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Ab initio Study on Luminescence and Aurophilicity of a Dinuclear
[(AuPHj5),(i-mnt)] Complex (i-mnt = isomer-Malononitriledithiolate)

Qing-Jiang Pan,!*"! and Hong-Xing Zhang*!!
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The luminescence and Au—Au aurophilicity of the model
complex, [(AuPHj),(i-mnt)] (i-mnt = isomer-malononitriledi-
thiolate in both solid state and solution have been studied by
ab initio methods. The structures of the Au' complex were
fully optimized by the MP2 method for the ground state and
the CIS method for the excited state. The b3A’ excited-state
Au-Au (2.946 ,&) and the corresponding Au—Au stretching
frequency (83 cm™) indicate intramolecular Au—Au aurophil-
icity. Using [(AuPHj),(i-mnt)], to rationalize the solid-state
emission to the [(AuPPhj),(i-mnt)] complex at 20 K we as-
signed the experimental emission (462 nm) to an Au—-Au—i-
mnt charge-transfer ((MMLCT) transition from the triplet ex-

cited state to the ground state. In the SMMLCT emissive ex-
cited state, the Au—Au aurophilicity, including intra- and in-
termolecular Au—Au interactions, results in a ca. 120 nm red
shift in emission relative to that of mononuclear PH;AuSH.
The calculated absorption and emission in dichloromethane
solution agree with the experimental results. These results,
combined with our previous studies on both [Au,(dpm),]**
[dpm = bis(diphosphanyl)methane] and [Au,(dpm)(i-mnt)],
indicate a clear correlation between Au—Au aurophilicity and
the excited-state properties of the dinuclear Au' complexes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

The luminescence and aurophilicity of Au' complexes
have been extensively studied over the last two
decades.[' 1% Many Au' complexes luminesce in the solid
state and/or in solution, mostly accompanied by intra- and/
or intermolecular Au—Au interactions.!! 18 By experi-
ments and accurate theoretical calculations containing elec-
tron correlation and relativistic effects, the energy of the
Au—Au attraction was estimated to be 5—15 kcal/mol,
similar to that of hydrogen bonds.['°~23 The photolumi-
nescence properties of di- and polynuclear Au' complexes
are highly diversified. For various bridging and ancillary
ligands, the luminescence properties of such complexes have
been suggested to range from MLCT (metal-to-ligand
charge transfer), LMCT (ligand-to-metal charge transfer),
MCCT (metal-centered charge transfer) and ILCT (intrali-
gand charge transfer).[?4=27]

The Au—Au aurophilicity is correlated with the excited-
state properties, especially for MCCT in dinuclear Au' com-
plexes such as those with bridging phosphane ligands,
which possess a lower-energy phosphorescence (500—
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600 nm) in acetonitrile.??7] Ab initio calculations indicated
that the 3(ds«s,) excited state corresponding to the lower-
energy emission presents an Au—Au distance of ca. 2.72 A,
which is much shorter than the ca. 3.16 A in the ground
state.?®! The promotion of electron from the dg+ antibond-
ing orbital to the s; bonding orbital affords an Au—Au o
single bond in the MCCT emissive excited state. In ad-
dition, for the well-known dinuclear Pt complex
[Pty(pop)s]*~ (pop = pyrophosphate), Pt—Pt in the 3(dg«
ps) excited state shortens by ca. 0.29 A relative to that in
the ground state, which is supported by both the excited-
state structure from time-resolved X-ray diffraction and ab
initio studies.[>*301

For Au' complexes containing both phosphane and thiol-
ate ligands, the lower-energy emissions in the solid state
have been experimentally attributed to Au—thiolate charge
transfer (MLCT).[11:17:24.31=36] Bryce’s studies on a series of
dinuclear (phosphane)Au' thiolates with or without
Au—Au interaction showed that the interaction is not a
necessary condition for luminescence and that its presence
does not significantly perturb the luminescence;*?! however,
Fackler and co-workers found that the emission maximum
in the luminescence of many mononuclear (phosphane)Au'
thiolate complexes can be affected by an Au—Au interac-
tion.'"l In fact, such studies are not incompatible. The
charge transfer from metal to ligand should be divided into
metal—metal-to-ligand charge transfer (MMLCT) and me-
tal-to-ligand charge transfer (MLCT).['%18:37] The former is
clearly correlated with the Au—Au interaction but the latter
does not.
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Unlike those of dinuclear Au' complexes with bridging
phosphane ligands, the excited-state properties of dinuclear
(phosphane)Au' thiolates are clearly related to MMLCT or
MLCT, in which the thiolate ligands are greatly involved in
the luminescence.3! ~361 This is because phosphane ligands
always provide lone-pair electrons to form the dative P>Au
bond while thiolates, usually as anions, prefer the covalent
S—Au bond to coordinating. These different electronic
properties may lead to differences in luminescence and aur-
ophilicity when thiolates are introduced into (phos-
phane)Au' complexes to form (phosphane)Au' thiolate
complexes.

