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Abstract

A family of groups 10 and 11 heteropolynuclear thiolate or alkynyl complexes has been prepared by incorporating d® or d'® metal thiolate/alkynyl
species with d'® metal diphosphine components. This review article presents our recent progress in the design of luminescent d3—d'® or d'°-d'®
multicomponent and heteropolynuclear complexes based on thiolate or alkynyl ligands. The syntheses, structures and photophysical properties of
these heteropolynuclear thiolate/alkynyl complexes are summarized to elucidate the correlation between structures and luminescence.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Abbreviations: aet, 2-aminoethanethiolate; bpy, 2,2'-bipyridine; Brphen,
5-bromophenanthroline; dbbpy, 4,4'-dibutyl-2,2'-bipyridine; dmbpy, 4,4'-
dimethyl-2,2'-bipyridine; dppm, bis(diphenylphosphino)methane; edt, 1,2-
ethanedithiolate; pdt, 1,3-propanedithiolate; phen, 1,10-phenanthroline; tdt,
3,4-toluenedithiolate.

* Corresponding author. Fax: +86 591 8379 2346.
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The 10 and 11 group metal ions usually exhibit d® or d'°
electronic configurations. One of the most remarkable features
of these d® or d!® metal complexes is their tendency to form
metal-metal contacts whose energy is comparable with that of
hydrogen bonds [1]. In combination with various anionic or neu-
tral ligands, these d® and d'? metal ions can form a wide variety
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of coordination compounds that exhibit intriguing spectroscopic
and optoelectronic properties [2-5]. Most remarkably, d® and
d' metal complexes are frequently luminescent with manifold
emissive origins depending on their structural features as well
as the nature of the metal ions and the ligands[6—14].

In order to reveal the correlation between structures and
emissive properties, numerous mono-, di-, tri- or oligonuclear
complexes of d® or d'” metal ions have been prepared with a wide
range of ligands including halides, chalcogenides, thiolates,
phosphines, acetylides and N-heterocycles [2—14]. Noticeably,
the presence of thiolate, acetylide and/or phosphine usually
favors formation of ligand-linked metal cluster arrays through
metal-metal interactions. The metal-metal contacts usually play
a significant role in governing the spectroscopic properties and
determining the emission features of these d® or d'” metal cluster
compounds [2—14]. Furthermore, the emission energy, lifetime
and quantum efficiency are tunable by modifying the ligands as
well as introducing electron-donating or -accepting substituents
to the aromatic rings.

There are a few review articles dealing with d® or d'°
homonuclear complexes of thiolates [10—13] or alkynyl ligands
[14-19], in which the preparation, reactivity and structures of a
wide range of oligonuclear d® or d' complexes together with
their photophysical properties [10-13,18,19] have been exten-
sively reviewed. In contrast, review articles involving d3—d'®
or d'%-d'0 heteropolynuclear complexes are scarce [20-22].
This article focuses on presenting the recent progress in the
design of luminescent d3—d!°/d'9—d'? heteropolynuclear and/or
multicomponent complexes by incorporating d® or d!° metal
thiolates/acetylides complexes with d!® metal diphosphine com-
ponents. The synthetic routes, spectroscopic and structural
characterization together with photophysical properties of a
series of d3-d!0/d'9—d!% heteropolynuclear and/or multicom-
ponent complexes based on thiolate or alkynyl ligands are
summarized herein.

2. d8-d!? heteropolynuclear thiolate complexes

Because of the thiolate bonding diversity, metal thiolate
complexes are known to adopt various nuclearities and great
structural complexity [10-12]. Of numerous metal thiolate
species, those with d3 metal ions such as Ni?*, Pd%+, Pi2+
and Au** are particularly attractive owing to their intrigu-
ing spectroscopic and photophysical properties [10,12,13].
A large number of d® or d!° homonuclear thiolate species
with different nuclearities and diverse structural topology
have been prepared and the correlation between structure and
emission summarized [10,12,13]. In contrast, studies on the
photophysical properties of d®—d!'® heteropolynuclear thiolate
complexes are quite limited [23], to the best of our knowl-
edge, although a number of such species have been reported
in the literature [23-28]. Gonzalez-Herrero and co-workers [23]
recently described the preparation of a series of Pt(Pd)Au or
Pt(Pd)Au, heteropolynuclear thiolate complexes with (2,7-di-
tert-butylfluoren-9-ylidene)methanedithiolate. Upon formation
of the Pt(Pd)Au or Pt(Pd)Au; arrays by introducing [Au(PCy]*
units through Pt(Pd)-S—Au linkages, the low-energy absorption

due to dw(Pt/Pd) — m* (dithiolate/diimine) MLCT or charge
transfer to diimine state is obviously blue-shifted because of
a decrease in the energy level of the mixed metal/dithiolate
HOMOs. Both Pd"-Au! and Pt'-Au! heteropolynuclear species
are emissive at 77 K originating from a metal-centered 3d—d state
for the Pd"-Au! species whereas from a MLCT (Pt — dithiolate)
triplet state or admixture of charge transfer to diimine and
diimine intraligand  — 7* triplet states for the Pt!'-Au! com-
plexes.

Our recent studies focused on the preparation of lumines-
cent d®~d'® multicomponent and heteropolynuclear thiolate
complexes utilizing d® metal thiolates as precursors to incor-
porate with d'° coinage metal diphosphine components. Some
mononuclear d® metal thiolate species containing Ni**, Pd>*,
Pt>* or Au* ions were selected for construction of a series
of luminescent d3-d!® heteropolynuclear thiolate complexes.
These compounds exhibit diversified structural topologies and
intriguing photophysical properties. Most of them show intense
photoluminescence in both solid state and solutions at ambient
temperature.

2.1. d®-d'” heteropolynuclear complexes based on
Ni'l/Pa"! thiolate

In view of the prominent bridging character from the S donors
in the thiolates, d® metal thiolate complexes M(aet), (M=Ni,
Pd or Pt) are versatile precursors for the construction of het-
eropolynuclear arrays [29]. Attempts have been made to access
d8-d'% heteropolynuclear thiolate complexes using M(aet), as
precursors, including reactions with d!© metal diphosphine
species [M'2(p-dppm)>(MeCN)> 1>+ (M’ =Cu or Ag) induced
isolation of thiolato-bridged Cus'M3!! heteroheptanuclear com-
plexes [CusM3(p-dppm)3 (3 -aet)4(}x-aet)2]4+ M=Nil,Pd2)
or Aga!M!! heterotrinuclear complexes [AgaM(p-dppm)s (-
aet)2]>* (M =Ni 3, Pd 4) [30].

M'= Ni 3, Pd 4

The CusM3z (MM =Ni 1, Pd 2) heteroheptanuclear species is
probably induced by incorporating three M(aet); units with one
[Cu4(u-dppm)3]4+ component which is derived from the rear-
rangement in the original Cu! component [Cuy(j-dppm)>]2*.
The heterotrinuclear AgoM (M =Ni 3, Pd 4) complexes, how-
ever, originate from a direct combination of M(aet), with the
[Cuz(u—dppm)2]2+ subunit. Formation of the heteroheptanu-
clear species 1 and 2 for M’ = Cul [30] whereas heterotrinuclear
complexes 3 and 4 for M’ = Ag! can be ascribed to the better
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Fig. 1. Perspective view of 1 with atom labeling scheme. The phenyl rings in
the phosphorus atoms are omitted for clarity [30].

coordination flexibility of Cu! than that of Ag! as well as the
absence of Cu!'-Cu! contacts (Cu!---Cu!>3.5A) in 1 and 2,
contrasting strikingly to the presence of an argentophilic contact
(Ag'-Ag'<3.0A) in 3 and 4.

the microsecond range in degassed acetonitrile solutions, orig-
inating probably from a spin-forbidden thiolate(S)-to-copper
SLMCT (ligand-to-metal charge transfer) triplet state. The
AgoM (M =Ni 3, Pd 4) complexes, however, show weaker emis-
sion compared with that of the Cus'M;3' species.

2.2. d®-d'” heteropolynuclear complexes based on Au'"

dithiolate

Like platinum(II), gold(IIT) adopts a d® electronic configura-
tion facile to form an approximately square-planar geometry
when chelated by dithiolate ligands. In view of the poten-
tially bridging character and versatile bonding modes of the
sulfur donors in [Au(tdt);]™ [31], it is a useful precursor for
the design of Au'l'-M! heterovalent or heteropolynuclear com-
plexes with novel structural topology [32]. As anticipated,
incorporation of [Au(tdt);]™ with [Mz(dppm)z(MeCN)z]2+
(M =Cu! or Agl) or [Ma(dppm)>]** (M = Aul) caused isolation
of the Au'Cug! (5), AuIHgAgIg (6) and AuAu,! (7) complexes
when M =Cu!, Agl and Aul, respectively [32]. The Au''Auy!
product (7) is indeed derived from a direct combination of
two binuclear [Auzl(dppm)z]2+ units with one [Aum(tdt)z]’
block through Aul-S-Aul linkages. The AulCug! (5) and
AU3HIAggI (6) complexes, however, arise from dissociation and
recombination in the original metal components [Au(tdt);]~ and
[M2(dppm);(MeCN),]** (M Cu' or Ag ).

