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The structures of ground state and lowest energy triplet excited state fe{PACH,PH,),]?" (1), [Aux(PH,-
CHyPH,)(SHCHSH)P' (2) and [Aw(SHCH:SH)]?" (3) as well as their solvateti-3-(MeCN), species are
fully optimized by the MP2 and CIS methods, respectively. I[b&(d)o(s)] excited states give the 36890
emissions in the gas phase, red shifting to-5880 nm in acetonitrile. The coordination of solvent molecule
to the gold atom in the excited states is responsible for such a red shi?, &ibthe possible geometries, the
substituent effect of methyl groups on P and/or S atoms and the comparison with thiolate comp{EX#}Au
CH,PH,)(SCH:S)] (6) are discussed. The unrestricted MP2 calculation4-e8, head-to-tail [Ay(PH,CH,-
SHY]?" (7) and head-to-head [A(PH,CH,SH)]?* (8) confirm the CIS results in both optimized geometry
and emissive energy related to tfie*(d)o(s)] state. The frequency calculations at the MP2 level indicate
that the Au(l)-Au(l) interaction is weak in the ground state(Au,) = 89—101 cnt?l) but is strongly
strengthened in the excited statéAu,) = 144—189 cn?).

1. Introduction the luminescence of Au(l) complexé<ertainly, the solvent
] . ) is also one of the important factors to influence the luminescence

Luminescent Au(l) complexes, especially with the Au(l) of Au(l) complexes. For example, complexes fdcpm)]X»
Au(l) interaction, have been receiving intense interest from (dcpm = bis(dicyclohexylphosphino)methane, and=XCI-,
different perspectivek:?” Extensive photoluminescence mea- ¢jo,-, PR, and SQCFs™) exhibit an intense phosphorescence
surements have been made on this class of compduftti§.12-27 at 360-368 nm in the solid state and at 49830 nm in the
The luminescent properties of bi- and polynuclear Au(l) acetonitrile solutior#32 Che et aB32have proposed that the
complexes are highly diversified. In the presence of a wide range tripjet excited state of the Au(l) complexes exists as a solvent/
of bridging and ancillary ligands, the luminescent properties of anjon exciplex in solution, whose formation results in the red
such complexes have been suggested to range from MLCTghift of emission wavelength with respect to in solid state.
(metal to ligand charge transfer) to LMCT (ligand to metal i ha5 heen well established that the -Atu aurophilicity
charge transfer) and to MC (metal-centered) transition and 10 55 some relationship with the excited-state propeties,
ILCT (intraligand charge transfefj. 242334 especially for the binuclear Au(l) complexes that produce the

Attractive interactions between closed-shell Au(l) centers are |ower energy emission with the MC transition property. Our
of importance in determining the solid-state structures of many previous ab initio calculations on the model complex f@RH,-
gold(l) complexe¥*and contribute to the properties of such  CH,PH,),]2* (1) standing for real complexes [Aldmpm}]2*,
complexes in solution as well-#° Theoretical studies indicated [Auz(dppm)]2t, and [Aw(dcpm)]?t (dmpm = bis(dimeth-
that this weakly bonding interaction is the result of correlation ylphosphino)methane and dppm bis(diphenylphosphino)-
effects that are enhanced by relativistic effeéts! Experi- methane) indicated that th§o*(d)o(s)] excited state corre-
mental studies of rotational barriers showed that the strengthsponding to the lower energy emission presents about 2.72 A
of this attractive interaction is comparable to hydrogen bonding, Au(l)—Au(l) distance, much shorter than about 3.16 A distance
ca. 711 kcal/mol3”*8 Such aurophilic interactions have been in the ground state® The promotion of electrons from the-
shown to be strong enough to persist in solution and to play a (d) antibonding orbital to the(s) bonding orbital results in the

role in guiding a chemical reactict. 40-52 formation of an Au-Au o single bond in the excited state. For
So far, many studies on Au(l) complexes have indicated the the famous binuclear Pt(ll) complex, fR,OsH.)4]*~, the Pt-
Au—Au aurophilicity strongly affects the luminescercé?2%-34 Pt distance in thé[o*(d) o(p)] excited state shortens about 0.29

Eisenberg et al. found that the binuclear dithiocarbamate A relative to that in the ground state, which is supported by
complex, [Ap(S,CN(CsH11)2)2], crystallizes in a colorless form  both the excited-state structure from time-resolved X-ray
as well-separated dimer molecules, but forms an orange,diffraction and the density functional stud&s8

luminescent form when exposed to the vapor of aprotic organic  Binuclear gold(l) phosphine complexes, [Adiphosphineg)2™,
solvents? The orange form has been crystallized from dimethyl have vacant coordination sites at the metal atom, feature an
sulfoxide and involves an extended chain of the dimers with intenseo(6s) — ¢*(5d) transition, and have long-lived and
inter- and intramolecular AuAu separations of 2.96 and 2.77  emissive®[o*(d)o(s)] excited states in fluid solutions at room
A. The investigations of Balch and co-workers also showed that temperaturé®-34 Such important excited-state properties make
the formation of extended chains of Au(l) centers that are these complexes applied in photochemical reactions. The [Au
connected through the Au@)Au(l) interactions contributes to  (dppm)]2" complex has been reported to catalyze the photo-

10.1021/jp049873w CCC: $27.50 © 2004 American Chemical Society
Published on Web 03/30/2004



Excited State of the Binuclear Au(l) Complexes

chemical cleavage of €X bonds following an electron-transfer
mechanisn#3>° The coordinatively unsaturated nature makes
these Au(l) complexes suitable for the substrate-binding
reaction3?-34 With respect to abundant [A(diphosphineg)?*
complexeg?3459-67 no systems such as [A@@iphosphine)-
(dithioether)¥+ and [Aw(dithioether)]?* are reported. To our
best knowledge, the head-to-tail [{BPRCH,SPh}]-(CRSGs),
complexX>48is one of the rare examples of the Au(l) complexes
containing the thioether ligands. As the phosphine and thioether
ligands both contribute lone pair electrons on P/S atoms to an
Au(l) atom, forming the P/S— Au dative bond, the Au(l)
complexes formed by thioether ligands are expected to have
spectroscopic properties similar to those of the Au(l) phosphine
complexes. Thus, the systematic theoretical studies on-[Au
(diphosphing)]?™, [Aux(diphosphine)(dithioethed], [Au.-
(phosphinothioethes)?", and [Aw(dithioether)]2t, especially
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The calculations on the single Au(l) molecule correspond to
the properties of the molecule in the gas ph@$8The weakly
solvated [AW(PH,CHPH);]2 ™+ (MeCNY), (1-(MeCNY,), [Aux(PH-
CH,PH,)(SHCH,SH)Z*+(MeCN), (2:(MeCN),), [Auy(SHCH;-
SH))2t+(MeCN), (3:(MeCN)), [Auz(PH,CH2PH:)(SCH:CH,-
SCH)]?*+(MeCN), (4(MeCNY),), and [Aw(P(CH;).CHP(CHy)2)-
(SCHCH,SCH)]2"+(MeCN), (5:(MeCN),) species are em-
ployed to simulate the behaviors &f5 in the acetonitrile
solution. In our previous investigatiof%>*the supramolecular
model of the acetonitrile solvation has successfully explained
and predicted luminescent properties of Au(l) complexes in
solution.

In this work, 2 takes the boat conformation with thgs
symmetry, andl and 3 chose the chair ones with thg
symmetry when additional calculations on their solvated species
are considered. We also fully optimize various possible geom-

involved in the excited state, are necessary to provide deepetries of2 and2-(MeCN), using the MP2 method for the ground

insight into the photophysical and photochemical processes of
the Au(l) complexe$?