To study both their luminescent properties and Au—Au
aurophilicity, several dinuclear Au' complexes have been de-
signed, with at least two different structural arrangements:
the more common dinuclear Au' dimers, in which the auro-
philicity is sterically imposed,?%27-38-3% and the open-ring
structural disposition, in which the interaction between two
Au' atoms, if it appears, is not sterically imposed.[3! —34:40.41]
The structurally characterized (phosphane)Au' thiolate
[(AuPPh;),(i-mnt)] (i-mnt = isomer-malononitriledithiolate
has a nonimposed intramolecular Au—Au interaction.!]
The intense 462 nm phosphorescence of the solid-state com-
plex at 20 K was assigned as an Au—thiolate charge trans-
fer ®*MLCT) from the triplet excited state to the ground
state.3334 Since the n-conjugated i-mnt ligand is greatly in-
volved in the emission and Au—Au aurophilicity is possibly
present in the corresponding excited state, the [(AuPPhs),(i-
mnt)] complex may be an ideal candidate for the *MMLCT
emissive excited state.

Dinuclear Au' thiolates have also been widely applied in
medicine,*? optical sensors,[!>!343] and photoredox chem-
istry.[22:242744 For example, the therapeutic action of gold
drugs for rheumatoid arthritis may be related to the ability
of the Au' complexes to quench the singlet oxygen 'A, state
at 7752 cm ™ .12 Eisenberg and co-workers have reported
that [Au{S,CN(CsH;),}], can be used to monitor ef-
ficiently volatile organic compounds (VOCs), by a reversible
interaction with VOC vapors that results in both a dramatic
color change and a positive “switching on” of lumi-
nescence.l'3 Such applications make use of excited-state
properties. Thus, theoretical investigation of the electronic
structures of the ground and excited states for the Au' com-
plexes is also of practical significance.

Here, ab initio methods have been employed to study the
spectroscopic properties and Au—Au aurophilicity of [(Au-
PH;),(i-mnt)] in both solid state and solution. In the solid
state, the calculated 450-nm phosphorescence of [(Au-
PH;),(i-mnt)], was assigned as an Au—Au—i-mnt charge
transfer CMMLCT) from the triplet excited state to the
ground state, similar to the 462-nm solid-state emission of
the [(AuPPhs),(i-mnt)] complex at 20 K. In the SMMLCT
emissive excited state of polynuclear [(AuPHj3),(i-mnt)],,
both intra- and intermolecular Au—Au interactions
strongly affect the solid-state emission, causing a ca.
120 nm red shift with respect to the 332-nm emission of
mononuclear PH3;AuSH. The studies of [Au,(dpm),]**
[dpm = bis(diphosphanyl)methane],?® [(AuPHj),(i-mnt)]
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and [Au,(dpm)(i-mnt)] show that the Au—Au aurophilicity
is clearly correlated with the excited-state properties of
these Au' complexes.

Computational Details and Theory

In the calculations, [(AuPHs),(i-mnt)] was employed to
represent the real [(AuPPhs),(i-mnt)] complex. A similar
model was applied in our previous work?®! by using dpm to
stand for dmpm, dppm and dcpm in the [Au,(dmpm),]*",
[Au,(dppm),]*>* and [Au,(dcpm),]*" complexes respectively
[dmpm = bis(dimethylphosphanyl)methane, dppm =
bis(diphenylphosphanyl)methane and dcpm = bis(dicy-
clohexylphosphanyl)methane]. Hydrogen is generally used
in place of methyl, phenyl substituents etc. in ab initio stud-
ies to save computational resources. Hiiberlen and Roschl*’
have proved that PH; provided a satisfactory model for
PMe; or PPhs for the structural properties of Au' com-
plexes. Bruce?? and other researchers?6-46471 have success-
fully used such a kind of model in their theoretical studies
on the related topics of (phosphane)Au' complexes.

Here, the C, symmetry was adopted to settle the confor-
mation of [(AuPHj3),(i-mnt)] in both the ground and excited
states. The structures of the ground and excited states were
fully optimized by the second-order Meoller —Plesset pertur-
bation (MP2)M8l and the single excitation configuration in-
teraction (CIS)™! methods, respectively, in which electron
correlation effects were considered.?>2* Based on such cal-
culations, the isodensity-polarized continuum model
(IPCM) in the self-consistent reaction field (SCRF)
method®* 33 was employed to account for the solvent ef-
fect of dichloromethane, by considering the dramatic red
shift of emission due to the solvation of acetonitrile on
[Au,(dpm),]*" indicated previously.?® Therefore, the elec-
tronic structure of the excited state and the absorption and
emission in CH,Cl, solution were obtained.

In the calculations, the quasi-relativistic pseudopotentials
of the Au, S and P atoms proposed by Hay and Wadtl4
with 19, 6 and 5 valence electrons, respectively, were em-
ployed and the LANL2DZ basis sets associated with the
pseudopotential were adopted and implemented by one ad-
ditional f-type function for Au (o = 0.2), and a d-type
function for S (ag = 0.421) and P (ayq = 0.34).?1 The basis
sets were taken as Au(8s6p3dl1f/3s3p2d1f), S(3s3pld/
2s2pld), P(3s3pld/2s2pld), N(10s5p/3s2p), C(10s5p/3s2p)
and H(4s/2s). Thus, 176 basis functions and 104 electrons
were included for [(AuPHj3),(i-mnt)] in the calculations. All
the calculations were performed with the Gaussian98 pro-
gram packagel®*! using an Origin/3800 server.