- A Ph,P Pth th g hy T3+
/"' \ 2 S /S thP/\PP}b Ph, \A\--/\A Ph,
PhP"  g=kCu— o _Aulll /_ ‘w‘m_ A ....Eu
2Cu--Ca-/ \Ag N S
Ph g :\'; s ~Cu’§ ¢ \s T \5 7’\ S
’ \\ e N A \A\ PhyP \/PPh All"{""Alll\
~ 2 =
P/ Ph, o }3\/Pph2 Ph2P<P/h2P <p. \/Pth
Ph, 2 Ph,
5 6 7

As depicted in Fig. 1, 1 consists of a Cug(p-dppm)3 unit
linked by four p3-S donors from two Ni(aet), blocks (Nil and
Ni2) as well as by another two w-S donors from the third
Ni(aet), block (Ni3). The Ni'-S—Cu' and Cu'-S—Cu' link-
ages induce formation of an adamantane-like structure with
eight six-membered coordination rings in the CusNi3 molec-
ular motif. The coordination planes for Nil and Ni2 are almost
perpendicular to each other with a dihedral angle of 88.1°. The
neighbouring Cu- - -Cu separations are >3.5 A, excluding the
possibility of a cuprophilic interaction. For the Agl, M (M =Ni
or Pd) heterotrinuclear complexes, however, argentophilic con-
tact is obviously operating in view of the short Ag—Ag distance
(2.95 A for 3 and 2.99 A for 4). This is probably one of the driv-
ing forces for formation of the NiAg, or PdAg; heterotrinuclear
structure.

The electronic absorption spectra of 1-4 in acetonitrile are
characterized by absorption shoulders at ca. 270-290 nm with
tails extending to ca. 400 nm. With excitation at A¢x >350 nm,
the Cus'M3™! (M=Ni 1, Pd 2) heteroheptanuclear species are
room-temperature luminescent at ca. 620 nm with lifetimes in

As indicated in Scheme 1, three forms of conformations
are exhibited in 5-7 based on different orientations of the four

ul_S—M linkages in square-planar Au(tdt), subunits. While
syn occurs in 5 (Au'Cug!) and anti-2 in 7 (Au™ Auy), both syn
and anti-1 are present in 6 (Auz™ Agg!). Depending on the num-
ber and orientation of the Au-S—-M! or MI-S-M! linkages, the
tdt ligand exhibits five types of bonding modes as depicted in
Scheme 2. Note that the bonding modes I and IT only differ in ori-
entation of the Au'-S—M! linkages so as to display syn (mode
I) or anti (mode II) arranged forms [32]. It is intriguing that the
narrower Au'-S—M! or M'-S—M! angles are always correlated
with the shorter Au"-M! or M'-M! contacts in 5-7.

The Au™Cug! complex 5 (Fig. 2) arises likely from the com-
bination of [Cug!(w-dppm)3(tdt)3]** with [Au(tdt)>]~ through
four Au''-S—Cu! linkages in syn form, in which formation
of the octanuclear Cug component is involved in dissocia-
tion and recombination of the original precursors. The tdt
ligand adopts bonding modes I, III and IV (Scheme 2) to
form the Au™Cug! cluster array through both Au'-S—Cu! and
Cu'-S—Cu! linkages. The considerable short Cu'-Cu! distances
(2.70-2.99 A) indicate significant cuprophilic contacts [1]. The
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shortest intramolecular Cul- - -Aul distances (3.216(4)A and
3.376(4) A) suggest a weak Cu'~Au'' interaction [33]. The
Auz™MAgg! complex 6 (Fig. 3) is likely formed by incorporat-
ing three Au(tdt), units with two Ag4(p-dppm)(tdt) fragments
through Au'-S—Ag! linkages in two different oriented forms,
where the Au™-S—Ag! linkages for the Au(tdt), subunit at the
middle adopts anti-I form (Scheme 1) whereas those at the
two sides display the syn form. The tdt ligand adopts mode I
and V (Scheme 2) to link Au'-Ag! and Agl-Ag!, respectively.
Weak Ag'-Ag' and Au'-Ag! contacts are possibly operating
[34] in view of the AgI—AgI (3.26-3.32 A) and the shortest
AuHI—AgI (ca.3.51 A) distances. The AuAu,! complex 7 con-
sists of one [Au(tdt);]™ associated with two [Auz(pq-dppm)g]2+
units through Au'-S—Au' linkages in anti-2 (Scheme 1) form.
The tdt ligand adopts an anti-oriented mode II (Scheme II) to
form the Au'-S—Au' linkages. The Au'-Au' (3.1253(13) A
and 3.1668(9) A) distances imply the presence of aurophilic-

Fig. 2. Perspective view of 5 with atom labeling scheme. The phenyl rings in
the phosphorus atoms are omitted for clarity [32].

ity [5]. The Au'-Au™ (3.434.18 A) contact, however, is
negligible.

In contrary to non-emissive Au'Cug! (5) and AuIHgAggI
(6) species, Au"Auy! (7) complex luminesces strongly in both
the solid state and fluid acetonitrile with microsecond life-
times at room temperature. Since the Au'(tdt), chromophore
is non-emissive, the luminescence in 7 is most likely induced
by the Aup(p-dppm), chromophore and/or the Au'-S—Au!
linkages. The emission (Aem =570nm) is obviously blue-
shifted compared with that of the precursor [Au(dppm)]>(BF4)>
(Aem =593 nm, Au'- - -Au' =2.93 A) [35] due to the significantly
elongated Aul-Au! distance in 7 (ca. 3.15 A).

Electrochemical studies indicate that reversible redox waves
occur at 0.16 and —1.08 V for 5 in dichloromethane solution of
0.10M (Bus"N)(PFg), due to probably one-electron oxidation
of tdt and metal-centered one-electron reduction, respectively.
The significant positive shift of the metal-centered reduction
in 5 relative to that of the parent compound [BusN][Au(tdt);]
[36] is a direct consequence of the formation of the AuHICUgI
cluster structure. On the contrary, irreversible ligand oxidation
and metal-centered reduction waves occur in both 6 and 7 due

Fig. 3. Perspective view of 6 with atom labeling scheme. The phenyl rings in
the phosphorus atoms are omitted for clarity [32].
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probably to sample dissociation during electrochemical mea-
surements.

2.3. d®-d'? heteropolynuclear complexes based on
Pt(dithiolate)(diimine)

Mononuclear platinum(II) diimine dithiolate complexes usu-
ally exhibit long-lived photoluminescence with readily tunable
emission energy when electron-donating or -accepting sub-
stituents are introduced to the diimine and/or dithiolate ligands
[10,37,38]. In view of the potential bridging character of the S
donors in the dithiolates, Pt(diimine)(dithiolate) complexes can
serve as excellent precursors for the design of multicomponent or
heteropolynuclear complexes that emit efficient and long-lived
photoluminescence with a wide range of emissions or colors
[39,40]. As anticipated, incorporation of Pt(diimine)(dithiolate)
with d'® coinage metal diphosphine components includ-
ing Ma(dppm)2(MeCN)»,2* (M =Cu, Ag) and Auy(dppm),>*
affords a feasible approach to access luminescent Pt!-M!
(M =Cu, Ag, Au) heteropolynuclear complexes. Nevertheless,
only in a few cases do the Pt'-M! heteropolynuclear prod-
ucts result from direct combination of Pt(diimine)(dithiolate)
with M (dppm)>(MeCN),>* or Auy(dppm),>*, while in most
cases the isolated products are derived not only from dissoci-
ation and recombination of the metal starting components, but
also from disruption of the C—S bonds in the dithiolates [39,40].
Rearrangement of Pt(diimine)(dithiolate) and [Cuz(dppm)z]2+
components during the reaction is likely correlated with vari-
ous factors including the different affinities of Pt!' and Cu! for
the S, P and N donors, steric requirement, and thermodynamic
stability, etc.

2.3.1. Pt—Cu! heteropolynuclear dithiolate complexes

Ph, Ph, 1+ ghz }’h: 1+
r"«‘..~ P \"'pf“‘
P ] ST S by
> N PhP, N—""1 PPh,
thl\l \/Pl h, > \I \/
- . Cu Cu
Cu\‘S /Cll l \S/ \
PhoP~ 1L —PPh, PhoP~_HL—PPh,
8 9
e gm\ —|2+ /T P, - 12¢
2
2 P
Ph,P’ \
) \ P{ /Pth th'; /Pf/ /Pth
e e U 4
:N }? \ N ’N/Ell~5 \S C{I\N
N N, — S N N b
R ) 1 R N WY
X
R > R

R=H 10, CH; 11, Bu' 12 R= H 13, Br 14

Ph, + 2+
/’P{hz P— 12 rP{hz :zhz B
P b¢” et Pl o” eph,
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Scheme 3.

Reactions of Pt(diimine)(tdt) with CU2(dppn’l)2(M€CN)22+
led to the isolation of the unexpected Pt!'Cu', heterotrinuclear
complexes [PtCup(tdt)(pn-SH)(dppm)3]* (8) together with
[PtCus(diimine)>(tdt)(dppm)>]** (diimine = bpy 10, dmbpy 11,
dbbpy 12, phen 13, Brphen 14) [39]. When edt is used in
place of tdt [40], heterotrinuclear complexes [PtCu;(edt)(j.-
SH)(dppm)3]* (9) and [PtCus(diimine)(edt)(dppm);]**
(diimine=bpy 15, dbbpy 16, phen 17, Brphen 18) were
isolated.