To probe the luminescence and the attractive Au@ili(l)
interaction of Au(l) complexes as well as the relationship
between them, the bridging ligand is introduced and the annular
eight-membered binuclear Au(l) complex is an ideal candidate
in both experiment229-34.70-72 gnd theory?®43:53-56 Previous
ab initio calculations indicated that correlation effect and
relativistic effect should be taken into account to describe the
aurophilic interactiorf1~51,53-56

Here, we use the ab initio methods to study the Auf(l)
interaction and spectroscopic properties of a series of Au(l)
complexes [AUPH,CHPH)5]% (1), [Aux(PHCHPH,)(SHCH:-
SH)]2* (2), and [Aw(SHCH:SH)]2" (3) in both the gas phase
and acetonitrile. The results indicate that $aef(d) o(s)] excited

states of the Au(l) complexes produce an emission in the near

UV region in the gas phase whereas the emission in the
acetonitrile solution red shifts to the visible region, in good
agreement with the experimental observations ob{dcpm}]-

X2 (X=CI~, ClO4~, PR, and SQCF;7).3132The analysis from

the single excitation configuration interaction (CBSY® calcula-
tions shows that the coordination of acetonitrile molecule to
the gold atom ori—3 for the solvated.:(MeCN), 2:(MeCN),
and3-(MeCN), species is responsible for such a large red shift
of emission wavelength in solution with respect to that in the

state and the CIS method for the excited state (Supporting
Information). The detailed results are not reported here.

It is well-known that CIS represents a general zeroth-order
method for excited states and belongs to a state-based electronic
theory for excited-state chemistry, just as HF is for the ground
state of molecular system%.”>82 Besides being relatively
inexpensive, permitting it to be applied to large molecules such
as4-(MeCN), and5-(MeCN),, the wave function, energy, and
analytic gradient of a molecule in an electronically excited state
are available for the CIS methde.’>82However, as CIS uses
the orbitals of a HF state in an ordinary Cl procedure to solve
for the higher roots and only includes some of the electron
correlation effects via the mixing of excited determinants, the
transition energy from the CIS calculations are usually
overestimated382-84 To certify the validity of the CIS method
for the Au(l) complexes in the paper, the unrestricted MP2
method is employed to calculate the lowest energy triplet excited
states ofl—3, head-to-tail [Au(PH,CH,SH)]?" (7), and head-
to-head [Ay(PH,CH,SH)Y]?" (8). The subsequent frequency
calculations at the MP2 level confirm the optimized ground-
and excited-state geometries are all minima because of no
imaginary frequency available.

In the calculations, quasi-relativistic pseudopotentials of the
Au, S, and P atoms proposed by Hay and \Wa#twith 19, 6,

gas phase. Though the CIS method only includes some electrorfnd 5 valence electrons, respectively, are employed and the

correlation effect$®~75 the unrestricted second-order Mgtter
Plesset perturbation (UMP2Y6 calculations orl—3, head-to-
tail [Aux(PH,CH,SH)]?t (7) and head-to-head [A(PH,CHy-
SH)]%" (8) prove that the results from the CIS calculations are
reasonable.

2. Computational Details and Theory

In the calculations, we use [A(PHCH:PH,)2]%" (1),
[Au2(PH,CHoPH,)(SHCH:SH)R* (2), and [A(SHCHSH)] 2"

(3) as the computational models to represent a series of eight-

membered ring Au(l) complexes with bridging phosphine and/

LanL2DZ basis sets associated with the pseudopotential are
adopted. One additional f-type function is implemented for Au
(as = 0.2) and one d-type function is added todg € 0.421)
and to P (g = 0.34), respectivel§’=5154-56 |n the previous
study on1,%3 the Au and P atoms are not augmented by the f
and d polarization functions. It has been found that such
polarization functions are required for precisely describing the
aurophilic interactioft—*3 and the potential energy surface of
excited state€® In Table 1, the comparison between with and
without d- and f-type polarization functions in the optimized
ground-state geometries firand7 indicates that the introduc-

or thioether ligands. The similar model was applied in many tion of polarization functions makes the results closer to the
works by using hydrogen to replace methyl, phenyl, cyclohexyl, experimental value®:58 Here, the basis sets are taken as Au-
etc. heavy substituents in ab initio studies to save the compu-(8s6p3d1f/3s3p2d1f), S(3s3pld/2s2pld), P(3s3pld/2s2pld),
tational resource®2953-56.77-79 Rsgch et af%8lhave proved that ~ N(10s5p/3s2p), C(10s5p/3s2p), and H(4s/2s). Thus, 152 basis
PH; provides a satisfactory model of the full PRir PMe; for functions and 80 electrons fdr, 218 basis functions and 124
structural properties of Au(l) complexes. The modelsfRit,- electrons forl-(MeCN), 148 basis functions and 80 electrons
CH2PH,)(SCH;CH,SCH)]?™ (4) and [Aw(P(CHs)2CH,P- for 2, 214 basis functions and 124 electrons 2ofMeCN),,
(CHg)2)(SCHCH,SCH)]2" (5) are calculated to reveal the 144 basis functions and 80 electrons 3210 basis functions
substituent effect of methyl groups on sulfur and/or phosphor and 124 electrons fa8-(MeCN),, 174 basis functions and 96
atoms on geometry structures, electronic structures, and specelectrons for4, 240 basis functions and 140 electrons fer
troscopic properties of Au(l) complexes. (MeCN), and 226 basis functions and 128 electrons5faand
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TABLE 1: Optimized Geometry Parameters in the Ground
States of [Aw(PH.CH,PH,),]?" (1) and Head-to-Tail
[Au2(PH,CH,SH),]2" (7) Using the MP2 Method, Associated
with the Data from X-ray Crystal Diffraction @

1 7

basis sets o] e exgd 1o e expgF
Au—Au 3.165 3.033 2939 3.081 2979 2.902
Au—P 2451 2377 2318 2427 2341 2.272
Au—S 2514 2424 2.362
p---P/S 3.194 3.104 3.244  3.160
P-Au—-P/S 1793 178.3 1739 1755 1749 175.1
P—Au—Au 90.3 90.8 92.2 88.9 87.1 91.4
S—Au—Au 94.7 97.0 93.5

a Distances in angstroms, and bond angles in degPd@asis set I:
LanL2DZ. ¢ Basis set II: LanL2DZ augmented by one d-type and one
f-type polarization functions for P and Au atoms, respectivéijhe
experimental values of [A{dcpm}]-(ClO,), from ref 32.¢ The ex-
perimental values of [A{PPRCH,SPh}]+(CFSOs), from ref 68.

292 basis functions and 172 electrons f(MeCN), are
included in the calculations. All the calculations are ac-
complished by using th&aussian9&rogram packagéon an
Origin/3800 server.

3. Results and Discussion

Pan and Zhang

studies, and can be modeled by JRH,CH.PH,)5)2", [Aux(PH:-
CH,PH,),]2++(X)2 (X = counteranion), and [AgPH,CH,-
PH,),]2"+(MeCN), corresponding to the behaviors of the gas
phase, solid state, and solution, respectively.

