge transfer (LMCT) transitions.['")

In principle, no bonding interaction is to be expected
between two closed-shell metal ions with an nd'(n+1)s°
electronic configuration. However, results from extensive
experimental and theoretical studies revealed that a weak
bonding exists between two gold(l) atoms at a separation of
less than 3.5 A2 Indeed, there are many gold() complexes
(such as [Au,(dppm),]**,> ¢ Au,X,(dppm) (X=Cl, Br, and
1), 4 and AuCIl(PPh;)!") that show intra- and intermolec-
ular weak Au'-Au' bonding attraction with stabilization
energy estimated to be around 5-10 kcalmol~LI""3! In these
gold() phosphine complexes, the phosphine ligands are
electron donors which would partially neutralize the positive
charge localized on the gold atoms through the Au—P dative
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bonding interactions. This leads to partial electronic charge to
reside on the 6s and 6p orbitals of Au' and results in a
breakdown of the closed-shell 5d'%6s” configuration, thus
accounting for the aurophilic attraction. Pyykko and co-
workers also attributed the aurophilic attraction to relativistic
effect together with dispersive interaction.[? 1]

Although gold(1) is usually two-coordinated with a linear
coordination geometry, three-coordinated gold(1) species are
not uncommon.® 7l In two-coordinate cationic gold(i) phos-
phine complexes such as [Au,(dppm),J**, [Au,(dcpm),]**
(dcpm = bis(dicyclohexylphosphino)methane),l's] and [Au,-
(dmpm),]**  (dmpm = bis(dimethylphosphino)methane),”
the gold atoms bear positive electronic charge. Therefore,
upon dissolution of these species in acetonitrile, the three-
coordinated weakly solvated gold(l) complexes as shown in
Equation (1) are likely to exist. Indeed, X-ray crystal struc-
ture of [Au,(dmpm),]Cl, revealed that the AuP, moieties
weakly interact with the Cl~ anions with the Au—Cl distances
being 3.49(2) A.l Consequently, we envisaged that the
emission and absorption properties of two-coordinate gold(t)
phosphine complexes would be affected by solvent and/or
neighboring nucleophilic molecules.

(M 1 (M 1

vk PR

Au---Au + 2MeCN ==  MeCN—Au---Au—NCMe 1)
PP PP

In the literature, there are many examples of binuclear gold()
phosphine complexes which show visible photoluminescence
in solution, the emission maxima of which are dramatically
red-shifted from the lowest energy dipole-allowed electronic
transitions of these complexes.'?l For example, the lowest
energy dipole-allowed transition of [Au,(dppm),](ClO,), is at
292 nm, but the emission maximum of this complex recorded
in acetonitrile is at 575 nm.>% Such a large Stokes shift
(2.09 eV) between the absorption and emission energies is
very striking and demands a better understanding of the
nature of the excited states. In this work, we employed ab
initio methods to study the electronic structure and spectro-
scopic properties of the [Au,(dpm),]** (dpm = bis(diphosphi-
no)methane) and the weakly solvated [Auy(dpm),]**-
(MeCN), cations. The calculations indicate that coordination
of acetonitrile to the gold atoms in the excited state is
primarily responsible for the visible emission spectra. The
weak aurophilic attraction exists in the ground states of
[Au,(dpm),J** and [Au,(dpm),]**-(MeCN),, and is greatly
enhanced in their 3(dg.s,) excited states. A high energy
emission at 331 nm is predicted for the [Au,(dpm),[** cation
when the solvent and anion interaction with the gold atoms in
the excited state is absent.