Result and Discussion

A. Structures of the Ground and Excited States of
[(AuPH3),(i-mnt)]

The full MP2 optimizations on [(AuPHj3),(i-mnt)] indi-
cate that the complex has a 'A’ ground state with [(28a'?)-
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Table 1. Optimized geometry parameters of the 'A’ ground state
using the MP2 method and the a®A’ and b3A’ excited states using
the CIS method for [(AuPH;),(i-mnt)], together with the exper-
imental data of [(AuPPh;),(i-mnt)]

Parameters Ground state Experiment Excited state
TA’ a’A’ bA’
Bond lengths [A]:
Aul—Au2 2.945 3.156 4.753  2.946
Aul—-P3 2.327 2.257 2.390 2477
Aul-S5 2.335 2.313 2.380 2.506
S5-C7 1.782 1.729 1.771  1.740
C7-C8 1.406 1.372 1.490 1.402
C8-C9 1.455 1.432 1.423  1.434
C9—NI11 1.216 1.132 1.158 1.154
P3---P4 3.826 6.657 5.966
S5---S6 3.223 3.108 3.152
Bond angles [°]:
P3—Aul-S5 165.7 172.1 176.7  140.1
P3—Aul—Au2 100.9 113.5 127.6
S5—Aul—Au2 93.4 69.8 924
S5—-C7-S6 129.4 123.2 122.6 129.9
Dihedral angles [°]:
P3—Aul—Au2-S6 180.0 1794 —179.8
S5-C7-C8—-S6  —179.4 176.2 —180.0
Aul—-S5-S6—-C7 —178.1 -87.9 —179.9

(24a’'?)] electronic configuration. The calculated main ge-
ometry parameters are listed in Table 1, associated with the
data from X-ray crystal diffraction for the [(AuPPhjs),(i-
mnt)] complex.*!! The structure of the 'A’ ground state
(Figure 1, a) consists of two AuPHj; units bridged by an i-
mnt ligand. The calculated dihedral angles of 180.0°
(P3—Aul—-Au2-S6), —179.4° (S5—-C7—-C8-S6) and
—178.1° (Aul—S5—S6—C7) indicate that the molecule is
nearly coplanar. The Au' atom has a linear two-coordinate
structure with a P3—Aul —S5 angle of 165.7°, which is simi-
lar to the experimental 172.1°. The calculated Au—Au
(2.945 A) bond is shorter than the 3.156 A determined by
experiment for [(AuPPhj),(i-mnt)] (Table 1) because we
used the hydrogen atom in place of the phenyl ligand on
the P atoms — the bulky phenyl ligand does not facilitate
the approach of two Au' atoms. Bruce et al.??! have studied
theoretically the luminescent properties and Au—Au auro-
philicity of cis- and trans-[Au,X,CH,(PH,),] (X = CI, Br
and I) complexes, in which the same approximation was
employed. Their calculated results agreed well with exper-
imental observations and revealed the nature of the excited
states of the real [Au,X,CH,(PPh,),] complex. Thus, our
approximation applied here may have little effect on the ex-
cited-state properties of the [(AuPPh;),(i-mnt)] complex.
The other distances in the 'A’ ground state presented by
MP2 calculations accord with those determined experimen-
tally (Table 1).

The frequencies calculated for the ground state of [(Au-
PHs;),(i-mnt)], performed at the MP2 level, are all low rela-
tive to experiment (Table 2), but parallel them because of
the ratio of calculation to experiment of 0.80—0.84, exclud-
ing the C=C stretching vibration. The 42 cm™! frequency
was assigned as the Au—Au stretching vibration and fell
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Figure 1. Optimized 'A’ (a) ground-state structure using the MP2
method, and the optimized a*A’ (b) and b?A’ (c) excited-state
structures using the CIS method for [(AuPH3),(i-mnt)]

Table 2. Calculated frequencies at the MP2 level for the A’ ground
state of [(AuPHj3),(i-mnt)], associated with Raman frequencies of
[(AuPPh;),(i-mnt)]

Assignment Frequencies [cm™!] Calcd./exp.
Calcd. Exp.

v(Au-Au) 42 36—71M

v(Au—P) 324 385 0.8416
v(Au—S) 396 480 0.8250
v(C-S) 695 865 0.8035
v(C=C) 1372 1410 0.9730
v(C=N) 1856 2209 0.8402

[al Frequencies of v(Au—Au) from ref.[>%

well within the experimental range reported for such vi-
brations,[*] suggesting weak aurophilicity between the two
Au' atoms in the 'A’ ground state.

The CIS method was used to optimize the structure of
the excited state of [(AuPHj3),(i-mnt)]. Two triplet excited
states were obtained with a’A’ and b3A’ symmetries. The
calculated geometry parameters (Table 1) and the corre-
sponding structures (Figure 1, b and c) are given here. Ap-
parently, the geometry of the excited states changes greatly
with respect to that of the ground state. In the aA’ excited
state the i-mnt ligand deviates from the Au,S,P, plane due
to the dihedral angle of —87.9° for Aul—S5—S6—C7, and
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almost all the ligand bonds are longer than those in the 'A’
ground state (Table 1). The two Au atoms are much farther
apart (4.753 10\) than in the 'A’ ground state (2.945 A), sug-
gesting no Au—Au aurophilicity as the separation is much
more than the van der Waals contact (3.4 A).’® Thus, the
a*A’ excited state may be related to i-mnt intraligand
charge-transfer character.