It is important to study the factors affecting the photophysical
and photochemical properties of luminescent gold(l) complexes,
which have been receiving growing interest over the past several
years3?73487 The open coordination framework of two-
coordinate gold(l) is important for it to be able to undergo
substrate-binding reactions in the ground and excited stat&s.
The studie® on the association constants of [Adcpm}]?"
and halide ions indicated that the high affinity of two-coordinate
gold(l) to undergo substrate-binding reactions is in contrast to
the square-planar®cplatinum(il) system, which remains four-
coordinate in most instancé%® It is of interest to compare
the binuclear Au(l) phosphine with the classic binuclear
platinum(ll) photocatalyst [B{P-OsH.)4]* in both experiment
and theory?9-98

3.1. Ground- and Excited-State Structures of +3 and
Their Solvated SpeciesThe full MP2 optimizations on the
ground states ol—3 are performed for the chair, boat, and
chair conformations with theC;, Cs, and C; symmetries,
respectively. Accordingly, the three Au(l) complexes have the
tAq, 1A', and'Aq ground electronic states. The optimized main

In recent years, extensive studies have been performed ongeometry parameters and structures are presented in Table 2
the photoluminescence and photophysical properties of binuclearand Figure 1ac. The calculated results indicate that the Au(l)

gold(l) phosphine complexé8.34 The lowest energy phospho-

and P/S atoms fat—3 are nearly coplanar because of theP/S

rescent emission of such complexes was assigned as a metalAu—Au—P/S dihedral angles 6f180.0, —178.7, and+180.0.

centered transition by theoreti€dand experimental studié:3*
The structural characterization from the X-ray crystal dif-
fractior?261-66 indicated that the crystalline forms a series of

The Au(l) atom takes the typical linear two-coordinated
geometry—415-24 with the largest deviation of 72(from 180
for the S-Au—S angle of3. The calculated Au(hAu(l)

discrete binuclear Au(l) dimers; i.e., there are no intermolecular distances forl—3 are 3.033, 2.989, and 2.944 A, much less

Au(l)—Au(l) interactions. In each discrete dimer, the cations
such as [Ag(dmpm}]2t, [Aux(dppm)]?t, and [Aw(dcpm)]2*
weakly interact with counteranions such as £I0PF~, CI-,
Br—, and . Such a crystal structure of the binuclear Au(l)

than the van der Waals contact of 3.4%Moreover, the Au-

Au distances are about 6:D.2 A shorter than the corresponding
P/S--P/S bite distances, as seen in Table 2. Thus, the two Au-
() atoms in1—3 tend to approach each other, showing the weak

phosphine complex shows that the lower energy emission is Au—Au aurophilic interaction. In addition, the AtS bond

mainly correlated with intramolecular AuthAu(l) interactions
and the counteranions have a small effect on the emiSafin.

length is apparently longer than the AR one, about 0.1 A.
This implies the coordination ability to the Au(l) atom decreases

Therefore, this type of complexes is suitable for the theoretical from P to S; i.e., Phlis a stronger base than &Hhis is also

TABLE 2: Optimized Geometry Parameters of [Aux(PH2CH2PH,),]2" (1), [Aux(PH,CHPH,)(SHCH,SH)1Z™ (2),
[ALI2(SHCHQSH)2]2+ (3), [AUQ(F’HQCH2F’H2)(SCH3CH25CH3)]2Jr (4), and [AUZ(P(CH3)2CHzF)(CH:.;)z)(SCHg‘CHzsCHg.)]z+ (5) USIng
the MP2 Method for the Ground State and the CIS Method for the Excited State

1 2 3 4 5

parameters Aq Ay A A" Aq A A SA 1A A"
Au—Au 3.033 2.750 2.989 2.708 2.944 2.694 2.985 2.710 2.960 2.693
Au—P 2.377 2.516 2.343 2.545 2.344 2.547 2.329 2.492
Au—S 2.422 2.711 2.390 2.669 2.400 2.626 2411 2.681
pP-C 1.874 1.861 1.873 1.863 1.873 1.864 1.869 1.866
p-C' 1.853 1.840
pP—-C" 1.852 1.842
S-C 1.860 1.837 1.860 1.838 1.856 1.836 1.855 1.837
s-C 1.864 1.834 1.862 1.833
p---P 3.104 3.136 3.107 3.139 3.100 3.147 3.172 3.229
S-S 3.237 3.187 3.236 3.184 3.274 3.224 3.267 3.233
p---S
P—Au—-S 175.4 170.1 174.9 169.0 173.6 166.8
P—Au—P 178.3 171.2
S—Au—S 173.0 169.4
P—Au—Au 90.9 94.4 91.4 94.9 91.4 94.9 92.6 96.2
S—Au—Au 92.9 95.1 93.5 95.3 93.5 95.6 93.6 95.8
C'S-Au 105.7 110.2 105.6 110.6
C'P—Au 113.8 1135
C"—Au 113.7 119.4
P/S-Au—Au—P/S 180.0 179.9 —178.7 179.8 180.0 180.0 1785 —176.9 178.4 174.4

a Distances in angstroms, and bond angles and dihedral angles in degrees.
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Figure 1. Ground-state (a)(c) and excited-state ‘ja-(c') structures
of [Au(PHCH:PH,),1% (1), [Aux(PH.CHPH,)(SHCHSH)FP (2), and

[Aux(SHCHSH)]?" (3) optimized by the MP2 and CIS methods,

respectively.

reflected in2, where the Au-P distance shortens 0.03 A and
the Au—S distance elongates 0.03 A with respect to corre-

sponding ones il and3.
For the excited states df-3, the CIS method is applied to
fully optimize their structures, corresponding3,, 3A", and
3A, states. The calculated main geometry parameters andAu(l)—Au(l) bonding interaction weakening the-S Au and P
structures are presented in Table 2 and Figufe-darespec-
tively. Corresponding to their ground states, the Au@u(l)
interaction is strongly enhanced, which weakens the interactionscoordination on the other hand. Because the weakening ef Au
between the Au and P/S atoms. The Aa(Bu(l) bond lengths
of 1-3 are 2.750, 2.708, and 2.694 A, comparable to the-Au
Au o single bond in some binuclear Au(ll) complexX&$101
Recently, PyykKoet al. have calculated the geometric and the gas phase and acetonitrile in the-AR/S distances of the
electronic structures of th&," excited state for the A"
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species using the higher level CASPT2 meth%dlhe calcu-
lated Au(l)-Au(l) distance of 2.51 A can be served as a lower
limit. Our calculated Au(l}-Au(l) distances abide by such a
limit.

The weakly solvated-(MeCN),, 2:(MeCN),, and3-(MeCN),
species are used to account for the solvent effect of acetonitrile.
According to the previous studié€>*the supramolecular model
is reasonable to explain the properties of the Au(l) complex in
the acetonitrile solution for the ground and excited states. We
listed in Table 3 and Figure 2 the optimized geometry
parameters and structures for the solvated species. In the ground
state, the At-N distance is about 2.57 A ib—3-(MeCN), and
the weak interaction between Au(l) of cation and N of
acetonitrile results in the about 18eviation of P/S-Au—Au—

P/S dihedral angles from the original about 18des of1—3;

the Au(l)-Au(l), Au—P/S, and P/S-P/S distances are nearly
unchanged in acetonitrile with respect to in gas phase. For the
1-(MeCN),, 2:(MeCN),, and3-(MeCN), species, the geometry
structures of the excited states have the following two major
changes compared with those of the corresponding ground states,
as seen in Table 3. First, the-Mu—Au angle changes from
100-135 in the ground states to 17380 in the excited states,
namely, the Au atoms, P/S atoms, and acetonitrile molecules
lie upon a plane. The interaction between the Au(l) and N atoms
is greatly enhanced, for the AN distances of the excited states
are about 0.22 A shorter than those of the ground states. Second,
the Au(l)—Au(l) separations are greatly shortened from about
2.97 A (mean value) to about 2.65 A upon excitation. However,
the distances of AtP/S are strongly elongated, caused by the

— Au bonds just like the case in gas phase on one hand and
the competition among the N> Au, S — Au, and P— Au