Computational details

In this work, [Au,(dpm),]** was used as a computational
model for [Au,(dppm),]**, [Au,(dcpm),]**, and [Au,-
(dmpm),[**. The same model compound had previously been
employed by Fackler and co-workers in their SCF-Xa-SW
molecular orbital study on the photoluminescence of
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[Au,(dppm),](BF,), .0l In fact, it is not uncommon in ab initio
calculations to use hydrogen to substitute phenyl, methyl, or
cyclohexyl groups in phosphine ligands. Pyykko and Schmid-
baur have also adopted this approach in their theoretical
studies on the aurophilic attraction in mononuclear and
polynuclear gold() phosphine complexes.l') Hérberlen and
Rosch have investigated the effect of phosphine substituents
in gold(l) complexes by the linear combination of Gaussian-
type orbitals (LCGTO) local density functional (DFT)
method to obtain the optimized Au—P bond lengths of 2.29,
2.25, and 2.28 A for MeAuPH;, MeAuPMe;, and Me AuPPh;
respectively.['o]

To account for the solvent effect on the spectroscopic pro-
perties, two acetonitrile molecules were added to the gold
atoms as depicted in Figure 1 to give a quasi three-coordi-
nated [Au,(dpm),]** - (MeCN), complexes. This supposition is
not unrealistic as there are a number of three-coordinate
gold(t) complexes with T-shape structures in the literature.l'” ]
Figure 1 also presents the structure of the [Au,(dpm),]** cation.

Figure 1. The optimized structure of the 'A, ground state of
a) [Au,(dpm),)** and b) [Au,(dpm),]** - (MeCN), using MP2 calculations.

The second-order Mgller—Plesset (MP2) method®! has
widely been used for ground state calculations?!! and the
configuration interaction (CI) method is one of the best
methods for the excited state calculations.? Full optimiza-
tions on the ground state structures were performed under the
MP2 calculations for both [Au,(dpm),]** and [Au,(dpm),]**-
(MeCN),. Based on these calculations, single excitation
configuration interaction (CIS) calculations were carried out
to reveal the excited state electronic structures. In the
calculation of emission spectrum, the excited structure was
fully optimized.

In the calculations, quasi-relativistic pseudopotentials of
the Au and P atoms proposed by Hay and Wadt?* with 19 and
5 valence electrons, respectively, were employed and the
LANL2DZ basis sets associated with the pseudopotential
were adopted. The basis sets were taken as Au(8s6p4d/
3s3p2d), P(3s3p/2s2p), N(10s5p/3s2p), C(10s5p/3s2p), and
H(4s/2s). Thus, 118 basis functions and 80 electrons for
[Au,(dpm),]**, and 184 basis functions and 134 electrons for
[Auy(dpm),]**- (MeCN), were included in the calculations.
All the calculations were accomplished using the Gaussian 94
program package™! and on a Silicon Graphics Indigo 2
workstation.
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The basis set is an important parameter in ab initio
calculations. In general, a larger basis set can lead to a more
accurate calculation, but would demand more computational
time and recourses, especially in investigations of the excited
state. We have examined the impact of the phosphorous 3d
orbitals in our computational models by performing calcu-
lations on the [Au(PH;),]" monomer. Table 1 shows the

Table 1. The optimized structures of [Au(PH;),]* in the ground and
excited state under the MP2 and CIS calculations.

Parameter Ground state 'A;, Excited state *A,,
without with without with
d function 1 d function d function 1 d function
Au-P [A] 2.448 2.444 2.875 2.886
P-H [A] 1.417 1.418 1.408 1.409
Au-P-H [°] 115.07 115.11 116.00 116.05

optimized structures of the ground state (by MP2 method)
and the excited state (by CIS method) for [Au(PH;),]* with
and without a phosphorous d function in the calculation. The
result indicates that the P 3d orbitals have only a very little
effect on the ground and excited states. Therefore, we did not
incorporate such orbitals in our chosen basis set for the
subsequent calculations to save computational time.