Unlike the a’A’ excited state, the geometry of the b’A’
excited state is still in a plane, which is intuitively depicted
in Figure 1 (¢) and quantitatively reflected in Table 1. The
Au—Au (2.946 A) is close to that in the 'A’ ground state,
but the P-P distance (5.966 A) in the excited state is far
longer than the 3.826 A in the ground state. This implies a
significant Au—Au aurophilicity in the b3A’ excited state as
the two P atoms tend to separate in opposite directions. To
characterize the Au—Au interaction in the b3A’ excited
state of [(AuPHj3),(i-mnt)], we also carried out frequency
calculations. Through vibrational-mode analysis, the calcu-
lated frequency of 83 cm™! was attributed to the Au—Au
stretching frequency in the excited state, which is much
higher than the 42 cm ™! frequency in the 'A’ ground state.
The Au—Au stretching frequency provides evidence of aur-
ophilic attraction between the two gold atoms in both the
b*A’ excited state and the 'A’ ground state. In addition, the
calculated overlap population between the two Au atoms is
0.062 and 0.036 for the b3A’ excited state and 'A’ ground
state respectively. From such calculated frequencies and
overlap populations between the two Au atoms, it is easily
seen that although the Au—Au distances are very close in
the b’A’ excited state (2.946 A) and the 'A’ ground state
(2.945 A), the Au—Au aurophilicity in the former is
stronger. This suggests that there may be some electron
transfer to the 6s and/or 6p bonding orbitals of Au atoms
in the b3A’ excited state, which then reinforces the
Au—Au interaction.

B. Absorption Spectra of [(AuPHj3),(i-mnt)]
in the CH,Cl, Solution

Keeping the optimized structure of the ground state con-
stant, the CIS method was used to calculate the excited
state related to absorption. Based on such calculations, the
solvent effect of dichloromethane was taken into account
by the IPCM in the SCRF method™®~ 33! and absorption
spectra of [(AuPHs),(i-mnt)] in solution were obtained. The
calculated absorption and the corresponding oscillator
strength are given in Table 3, together with the experimental
results of [(AuPPhs),(i-mnt)] available in the CH,Cl, solu-
tion at room temperature.

To assign the absorption in solution, the partial molecu-
lar orbital compositions (%) involved in the absorption
transition are listed in Table 4, associated with the orbital
components. The coordinate orientation of [(AuPHj),(i-
mnt)] is depicted in Figure 1 (a), in which the z axis paral-
lels the line through the two Au atoms.

The calculated absorption maximum in CH,Cl, solution
is at 303 nm with the nature of an X'A’—>A'A’’ transition.
In the excitation, the 24a’’—29a’ configuration has the

Eur. J. Inorg. Chem. 2003, 4202—4210 www.eurjic.org

largest coefficient (ca. 0.6) in the CI wavefunctions, and is
responsible for the absorption. The 24a’" orbital (HOMO-
1) has 68% i-mnt ligand composition, mainly contributed
by the S(p,) orbital, while the metal (62%) plays an import-
ant role in the 29a’ orbital (LUMO), mainly from the
Au(p.) character (Table 4). Thus, the 303-nm absorption,
arising from the X'A’—A!A’’ transition, is attributed to
S(py)—Au(p,) charge transfer (LMCT) mixed with some
Au(d..)—>Au(p.) charge transfer (MCCT), which corre-
sponds to the 365-nm absorption observed experimentally
for [(AuPPhs),(i-mnt)] at room temperature.[33] The large
difference between calculated and experimental absorption
wavelength is caused mainly by the use of a hydrogen atom
to represent the bulky phenyl ligand on P atoms. In a real
[(AuPPh;),(i-mnt)] system, the relatively longer Au—Au dis-
tance may result in less metal participation in the 24a’’
(HOMO-1) orbital. Because the order of the energy level
in occupied orbitals is S(p,) > Au(ds+) by analyzing the
wavefunctions, the lesser Au contribution to the transition
wound reduce the excitation energy. Therefore, if the steric
bulk of the phenyl ligands on P atoms was taken into ac-
count, the calculated absorption maximum would red-shift
relative to the 303 nm of [(AuPHj),(i-mnt)] and approach
the experimental value of 365 nm.