P/S bonds arising from the enhancement of the Aul)(l)
bonding in the excited state exists in both the gas phase and
acetonitrile, we may simply consider the difference between

excited states is the result of the competition ofNAu and

TABLE 3: Optimized Geometry Parameters of [Auy(PH,CH,PH,),]?*+(MeCN), (1-(MeCN),),
[Au(PH2CH,PH)(SHCH,SH)?"+(MeCN); (2:(MeCN)y), [Aux(SHCH,SH);]?"+(MeCN); (3:(MeCN)y),

[Au 2(PH2CH2PH2)(SCH3CHQSCH3)]2+'(MECN)2 (4-(MeCN)y), and [AUz(P(CHg)ch2P(CH3)2)(SCH3CH23CH3)]2+'(MGCN)2
(5:(MeCN),) Using the MP2 Method for the Ground State and the CIS Method for the Excited State

1-(MeCN), 2-(MeCN), 3-(MeCN), 4-(MeCN), 5-(MeCN),

parameters 1A, Ay n A" 1A, A, n A" n A"
Au—Au 2.997 2.720 3.047 2.655 2.925 2.620 3.053 2.671 3.017 2.658
Au-P 2.366 2.688 2.327 2.596 2.332 2.635 2.317 2.529
Au-S 2.442 3.030 2.394 2.800 2.413 2.820 2.416 2.971
P-C 1.873 1.859 1.869 1.858 1.869 1.859 1.866 1.857
P-C 1.854 1.841
pP-C" 1.854 1.843
s-C 1.852 1.830 1.856 1.830 1.849 1.828 1.850 1.827
s 1.861 1.831 1.859 1.828
Au—N 2.600 2.427 2.584 2.336 2.522 2.309 2.673 2.380 2.774 2.405
PP 3.077 3.074 3.071 3.066 3.071 3.073 3.151 3.153
S-S 3.185 3.127 3.196 3.137 3.244 3.172 3.247 3.167
P-Au-S 168.0 170.9 1745 169.8 174.6 153.8
P—Au—P 168.1 172.5
S-Au-S 164.1 169.4
P—Au—Au 90.7 93.8 90.3 945 90.2 94.4 91.7 95.6
S—Au-Au 91.6 945 915 95.3 92.3 95.1 92.7 94.9
C'S—Au 104.4 107.3 104.1 107.9
CP-Au 113.9 112.0
C'P—Au 113.9 118.8
N—Au—Au 99.5 180.0 134.5 173.2 114.4 180.0 160.3 175.8 161.0 167.7
P/S-Au—Au—S/P 168.1 180.0 168.2 179.0 164.9 180.0 175.1 176.3 176.8 156.0

a Distances in angstroms, and bond angles and dihedral angles in degrees.
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Figure 2. Ground-state (aj(c) and excited-state 'fa-(c') structures

of [Au2(PH,CH,PH,),]2t+(MeCN), (1-(MeCN),), [Aux(PH.CHPH)-
(SHCHSH)PP*+(MeCN), (2:(MeCN)), and [Aw(SHCHSH)]?*":
(MeCN), (3:(MeCN)) under the MP2 and CIS calculations, respec-
tively.

S/P— Au. The N— Au coordination leads to 0.27 A AP
and 0.10 A Au-S longer for the pure phosphirie(MeCN),
and thioetheB:(MeCN), complexes, respectively, and to 0.04
A Au—P and 0.31 A Au-S longer for the phosphine thioether
complex,2-(MeCN),. Apparently, the case among the-NAu,

S — Au, and P— Au coordination is more complicated &
(MeCNY), due to the inclusion of the competition between the
S — Au and P— Au coordination.

For the coordinatively unsaturated-3, the adducts form

Pan and Zhang

TABLE 4: Natural Atomic Orbital Populations of the
Lowest Energy Triplet Excited State and the Corresponding
Ground State for [Au2(PH.CH PHy)5]2+ (1),

[Au 2(PH,CH,PH,)(SHCH,SH)?H (2), and
[Au2(SHCH,SH),]?+ (3) under the CIS Calculations

1 2 3
atom orbital *Aq SAL A SA Aq 3A,
Au 6s 0.712 0.742 0.602 0.776 0.498 0.756
6p 0.012 0.144 0.016 0.076 0.020 0.054
5d 9.856 9.623 9.875 9.631 9.891 9.635
4f 0.003 0.005 0.003 0.004 0.003 0.004
P 3s 1.334 1.338 1.333 1.340
3p 3.150 3.159 3.149 3.127
3d 0.056 0.055 0.057 0.056
S 3s 1.661 1.664 1.662 1.665
3p 4.233 4.228 4.224 4.195
3d 0.039 0.039 0.041 0.040
C 2s 1220 1.232 1.221 1.229 1.190 1.194
2p 3.782 3.784 3.782 3.782 3.442 3.444

[Auz(dppm)]2t 2933734 and [Aw(dcpm)]?t 3132 exhibit the
intense phosphorescent emissions at3&#%3 and 496-530 nm

in acetonitrile, respectively, and the latter displays the emissions
at 360-368 nm in the solid state. The dppm ligand possesses
not only the steric effect like the dcpm ligand but also the
electronic effect from phenyl group on P atoms. The difference
of the two types of Au(l) complexes in fluid emission
wavelength mainly results from such a reason. In addition, the
dcpm intraligand transition occurs at a much higher energy than
the o*(5d) — ¢(6s) transition, whereas the— z* transition

of phenyl rings of the dppm ligand is close in energy to the
0*(5d) — o(6s) transition, leading to no intense high-energy
emission available for [Asfdppm}]?* in the solid state at room
temperaturé>32In fact, our model [Ay(PH,CH,PH,);]%" can
stand for the real [A(dmpm}]2™, [Aux(dppm}]?t, and [Aw-
(dcpm}]?™ complexes and reflect the emissive transition in
nature just because the lower energy emissions of such Au(l)
complexes mainly originate from theg(5d) — o(6s) transitions
and are strongly correlated with the AutAu(l) interaction.

In the CIS calculations]—3 give the lowest energy phos-
phorescent emissions at 301, 346, and 387 nm in the gas phase
and at 507, 677, and 727 nm in acetonitrile solution, respec-
tively. To conveniently discuss the emissive process, we present
the natural atomic orbital populations of the triplet excited state
and the corresponding ground state in Tables 4 and 5.

In the previous theoretical investigatiot?s,25-10° Mulliken
populations were used to present the information concerning
atomic charge distributions to render a chemical interpretation
of the wave function, and to get a useful understanding and
correlation of chemical phenomena. Though, of the numerous
schemes proposed for atomic population analysis, only that of
Mulliken has truly found widespread use, unfortunately, as has

between cations and acetonitrile molecules in the excited statedeen repeatedly mentioned in the literature, Mulliken populations

of 1—3-(MeCN),. Our calculated results confirm the proposal
of Che et aB132that the triplet excited state of the [Adcpm}]-

X2 (X =CI~, ClO4~, PR, and SQCF;~) complexes exists as

a solvent exciplex in solution. In fact, many geometries similar
to 1-3-(MeCNY); in the excited states have been synthesized
and structurally characterized, such as binuclelrAd(Il)
complexeg00-101.103-105 5q the lowest energy emissionsisf3

and their solvated species are expected to correlatendith
(n+1)s/p transitions.