In their crystalline forms, the [Au,(dppm),]**,> ¢ [Au,-
(depm),]**,I'8 and [Au,(dmpm),]*[] complexes have a chair
conformation with a C; symmetry. For this reason, the model
complex, [Au,(dpm),]**, was also set to have a C; symmetry as
depicted in Figure 1. This is different from previous works
where C,, symmetry for the same model complex,! with all
the Au and P atoms being coplanar, was adopted in the
calculations. For [Au,(dpm),]**, there is only a slight differ-
ence between the C; and C,, structures. However, as discussed
in later sections, when the solvent molecules are taken into
account, the assignment of C,, symmetry is not appropriate,
because the Au and P atoms are no longer co-planar.

Under the C; symmetry and the basis sets employed, the
total 118 orbitals of [Au,(dpm),]** are reduced to 59 a, and 59
a, irreducible orbitals. Likewise, the 184 orbitals of [Au,-
(dpm),J** - (MeCN), are reduced to 92 a, and 92 a, irreducible
orbitals. All these orbitals were included in the MP2 and CIS
calculations in order to have all of the possible electron
correlations in the present computational level. To facilitate
the post-calculation treatment, for both [Au,(dpm),]** and
[Au,(dpm),]** - (MeCN),, the origin was put in the middle of
the two Au atoms, and the z axis orients to an Au atom, while
the x axis points to the bridging C atom of the dpm moiety
(Figure 1).

Results and Discussion
In recent years, extensive studies have been performed on the
photoluminescence and photophysical properties of binuclear

and polynuclear gold(i) complexes.'”l With the aid of semi-
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empirical quantum chemical calculations, the absorption and
emission spectra of some gold(l) complexes have been
assigned. By SCF-Xa-SW calculation, Fackler and co-workers
assigned the 292 nm absorption and low energy emission of
[Auy(dppm),]** in acetonitrile to the respective spin-
allowed 0*(s,d,) — o(p,) and spin-forbidden o(p,) — 0*(s,d,2)
(PA,—'A,) transitions under a Cy, symmetry.’! We gave the
same assignment to the 292 nm absorption band and proposed
the lowest triplet emissive state to be (dg«)'(p,)' in nature.l®l In
this work ab inito calculations on the excited states of
[Au,(dpm),]** and [Au,(dpm),]** - (MeCN), were performed,
in order to address the large Stokes shift of the 292 nm
absorption band and the low energy emission of [Au,(dpp-
m),]Y, at 575 (Y = ClO,)! and 593 nm (Y = BF,)P! measured
in acetonitrile.

The full MP2 optimization on the [Au,(dpm),]** and
[Au,(dpm),]** - (MeCN), cations indicated that the former
has a 'A, ground state either in the solid state or in
acetonitrile. The main optimized geometrical parameters are
listed in Table 2. In [Au,(dpm),]**, the Au' adopts a linear

Table 2. The main geometry parameters of the 'A, ground state for
[Au,(dpm),]** and [Au,(dpm),]** - (MeCN), under the MP2 calculations.

Parameter [Au,(dpm),]** [Au,(dpm),]** - (MeCN),
bond length [A]

Au—Au 3.167 3.155
Au-P 2.451 2.448
C-P 1.905 1.903
Au—N 2.583
N-C 1.203
c-C 1.489
bond angle [°]

P-C-P 114.0 112.3
P-Au-P 179.4 167.2
P-Au-Au 90.3 91.6
C-P-Au 113.3 114.0
Au-Au-N 117.2
dihedral angle [°]