In these Pt'Cu,! arrays, the dithiolate exhibits a chelating
and bridging coordination mode, resulting in a heterotrinuclear
assembly with the Pt—S—Cu linkages in syn or anti form [39]
as depicted in Scheme 3. While the syn form occurs in Pt;'Cu!
dithiolate species 8 (Fig. 4) and 9, the anti form is observed in
PtlICu,! dithiolate diimine complexes 10-18 (Fig. 5). In both
oriented forms, the least-square plane built by SoP> (for 8 and
9) or SoN; (for 10-18) donors is almost perpendicular to that
formed by SoCu, atoms. The chelating Pt—S lengths are usually
shorter than the bridging Cu—S distance in the Pt—S—Cu arrays.
The dppm acts as a bridging ligand to link both Pt!’. . .Cu'and
Cul- - -Cu! centers. The considerably long Ptl...Cul (>3.24)
and Cu'- - -Cu! (>3.2 A) distances suggest the intermetallic con-
tacts are weak or absent.

The UV-vis absorption spectra of Pt,!ICu! complexes 8-18
in acetonitrile solutions (Table 1) are characterized by intense
high-energy absorption at ca. 230-260 nm with a shoulder at ca.
280-300 nm in addition to low-energy shoulders at 355-420 nm.
They are non-emissive in fluid solutions, but show room-
temperature luminescence in the solid state with a lifetimes in
the microsecond range (Table 1). They are also luminescent at

Fig. 4. ORTEP drawing of 8 (30% thermal ellipsoids), showing two syn-oriented
Pt—S—Cu linkages. Phenyl rings on the phosphorus atoms are omitted for clarity
[39].
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Table 1
Photophysical data for PtCu, heterotrinuclear complexes 8-18

Complexes Medium Aabs (nm) (g, dm3 mol~! cm™1) Aem (nm) (Tem, ps) at 298 K Aem (nm) at 77K
8 Solid 597(3.27) 585
MeCN 277 (28,100), 320 (6260) 580
9 Solid 614
MeCN 268 (41,760), 290 (27,640), 330 (8380) 616(1.67) 588
10 Solid 615
MeCN 235 (59,300), 285 (32,640), 360 (5240) 607 (0.22) 583
11 Solid 601
MeCN 231 (62,820), 292 (26,660), 351 (5410) 593(0.34) 575
12 Solid 597
MeCN 220 (64,430), 283 (28,310), 350 (4630) 585(0.36) 570
13 Solid 599
MeCN 241 (77,900), 291 (40,740), 408 (5260) 591(0.56) 576
14 Solid 616
MeCN 247 (67,400), 288 (46,550), 415 (4700) 606 (0.47) 587
15 Solid 637
MeCN 225 (76,220), 275 (45,690), 370 (3250) 618(0.078) 606
16 Solid 614
MeCN 223 (64,400), 273 (38,780), 375 (4080) 600(0.21) 600
17 Solid 619
MeCN 238 (62,660), 268 (61,430), 383 (9760) 601 (0.10) 624
18 Solid 639
MeCN 245 (57,050), 263 (54,650), 402 (8300) 626(0.26) 635

77 K both in the solid state and frozen solutions. In view of the
distinctly red-shifted emission for the edt complex 9 compared
with that for the tdt species 8, their emissive origin is ascribed to a
spin-forbidden dithiolate-to-platinum 3LMCT (ligand-to-metal
charge transfer) triplet state, which accords with the electron-
donating ability as well as the energy level of the dithiolate
ligand with edt > tdt. For the Pt'Cu,! dithiolate diimine species
10-18, the emission energy depends on the substituents in both
diimine and dithiolate ligands. Introducing an electron-donating
substituent to the diimine induces a blue shift whereas a red shift
occurs for the electron-withdrawing substituent. For the Pt!'Cu,!
dithiolate diimine complexes containing the same diimine but

Fig. 5. ORTEP drawing of 10 (30% thermal ellipsoids), showing two anti-
oriented Pt—S—Cu linkages. Phenyl rings on the phosphorus atoms are omitted
for clarity [39].

different dithiolate, the emission of the edt species is always
red-shifted relative to that of the corresponding tdt complexes.
Consequently, the luminescence in the Pt!!Cu;! heterotrinuclear
complexes 10-18 originates most likely from an admixture of
3[d(Cu)/p(dithiolate) — m¥*(diimine)] 3SMLCT/LLCT states.

2.3.2. Pt'-Ag! heteropolynuclear dithiolate complexes

The isolated products by reaction of Pt(diimine)(dithiolate)
with Agy(dppm)>(MeCN),2* are dependent on the nature
of the dithiolate ligands. When dithiolate=tdt, the major
products are the desired heterotrinuclear complexes
[PtAg,(diimine)(tdt)(dppm),]>* (diimine=bpy 20, dmbpy
21,phen 22, Brphen 23) together with an unexpected
complex [PtAgy(tdt)(n-SH)(dppm)3]™ (19) as a minor
species [39]. When dithiolate=edt or pdt, nevertheless, an
unexpected colorless Pty'Agy! heterotetranuclear species

Fig. 6. ORTEP drawing of 24 (30% thermal ellipsoids). Phenyl rings on the
phosphorus atoms are omitted for clarity [40].
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[PtzAgz(dithiOlate)z(dppm)2]2+ (dithiolate =edt 24, pdt 25) is
the only species isolated [40].

R R T]2+

P, f»P o C\}\‘—(—j
(’ \\llth o l!__PPh’ P,
/E{\/ N

P[ Pth

Ph, Phy

I \
PhyP~_H_—PPh, Ph,

19 R=H 20, CH;21 R=H 22, Br23
2+ 2+
> Phy
th /Ag P S/ Ag p
P/ ,/ A
Ph'; th
24 25

The PtAg, dithiolate species 19 with Ag! in place of
Cu' corresponds to the counterpart of PtCu, species 9.
The PtAg, dithiolate diimine complexes 20-23 is com-
posed of a Agr(dppm); unit associated with Pt(diimine)(tdt)
through the Pt-S—Ag linkages in syn form (Scheme 3). The
Pt coordination plane with N»S; donors are almost per-
pendicular to the plane composed of AgrS, atoms. The
Agl-Ag! distances (2.90-3.10A) imply a moderate argen-
tophilicity [1]. The Pt'-Ag! distances are in the range
of 3.20-3.50 A, suggesting weak intermetallic contacts. The
Pty Agy species 24 and 25 consist of two Pt(dppm)(dithiolate)
(dithiolate = edt 24, pdt 25) units incorporating with two Ag!

Table 2

atoms through Pt-S—Cu linkages in syn form (Fig. 6), giv-
ing a distorted rhombic Pty Agy cluster. The Ag—Pt distances

(3.06-3.15A) are slightly shorter than those (3.24-3.43 A)
in Pty"Ag,! heterotetranuclear 1,1-ethylenedithiolato com-
plexes [PtyAgy(PPh3)2{S2C=C{C(O)Me}»}2]1(ClO4), con-
taining PPhs [28]. The Ag-Ag distances (ca. 3.27 A),
however, are longer than those (3.14 A) in the Pt2HAggI 1,1-
ethylenedithiolato complexes [28]. The intramolecular Pt- - -Pt
distances (5.27 A for 24 and 5.34 A for 25) are far beyond the dis-
tances for intermetallic interactions. The Ag' atoms are located
up the Pt coordination planes 2.33 A for 24 and 2.40 A for
25. In contrast to the bridging character of the dppm ligand
in 8-23, the Pt'! center is chelated by n>-dppm in the Pt;Ag,
species.

Photophysical data for Pt!-M' (M = Ag, Au) heteropolynuclear thiolate complexes 19-28

Complexes Medium habs (nm) (¢, dm> mol~! cm™1) Aem (nM) (Tem, ps) at 298 K Aem (nm) at 77 K
19 Solid 605 (2.85) 574
MeCN 275 (32,830), 319 (6110), 347 (4350) 574
20 Solid 593 (4.72) 598
MeCN 230 (59,400), 304 (16,060), 328 (6080), 469 (2560), 555 (2120) 673 602
21 Solid 571(2.56) 575
MeCN 224 (66,670), 290 (26,820), 325 (7650), 450 (3480), 540 (980) 645 575
22 Solid 577(0.84) 589
MeCN 243 (91,410), 268 (59,140), 312 (10,450), 458 (4670), 550 (2690) 688 635
23 Solid 608 (3.65) 613
MeCN 240 (67,470), 275 (49,780), 318 (6810), 469 (2240), 565 (1380) 700 647
24 Solid 648
MeCN 222 (63,800), 245 (64,980), 320 (5042) 605
25 Solid 664
MeCN 229 (52,590), 246 (54,340), 330 (5130) 614
26 Solid 642 (1.44) 631
MeCN 242 (67,200), 293 (55,900), 549 (7020) 606 (0.035) 660
27 Solid 609 (1.17) 605
MeCN 226 (61,780), 294 (43,000), 533 (4320) 576(0.021) 629
28 Solid 563 (0.66) 625
MeCN 221 (68,500), 240 (70,180), 320 (5570) 556(0.015) 598
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Fig. 7. Absorption (a) and emission (b) spectra of 20 (solid) and 21 (dash) in
MeCN at 298 K [39].

In addition to intense ligand-centered absorption in the UV
region, PtAg, heterotrinuclear dithiolate diimine complexes
20-23 (Table 2) in acetonitrile solutions display broad absorp-
tion bands at ca. 450-470 nm with a shoulder at ca. 540-565 nm.
This low-energy absorption arising probably from charge trans-
fer to the diimine [37,38] is dependent on the substituents in the
diimine ligands. By comparison of the low-energy absorption
bands of 20 with 21 and those of 22 with 23, a blue shift from
20 to 21 (Fig. 7) whereas a red shift from 22 to 23 occurs.