For the B'A’ excited state, the corresponding absorption
was calculated at 295 nm with an oscillator strength of
0.765, which is similar to the 310-nm absorption of the
experiment®3 (Table 3). The transition arises mainly from
the 28a’—30a’ configuration with the largest CI coefficient
of ca. —0.6. From Table 4, the 295 nm absorption from an
X!'A’—B!A’ transition was assigned as i-mnt intraligand
charge transfer (ILCT) with some LMCT. Because the B'A’
excited state has ILCT character and less metal partici-
pation, the approximation overestimating the metal—metal
interaction does not significantly perturb the absorption,
i.e. the calculated absorption wavelength of 295 nm agrees
with the experimental absorption (310 nm).133 To intuitively
understand the absorption process, the density diagrams of
the frontier molecular orbitals are depicted in Figure 2. In
the 28a’ orbital (HOMO) the electron density mainly fo-
cuses around the i-mnt ligand, with the C7—C8 n-bonding
orbitals, while in the 30a’ (LUMO+1) and 3la’
(LUMO+3) orbitals the electron density is still distributed
on the i-mnt ligand and n* antibonding orbitals form be-
tween the two carbon atoms. Thus, we can further assign
the 295-nm absorption to a m—7* transition involving the
C=C double bond. Gray et al.’7! have studied the elec-
tronic spectra of a series of metal complexes containing the
i-mnt ligand in acetonitrile and attributed the absorptions
in the range 250—350 nm to L—L* charge transfer.

As a reference, the same methods and basis sets as those
of [(AuPH;),(i-mnt)] were used to calculate electronic spec-
tra of the organic i-mnt ligand. The ligand also has a C;
symmetry in the calculations of both ground and excited
states. The calculated absorption maximum in CH,Cl, solu-
tion of 268 nm (Table 3), arising from a m—n* transition
localized on the C=C double bond, supports our assign-
ment for the 295 nm absorption of [(AuPHj3),(i-mnt)].

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4205
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Table 3. Calculated absorption and emission of [(AuPHj3),(i-mnt)] and i-mnt ligand in the solid state and CH,Cl, solution under the CIS
calculations, together with experimental results

Solid state CH,Cl, solution

Calcd. [nm] Exp. [nm] Calcd. [nm] Exp. [nm]

[(AuPH3),(i-mnt)] absorption 303 (0.068)kl 36501

295 (0.765)1 31001

238 (0.364)l2) 22501
emission 593 595l 702
414/45001 462l 333

i-mnt ligand absorption 268 (0.512) 27511
emission 611 595l 714

[l Oscillator strength in parentheses. ! Absorptions of [(AuPPhs),(i-mnt)] in CH,Cl, solution at room temperature from ref.*3 [l Solid-
state emission of K,(i-mnt) at 20 K from refs.133-*41 4] 414- and 450-nm emissions from [(AuPH;),(i-mnt)] and [(AuPH;),(i-mnt)],, respec-
tively, from the present work. [l Solid-state emission of [(AuPPhs),(i-mnt)] at 20 K from ref.[** [l Average value of absorptions of a series
of metal complexes with the i-mnt ligand in acetonitrile from ref.>”!

Table 4. Partial molecular orbital compositions (%) of [(AuPH3),(i-mnt)] in CH,Cl, solution under the CIS calculations

MO Energy [eV] Composition (%) Components of orbital
2 Au i-mnt 2 PH;
34a’ 3.1563 54.7 0.6 44.6 Au(p,) + P(p.)
33a’ 2.8292 69.1 25.8 5.1 Au(p,) + S(p,) + C7(p,) + C8(p,)
32a’ 2.2251 59.7 7.6 32.7 Au(p.) + P(p.)
26a" 1.9171 78.3 18.7 3.0 Au(s,p.)
31a’ 1.7527 15.2 72.1 12.7 S(p,) + C7(p,) + Au(p,)
25a" 1.6085 75.4 4.6 20.0 Au(p,)
30a’ 0.1195 27.8 54.1 18.2 C7(p.) + C8(p,) + Nl1l(p,) + Au(p,)
29a’ (LUMO) 0.0656 62.1 18.7 19.2 Au(p.)
28a’ (HOMO) —8.2323 5.5 94.1 0.4 S(p,) + C8(p,) + Nl1l(p,)
24a" —8.6168 24.4 68.4 7.2 S(p,) + Au(d.?)
23a" -9.0136 12.0 87.4 0.7 S(p.)
22a" —10.1012 40.2 14.8 45.0 Au(d,,,p,) + P(p,)
27a’ —10.3045 16.4 79.1 4.6 S(p,)
26a’ —11.9418 44.1 17.9 37.9 Au(d,*_,%s) + P(p,)
25a’ —12.2743 8.8 90.5 0.7 C7(p.) + C9(p,) + N11(p,) + S(p.)
21a" —12.3432 8.9 89.9 1.2 S(p,) + N7(p,) + C9(p,) + Nll(p,)

The calculated 238-nm absorption from X'A’—=C'A"’ is
related to charge transfer between Au atoms and phosphane
ligands. The main configuration 22a’’'—29a’, gives rise to
the absorption. The 22a’" orbital has 45% PH; and 40%
Au orbital character. Therefore, the 238-nm absorption was
assigned as P(p,)—Au(p.) charge transfer (LMCT) mixed
with MCCT transitions, which is similar to the observed
225-nm absorption.33!

C. Emission Spectra of [(AuPH;),(i-mnt)] in the Solid State
and CH,Cl, Solution

The excited-state structure was fully optimized by the
CIS method to describe the emissive properties of [(Au-
PH;),(i-mnt)]. Two triplet a*A’ and b3A’ excited states were
obtained in the CIS calculations and the corresponding em-
issions were at 593 and 414 nm, respectively, for a single
[(AuPHj3),(i-mnt)] molecule (Table 3).