P-Au-Au-P 179.3 166.9

two-coordinate geometry. The dihedral P-Au-Au-P angle and
P-Au-P angle are 179.3° and 179.4°, respectively; this suggests
that the Au and P atoms are almost co-planar. However, in
[Au,(dpm),]** - (MeCN),, these two angles change into 166.9°
and 167.2°, respectively. This reveals that the interaction
between Au! and the acetonitrile molecule pulls the former
out of the plane spanned by the Au and P atoms in opposite
direction. Therefore, the C,, symmetry is only valid for
[Auy(dpm),]**, but not for [Au,(dpm),]**-(MeCN),. For
[Au,(dpm),]** - (MeCN),, the calculated Au—N(MeCN) dis-
tances are 2.583 A, which indicates that the MeCN molecule is
weakly bonded to Au! in the ground state. The Au—Au bond
lengths are 3.167 and 3.155A for [Au,(dpm),]** and
[Au,(dpm),]** - (MeCN),, respectively. This points to the
existence of a weak Au—Au attraction. Very recently, Pyykko
and co-worker optimized the ground state structure of
[Au,(dpm),]** by adding one d function and one f function
for the P and Au atoms into the LANL2DZ basis set.>l They
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obtained equilibrium Au—Au and Au—P bond lengths of 2.969
and 2.341 A, respectively, which implies the f function of Au
shortens the Au—Au and Au—P bond lengths. We have not
included f functions of Au in our calculations after considering
the optimization capacity of the Gaussian 94 program pack-
age in second derivatives of f basis under core potential
techniques. On the other hand, the difference of the Au—Au
bond lengths arising from the f function may not be very
significant as it is a weak interaction.

The MP2 calculation on [Au,(dpm),]** shows that the Au
atoms have a net +0.10 positive electronic charge, while the
electronic charge residing on the P atoms is 4 0.53. This is in
line with the expected charge transfer from the P lone pair to
the empty 6s and 6p orbitals of Au'. Consequently, the positive
charge of the gold atom is partially neutralized and the closed-
shell 5d'%s° electronic configuration is no longer valid.

Based on the ground state structure of [Au,(dpm),]**-
(MeCN),, we performed the CIS calculation with an objective
to evaluate the electronic structure of its excited states
obtained by direct electronic excitation in acetonitrile. The
three calculated allowed transitions are listed in Table 3

Table 3. The calculated absorptions of [Au,(dpm),]?>* - (MeCN), at the CIS level as compared with the observed
absorptions of [Au,(dcpm),](ClO,), (ref. [18]) and [Au,(dppm),](ClO,), (refs. [5] and [6]) in acetonitrile.

gross orbital population of each atom in [Au,(dpm),]**-
(MeCN), for the 'A, ground state and the three low-lying
1A, excited states.

We can see that the population on the dpm ligands and the
MeCN molecules for the A'A, and C'A, excited states is
almost the same as that of the X'A, ground state, implying
that only charge transfer within the Au atoms is involved in
the X'A, — A'A, and X'A, — C'A, transitions. In the X'A,
ground state, the electronic configuration of the Au atom is
5d°8766s476p0387 while in the A'A,, B'A,, and C'A, excited
states  the  configurations  are  5d%6%6s*%06p00%,
5d98756506486p03%2, and  5d°136s07846p®5%5, respectively. The
X'A, — A'A, transition calculated at 245.7 nm has the largest
oscillator strength of 0.284; we relate this to the 278 nm band
of [Auy(depm),](ClO,),*¥1 and the 292nm band of
[Au,(dppm),](ClO,), recorded in acetonitrile.>% In this
XA, — A'A, transition about 0.26 5d electron of Au' is
transferred to the 6s and 6p orbitals at ratio 1:5 statistically.
This results in a conventional d« — p, transition which we can
intuitively understand from the density diagrams of the
frontier orbitals as shown in Figure 2. In the X'A, — B'A,
transition, the population of the
atoms in the [Au,(dpm),]**
moiety remains the same be-
tween the ground and excited

[Auy(dpm),J** - (MeCN), [Au,(depm),](CIO,), [Au,(dppm),](CIO,), states. Instead. the population
transition Acatea [nmM] oscillator strength A [nm] A [nm] ’ .
on the CN group of acetonitrile
i:ig - g::u ;gz 8-33‘2‘ Zg 292 differs as illustrated by the data
X‘AE:C‘AU 215'6 0‘155 218 listed in Table 4. This reveals
. . . )

that the transition does

together with the spectroscopic data of [Au,(dppm),](ClO,),
and [Au,(dcpm),](ClO,), recorded in acetonitrile for compar-
ison.