By irradiation of 20-23 at A¢x =350-550 nm, a region where
there occur states due to charge transfer to the diimine, these
PtAg, complexes show room-temperature luminescence in both
the solid state and fluid acetonitrile solution (Fig. 7) with the
lifetimes in the microsecond range (Table 2). These arise most
likely from 3[d(Pt)/p(dithiolate) — 7*(diimine)] MLCT/LLCT
triplet states as described in the corresponding precursors
Pt(diimine)(tdt) [37,38]. The emission energies, however, are
noticeably blue-shifted (AEey, =0.10-0.35eV) upon forma-
tion of PtAgy heterotrinuclear complexes 20-23 owing to
incorporating the Pt(diimine)(tdt) with [Agz(dppm)z]2+ sub-
units, thus raising the emissive energy of the square planar
Pt(diimine)(dithiolate) chromophores. The PtyAgy heterote-
tranuclear species 24 and 25 (Table 2) are only emissive at 77 K.
The excited state is ascribed as a [dithiolate — Pty Agy] LMCT
transition, modified by Pt—Ag and Ag—Ag contacts [41]. Because
of the better electron-donating capability of pdt than that of edt,
the emission of the pdt complex 25 is slightly red-shifted relative
to that of the edt complex 24 both in the solid state and in frozen
acetonitrile at 77 K.

2.3.3. PH_Au! heteropolynuclear dithiolate complexes
Reactions of Pt(diimine)(dithiolate) with
[Auz(dppm)z]zJr caused isolation of the desired complexes
[PtAuz(diimine)(tdt)(dppm)g]2+ (diimine =bpy 26, dmbpy
27) when dithiolate=tdt [40], but an unexpected complex
[PtAuy(edt)(dppm)>]** (28) was isolated when dithiolate = edt
[40]. The 3'P NMR spectrum of 26 (36.8ppm) and 27
(35.9ppm) exhibits only one singlet since the P donors are

e T —~18
o~ 1.0+ '/_,_ P g
I ’ =

9 17
£ 77 N %
1
S /e o W\ T
E T 05 06 07 08 09 10
= \ solvent parameter
)
";-’ 0.54
o
—
=
w
0.0 T T T T T
500 600 700
A(nm)

Fig. 8. Charge-transfer-to-diimine absorption band of 26 in THF (a), CH,Cl,
(b), acetone (c), DMF (d) and CH3CN (e) [40]. (Inset) A plot of the energy of
the lowest absorption band of 26 as a function of solvent parameter.

only bonded to the Au' atoms instead of the Pt'! center. For 28,
typical Pt—P coupling satellite peaks occur at —49.4 ppm with
Jpe_p = 1264 Hz in addition to one singlet at 33.2 ppm due to the
P donors bound to Au! centers. The dppm chelates the Pt'! or
bridges the Au' centers in symmetric mode so that the two P
donors in each dppm are equivalent.

R R T2+
Ph') \EN N 4 j 2+
\ S Au—'Pth
th u* -'-)s & : >
u—S
PPh \S_A“
R = H 26, CH, 27 28

The UV-vis spectra of 26 and 27 (Table 2) are char-
acterized by ligand-centered absorptions at ca. 230-240 nm
and 290nm as well as a broad and solvent-dependent low-
energy absorption in the visible region, arising likely from
[d(Pt)/p(dithiolate) — w*(diimine)] MLCT/LLCT transitions
[37,38]. As indicated in Fig. 8, the low-energy absorption
exhibits a negative solvatochromism in which it is signifi-
cantly red-shifted with decrease of solvent polarity, in agreement
with the supposition that a charge transfer process occurs
indeed from an orbital of a mixed metal/dithiolate charac-
ter to a diimine 7* orbital [42,43]. The UV-vis spectrum of
PtAu, species 28 exhibits ligand-centered bands at 220 and
240 nm together with absorption at ca. 320nm extending to
400 nm probably due to a [d(Pt/Au) — m(dithiolate)] MLCT
state.

26 and 27 show intense room-temperature luminescence
in both the solid state and degassed acetonitrile with life-
times in the microsecond range (Table 2), resulting from
3 [d(Pt)/p(dithiolate)— mr*(diimine)] MLCT/LLCT triplet state.
Noticeably, the emission of Pt'Au,! species 26 and 27 both
in the solid state and fluid solutions is notably blue-shifted
(AEem =0.17-0.35eV) relative to that of the corresponding
precursor Pt(diimine)(tdt) [37,38] as observed in PtHAgzI com-
plexes 20-23. Consequently, a wider range of emission or



Z.-N. Chen et al. / Coordination Chemistry Reviews 253 (2009) 1-20 9

colors has been achieved for the square planar Pt diimine
chromophores with tunable emission energy by incorporat-
ing the metal components [M>(dppm)>]** (M =Au or Ag) so
as to alter the energy gap between the HOMO and LUMO.
With excitation at Aex >300 nm, 28 displays room-temperature
luminescence in both the solid state and fluid acetonitrile solu-
tion with sub-microsecond lifetimes, induced perhaps by the
dithiolate-to-metal cluster 3[dithiolate — PtAuy] LMCT triplet
state.

3. d8-d'%/d1°—q!% heteropolynuclear alkynyl complexes

By analogy with the d3/d'® metal thiolate compounds, group
10 or 11 metal alkynyl complexes of d® or d'° ions always dis-
play intriguing luminescence with manifold emissive origins
[14,18,19]. Diversity in group 10 or 11 metal alkynyl chem-
istry is also enhanced owing to facile formation of metallophilic
interactions between the d3/d!? metal ions [14—19]. Neverthe-
less, compared with numerous homonuclear alkynyl complexes
with d® or !0 metal ions [14—19], the chemistry of d8—d'? [20]
or d10-d!0 [21] heteropolynuclear alkynyl complexes is in its
infancy because of difficulty in controlling the heterometallic
arrays. Taking advantage of the potentially bridging C donors in
simple o-bonding metal acetylides, one of the possible synthetic
strategies for attaining d8-d'% or d!°-d!° heteropolynuclear
alkynyl arrays is to incorporate d® or d'° metal acetylides with
d'% coinage metal components.

3.1. d®-d'? heteropolynuclear alkynyl complexes based on
[P{(C=CR)4 ]~

Although a number of d®—d!® heteropolynuclear alkynyl
complexes [44-47] have been prepared by incorporating d®
metal alkynyl complexes with d'© metal components or by
reaction of d® metal units with polymeric d'° metal acetylides
[M(C=CR)],, studies on their luminescent properties are lim-
ited [48-54]. Yam et al. prepared a series of PtM; and
PtM> (M =Cu! or Ag') alkynyl complexes [20,55-57] through
encapsulation of Cu* or Ag* ion between two acetylides in
the face-to-face diplatinum(II) species [Pt(p-dppm)> (C=CPh)4]
or mononuclear complex Pt!' [Pt(dppy)(C=CPh),] (dppy =2-
diphenylphosphinopyridine) via w-coordination. Encapsulation
of copper(I) or silver(I) metal ions in the heterotri- or
tetranuclear complexes induced obviously red-shifted MMLCT
absorption and MMLCT emission compared to that of
the face-to-face diplatinum(I) or mononuclear Pt precur-
sor. Forniés and Lalinde et al. reported the preparation of a
series of heterotrinuclear (PtCu, or PtAg,) and heterohexanu-
clear (PtoCuy or PtpAgy) alkynyl complexes [49,58] using the
Pt'l complex to depolymerize the polymeric metal acetylides
[Cu(C=CR)],/[Ag(C=CR)], [58] or from direct reaction of Pt!!
acetylide components with the d'° coinage metal ion [49]. By
comparison of the emission spectra of a series of related com-
plexes, the emitting states were ascribed as a substantial cluster
[PtM,]/[Pt;M4]-to-ligand (C=CR) character (CLCT).

Among a number of available d® metal alkynyl pre-
cursor species, the tetra-alkynylplatinate(Il) complexes
[Pt(CECR)4]2_ are particularly useful for the construction of
heterometallic alkynyl cluster complexes because of their poten-
tially bridging character in the four alkynyl ligands through o
or/and T coordination [50]. A family of Pt—Cu [52-54], Pt-Ag
[50,51,53], Pt-TI [59,60], and Pt—Cd [61], heteropolynuclear
cluster complexes with [Pt(CECR)4]2_ as building blocks
have been synthesized. They exhibit remarkable photophysical
properties associated with the metal-metal and n2-M bonding
interactions. Particularly, a series of d8-d!% P;My (M=Cu,
Ag) heterohexanuclear alkynyl complexes [PtoM4(C=CR)g]
(R=Bu’ or Ph) were obtained by Forniés and Lalinde et al. [50]
from the reactions of [PtCly(tht);] (tht=tetrahydrothiophene)
with polymeric silver acetylides [Ag(C=CR)],,. Crystallization
in different solutions and concentrations induced isolation of
solid samples of the dimers [PtM4(C=CR)g]> [50] and trimers
[PtyM4(C=CR)g]3 [52], where the discrete dimers or trimers of
the Pt M4 heterohexanuclear octahedral cluster units are stabi-
lized by ligand-unsupported intercluster Pt—Pt interactions. The
dimeric species [Pty M4(C=CPh)g], were also isolated by Yam et
al. [53,54] from direct reaction of the tetra-alkynylplatinate(II)
complexes [Pt(C=CPh);]>~ with [M(MeCN)4]* (M=Cu*,
Ag*). It is intriguing that with the monomeric Pt;M4 hexanu-
clear octahedral cluster species aggregating into dimers and
trimers through ligand-unsupported intercluster Pt—Pt contacts,
the luminescence is significantly red-shifted from near-visible
(monomers) to near-infrared region (trimers) [52].