3.2. Luminescent Properties of +3 and Their Solvated
Species.So far, the luminescence of many binuclear Au(l)
phosphine complexes such as pfdppm}]?™ and [Aw-
(dcpm}]?™ has been reported 34 At room temperature,

fail to give a useful and reliable characterization of the charge
distribution in many cas€4%-112Because Mulliken populations
seem to give an unreasonable physical picture of the charge
distribution in compounds having significant ionic character and
are unduly sensitive to basis set, particularly as the basis set is
enlarged to higher accuracy, here the natural population analysis
proposed by Lwdin'3is applied to solve the problems about
atomic charges and orbital populations of molecular wave
functions. The natural analysis is an alternative to conventional
Mulliken population analysis and can exhibit improved numer-
ical stability and better describe the electron distribution in
compounds of high ionic character, such as those containing
metal atomg1°
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TABLE 5: Natural Atomic Orbital Populations of the
Lowest Energy Triplet Excited State and the Corresponding
Ground State for [Au(PH,CH,PH>)5]2-(MeCN),
(1-(MeCN)y), [Aux(PH,CH,PH,)(SHCH,SH)?*+(MeCN),
(2:(MeCN)y), and [Aux(SHCH,SH);]2"+(MeCN); (3:(MeCN),)
under the CIS Calculations

3[o*(d)o(s)] excited state presents a much shorter Au@i(l)
distance of 2.708 A compared with 2.989 A in the ground state
for 2, as shown in Table 2. Fdr-3, the emissions change from
301 to 346 to 387 nm with the variation of the FEH,PH,
(phosphine) and SHGISH (thioether) ligands, parallel with the
increase of charge transfer in thés) — o*(d) transitions (Table

1-(MeCN), 2-(MeCN), 3-(MeCN), ] :
atom  orbital 1A A A A A A 4) and the decrease of Autpu(l) distance in the’{o*(d)o-
9 “ 9 ‘ (s)] excited states (Table 2) upon going frdrto 3. The greater
Au 6s 0542 0783 0457 0.763 0.402 0.744 gg contribution to the transition should result in the lower
g’g g'gég 8'232 8'3% 8'2?2 8'832 8'232 emissive energy (longer emission wavelength) and the larger
4f 0.002 0003 0.002 0003 0003 0.003 relativistic contraction (shorter AughAu(l) distance). Thus, we
=] 3s 1.364 1.370 1.354 1.351 can simply correlate the Au(hAu(l) distance with the emission
3p 3.143 3.128 3.151 3.104 wavelength; i.e., the shorter the Auiu(l) distance, the longer
3d  0.050 0.050 0.052 0.052 the emission wavelength. It is, indeed, the case ¥et3-
S g’s A8 L0 T 4857 (MeCN) because of 2.720, 2.655, and 2.620 A Au@u()
34 0034 0034 0036 0036 Gdistances in the excited states and 507, 677, and 727 nm
C 2s 1.217 1.221 1.216 1.222 1.185 1.187 emissions. Thus, the interchange of the®H,PH, (phosphine)
2p 3.781 3.780 3.788 3.783 3.452 3.451 and SHCHSH (thioether) ligands makes the regular variation
N 2s 1573 1561 1563 1552 1.558 1548 of Ay(l)—Au(l) distance and emission wavelength ir-3
2p 4.029 4.024 4.069 4.060 4.089 4.078 complexes
Cn 2s 0.885 0.884 0.888 0.887 0.889 0.888 ’
2p 2.603 2.604 2569 2570 2554 2555 In the 3[o*(d)o(s)] excited states of—3 in the acetonitrile
Ch 2s 1134 1134 1124 1124 1125 1125 solution, the adducts form betweén 3 cations and acetonitrile
2p 3555 3555 3552 3552 3.552 3.552 mglecules as Che et al. suggested. Th&-(MeCN), complexes

in the excited states resemble the binuclear Au(ll) complexes

It can be seen from Tables 4 and 5 that the charge transfer ) v
localized on gold centers plays a main role in the transitions. I the geometry structur?-10110%°104 |t is the coordination
For the emissive process, the electrons mainly transfer from 6sffom N to Au(l) that strongly increases the charge transfer
to 5d orbitals of the Au(l) atom, belonging to the metal-centered Petween theo*(d) and o(s) orbitals, resulting in a longer
transition, whereas the populations on other atoms are nearlyéMission wavelength and a shorter A(Au(l) distance in
unchanged. Fo2, the electronic configuration of Au atom is 1~ 3"(MeCN), with respect to those ii—3, as seen in Tables
470.0059.87560.605.016 g 400456316 776 076 oy the 1A 2—5. Namely, the 6s ort_)ltals of Au(l) atoms lose about 0.24,_
ground state and th#A" excited state, respectively. The 5d 031, and 0.34 e in solution apd about 0.03, 017 and 0.26 e in
orbital gets a total of about 0.24 e from 6s (0.17 €) and 6p (0.06 the gas phase fdt—3, respectively. In the emissive processes
e) orbitals. In addition, about 0.6D.02 e of the 2p orbitals of ~ 0f 1—3:(MeCN), 2s and 2p orbitals of N atoms both contribute
S/P atoms is back-donated from Au atoms in the 3463At about_0.0l e, indicating the use of the (sp) electrons of N to
— 1A’ transition. Because the interaction between the two Au- coordinate to Au(l).
() atoms combines the 5d orbitals and the 6s orbitals into the To deeply understand the electronic structureslef3:
0*(d) (HOMO) ando(s) (LUMO) orbitals, respectively, the 346  (MeCN), in the excited states, we list their partial frontier
nm phosphorescence is assigned af6a) — ¢o*(5d) transition molecular compositions in thfo*(d)o(s)] excited states in
from the excited state to the ground state. Accordingly, the Table 6 and Tables 1 and 2 of the Supporting Information. Most

TABLE 6: Partial Molecular Orbital Contributions (%) of the Lowest Energy 2A, Excited State of

[Au2(PH,CH,PH,),]2"+(MeCN), (1:(MeCN),) under the CIS Calculations
Au components

contribution (%) others components

orbital bond energy (eV) 2Au 4P 2N s p d
35a a+o(P) —1.937 32 36 0 28%,p 8% p(P) 7% p(P)
35 a* —2.256 88 10 0 87%,p
34a o —2.468 66 9 0 18%s 48%p
34a, =« —2.942 47 31 0 47%,p 9% s(P) 5% gP)
33y a* -3.014 89 3 0 86%,p
33a o —3.016 62 11 2 6%s 56%p 6% s(P)
32a, =« —4.565 54 9 0 52%.p
328 o —5.316 43 43 2  23%s 11%p 5%d; 11% s(P) 9% KP)
HOMO—-LUMO Gap
3la o* —14.332 56 29 9 40%,8-,,13% d2 5% s(P) 9% P) 6% s(N)
30a  o(Au—P) —16.714 13 57 2 13%,p 24% p(P)
3la  o(Au—P) —16.784 33 57 1 10%p 22% d, 6% s(P) 22% gP)
30 o —16.912 54 23 8 16%s 5%p 31%d, 9% pi(P)
29  a* + 7(C=N) —17.878 82 0 9 82%.d 9% p,(N)
29a, o* —18.031 95 2 2 46%,d 2 43% d,
283 a* +a(C=N)  —18.049 67 3 14 66%,d 14% pN)
28a, @+ 7(C=N) —18.517 21 0 39 21% 39% p(N)
27a,  m+ a(C=N) —18.602 21 1 38 21%, 38% p(N)
26a,  o* —18.743 97 1 0 97%x4l
27 O —18.906 91 3 1 86%,4
26a  n* + a(C=N) —18.934 32 0 34 31%d 34% p(N)
255 a* +a(C=N)  —18.990 25 14 25 24%d 24% p(N)
243 o —19.055 82 1 12 42%,e 230%dz 7% s(N) 5% p(N)
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of the orbitals can be assigned as a single-bonding function from arise from Au 5d orbitals and the unoccupied orbitals from Au
the combination of gold(l) atomic orbitals. In the three excited- 6s and 6p orbitals (Tables 1 and 2, Supporting Information).
state geometries, theaxis goes through two Au(l) atoms. The But as the thioether ligand is different from the phosphine ligand
Au and P atoms lie upon the plane forl-(MeCN), whereas in the electronic structure, there is some contribution of the
the Au and P/S atoms lie on the plane for2—3-(MeCN),. remaining lone pair electrons on the sulfur atom to the filled