Because of the C; symmetry of [Au,(dpm),]**-(MeCN),
and its ground state of 'A,, for dipole allowed transition, the
excited state should have a 'A, symmetry. Table 4 gives the

Table 4. The gross orbital populations for the ground 'A, and three low-
lying 'A, excited states of [Auy(dpm),]**+(MeCN), involved in the
electronic excitation.

Atom Orbital 'A, A, 1A, A,
[Au(dpm),’*  Au 6s 0.647 0690 0648  0.784
6p 0.387 0.609 0.392 0.525
5d 9.876 9.622 9.875 9.613
C 2s 1.601 1.592 1.601 1.604
2p 3.264 3.263 3.264 3.290
P 3s 1.593 1.587 1.593 1.597
3p 3.002 3.002 3.002 2.988
H¢ 1s 0.702 0.704 0.702 0.701
H¢ 1s 0.681 0.681 0.681 0.685
H, 1s 0.924 0.930 0.924 0.920
H, 1s 0.950 0.951 0.950 0.954
(MeCN), N 2s 1.665 1.660 1.665 1.657
2p 3.509 3.504 3.408 3.499
Cy 2s 1.197 1.196 1.197 1.196
2p 2.743 2.744 2.836 2.744
Cy 2s 1.471 1.471 1.471 1.471
2p 3.087 3.087 3.082 3.087
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

not originate from the

[Au,(dpm),]** species but is

due to acetonitrile. The third X'A,— C'A, transition is

metal-localized and is assigned to be d,— (sp), in nature,

where (sp), denotes a o-bonding orbital with a mixed s and p
orbital character.

To describe the phosphorescence of [Au,(dpm),]** in

solution and in the solid state, we optimized the structure of

32a, (LUMO)

Figure 2. The single electron transitions with | CI coefficient| >0.1 in the
CIS calculation for the 245.7 nm absorption of [Au,(dpm),]>* - (MeCN),.

0947-6539/01/0722-4890 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 22



Binuclear Gold(l) Complexes

4887-4893

the first 3A, excited state for [Au,(dpm),]** and
[Au,(dpm),]** - (MeCN), by the CIS method. The optimized
structures are shown in Figure 3, and the corresponding
geometry parameters are listed in Table 5.

Figure 3. The optimized structure for the 3A, emissive state of
a) [Au,(dpm),]** and b) [Au,(dpm),]** - (MeCN), using the CIS calcula-
tions.

Table 5. The main optimized geometry parameters of the 3A, excited state
for [Au,(dpm),]** and [Au,(dpm),]** - (MeCN), under the CIS calculations.

Parameter [Au,(dpm),]** [Au,(dpm),]** - (MeCN),
bond length [A]

Au—Au 2.745 2.719
Au—P 2.669 2.776
C-P 1.888 1.883
Au—-N 2.377
N-C 1.147
Cc-C 1.470
bond angle [°]

P-C-P 114.6 111.4
P-Au-P 170.9 171.8
P-Au-Au 94.5 94.1
C-P-Au 108.6 110.6
Au-Au-N 179.9