By analyzing the wavefunctions of the a’A’ excited state,
the calculated 593-nm emission was assigned as a n*—n
charge transfer (i-mnt *ILCT) involved in the C=C double
bond from the triplet excited state to the 'A’ ground state,

4206 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

similar to the 595-nm emission of K,(i-mnt) in the solid
state at 20 K.B33 The n*—n transition is reflected in the
structural change of the a’A’ excited state (Table 1). The
calculated C7=C8 distance (1.490 A) in the excited state is
longer than that in the 'A’ ground state (1.406 A), suggest-
ing a w*-orbital character between the two carbon atoms in
the excited state. By the combination of the CIS method
and the IPCM in the SCRF method, the [(AuPH;),(i-mnt)]
complex has a 702-nm emission in the CH,Cl, solution.
The solvent effect results in a red shift of ca. 110 nm relative
to the emission in the solid state (593 nm). Using the same
methods, the lowest-energy emission of the organic i-mnt
ligand was calculated at 611 nm, originating from a
3A’—IA’ transition in the solid state, and at 714 nm in
CH,Cl, solution (Table 3), which supports our assignment
for such emissions of [(AuPHj3),(i-mnt)].

With respect to the b3A’—!A’ transition, the corre-
sponding emission is calculated at 414 nm for the single
[(AuPH3),(i-mnt)] molecule. To characterize the emission
process, we used the difference in the natural atomic orbital
populations for the b3A’ excited state and the correspond-
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Figure 2. Single-electron transitions with (CI coefficient) > 0.1 in
the CIS calculations for the 295 nm absorption of [(AuPHj3),(i-
mnt)] in CH,Cl, solution

Table 5. Natural atomic orbital populations of the b’A’ excited
state and the corresponding 'A’ ground state for the 414 nm emis-
sion of [(AuPHj3),(i-mnt)] under the CIS calculations

Atom Orbital A b3A’
Au 6s 0.647 0.889
6p 0.024 0.080

5d 9.863 9.860

4f 0.003 0.004

i-mnt ligand S 3s 1.711 1.713
3p 4.563 4.383

3d 0.025 0.025

Cc7 2s 1.055 1.079
2p 3.128 3.155

C8 2s 0.902 0.904
2p 3.490 3.165

c9 2s 0.845 0.851
2p 2.799 2.818

N11 2s 1.594 1.595
2p 3.814 3.743

PH; ligand P 3s 1.418 1.433
3p 3.332 3.374

3d 0.055 0.055

Hp, Is 0.990 1.003
Hp, Is 1.014 1.012

ing 'A’ ground state for [(AuPHj;),(i-mnt)] (Table 5). The
electron transition is dominated by the metal centers and
the i-mnt ligand (Table 5), while the charge transfer lo-
calized on the PHj; ligand changes little. There are ca. 0.59
electrons to transfer from two Au atoms to the i-mnt ligand
in the emissive process, in which 6s and 6p orbitals of Au

Eur. J. Inorg. Chem. 2003, 4202—4210 www.eurjic.org
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Figure 3. Single-electron transitions with (CI coefficient) > 0.1 in
the CIS calculations for the 414-nm phosphorescence of [(Au-
PH3)2(i-mnt)]

atom lose ca. 0.24 and 0.06 electrons, respectively, and the
3p, orbital of the S atom and the 2p, orbital of the C8
atom increase by ca. 0.18 and 0.32 electrons, respectively.
Therefore, we attributed the 414-nm emission to an Au—i-
mnt charge transfer CMLCT) from the triplet b*A’ excited
state to the 'A’ ground state. Density diagrams of the fron-
tier molecular orbitals (Figure 3) help us intuitively under-
stand the transition process. In the 26a’ and 28a’ orbitals,
the electron density mainly focuses around the i-mnt ligand
while the electron density transfers to Au centers to form a
c-bonding orbital in 29a’. Electron promotion from the i-
mnt ligand orbitals to s, and p, orbitals of the Au atoms
results in an Au—Au ¢ bond in the b3A’ excited state. The
density diagrams seem to show significant Au—Au auro-
philicity in the excited state, and that the Au—Au aurophil-
icity is relatively stronger in the b3A’ excited state than in
the 'A’ ground state. Therefore, the 414-nm emission corre-
sponding to the b3A’ excited state should have Au—Au—i-
mnt charge transfer CMMLCT) character.