We have been interested in the design of Pt-M (M =Cu, Ag,
Au) heteropolynuclear alkynyl arrays by incorporating the tetra-
alkynylplatinate(IT) complexes [Pt(C=CR)4]>~ with d'° coinage
metal diphosphine components in order to explore the lumines-
cent properties of d®—d!? heterometallic alkynyl species and to

Fig. 9. OPTEP drawing of 29 (30% thermal ellipsoids) with atom labeling
scheme [63].
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develop their potential applications as optoelectronic materials
at the molecular level.

3.1.1. P"-Ag! alkynyl complexes based on
[Ag2(11-PPhoNHPPh2)2 **

Reaction of [Pt(C=CCgHsR-p)s]>~ (R=H, CH3) with
[Ag>(w-PPhoNHPPh,)>,(MeCN),]>*  induced  isolation
of neutral heterohexanuclear complexes Pty Aga(p.-
Ph; PNPPh;)4(C=CC¢H4R-p)2 (R=H 29, CH3; 30) [62].
Instead of resulting from a direct incorporation of the
metal component [Pt(C=CC¢HsR-p)4]>~ (R=H, CHj3)
with [Ags(u-PPhoNHPPh,)>(MeCN), ]+, they are better
described as the combination of one anionic component
[Pty (-PhyPNPPh,),(C=CC¢H4R-p)4]>~ (R=H 1, CH3 2)
with two cationic fragments [Agy (p.-Phy PNPPhy)]*. Tt is likely
that formation of the neutral Pt; Agy heterohexanuclear clusters
is a direct consequence of the facile deprotonating character of
PPhyNHPPh,.

Table 3

As depicted in Fig. 9, the neutral PtyAgy array consists of
anionic moiety [Pty(w-PhyPNPPh;)>(C=CCgHsR-p)4]*~ and
two cationic units [Agy(p-Pho PNPPhy)]*, in which the anionic
diplatinum(II) component adopts a face-to-face arrangement
with the two square-planar Pt'! coordination planes oriented
in parallel fashion [62]. The Pt atom is surrounded by two

Photophysical data for Pt'-M! (M = Cu, Ag, Au) heteropolynuclear alkynyl complexes 31-43

Complexes Medium Jabs (nm) (g, dm3 mol~! ecm™) dem (nm) (Tem, ps) at 298 K Aem (nm) at 77K
29 Solid 712 (7.2)
CH,Cl, 401 (10,970), 487 (19,140) 705 (7.4)
MeCN 346 (50,000), 485 (23,930) 711 (8.7)
30 Solid 704 (9.2)
CH,Cl, 401 (9390), 485 (10,340) 698 (11.4)
MeCN 350 (64,460), 484 (17,640) 682 (12.1)
31 Solid 481 (3.5) 472, 517 (sh)
CH,Cl, 248 (37,920), 270 (35,830), 318 (17,210), 376 (16,850) 428 (3.1 ns), 544 (2.9) 463
32 Solid 495 (1.5) 495
CH,Cl, 256 (39,180), 271 (36,910), 314 (15,940), 383 (16,640) 434 (2.9 ns), 543 (2.8) 473
33 Solid 512 (0.8) 514
CH,Cl, 256 (36,290), 271 (32,720), 394 (15,960) 442 (12.3 ns), 540 (0.06) 485
34 Solid 558 (7.1) 569
CH,Cl, 241 (41,440), 314 (16,190), 364 (6610) 412 (10.3 ns) 485
35 Solid 492 (2.0) 481
CH,Cl, 243 (39,760), 262 (35,410), 354 (12,880), 383 (13,730) 422 (6.7 ns) 475
36 Solid 496 (3.2) 485
CH,Cl, 238 (37,350), 357 (7890), 391 (9460) 434 (6.7 ns) 476
37 Solid 495 (5.2) 489, 538 (sh)
CH,Cl, 264 (42,000), 281 (35,040), 360 (11,540), 403 (16,980) 449 (8.1 ns) 495
38 Solid 509 (6.1) 514
CH,Cl, 242 (32,700), 276 (15,000), 341 (9750) 415 (11.1 ns) 496
39 Solid 484 (0.9) 474, 521 (sh)
CH,Cl, 246 (38,640), 329 (15,070), 393 (10,350) 455 (0.5) 469
40 Solid 579 (6.7) 574
CH,Cl, 312 (20,800), 376 (18,890) 528 (8.8), 420 (3.6 ns) 549, 493 (sh)
41 Solid 500 (1.2), 600 485
CH,Cl, 256 (40,260), 280 (34,330), 351 (17,940), 382 (16,530) 497 (4.1) 474
42 Solid 604 (3.6) 555
CH,Cl, 239 (47,580), 335 (8940) 621 (5.7) 512
43 Solid 576 (1.7, 0.3) 567
CH,Cl, 232 (145,640), 261 (33,940), 380 (39,060) 437 (3.2 ns) 543
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trans-arranged acetylide C atoms through m!(o) bonding and
two trans-oriented P donors from the deprotonated Phy PNPPh;.
The Pt-Pt distances (3.15 A for 29 and 3.11 A for 30) are much
shorter than those found in face-to-face diplatinum(Il) com-
plexes Pty (-Pho PCH,PPh; )2 (C=CCgH4R-p)4 (3.25—3.44A)
[55,56], implying the presence of stronger intermetallic contacts.
The shortening of the Pt-Pt distance is likely a direct con-
sequence because of incorporating the [Ag,(PPh,PNPPhy)]*
moiety with the [Pt2(M-thPNPth)Q(CECC6H4R-p)4]2_ sub-
unit. This pulls the two Pt atoms into close proximity as a result
of the reduced donating capability of the acetylides upon -
coordination with Ag! centers. The short Ag—Ag (3.18-3.33 A)
and Ag-Pt distances (2.90-2.94 A) suggest the presence of
strong intermetallic contacts. Deprotonation of PPhoNHPPh;
in 29 and 30 is distinctly reflected by the significantly
shortened P-N distances (1.59-1.63 A) compared with those
(1.68-1.73 A) in the parent [Agy(u-PPhoNHPPh;)3](BFs),
[63].

3.1.2. PH-M" (M = Cu, Ag, Au) alkynyl complexes based
on [Ma(p-dppm)2 J**

When [Ms(u-dppm)>(MeCN), >+ (M=Cu!, Agh) or
[Ma(u-dppm)2]1** (M=Au') is used in place of [Agy(j-
PPh,NHPPh;),(MeCN),]**, the reactions with [Pt(C=CR)4]>~
(R=C6H5, 4-CH3C6H4, 4-OCH3C6H4, 4-Bu’C6H4, Bu’,
SiMe3) caused isolation of PtM (31-39.), PtM, (40-42), and
PtoM;3; (43) complexes with different nuclearity depending
on the solvents and solution concentrations [64]. The 3!P
NMR spectra of these Pt—M heteropolynuclear complexes
has characteristic P satellite peaks due to the occurrence of
significant Pt—P coupling with the Jp_p =1200-1300 Hz. [64].
In the Pt—Ag species, the P donors bonded to the Ag! centers
exhibit doublets or doublet of doublets caused by both Ag—P
and P-P coupling. In the Pt—Cu or Pt—-Au complexes, the P
donors bound to the Cu' or Au' centers exhibit singlets or
triplets induced by the P-P coupling through P-CH,—P and/or
P-Pt-P pathways.

Ph,P ghz
PPh, MeN 7
R—C=C—Pt— E/é—k M PPh,
/ T\ /A _
Ph,P M R—C= 7Pt—C=C—R
\P/ Ph,P Ve
Ph, 7 Meen
Ph2

M= Ag, R = C¢H; 31
M= Ag, R = CgHsCH;-4 32
M = Ag, R = CgH;OCH;-4 33

M= Ag, R = C6H5 40
M = Cu, R = C4Hs 41
M = Cu, R = SiMe; 42

M= Ag, R =Bu' 34 ghl
M = CU, R= C()HS 35

Ph,P. 08
M = Cu, R = C¢HsCH;-4 36 : S

M= CU, R = C6H50CH3-4 37
M= Cu, R =Bu' 38
M = Au, R = C¢Hs 39

In addition to ligand-centered high-energy absorptions below
300 nm, the UV-vis electronic spectra of PtpAgs complexes
exhibit two low-energy absorption bands at 340-400 and ca.
485 nm in acetonitrile solution. Upon excitation at Acx >320 nm,
both solid-state and solution samples of the Pty Ags species
exhibit intense room-temperature luminescence. As shown in
Fig. 10, the Pt Ags complexes in fluid acetonitrile solutions at
298 K gave a low-energy emission at ca. 711 nm for 29 and
682 for 30 (Fig. 10) with lifetimes in the microsecond range
(Table 3). The blue-shifted luminescence from 29 to 30 coincides
with the higher 7* energy level in the 4-methylphenylacetylide
(30) relative to that in the phenylacetylide (29). The emis-
sive origin is thus ascribed to the Pty Ags cluster to acetylide
3[Pt2Ag4 — RC=C"] MMLCT triplet state modified by the
short Pt—Pt and Pt—Ag contacts [55-57].