In the A, excited states of both cations, the Au and P atoms
are co-planar. The shorter Au—Au bond length in the *A, state
of [Au,(dpm),]**-(MeCN), compared with that of
[Au,(dpm),]** implies that the Au—Au interaction in the A,
excited state is slightly enhanced through coordination of
MeCN to the gold atoms. The N and C atoms of the two
acetonitrile molecules become co-planar with the Au and P
atoms. In contrast to its ground state structure, the MeCN in
the *A, excited state of [Au,(dpm),]** - (MeCN), is bonded to
the Au atom with the calculated Au—N(MeCN) bond length
of 2.377 A. Furthermore, the Au—Au bond length of 2.719 A
reflects the formation of a Au—Au single bond. Indeed, the
structure of the 3A, excited state of [Au,(dpm),]** - (MeCN),
resembles that of binuclear d°-d’ metal-metal bonded
complexes. For example, the [Au(CH,),PPh,],X, and
[Au(CH,),PPh,],(CH;3)X (X =Cl, Br, and I) complexes are
isostructural to the A, state of [Au,(dpm),]** - (MeCN), with
similar intramolecular gold — gold bond lengths [d(Au—Au) =
2.674(1) A for [Au(CH,),PPh,],(CH;)Br].%l The formation of
a Au—Au single bond in the *A, state is consistent with the
formulation of the electronic transition that involves promo-
tion of an electron from a dg antibonding to s, bonding
orbital. The Au—P bond lengths become longer, presumably

Chem. Eur. J. 2001, 7, No. 22
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as a result of the antibonding interaction between the s orbital
of the Au atom and the p orbital of the P atom.

The calculated A, —'A, transition (phosphorescence) of
[Au,(dpm),]*t - (MeCN), is at 557 nm; this is consistent with
the emission at 575 nm found for [Au,(dppm),](ClO,), in
acetonitrile at room temperature.[) Table 6 shows the gross
orbital population of the 'A, and *A, states involved in this
transition. By comparing the population between these two
states as listed in Table 6, the emission could be attributed to

Table 6. The gross orbital populations for the 'A, and °A, states of
[Au,(dpm),]** - (MeCN), involved in the 557 nm emission.

Atom Orbital 'A, 3A,
[Au,(dpm),|** Au 6s 0.472 0.726
6p 0.323 0.398
5d 9.919 9.631
C 2s 1.600 1.598
2p 3.315 3.313
P 3s 1.628 1.625
3p 3.009 2.997
Hc 1s 0.700 0.700
Hc 1s 0.678 0.679
Hp 1s 0.947 0.951
Hp 1s 0.971 0.972
(MeCN), N 2s 1.596 1.587
2p 3.526 3.518
Cx 2s 1.213 1.212
2p 2.762 2.761
Cy 2s 1.461 1.461
2p 3.107 3.107

electronic transition within the Au atoms. The electronic
configuration of the Au atom is 5d°°"%6s%426p®*% and
5d%6316s07266p23% in the 'A, ground state and A, excited state,
respectively, which indicates that the 6s and 6p electrons
transfer back to the 5d orbitals during the phosphorescence,
and the 6s orbital plays a dominant role. The emission can be
assigned to the *A,(s,) — 'A,(d,:) transition, which can be well
understood by analysing the single electron transition dia-
gram in the CIS calculation as shown in Figure 4.

32ay (LUMO)

21a,

Figure 4. The single electron transitions with | CI coefficient | >0.1 in the
CIS calculation for the 557 nm emission of [Au,(dpm),]** « (MeCN),.

The orbital composition of the A, excited state responsible
for the 557 nm emission is different from that of the 'A,
excited state generated through direct electronic excitation at
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245.7 nm. The 'A, excited state involves p, bonding of the two
Au atoms, but s, bonding becomes important in the phos-
phorescent *A, state. The origin of this difference is that the 6s
orbital is lower in energy than the 6p orbitals. In the *A, state,
the shorter Au—Au separation of 2.719 A enables the two Au
6s orbitals to overlap and form a o bond. However, the polar
6p orbitals are more diffuse and hence only their overlapping
is feasible at longer Au—Au separations. Therefore, when the
Au—Au bond length is kept at 3.15 A in the calculated A, —
1A, electronic excitation, the p, bonding becomes dominant in
the 'A, excited state. Hence, the 'A, and 3A, states of
[Au,(dpm),]**- (MeCN), are designated to be p, and s,
symmetry, respectively.