To reveal the effect of Au—Au aurophilicity on the lumi-
nescence in the b>A’ excited state of a [(AuPHj3),(i-mnt)]
molecule, the mononuclear PH;AuSH molecule was calcu-
lated using the same methods and basis sets as those of the
dinuclear [(AuPHj3),(i-mnt)] complex. The 332-nm emission
of PH3;AuSH arising from an Au(s,p)—S transition corre-
sponds to the 414-nm phosphorescent emission of [(Au-
PH3),(i-mnt)] from Au—Au[(sp)s]—i-mnt charge transfer.
Apparently, there is no Au—Au aurophilicity in the monon-
uclear PH;AuSH molecule, but the emissions of 332 nm for
PH;AuSH and 414 nm for [(AuPH;),(i-mnt)] are both
MLCT in nature. It is the Au—Au aurophilicity in [(Au-
PHs;),(i-mnt)] that results in a ca. 80 nm red shift relative to
the emission of PH;AuSH. Bruce and co-workers®?l have
studied the relationship between the Au—Au aurophilicity
and the spectrum of the excited state for cis- and trans-
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[Au,X,C>H»(PH,),] (X = CI, Br and I) using ab initio
methods. The calculations indicated that the aurophilic in-
teraction stabilizes the first singlet excited state in the cis
complex and leads to a red shift in the spectrum of the cis
isomers relative to the trans isomers.

The intense 462-nm emission of the [(AuPPh;),(i-mnt)]
complex observed in the solid state at 20 K, and experimen-
tally attributed to an Au—i-mnt charge transfer
(P*MLCT),B% agrees with our assignment for the 414-nm
emission of [(AuPHj3),(i-mnt)]. The 50 nm difference be-
tween calculated and experimental emission wavelength
may be because the single [(AuPHj3),(i-mnt)] molecule is not
accurate enough to describe the solid-state emission of the
[(AuPPh;),(i-mnt)] complex at 20 K.

Recent studies on dinuclear [AuS,PR(OR)], (R = alkyl
or aryl) complexes with MLCT excited-state properties have
shown, by determining emissions of the Au' complexes at
different temperature (298 and 77 K), that the intermolecu-
lar Au—Au interaction in the solid state causes a red shift
in emissive wavelengths.'*!5] The Au' complexes were di-
vided into two types: one, containing intermolecular
Au—Au interactions in the solid state, has one emission at
298 K and two emissions at 77 K; and the other, without
the intermolecular interaction in the solid, has no emissive
band at 298 K but one band at 77 K. Apparently, the [(AuP-
Ph;),(i-mnt)] complex belongs to the second type because
X-ray crystal-diffraction studies showed that it has no inter-
molecular Au—Au interaction in the solid state (shortest
Au—Au of ca. 8.1 A) and it possesses one emission of
462 nm in the solid state at 20 K.[33#1 Since the Au—Au
separation is strongly related to the temperature,l'*!%) there
may be intermolecular Au—Au interactions between two
adjacent [(AuPPhs),(i-mnt)] molecules at 20 K. Therefore,
the red shift of 50 nm for the solid-state emission at 20 K
relative to the calculation can be rationalized by shortening
the intermolecular Au— Au separations in the crystal lattice,
which results in a lower-energy "MMLCT emission.

Since an intermolecular Au—Au interaction would affect
the solid-state emission, we chose [(AuPHj),(i-mnt)], to
simulate the solid-state luminescent properties of the Au'
complex at 20 K. The intermolecular Au—Au separation
changes from 10.0 to 3.5 A on keeping four Au atoms col-
linear and considering the least steric hindrance; the calcu-
lated emission wavelength varies from 412 to 450 nm. This
shows that the intermolecular Au—Au interaction between

two adjacent [(AuPHj3),(i-mnt)] molecules causes a ca. 40-
nm red shift in the emission spectrum, which agrees with
Fackler’s studies mentioned above.l'*!3] As the repeating
unit of [(AuPHj3),(i-mnt)] increases it tends to the case of
[(AuPHj3),(i-mnt)] in the solid state. Accordingly, the num-
ber of the intermolecular Au—Au interaction in the solid
state at 20 K increases and the emission is anticipated to
show a larger red shift. In fact, for MMLCT or MLCT
transitions the Au—Au interactions have a systematic influ-
ence on the energies of the frontier orbitals responsible for
the emission. The increasing number of intermolecular in-
teractions in the solid state causes a net decrease of
HOMO-LUMO energy gap. Therefore, the calculated 450-
nm emission of [(AuPH;),(i-mnt)], agrees with the exper-
imental 462-nm emission of the [(AuPPhs),(i-mnt)] complex
in the solid state at 20 K, and both have *MMLCT charac-
ter.

The spectroscopic properties of [(AuPHj3),(i-mnt)] in the
CH,Cl, solution corresponding to the b’A’ excited state
were also obtained by the CIS/IPCM methods. The calcu-
lated 333-nm emission arises from an MLCT transition
from the triplet excited state to the ground state, which
blue-shifts ca. 120 nm relative to the 450-nm emission in
the solid state. No emission has been found experimentally
in the visible region for the [(AuPPhs),(i-mnt)] complex in
CH,Cl, solution.[33-34