Ph, 43

The PtM complexes 31-39 exhibit a heterobinuclear array
with doubly bridging dppm. Of the two acetylides, one adopts
asymmetric w-n',m' mode bonded to both Pt and M! centers
whereas the other is only bound to the Pt center in m! fash-
ion. In contrast to the quasi-linear Pt—C=C arrays, the M—C=C
arrays are curved. The short-intramolecular Pt-M distances
(2.70-3.00 A) demonstrate the occurrence of quite strong inter-
metallic contacts. For the PtM, complexes 40—42, the Pt'l and M!
centers are bridged singly by two anti-arranged dppm ligands to
give a quasi-linear heterotrinuclear array. The acetylide exhibits
an p.-n',m? bonding mode bound to the Pt!! center through a(n')
and to the Cu! centers through m(n?) coordination. The long
intramolecular Pt---M (>3.4 A) distances exclude the metal-
lophilic contacts. The Pty Ags heteropentanuclear complex 43
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Fig. 10. Emission spectra of 29 (solid) and 30 (dashed) in fluid acetonitrile at
298 K.

is derived from incorporating two PtAg subunits with one Ag'
ion through acetylide n(m)-bonding [64]. The acetylides adopt
two types of bonding modes, one being p-n' m? mode bound to
the Pt! center through o(n') and to the Ag' centers via m(n?)
coordination, whereas the other is only ! -bonded to the Pt!! cen-
ter. Two Pt—Ag (3.00 A) distances imply a strong Pt—Ag contact
while the other two (3.59 A) exclude the possibility of Pt-Ag
interaction.

The UV-vis absorption spectra (Table 3) of Pt-M
heteropolynuclear species 31-43 in dichloromethane are char-
acterized by intense absorption bands at ca. 230-280nm,
absorption shoulders at 310-350 nm and low-energy bands at
ca. 365-405nm assigned to dppm-centered, metal-perturbed
m— m* (C=CR), and [[d(Pt) — w*(C=CPh)] MLCT transi-
tions, respectively [64]. The low-energy MLCT absorption
(Table 3) in the Pt-M species with R =aryl is obviously red-
shifted compared with that in the corresponding counterparts
with R =alkyl due to the better m-electron-accepting capability
of the former. Furthermore, the low-energy absorption displays
obviously negative solvatochromism, i.e., a higher absorption
energy in a more polar solvent.

The solid samples of PtM heterobinuclear species 31-39
luminesce strongly with lifetimes in the microsecond range
at 298 K (Table 3), originating likely from [RC=C — PtM)]
LMMCT (ligand to metal-metal charge transfer) triplet states
in view of the short Pt™M contacts [64]. The emission
energy is 31>32>33>34 (Fig. 11) for the PtAg species and
35>36>37>38 for the PtCu complexes (Table 3), which
accords well with the R electron-donating capability in the
RC=C ligands (C¢Hs5 < C¢H4CH3-4 < C¢H4OCH3-4 < Bu?). As
indicated in Fig. 11, with systematic variation of the R sub-
stituents in the alkynyl (RC=C) ligands, luminescence in the
PtCu heterobinuclear complexes is progressively red-shifted and
the emission color tunable with Aey =481 nm (blue) for 31,
495 nm (cyan) for 32,512 nm (green) for 33 and 558 nm (yellow)
for 34.

In degassed dichloromethane at 298 K, the PtAg complexes
31-34 (Table 3) display a dual emission, where the higher energy

Normalized Intensity
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Fig. 11. Emission spectra of the PtAg heterobinuclear complexes 31 (solid), 32
(dash), 33 (dot), and 34 (dot dash) in the solid states at 298 K [64].

(Aem =410-440nm) emission, with lifetimes in the nanosec-
ond range, is from ligand-centered fluorescence, whereas the
low-energy emission (Aem =525-550 nm) with lifetimes in the
microsecond range is probably associated with a triplet excited
state. The PtCu complexes, however, only show the high-energy
emission at ca. 415-455nm with lifetimes in the nanosecond
range in degassed dichloromethane solutions.

The PtM; complexes 40-42 (Table 3) exhibit intense
room-temperature luminescence in both the solid state and
fluid solutions, originating probably from [RC=C — PtM3)]
LMCT transition. Because the electron-donating ability is
CsHs < SiMes in the acetylide ligands, a notable red shift of
the emission occurs from the 41 (R =CgHs) to 42 (R =SiMe3).
The PtyAgs species 43 (Table 3) is strongly phosphores-
cent in the solid state (Aep =576 nm at 298 K) and in frozen
dichloromethane (A =543 nm) at 77 K, but only affords mod-
erate fluorescence at ca. 437 nm with the lifetime tem =3.21ns
in dichloromethane at 298 K. The solid-state phosphorescence
is significantly red-shifted compared with that of the PtAg
heterobinuclear species because formation of the Pty Ags het-
eropentanuclear array would favor reducing the energy gap
between the HOMO and LUMO orbitals so that the contribution
from the metal-centered transition is remarkably enhanced.

3.2. d"9-d'% heteropolynuclear alkynyl complexes

Because of the bonding versatility and structural com-
plexity of the coinage metal acetylides, many group 11
homonuclear cluster complexes were prepared and charac-
terized structurally [14—17]. Recent development in coinage
metal acetylide complexes has been highly stimulated by
their attractive optical properties and potential applications as
molecular level optoelectronic materials [14,19]. The group
11 homonuclear acetylide complexes, isolated by reactions of
[M3(-PhoPXPPh,)>(MeCN), 1% (X=CH, or NH; M=Cul,
Ag! or Au') with alkynyl or depolymerizing polymeric group
11 metal acetylides by phosphines, always exhibit intriguing
luminescent properties [14,19].
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Due to synthetic difficulty in controlling the heteropolynu-
clear arrays, the chemistry of d!°-d!® heteropolynuclear
coinage metal alkynyl complexes has been comparatively
neglected so that the number of heteropolynuclear alkynyl
complexes are, to date, rather limited [21,65-68]. Abu-
Salah [21] described the preparation of a series of group
11 hetermetallic acetylide cluster complexes with various
nuclearity and structural complexity by reactions of the
anionic linear phenylacetylide complexes [M(C=CPh),]™
(M =Cu, Ag, Au) with polymeric metal phenylacetylide species
[M(C=CPh)],,. Bruce et al. [65] reported the synthesis of
CugAu heteroheptanuclear dumbbell species [{Cus(p3z-I)(j-

dppm)3 }2(u3:m3-C=CC=CAuC=CC=C)]* from reaction of
the mononuclear [Au(C=CC=CH);]~ with a trinuclear tri-
angular cluster [{Cus(p-dppm)3}(p3-I)2]*. Yam et al. [66]
prepared a series of AupCu heterotrinuclear acetylide complexes
[{Au(PR3)}{n?-C=CC(=CH;)Me},Cu]* (R=Ph, p-Tol) and
[(p-dppf)Aus {n?-C=CC(=CHz)Me},M]* (M=Cu, Ag) by
reaction of metalloligands [Au(PR3){C=CC(=CH;)Me}] and
[(m-dppf)Auz {n?-C=CC(=CH,)Me},] with Cu* or Ag* i

through acetylide m2-coordination. Incorporation of these
metalloligands to Cu' or Ag® ion through acetylide -
coordination induces obviously red-shifted emission relative to
the corresponding Au' precursor complexes. For the AuCuy het-

Fig. 12. ORTEP drawing (top) of 44 with atom labeling scheme showing 30% thermal ellipsoids and the structure of the AgsCu; core (lower) [69].
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erotrinuclear species with dppf, the luminescence is “turned
on” when Cu* or Ag* are encapsulated into the non-emissive
dppf-containing metalloligands.

For the purpose of fabricating luminescent group 11 het-
eropolynuclear alkynyl complexes, we have developed a feasible
synthetic approach by utilizing d'° metal diphosphine com-
ponent [My(u-PhoPXPPhy),(MeCN), >+ (M=Cu, Ag, Au;
X =NH or CHy) to depolymerize polymeric d!° metal alkynyl
species (M'C=CR),, (M’ =Cu, Ag, Au; R =alkyl, aryl). By this
approach, a series of d'°-d'? heteropolynuclear alkynyl cluster
complexes have been accessed and their photophysical proper-
ties extensively investigated.

3.2.1. Ag!-Cu! heteropolynuclear alkynyl complexes

Depolymerization of silver acetylides (AgC=CCgH4R-
4), (R=H, CHj3, OCH3z, NO;, COCHj3) by addition of
[Cup(p-PhyPXPPhy),(MeCN),1%* (X=NH or CH») induced
isolation of the heterohexanuclear species [AgsCup(j-
Ph,PNHPPh;)4(C=CCgHsR-4)4]>* (R=H 44, CH;3 45)
when X=NH [69], whereas heterooctanuclear complexes
[AgeCuz(-PhyPCH,PPh; )3 (C=CCeH4R-4)6(MeCN)|>*
(R=H 46, CH3 47, OCH3 48, NO, 49) were isolated when
X =CH;. Most remarkably, a Agj»Cuy heterohexadecanuclear
complex [AgeCus (u-Pho PCH, PPh) )3(C=CCgH4COCH;3-
4)612** (50) was obtained for 4-acetylphenylacetylide, resulting
from dimerization of the AggCu, species through Agl-O
bonding interaction between Ag! centers and acetyl O donors
[69].