From the CIS calculations, we find that the A, —'A,
transition of the [Au,(dpm),]** cation is at 331 nm in the
absence of solvent or anions. This could be the case of a
[Au,(dpm),]** containing solid where the counteranions are
distant apart from the gold atoms. The gross population listed
in Table 7 shows that this transition is metal-localized. The

Table 7. The gross orbital populations for the 'A, and °A, states of
[Au,(dpm),]** involved in the 331 nm emission.

Atom Orbital 'A, 3A,
Au 6s 0.637 0.789
6p 0.316 0.408
5d 9.909 9.648
C 2s 1.603 1.600
2p 3.294 3.293
P 3s 1.604 1.607
3p 2.997 2.998
H. 1s 0.687 0.687
H. 1s 0.661 0.661
H, 1s 0.905 0.910
H 1s 0.941 0.942

L]

electronic configuration of the Au atom is 5d%96s%6376p?316
and 5d%6486s"796p™4® for the respective 'A, and A, states of
[Au,(dpm),]**. This implies that partial 6s and 6p electron
transfers to 5d orbital during the emission process at 331 nm.
We assign the emission at 331 nm to the *A,((sp),) — 'A,(d,+)
transition, as illustrated by the electronic transition diagrams
depicted in Figure 5 in the CIS calculation. Note that the 3A,
state of [Au,(dpm),]** has mixed s and p orbital characters
and is denoted as (sp),. Although high energy emission has
not been reported for the [Au,(dppm),]Y, solids (Y=ClO,,
BF,),> o our recent study on [Au,(dcpm),](ClO,),"® revealed
the presence of an intense high energy solid state emission.
The complex has an intramolecular Au—Au separation of
2.927 A. At room temperature the complex displays an
intense solid state emission at 368 nm, but the emission red-
shifts to 510 nm upon dissolution in acetonitrile. The emission
of [Au,(depm),](ClO,), is assigned to the o — o* transition
where o and o* have a predominant s orbital and d orbital
character, respectively.

In fact, the presence of anions near the [Au,(dpm),]**
cation would affect the solid state emission. To test this
proposition, [Au,(dpm),](ClO), was chosen as a model for
[Au,(dpm),](ClO,), in the CIS calculations. The CIO~ was
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Figure 5. The single electron transitions with | CI coefficient | >0.1 in the
CIS calculation for the 331 nm emission of [Au,(dpm),]**.

employed to replace ClO,  in order to save computational
time. When the Au—OCl separation changes from 4.5t0 3.3 A,
and the C; symmetry is kept, and the calculated emission
wavelength varies from 356 to 406 nm. This result implies that
the approach of the CIO™ anion to the Au atom causes a red
shift in the emission spectrum.

If the interaction between the ClO~ anion and the
[Au,(dpm),]** cation is electrostatic in nature, it is feasible
that two negative background charges can be used to
substitute the anion in the calculation. As shown in Figure 6,

HZP\/ TH
--------- Au Au---------e
Rau~e / \
HzP PH,
\C/
Hz

Figure 6. Diagrammatic representation of the interaction between the
background charge and [Au,(dpm),]**.

the two negative charges orient along the Au—Au axis, and the
whole system composed of the negative charges and the
[Au,(dpm),]** complex cation was kept the C; symmetry.

Figure 7 shows the correlation between the calculated
emission and the distance of the negative charge from the
Au atom. As the distance changes from 8.0 to 3.0 A, the
emission energy red-shifts from 331 to 420 nm. This again
reveals that the presence of neighboring anion would cause a
red shift in the emission of the [Au,(dpm),]** moiety.

It is evident that the counteranion could have significant
effect on the solid state emission of binuclear gold(1)
phosphine complexes. This remains to be an interesting
problem. We anticipate that for those gold() complexes with
very bulky phosphine ligands, the counteranions will be

0947-6539/01/0722-4892 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 22
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Figure 7. Plot of emission wavelength versus R, (distance between gold
atom and background charge).

distant apart from the metal centers, and we may also expect
to observe high energy emissions.
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