With respect tol-(MeCN), in the triplet excited state, the  orbitals for2:(MeCN), and3-(MeCN),. It is worth noting that
occupied orbitals have the most Au 5d characters, associatedhe relatively lower energy(Au—P/S) (184) and o(Au—S)
with some participation of the phosphor on phosphine ||gand (21&1) bonding orbitals also participate in the emissive transitions
and of the &N bonding on acetonitrile, whereas the unfilled for 2:(MeCN), and3-(MeCN), respectively. In addition, there
orbitals possess the most Au 6s and 6p characters, as seen ¢ Some mistake in predicting the order of orbitals in the CIS
Table 6. The 30aand 31g molecular orbitals (MOs) have the ~ calculations, because the 26as ad(dy) bonding orbital is
metat-ligand o bonding characters, where the former is higherin energy than 256*(dy)) for 3-(MeCN), as seen in
combined by 13% 4Au) and 24% R(P) and the latter mainly ~ Supporting Information Table 2. It mainly results from the error
arises from the interp|ay between thﬂm atomic orbital and of the CIS method. The CIS method for the excited state OnIy
the admixture of theAu) and d{Au) atomic orbitals (AOs). corresponds to the HF method for the ground state and only

It is seen that the interactions of thg(@éu) AOs form thed includes some of the electron correlation effects via the mixing
ando* bonds in 27g and 26@ MOs, respectively, with about of excited determinants. However, we think the CIS method is
0.16 eV separated energy. Theorbitals come from the ¢ reliable in the paper, as CIS predicts the majority of orbitals of
(Au) and d{Au) AOs, where the g 7 (27a) and 7* (28a) l_—3 in accurate _order and energy and comes true the calcula-
orbitals are separated by about 0.55 eV and therd28a,) tions of the relatively large molecules.

and 7 (29gy) orbitals are separated by about 0.64 eV. [Auy(diphosphine)?t and [Pi(P-OsH,)4]*~ both have vacant
Apparently, dr interactions are more significant than.dt is coordination sites at the metal atom and display an intense

worth noting that there is som&(C=N) bonding contribution (s/p)— o*(d) emission with a long lifetime of microseconds in
to eachwt MO of metal. Moreover, ther(C=N) bonding fluid solutions at room temperature. Importantly, fiie*(d)-
characters are greater in lower energy metdlOs than in o(s/p)] triplet excited states of both systems have a formal
higher energy metat MOs, showing the binding of acetonitrile  metal-metal single bond and are powerful photoreductants. [Pt

to Au(l) atom can stabilize th§o*(d)o(s)] excited state of- (P,OsHy)4]* is an effective photocatalyst for-<X (X = halide)
(MeCNY),. For the four metatmetalo ando™* orbitals: the 31a bond activation via the reactive [P+X—C]* inter-
(HOMO) and 29a are the metatmetal o* MOs, mainly mediate??—21.93-95114however, the [Ap(dppm)]2" catalyzes the
contributed by the combination ofd2(Au) and dz(Au) ACs; photochemical cleavage of€X bonds following an electron-
the 303 o bonding orbital is mixed by 31%dAu), 16% s(Au), transfer mechanism rather than an atom-transfer mech&hm.

and 5% p(Au) AOs; the 24gis a o bonding orbital with the [Auz(diphosphing)]?™ systems do not react with-&H bonds
mixed 42% ¢k-2(Au) and 30% ¢p(Au) orbital characters. (including activated ones) photochemically just ag(fBOsH2)4]*
Except for the most Au 5d components in 3aad 24gorbitals, does. Such a discrepancy in the photochemical properties
about 10% s(N} pAN) character is found, suggesting the sp between the gold(l) and platinum(ll) systems has been rational-
hybrid electrons of acetonitrile are used to coordinate to Au(l) ized by Che’s studies on [A(diphosphineg)2t.3132 They
atom onl:(MeCN),. At last, we can come to the conclusion proposed that the apparent lack of reactivity towareHbond

that the strength of the d(Au) AO interactiondgd,e—2,02) > activation of the triplet excited states of [Xdiphosphine)]?*
7(dy; or dy) > (dyy). is attributed to the fact that thigo*(d)o(s)] state of the Au(l)

For the lower energy unfilled orbitals, the combination of 6s Complex exists as a solvent/anion exciplex in solution, rendering
and 6p orbitals of Au atoms contributes to ther, o*, and z* the gold(l) less accessible toward interacting with theHCbond

MOs. The 32gorbital (LUMO) is the admixture of 23%5s, 11% by an inner-sphere pathway. In the work, we provide the
p., and 5% ¢k components to give the bonding orbital. The theoretical evidence for the formation of the adduct of Au(l)
pAAu) AOs combine to form the* orbital in 33a. Fourx complex in the excited state in acetonitrile.

orbitals in 32@, 33g, 34a, and 35g come from the gAu)— In addition, we also calculated the related platinum(ll)
px(Au) and g(Au)—py(Au) interactions, as shown in Table 6. complexes [B(X)4(PH.CH.PH,)2] and [PH(X)4(PH.CH.PH,)2]-

For 1:(MeCN), the 31a — 32g excitation configuration with (MeCN), (X = CN-, CI7, and Br) to the famous [Rt
the largest coefficient of 0.67 in the Cl wave functions should (P,OsH5)4]%~. The results show the interaction between the Pt-
be responsible for the 507 nm emission. According to the above (Il) and N atoms of [Pi(X)4(PH.CH.PH,).]-(MeCN), is very
analyses on the orbital characterslefMeCN), in the excited weak either in théAy ground state or in théA, excited state.
state, the 3lgorbital (HOMO) has the*(d,2-2,0,?) characters For example, thé[o*(d)o(p)] excited states of [RACI)4(PH,-
and the 32gorbital (LUMO) is the o(s,p) bonding orbital. CH,PH,),] and [Pi(Cl)4(PH.CH.PH,)2]-(MeCN), give rise to
Therefore, the 507 nm emission b{MeCN), is assigned to a  emissions at 420 and 424 nm, respectively. TheNPdistances
o(s,p) — o*(de—2,0,2) transition from the excited state to the of the solvated species are 3.015 A in #4g ground state and
ground state, which corresponds to the 4880 nm emissions 5.007 A in the3A, excited state. The deference betweken

of [Aux(dcpm)]X, (X = ClI—, CIO4~, PR, and SQCF;™) in (MeCN), and [Pt(X)4(PH.CH.PH,)2] -(MeCN), in the excited-
acetonitrile at room temperature. It is the increase of electrons state structure can rationalize why the binuclear platinum(ll)
in the o(s) bonding orbitals and the reduction of electrons in complexes can serve as an effective photocatalyst foxX CX

theo*(d) antibonding orbitals in the excited statelBs{MeCN), = halide) bond activation via the reactive {PtX—C]* but the
that result in the shorter AuAu distance with respect to in the  binuclear Au(l) complexes do not.
ground state as shown in Table 3. 3.3. All Possible Geometries and Subtituent Effect of 2