The AgsCuy cluster complexes 44 (Fig. 12) and 45 dis-
play a distorted bicapped cubic skeleton (Ag4CuC4) composed
of four Ag' and two Cu! atoms and four acetylide C donors.
Within the Ag4Cu; hexanuclear cluster core, CulCu2Ag2Ag4
forms a CupAgy cluster tetrahedron (Fig. 12, down). The
Ag4Cuy array can be regarded as a dimer of the triangular
cluster subunit [AgyCu(w-PhyPNHPPh;),(C=CCcH4R-4),]*.
The Cu!-Cu! distances (2.57 for 44 and 2.53A for 45)
are comparable to those observed in tetranuclear cubic clus-
ter complexes [Cu(C=CR)(PR’3]y [70]. The rather short

Fig. 13. Perspective view of 46 with atom labeling scheme. Phenyl rings on the
phosphorus atoms are omitted for clarity [69].

Cul-Ag! (2.75-3.10A) and Ag'-Ag! (2.98-3.27 A) distances
suggest the presence of strong intermetallic interactions. The
AgeCuy heterooctanuclear cluster complexes 46—49 exhibit
a waterwheel-like structure that can be regarded as two
Ag3Cu(C=CC¢Hs)3 subunits put together by three bridging
Ph, PCH,PPh; as shown in Fig. 13 (46). The six AgI centers
make up of a twisting triangular prism with the Cu! atoms located
at the centers of two trigonal basal planes. The acetylides adopt
w3-n', wa-n' or w3-n'm!,m? bonding modes to link Ag! and Cu!
centers. The metal-metal distances (CuI—CuI=2.96—3.42 A,
Agl-Cu'=2.60-2.83 A, and Ag'-Ag'=3.00-3.07 A) indicate
that considerable strong intermetallic contracts are operating in
the AgeCu; cluster.
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As depicted in Fig. 14, the Ag>Cuy heterohexadecanuclear
cluster complex 50 is a dimeric species of the AgeCu, heteroc-
tanuclear species through the AgdA—-0O2 (2.534(4) A) bonding
between the acetyl O2A in 4-acetylphenylacetylide and the Ag4
atom. The Ag—-Ag, Cu—Cu and Ag—Cu distances within each of
the AgsCu, cluster subunit are comparable to those in 46—49.
The intercluster metal- - -metal separations between the two
AgeCus clusters through the bridging 4-acetylphenylacetylide,
however, are >10.0 A.

The UV-vis absorption spectra of Ag'-Cu! heteropolynu-
clear species 44-50 (Table 4) in dichloromethane solutions
are characterized by intense ligand-centered bands at ca.
218-255nm and absorption at 280-340nm with low-energy
shoulders tailing to ca. 450 nm due to metal-perturbed m—m*
(C=CC¢H4R-4) transitions. Electron-deficient acetyl or nitro
containing samples 49 and 50, however, exhibit intense lower-
energy absorption at ca. 350—-410nm. With excitation at
Lex >350nm, the Ag!-Cu! heteropolynuclear species exhibit
intense room-temperature luminescence (Table 4) both in the
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Fig. 14. A view of the dimeric Ag;2Cuy complex 50 showing the linkage of two AgeCus cluster cores through Ag—O bonding.

solid states and dichloromethane solutions, originating most
likely from [acetylide — Ag4Cuy or AgeCus] 3LMCT triplet
transition mixed with some metal cluster-centered (d — s) char-
acter modified by strong intermetallic contacts [14,18]. The
emission energy in the Ag4Cu, species is 46 >47 >48, accord-
ing well with the o-donating properties with phenylacetylide <

the acetonitrile solutions without exclusion of light, however,
gave the AusAgg products [AusAgg(p-dppm)a{ps-1,2,3-
C6(C6H4R—4)3}(CECC6H4R—4)7]3+ (R=H 51a, CH3 52a, Bu’
53a) as red crystals, in which photolysis caused formation
of the unprecedented trianion p,5-{1,2,3-C6(C6H4R-4)3}3_ by
cyclotrimerization of arylacetylide C=CCcH4R-4 [72].
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4-methylphenylacetylide < 4-methoxyphenylacetylide. 49 and
50 containing electron-deficient 4-nitrophenylacetylide or 4-
acetylphenylacetylide, nevertheless, show emission at much
lower energy (Table 4) compared with that in 46-48 because of
the lowest lying excited state being dominated by an intraligand
3[m — m*] character mixed possibly with some metal cluster-
centered character [14].

3.2.2. Ag'-Au heteropolynuclear alkynyl complexes
Reactions of (AgC=CC¢H4R-4), with [Auz(p,-dppm)z]2+
in dichloromethane produce green solutions. On one hand,
metastable green AugAgi3 complexes [AugAgi3(p-dppm)3(3-
M!'-C=CCgH4R-4)141°* (R=H 51, CH3 52, Bu’ 53) were
isolated as green crystals by layering diethyl ether onto
the concentrated dichloromethane solutions with exclusion of
light [71]. On the other hand, layering diethyl ether onto

The metastable green AugAg3 species 51-53 (Fig. 15) dis-
play a cage structure [71]. As indicated in Fig. 15(top), three
distorted hexagonal prisms (highlighted by thick lines) are
intersected by sharing one rim with each other. The ligand-
unsupported Ag' atom is situated at the center of the three
intersected hexagonal prisms which are symmetry-related by
a Cz-axis through C51Ag5C61 atoms. Within the AugAgi3
cluster core (Fig. 15, lower), the middle part (highlighted
by thick lines) is an Agg triangular prism with the ligand-
unsupported Ag' atom at the center. The rather short Au'-Ag!
(2.94-3.22 A) and AgI—AgI (2.89-3.32 A) distances demon-
strate the presence of significant metallophilic contacts in the
AugAgi3 cluster [1]. The Au---Au distances, however, are
>3.50 A. The C=CCgH4R-4 adopt the pw3-n! bonding mode,
in which two of them cap symmetrically three Ag' centers,
respectively, whereas the others are bound to one Au! and two
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Table 4
Photophysical data for Ag'-Cu! heteropolynuclear alkynyl complexes 4450
Complexes Medium Jabs (nm) (g, dm3 mol~! cm™) dem (Nm) (Tem, ps) at 298 K Aem (nm) at 77K
44 Solid 480 (1.2) 478, 525 (sh)
CH,Cl, 239 (209,940), 285 (196,070) 453, 616 (sh) 464, 507 (sh)
45 Solid 483 (1.3), 531 (sh) 484, 531 (sh)
CH,Cl, 239 (216,020), 302 (216,980), 331 (114,690) 458, 620 (sh) 468, 515 (sh)
46 Solid 478 (5.6) 478, 524 (sh)
CH,Cl, 256 (44,160), 288 (39,660), 322 (33,780) 458 467
47 Solid 484 (5.1), 600 (sh) 481, 533 (sh)
CH,Cl, 263 (46,190), 320 (50,050), 343 (35,180) 463 464, 505 (sh)
48 Solid 498 (1.5), 606 579
CH,Cl, 256 (80,930), 321 (66,910), 335 (50,110) 546 463, 502 (sh)
49 Solid 601 (3.4) 610
CH,Cl, 266 (42,550), 368 (33,380), 410 (29,170) 534 574
50 Solid 532(1.8) 526
CH,Cl, 256 (51,600), 304 (74,890), 360 (59,530), 389 (40,800) 516 525

Ag! centers in an asymmetric mode.The red AusAgg species
51a-53a [72] consist of five Au! and eight Ag' centers linked
together by bridging dppm, phenylacetylide “C=CCgHs and tri-
anion {1,2,3-C¢(C¢Hs)3}>~ as depicted in Fig. 16. The Au-Ag
(2.70-3.10 A) and Ag-Ag (3.10-3.20 A) distances are compa-
rable to those in the metastable green AugAg;3 cluster species

Fig. 16. Perspective view of 51a with atom labeling scheme (top) and a view of

Fig. 15. Perspective view of 52 with atom labeling scheme (top) and the s-{1,2,3-C6(CsHs)3 }>~ coordination (lower), showing the two anti-oriented
AugAg;3 cluster core structure (lower) [71]. Ag—Cyy1 bonds [72].
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51-53 [71]. The intramolecular Au—Au distance, nevertheless,
are shortened significantly upon formation of stable red Aus Agg
species (Au—Au=3.10-3.35A) by photolysis of metastable
green AugAgi3 cluster complexes (Au---Au>3.5 10\). The
phenylacetylides adopt either w3-n' (o) or p-n! (¢"),m?(1r) bond-
ing mode. The trianion {1,2,3-C4(CsHs)3}3~ displays an
unusual ps-bonding mode bound to three Au' and two Ag!
centers as shown in Fig. 16 (lower). The three Au—C,y1 bonds
are almost coplanar with the trianionic phenyl ring, whereas
the two Ag—Cyy1 bonds are anti-oriented, in which Ag2 and
Ag2a are located up and down this phenyl ring ca. 2.40 A,
respectively.

The UV-vis absorption spectra of green AugAgi3 species
51-53 (Table 5) in dichloromethane are characterized by
high-energy ligand-centered absorption at ca. 250-320nm
and shoulders at ca. 350nm tailing to 500nm, arising
from metal-perturbed ™ — w* (C=C) transitions. With exci-
tation at A>350nm, they emit bright green luminescence
(Aem =520-570nm) both in the solid states and solutions at
room temperature with quantum yields @y, being 0.025-0.112
(Table 5) in degassed fluid dichloromethane solutions. Because
typically vibronic-structured emission bands relevant to the
acetylides in the excited states are unobserved, the emission ori-
gin is most likely dominated by a metal-cluster-centered (d — s)
triplet states modified by metal-metal contacts.