Comparison of the calculated solid-state emissions with
experiment shows that the single molecule [(AuPHj),(i-
mnt)] model is satisfactory for the 3ILCT excited state
(a*A’). Because the intermolecular Au—Au interaction be-
tween two adjacent [(AuPHj3),(i-mnt)] molecules has almost
no effect on the JILCT excited state, the 593-nm phosphor-
escence corresponding to the excited state (Table 3) agrees
well with the 595-nm emission of K,(i-mnt) in the solid
state at 20 K. However, the two-molecule [(AuPHj3),(i-
mnt)], model is required to rationalize the SMMLCT ex-
cited state as this excited state is strongly related to intermo-
lecular Au—Au interactions. In the excited state, both intra-
and intermolecular Au—Au interactions dramatically affect
the solid-state emission, which ranges from 332 nm for
mononuclear PH3;AuSH to 414 nm for dinuclear [(Au-
PH;),(i-mnt)] to 450 nm for polynuclear [(AuPHs),(i-
mnt)],. Thus, the 450 nm phosphorescence of [(AuPHj3),(i-
mnt)], corresponds to the 462-nm emission of the [(AuP-
Phj;),(i-mnt)] complex in the solid state at 20 K, and both

Table 6. Excited state, corresponding Au—Au distance, emission wavelength and property of the excited state for [Au,(dpm),]**, [(Au-

PH;),(i-mnt)] and [Au,(dpm)(i-mnt)]

[Aux(dpm),J** [(AuPH;),(i-mnt)] [Au,(dpm)(i-mnt)]
Excited state A, 3A! 3A
Au—Au [A] 2.74 2.95 3.39
Wavelength [nm] 331 414 411
Excited-state property MCCT MMLCTH! ILCT (MLCT)l [l

[al For MMLCT and ILCT (MLCT), L refers to i-mnt ligand. [ Excited-state property of [Auy(dpm)(i-mnt)] is i-mnt ILCT, modified

by MLCT.

4208 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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are SMMLCT in nature (triplet excited state to the ground
state).

D. Comparison of the Luminescent Properties of
[Auy(dpm),**, [(AuPHz),(i-mnt)] and [Auy(dpm)(i-mnt)]

To reveal the luminescence regularity of the dinuclear Au'
complexes with the interchange of phosphane ligand and
thiolate ligand, the calculated excited-state properties of
[Aus(dpm),*,>!  [(AuPH3),(i-mnt)] and  [Aus(dpm)(i-
mnt)]®® are presented in Table 6. The phosphane ligand has
little participation in the luminescence while the thiolate li-
gand is greatly involved in the transition. The excited-state
properties of [Au,(dpm),]**, [(AuPH;),(i-mnt)] and
[Aus(dpm)(i-mnt)] change from MCCT to MMLCT to
ILCT (MLCT), and the corresponding Au—Au distances
vary from 2.74 to 2.95 to 3.39 A. For [Au,(dpm),]** and
[(AuPHj3),(i-mnt)], the promotion of an electron from the
antibonding orbitals to the s; and/or ps bonding orbitals
of Au atoms results in an Au—Au c-bond between the two
Au atoms in the excited state; however, the charge transfer
only occurs inside the i-mnt ligand and the metal simply
modifies the i-mnt ILCT in the emission corresponding to
the 3A’’ excited state of the [Au,(dpm)(i-mnt)] complex.
The stronger Au—Au aurophilicity causes the greater Au
contribution to the transition, favoring an MCCT emissive
excited state such as [Au,(dpm),]>*. Conversely, the excited
state with the weaker Au—Au aurophilicity has less metal
contribution and tends to be ILCT in character, such as
[Au,(dpm)(i-mnt)].

In brief, ab initio investigations on [Au,(dpm),]**, [(Au-
PH;),(i-mnt)] and [Au,(dpm)(i-mnt)] indicate that the
Au—Au aurophilicity has no clear correlation with the em-
ission wavelength but with the excited-state property. With
the interchange of phosphane and thiolate ligands, the ex-
cited-state properties of such Au' complexes regularly
change from MCCT to MMLCT to ILCT.

Conclusions

The luminescence and Au—Au aurophilicity of [(Au-
PH;),(i-mnt)] in both the solid state and CH,Cl, solution
have been studied by ab initio methods. For the solid state,
[(AuPHj3),(i-mnt)] and [(AuPH;),(i-mnt)], models were em-
ployed to describe the spectroscopic properties. The former
has been used to accurately calculate the JILCT emissive
excited state, because the intermolecular Au—Au interac-
tion between the two adjacent [(AuPH3),(i-mnt)] molecules
plays a minor role in the excited state. However, the
SMMLCT emissive excited state is strongly related to the
intermolecular Au—Au interaction between the two neighb-
oring [(AuPHj;),(i-mnt)] molecules in the solid state, es-
pecially at lower temperatures (20 K). The two-molecular
model, [(AuPHjs),(i-mnt)],, can satisfactorily rationalize the
solid-state emission of the [(AuPPhs),(i-mnt)] complex at
20 K. For dilute CH,Cl, solutions, we used the single [(Au-
PH;3),(i-mnt)] molecule associated with the IPCM in the
SCRF method to calculate the absorption and emission.

Eur. J. Inorg. Chem. 2003, 4202—4210 www.eurjic.org

Most calculated spectra in solution agree with the exper-
imental results.[3

Studies on [Auy(dpm),]**,281 [(AuPHj;),(i-mnt)] and
[Au,(dpm)(i-mnt)] P8 show that the Au—Au aurophilicity
is clearly correlated with the excited-state properties. With
the interchange of phosphane and thiolate ligands, the ex-
cited-state properties of such Au' complexes regularly
change from MCCT to MMLCT to ILCT.
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