Just like those oll-(MeCNY), in the triplet excited state, the and 2-(MeCN).. In the calculations, th@ complex can take
frontier molecular orbitals 02-(MeCN), and3-(MeCN), have chair (Figure 1a, Supporting Information) and boat (Figure 1b,
the most Au orbital characters; i.e., the occupied orbitals mainly Supporting Information) conformations in the ground state.
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The calculations on [Af{PHCH,PH,)(SCHCH,SCHy) 2
(4), [Auz(P(CH)2CHoP(CHs)2)(SCHCH:SCH)|?* (5), 4-
(MeCNY), and5-(MeCNY), are carried out to study the substituent
effect on the sulfur and/or phosphor atoms of the complexes.
The ground- and excited-state structuregtand5 and their
solvated species are fully optimized by the MP2 and CIS
methods, respectively. The calculated geometry parameters are
presented in Tables 2 and 3, and the corresponding structures
are depicted in Figure 3. As seen in Tables 2 and 3, the CH
substituent on S and/or P atomsdimnd5 affects very slightly
the molecular geometry. Only the A®/P bond length it
and 5 is a bit shorter thar? because the CHsubstituent
enhances the donor ability of the S and P atoms. In the solvated
species, the AuN distance elongates from 2.584 A @&f
(MeCN), to 2.673 A of 4(MeCN), and to 2.774 A of
5-(MeCN), in the TA’ ground state. The enhancement of the
P/S donor ability ird-(MeCN), and5-(MeCN), strengthens the
P/S— Au bonding, so in the competition amongPAu, S—
Au, and N--Au, the N--Au interaction is naturally weakened.
Moreover, the steric effect from the GRubstituent on the sulfur
and/or phosphor atoms is also one reason to elongate th&lAu
distance in4-(MeCN), and 5-(MeCN), with respect to in2-
(MeCNY), in the *A" ground state. A similar case occurs in the
SA" excited states a?-(MeCN),, 4:(MeCN),, and5+(MeCN),.

The CIS calculations show that tR&" excited states of
and5 give rise to the lowest energy phosphorescent emissions
at 339 and 337 nm in the gas phase and at 596 and 618 nm in
acetonitrile. The analyses on the wave functions indicate that
the emissions in both the gas phase and solution originate from
theo(6s)— o*(5d) (MC) transitions, which are consistent with
the 346 nm emission oR and the 677 nm emission of
2:(MeCN),. Such calculated results reveal that thezGirfbup
on the P and S atoms i and5 as well as4-(MeCN), and
5-(MeCN), causes the blue shift of emission wavelength with
respect to2 and 2:(MeCN). In 4 and 5, the stronger donor
ability of the P/S atom caused by the €gfoup increases the
Figure 3. Ground-state (a)(d) and excited-state fa-(d') structures Au—P/So bonding contribution to the lowest energy emission.
of [AU2(P|'|2CH2PH2)(SZE|'ECH23C|'E)]2+ (4), [AU2(P(CH3)ZCH22|3' As the LUMO and HOMO haves*(5d) and o(6s) orbital
(CHy)o)(SCHCH,SCHI™" (5), [Aux(PH.CH:PH,)(SCHCH,SCH)*™ characters, more AuP/So bonding perturbation to the(6s)
(MeCN), (4+(MeCN),), and [Aw(P(CHs),CHoP(CH)2)(SCHCH,- . " . »
SCHy)]?*-(MeCN), (5-(MeCN),) optimized by the MP2 and CIS O (5d) transition should result in larger transition energy and
methods, respectively. shorter emission wavelength.

3.4. Comparison among Phosphine, Thioether, and Thi-
When 2 adopts the chair configuration and the steric effect is olate Complexes in Luminescent PropertiesSo far, many
considered, the acetonitrile solvent molecules may contribute experiments have studied luminescent properties of phosphine
to Au(l) atoms from the same side of the &S, plane or the Au(l) thiolate complexes and their excited states have been
two sides of the plane to form the weakly solvag2(MeCN), suggested to be metal to thiolate ligand charge transfer (MLCT)
moiety, as shown Figure 2a,b (Supporting Information), respec- in nature?®-2> Recently, Bruce and co-workéfdhave reported
tively. The former possess€s symmetry and the latter has no  that a series of binuclear phosphine Au(l) thiolates{&Ph-
symmetry, at the beginning of optimizations ®1{MeCN),. But (CHR)PPR}H S(CH,)sS} (n = 2—4), display an intense phos-
analysis of optimized geometry parameters indicates the latterphorescent emission in the range of 5&15 nm in the solid
also has theCs symmetry. If the boat conformation is chosen state at room temperature, which has been assigned as an Au
by 2, the same side contribution like Figure 2c (Supporting — S charge transfer (MLCT) transition by experiment and
Information) is preferred due to the least steric hindrance. theory®®

For the excited states @and2-(MeCN),, the CIS method In the work, a series of binuclear Au(l) complexes with
is applied to fully optimize their structures. With respect to each phosphine and/or thioether ligands3) all produce the lowest
ground state, the lowest energy triplet excited-state geometryenergy emission with the MC transition, different from the
is obtained, as shown in Figure'ld and Figure 2a ¢ MLCT transition of the lowest energy emission of Au(l) thiolate
(Supporting Information). Of particular interest2gMeCN), complexes. In Figure 4, we display the diagrams of the electron
has an extremely similar excited-state structure except that thetransitions ofl—3, [Aux(PH,CH,PH,)(SCH:S)] (6),%® head-to-

C atoms on the eight-membered skeleton adopt trans or cistail [Aux(PH,CH,SH)]?" (7),>* and head-to-head [A(PHCH,-
conformation. Because every conformationZdras very similar SH)J?t (8),%* where the comparison betweénand 6 can
excited-state properties by analyzing the wave functions, hereinprovides the most intuitive understanding for the influence of
only the boat conformation complex in both the gas phase anddifferent Au—S bonding characters on the luminescent properties
acetonitrile is discussed in detail. of the Au(l) complexes.
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Figure 4. Diagrams of the single electron transitions involved in the CIS wave functions witfCtheoefficient > 0.1 for the lowest energy
emissions of [AWPH,CH,PH,),]?" (1), [Auz(PH.CH.PH,)(SHCHSH)P (2), [Aux(SHCHSH)]?' (3), [Aux(PH.CH,PH,)(SCH:S)] (6), head-to-
tail [Auz(PHCH,SH),]2* (7), and head-to-head [A(PH.CH,SH),]?" (8).
; . .4TABLE 7: Optimized Geometry Parameters of the Lowest
We must note that such ca_llculanons reported h_ere are CamedEnergy Triplept Excited State bythe UMP2 Method for
out considering only the cations far-3, 7, and8 without the  complexes [Ap(PH,CHPH,);]2+ (1),
inclusion of the crystal environment. This approximation is [Aux(PH,CHPH,)(SHCH,SH)]?* (2), [Auy(SHCH,SH),]2*

reasonable for the purpose of the present study because thé3), Head-to-Tail [Auy(PH.CH,SH),]?* (7), and