The UV-vis spectra of red Aus Agg species S1a—53a (Table 5)
are characterized by high-energy absorption at 230-90 nm and
low-energy bands at ca. 365 and 440 nm. With excitation at
Aex >350nm, they emit red luminescence (Aem =630-680 nm)
both in the solid states and fluid solutions (Table 5). The emission
intensity, however, is much weaker than that of the corre-
sponding AugAg;3 species 51-53 with @, < 0.005 in degassed
dichloromethane solutions.

Interestingly, metastable green AugAg3 complexes 51-53
can be gradually photolyzed into red AusAgg species S1a—53a
with occurrence of silver precipitate. It is postulated that light
irradiation of the green AugAg3 species induces Ag* — Ag to
occur as well as to produce free radicals necessary for formation
of {;L5-1,2,3-C6(C6H4R-4)3}3_ by cyclotrimerization of ary-
lacetylide. It is well known that cyclotrimerization of substituted
alkynes usually gives 1,3,5- or/and 1,2,4-trisubstituted benzene
derivatives in high selectivity. To our knowledge, isolation of
1,2,3-trisubstituted counterparts by this approach, however, has
been attained in a few cases with extreme low yields (<8%)
[73-75]. Photolysis of metastable green AugAgi3 complexes
into stable red AugAg;3 species is undoubtedly unusual, induc-
ing formation of 1,2,3-trisubstituted benzene derivatives in high
selectivity by cyclotrimerization of arylacetylide. It is assumed
that photolysis of the green metastable AugAui3 species (51-53)
is likely involved in formation of Dewar benzene intermediates
(Scheme 4) from cyclotrimerization of arylacetylides, which
can be gradually transformed into the red AusAug species
(51a-53a). As shown in Fig. 17, this conversion process can
be monitored by irradiation of the dichloromethane solution of
metastable AugAui3 species 52 with a xenon lamp at A =440 nm.
With the green (AugAujz species) solution transforming
into red (AusAug species) solution, the emission at 560 nm

CeH R-4 T

4-RCH, CoH R-4
Ag\ || [].omAg
Au Au

Au

R=H, CH;, Bu'

Dewar benzene itermediate

Scheme 4.

Emission Intensity

Emission Intensity

500 600 700 800
A/nm

Fig. 17. Emission spectra of 52 in degassed dichloromethane upon contin-
ual irradiation with a xenon lamp at 440 nm, showing the emission decay of
metastable AugAu;3 species at 560 nm and the emission grow of stable AusAug
species at 680 nm during the photolysis [71].

decays rapidly whereas that at 680nm gradually enhances
[71].

3.2.3. Agl-M! (M = Cu, Ag, Au) heteropolynuclear
complexes of ferrocenylethynyl

In contrast with the general alkyl- or arylethynyls,
ferrocenylethynyl (FcC=CH) is redox-active and widely
used in design of the molecules with [D]-[M]-[A]
([D]=donor, [M]=metal or cluster, [A]=acceptor) arrays
[76,77]. Depolymerizing polymeric silver ferroceny-
lacetylide (AgC=CFc), using d'° metal diphosphine species
[Mz(thPXPth)z(MeCN)z]2+ induced isolation of octahedral
homohexanuclear Ag6I and Cug! complexes when X=CH,
[78]. When X=NH, however, the reaction gave rhombic
dodecahedral heterometallic AgIgMI6 M =Cu, Ag, Au) cage
complexes together with a 1,2,5-azadiphospholium product as
indicated in Scheme 5 [79].

The 1,2,5-azadiphospholium species [FcC=CH(Ph;
PNPPhy)]" (54) is derived from cyclic addition of ferro-
cenylethynyl with PPh,NHPPH,. The sp?-hybridization in
Fc—C=CH (126.6(4)°) is reflected by the C=C (1.341(6) A)
double bonding character as well as the strong v(C=C) vibra-
tion at 1618cm~! in the IR spectrum. The P-N (1.601(4)
and 1.612(4) A) distances are comparable to those in the
deprotonated [PhyPNPPh,]™ (1.59-1.63 10\) [62], but obviously
shorter than those in PPhNHPPH, (1.68-1.73 A) [63].
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Table 5
Photophysical data for Ag'~Au' heteropolynuclear alkynyl complexes 51-53a

Complex Medium Jabs (nm) (¢, dm® mol~! cm™1) Jem (M) (Tem, 18) at 298 K Dem® hem (nm) at 77 K
51 Solid 525(0.05) 536
CH,Cl, 249 (80,820), 304 (76,440), 348 (53,980), 600 (520) 545(0.55) 0.025 531
52 Solid 545(0.41) 562
CH,Cl, 248 (71,880), 304 (69,710), 320 (69,660), 357 (56,680), 610 (1750) 560 (5.66) 0.112 557
53 Solid 523(0.04) 540
CH,Cl, 250 (78,970), 304 (76,650), 320 (77,450), 352 (59,770), 610 (2510) 546 (0.80) 0.032 539
51a Solid 638(0.50) 659, 608(sh)
CH,Cl, 232 (258,240), 364 (58,850), 440 (29,930) 651(<0.1) 632
52a Solid 630(0.23) 655, 610(sh)
CH,Cl, 229 (274,490), 287 (161,200), 365 (61,600), 443 (32,840) 642 (<0.1) 632
53a Solid 634(0.35) 652, 608(sh)
CH,Cl, 232 (278,560), 288 (178,370), 368 (68,070), 434 (40,310) 642

2 The emission quantum yields were measured at 298 K in degassed dichloromethane solution and estimated relative to Ru(bpy)s (PFg); in acetonitrile (Pep, = 0.062)

as reference.
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Scheme 5. Synthetic routes to 54-57 [79].
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Fig. 19. Three conformations for the Fc—-C=C-M-C=C-Fc arrays [79].

The AggMg M =Cu 55, Ag 56, Au 57) cluster complexes
consist of eight AgI and six MI (M =Cu 55, Ag 56, Au57) atoms
linked by twelve ferrocenylacetylides to give a cage structure
with a chloride ion at the cage center. As indicated in Fig. 18, the
AggMg cluster forms a rhombic dodecahedron [80] composed of

fourteen AgyM> quadrangles, in which each Ag' atom is bound
to three adjacent M' atoms whereas each M! atom is connected
to four adjacent Ag' atoms through strong Ag'-M! interactions.
The acetylides adopt an asymmetric w3-n! or p3-n',m!,m? bond-
ing mode. The Fc—C=C-M-C=C-Fc arrays can be oriented in
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Fig. 18. View of the AggCug cluster core of 55, showing arhombic dodecahedral
structure.

three forms (Fig. 19). In contrast with the only trans-form in
Agi4 complex 56 and Agg Aug complex 57, both cis- and gauche-
forms occur in AggCug complex 55. Average Fe- - -Fe distances
in the bridging Fe—-C=C-M-C=C-Fc arrays are 11.55A for
55 (M=Cu), 12.28 A for 56 (M=Ag), and 12.25A for 57
M=Au).

Although 54-57 are non-luminescent because the electron-
donating character of ferrocenyl always quenches the emission
through an electron transfer mechanism, they exhibit intrigu-
ing redox properties. 54 affords a reversible redox wave at
E1p=0.34V (vs. Fc*/Fc) which is 0.20 V positive-shifted rel-
ative to that of the ferrocenylethynyl (0.14 V). The AggCug
complex 55 exhibits two separate reversible redox waves (0.29
and 0.14 V) due to intramolecular electronic communication
between Fc groups mediated across the quasi-linear array
Fc—C=C-Cu—C=C-Fc. Furthermore, redox wave splitting in 55
(AE1;,=0.148 V, Fe- - -Fe=11.60 A) is much more remarkable
than those in tri- and hexanuclear Cu' or Ag! cluster complexes
of ferrocenylethynyl [78,81] due probably to the better linearity
of Fe—C=C-M-C=C-Fc arrays in 55, which facilitates electron
interaction to occur between the Fc groups. The redox processes
of 56 and 57, however, are irreversible owing to instability of the
AggMg (M =Ag or Au) cluster species during electrochemical
measurement.

4. Concluding remarks

The incorporation of d®/d'® metal thiolate/alkynyl species
with d'% metal diphosphine units is a feasible approach for the
design of group 10 and 11 heteropolynuclear thiolate/alkynyl
complexes. Depending on the nature of the d®/d' metal com-
ponents and the ligands as well as the reaction conditions such
as solvents and concentrations, a series of d3—d'° or d'0-d!0
heteropolynuclear species with diverse nuclearity and structural
topology have been attained. The versatile bonding character
of d®/d'0 metal thiolates or acetylides usually favors formation
of ligand-linked or -unsupported intermetallic contacts which
exert a significant influence on the spectroscopic properties and
the emission features of these d3/d'%—d'® heterometallic clus-

ter complexes. They always show intense room-temperature
luminescence with a wide range of colors and lifetimes in
the microsecond range in the solid state. In most cases, they
also luminesce strongly in degassed fluid solution with mani-
fold emissive origins due to MLCT, LMCT and LLCT triplet
excited states mixed with some metal cluster-centered char-
acter modified by metal-metal contacts. The luminescence
energy and lifetime together with their emissive origins are tun-
able by modifying the metal ions and the ligands as well as
introducing electron-donating or -accepting substituents to the
aromatic rings. A wide range of emission or color has been
achieved for the square planar Pt! chromophores with tunable
emission energy by altering the HOMO-LUMO energy gap.
These emissive d®/d!°-d!® multicomponent and heteropolynu-
clear complexes may have extensive applications in organic
light-emitting diodes and other molecular level optoelectronic
materials.
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