. . . . . . -t0O- 2+ 7
crystal field is crucial for getting reasonable orbital energies, (H:gﬁ:?;Igotekc'ie'??a%@%%Héﬁgangé]twe(g% tﬁgglg}(r(]:ietgéwéqafgean q
but the crystal environment does not necessarily modify either o Corresponding Ground State

the ordering or the relative orbital energies of the complex.
Therefore, the relative energies of the different states reported

parameters 18A,  2°A" 33A, 73Ay 83A

here should not be altered if isotropic fields are included. For Au—Au 2678 2620 2583 2619 2572
systems that present short contacts between cation and counfu—P 2404 2.399 2402 2.379
teranion, some of the conclusions reported here may not be abIeAu_S 2491 2500 2491 2578
» SO _ P _ y P—C 1.877 1.878 1.883  1.882
to be applied directly. Thus, to conveniently compare the s—c 1871 1871 1.871 1.857
transitions of cationd—3, 7, and8 with neutral6, we shift all P---P 3.109 3.133
the orbital levels o6 to the region of such cations; namely, the ﬁg 3273  3.275 3004 3167
energy of each orbital o8 subtracts 10 eV. o P—AU—S 166.3 1650
Figure 4 shows that the HOMG~ LUMO excitation P—AuU—P 169.7 175.0
configuration of the Au(l) complexes has the largest coefficient S—Au—S 164.1 159.0
in Cl wave functions, which is responsible for the emissive P—Au—Au 95.1 96.1 93.0 92.5
S—Au—Au 97.5 98.0 100.5 100.5

energy and transition property. Apparently;3, 7, and8 have P/S-AU_AU—S/P 180.0 —178.7 180.0 -1766 —1725
very similar orbital characters because the HOMO isdhe  Ag, ., evinmp 3.57/347 3.26/380 2.84/437 3.34/371 3.01/412
[d(Aug)] character mainly arising from the combination of =~ AEg(eVinmy — 4.12/301 3.58/346 3.20/387 3.68/337 3.24/383
dz(Au) and dz—2(Au) orbitals and LUMO is composed af a Distances in angstroms, and bond angles and dihedral angles in
[SP{Au2)] orbitals. (Thez aX|§ goes through the two Au(l) atoms degrees® The emissive ener’gy (eV/nm) from the UMP2 calculations.
for these Au(l) complexes; the Au and P atomsldfe upon ¢ The emissive energy (eV/nm) from the CIS calculations.
thexzplane and the Au and P/S atoms lie uponyhkelane for
the other complexes.) However, the HOMO @fs the lone meaningful. The H-L energy gap (eV) is 10.521) > 10.37
pair electrons of the S atom and LUMO comes frofp,(Auy)] (7) > 10.21 @) > 10.14 @) > 9.94 @), which parallels with
orbitals. Therefore, the emissionsbf 3, 7, and8 are the MC the emissive energy of 4.12)(> 3.68 () > 3.58 @) > 3.24
transitions in nature whereas the emissior6a$ attributable (8) > 3.20 @). 2, 7, and8 as isomers should possess the close
to MLCT transition. For2 and 6, the only difference is the = emissive energy due to the similar frontier orbital characters,
bonding characters between the Au and S atoms, which resultsyyt 8 is about 0.4 eV (40 nm) lower in the emissive energy
in the difference of the transition properties, emissive energy, than2 and7. This may result from the instability of the isomer
and excited-state geometry. The lowest enéagyexcited state 8 structure.
of 6 presents the AuAu distance of 2.879 A, shorter than 3.011 3.5. UMP2 Calculations. In this paper, we use the un-
Ain the 'A’ ground state, as seen in Table 3 of the Supporting restricted MP2 method to optimize the lowest energy triplet
Information®> Moreover, the bite distance of SS shortens from  aycited state ofi—3, 7, and8, to certify the validity of such
3.200 Ain the ground state to 2.890 A in the excited state. As |5 calculations on one hand and to shed some light into the
shown in Table 2, the AuAu distance oP reduces from 2.989  aAy—Au bonding properties of the excited state on the other
A'in the °A” excited state to 2.708 A in the\’ ground state,  hand, The optimized main geometry parameters related to the
but the S-S bite distance changes slightly (0.05 A). Itis not triplet excited state are given in Table 7. Compared with the
difficult to see that the approach of the S atoms in the excited c|s optimized geometry af—3, 7, and8 as shown in Table 2
state of6 strongly destabilizes the orbital with S lone pair and Table 3 (Supporting InformatioPf)the UMP2 optimized
electron character, which makes the L(S) constitute the HOMO geometries are more unrelaxed, especially for the AuL)()
unlike theo*[d(Au2)] HOMO of 2. Certainly, the interaction  and Au-P/S bonds. This is because more electron correlation
of L(S) is dominant in reducing the emissive energys¢®.68 effects are included in the UMP2 method than in the CIS
eV, 462 nm) relative t@ (3.58 eV, 346 nm) as both LUMOs  method. Except o8, the Au(l)—Au(l), Au—P, and Au-S bond
are the Au-Au bonding orbitals and the stabilized energy of |engths in the UMP2 calculations are about 0.10, 0.14, and 0.21
the LUMOs from Au-Au interaction is approximately equal. A shorter than corresponding ones in the CIS calculations. The
With respect tdl—3, 7, and8 cations that produce emissions Au(l)—Au(l) distance of8 optimized by the UMP2 method
with the MC transitions, the comparison of orbital energy is shortens about 0.42 A relative to the CIS optimized one. A
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TABLE 8: Calculated Au—Au Stretching Frequencies for
the Ground States and Lowest Energy Triplet Excited States
of Complexes [)A\Lk(PHch2PH2)2]2Jr 2),
[Au(PH2CH2PH2)(SHCH,SH)I?T (2), [Aua(SHCH,SH),)2*

(3), [Aux(PH,CH2PH,)(CH3SCH,SCH3)12" (4),
[Au2(P(CH3),CH,P(CH3),)(CH3SCH,SCH3)%* (5),
Head-to-Talil [Au(PH,CH,SH),]?" (7), and Head-to-Head
[Auz(PH2CH2SH),|2* (8)

1 2 3 7 8

freq (cnd) 89 96 101 96 97
Au—Au (A) 3.033 2.989 2.944 2979 2.972
triplet excited state freq (cm) 144 164 179 165 189
Au—Au (A) 2.678 2.620 2.583 2.619 2.572

ground state

possible reason is that the MP2 method overestimates the

bonding Au(l>-Au(l) interaction (2.572 A), as seen in Table

7, whereas the CIS method underestimates the diffuse Au(l)
Au(l) interaction (2.994 A), as seen in Table 3 (Supporting

Information)#1—44115Byt as the HOMO and LUMO characters

described by the two methods are identical, the difference in

the geometry structure is acceptable here.
In Table 7, we also summarize the emissive energylfes,
7, and8 under the UMP2 and CIS calculations. The emissiv

energy of the UMP2 calculations is a bit lower than the CIS
results, which is consistent with the CIS method overestimating

the transition energ{?8284 For 1, the emissive energy is

calculated at 3.57 eV (347 nm) and 4.12 eV (301 nm) at the
UMP2 and CIS levels, respectively. Apparently, the result
predicted by the UMP2 method is closer to the experimental

3.44 eV (360 nm) emission for [A(dcpm}]?t in the solid

state31:32 Because in the UMP2 and CIS calculations the

difference of the emissive energy is very small, 6:B3%5 eV

(34—46 nm), the characters of HOMO and LUMO are identical,
and the geometry structure is approximately parallel, we think

J. Phys. Chem. A, Vol. 108, No. 16, 2008659

the binuclear gold(l) and platinum(ll) phosphine complexes in
catalyzing the €& X bonds.

For 2, the possible geometries are optimized in the gas phase
and solution, which all have very similar geometry structures
of the excited state and luminescent properties. The substituent
effect of methyl groups on P and/or S atoms frand
2-(MeCN), only affects the transition energy of the lowest
energy emission but does not change the MC transition in nature,
showing the rationality of the approximation of the hydrogen
in place of the heavy subtituent on the P/S atoms. The
comparison betweed (thioether) and (thiolate) suggests that
the different bonding characters between the Au(l) and S atoms
result in the lowest energy emission with the MC and MLCT
transition properties, respectively.

Finally, the UMP2 calculations oti—3, 7, and 8 confirm
the CIS results in both optimized geometry and emissive energy
of the3[o*(d) o(s)] state’* The CIS method is safe for the studies
in the paper. We also hope that our studies can provide some
theoretical support for the experimental observations, especially
for the existing and/or potential applications of Au(l) com-

p|exesl,2,24,2934,119125
e .
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