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Abstract

Two nucleophilic trinuclear Au(l) ring complexes, Ap-tolyl)N =C(OEt)), 1, and Aw(u-C? N3-bzim)s, 2, form sandwich adducts
with organic Lewis acids (£ and GgFg) and electron acceptors (tetracyanoquinodimethane, TCNQ), a neutral polyfunctional inorganic
Lewis acid (Hg(o-CgsF4)3), and naked heavy metal cations {(End Ad’). Fascinating photophysical properties are associated with the
adducts formed, including external heavy-atom effect leading to room-temperature phosphorescence of aromatic molecules, quenching «
luminescence upon exposure to organic vapors, and sensitization of metal-centered emissions in supramolecular stacks with luminescen
thermochromism. Intermolecular interactions, including M—M bonding@amaid—base interactions, play the major role in influencing the
luminescence properties.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Trinuclear Au(l) complexes; Phosphorescence; Heavy-atom effect; Aurophilic bonding; X-ray structures

1. Introduction

* gorrespondin?j_authotr.hTeI.: +1 979 845 0648; fax: +1 979 845 2373. The Lewis donor—acceptor Conce[pi] and the related
** Co-corresponding author. _ . Sa .

E-mail addressesno0029@unt.edu (M.A. Omary), Ingqlq Robinson UUCIeOph”e electrpph|le conciit are
fackler@mail.chem.tamu.edu (J.P. Fackler Jr.). traditionally associated withr donation and acceptance

0010-8545/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.12.018



M.A. Omary et al. / Coordination Chemistry Reviews 249 (2005) 1372-1381 1373

of “electron pairs” [3]. But with the development of An especially intriguing class of linear-chain species
organometallic chemistry, it has become critical to expand involves trinuclear & complexes, which have garnered con-
these concepts to includeacids and bases. Conventionally, siderable interest in recent years owing in large part to their
the m base is an unsaturated organic molecule while metal fascinating luminescence properties. For example, Balch
centers are usually acids/acceptors. Our recent efforts, how-and co-workers reported that a trinuclear carbeniate Au(l)
ever, have demonstrated that the trinuclear Au(l) compoundscomplex exhibits “solvoluminescence”, i.e., it produces
with substituted imidazolate and carbeniate bridging ligands, spontaneous orange emission upon contact with solvent in
Plate 1 act asw bases which form supramolecular stacks samples that had been irradiated with long-wavelength UV
with a variety of electrophile§4—8]. These electrophiles light [21a]. The same and related complexes have been found
include organic Lewis acids gEs and GoFg) and electron  to form charge-transfer complexes with nitro-9-fluorenones
acceptors (tetracyanoquinodimethane, TCNQ), a neutral[21b]and some form hourglass figures on standing or when
polyfunctional inorganic Lewis acid (Hgo-CsF4)3), and placed in an acid21c]. The combined work reported by
naked heavy metal cations {Thnd Ag’). The resulting us [7], Balch and co-worker$21], and Yang and Raptis
sandwich adducts exhibit interesting bonding and optoelec-[22] indicates that the luminescence of the trinuclear Au(l)
tronic properties. The focus of this article is photophysical complexes, regardless of the bridging ligand, is related to in-
properties of the trinuclear Au(l) complexes and the sand- termolecular Au—Au interactions between adjacent trimers.
wich 7 adducts thereof with organic electrophiles. A review Gabb&and co-workers have reported that a trinuclear Hg(ll)
of the structural properties of trinuclear Au(l) complexes in complex forms 1:1 adducts with aromatic hydrocarbons,
general has been reported elsewl6te which become brightly phosphorescent at room temperature

Our efforts are complementary to those by others in areasdue to a mercury heavy-atom eff¢28,24]. Finally, a recent
that span structural, chemical, and physical properties of report by Dias et al. showed that a trinuclear Cu(l) pyrazolate
extended-chain materials and trinucled? dng complexes. complex exhibits bright emissions that can be tuned to
Extended linear-chain compounds that contain metal atomsmultiple luminescence colors across the visible region by
exhibit important aspects in chemical bonding as well as varying the temperature, solvent, or concentrafizsi.
fascinating chemical and physical proper{i#8—12] Many
classes of coordination compounds that exhibit such struc-
tures have been reported, giving rise to advances in severa
areas that include supramolecular architecture, acid-base 1. Nucleophilic nature
chemistry, metallophilic bonding, luminescent materials,
optical sensing, and various optoelectronic applications.  The two trinuclear Au(l) ring complexes that we have fo-
Among the many recent developments in this area are reportscused on, Aw((p-tolyl)N=C(OEt)), 1, and Au(.-C? N3-
about a vapochromic light-emitting diode from linear-chain bzim)g, 2, are shown irPlate 1 The two compounds stack as
Pt(I)/Pd(Il) complexeq13], a luminescent switch consist- dimers in the solid state with a chair arrangement [26]
ing of an Au(l) dithiocarbamate complex that possesses aand a prismatic arrangemenéi7]. Hence, each compound
luminescent linear chain in the presence of vapors of organic exhibits both intramolecular and intermolecular Au—Au in-
solvents[14], a vapochromic compleX,TI[Au(C¢Cls)2] }n, teractions, i.e.aurophilic bonding[28]. Density-functional
that shows a quantum dot effect and reversible color changegheory calculations have indicated tlHaand?2 are electron-
upon binding to volatile organicgl5], a modified form rich species. Two views are shownhig. 1to illustrate the
of Magnus’ green salt [(NB)4Pt][PtCL], that exhibits negative molecular electrostatic potential (MEP); the posi-
semiconducting propertigd6], a variety of & complexes tive and negative MEP regions in space are shown for the
that interact with inorganil7] and organid18] molecules crystallographic arrangement dfvhile the MEP values are
to form donor—acceptor extended-chain adducts with in- mapped on the electron density surface2d¥]. The most
teresting conducting and/or magnetic properties, and newnucleophilic regions are clearly at the center of the trinuclear
interesting complexes that exhibit strong heterobimetallic ring and they extend in the space perpendicular to the ring
bonding between different closed-shell metal i$h3,20] plane. Hence, ther base concept fot and2 is borne out

according to the data iiRig. 1. This is similar to the action of

CH, N aromatic hydrocarbons asbases that can attract cations at

@ @ the center of and perpendicular to the aromatic ring plane; see
“\ the work of Dougherty on catiom-interactiong29]. In fact,

Ph 1 and?2 are involved in strong catiom-interactions, as the
e L>—0Et @ " §C_j‘ . N9 + . y

F. Isolated trinuclear compounds

Et

u— form sandwich adducts with Tland Ad" ions, which have
ed A”—'h ’,“\ been fully characterized by X-ray crystallography and exhibit
Ph fascinating luminescence propert{ds5]. Such adducts are
2 not discussed in detail in this review, however, as the ma-
jor focus herein is on the trinuclear species alone and their
Plate 1. Sketch of the trinuclear Acompounds studied. adducts with organic electrophiles.
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Fig. 1. Representation of the molecular electrostatic potential (MEP) from DFT calculBtjoiiie positive (green) and negative (red) MEP regions in space
are shown for the crystallographic arrangement of a dimeric udit(k&ft) while the MEP values are mapped on the electron density surface of a molecule of

2 (right).

2.2. Photophysics the emission is highly structured, typical of ligand-centered
emissions in monomeric organic molecules/ligands and be-

The luminescence emission and excitation spectfaiof cause the vibronic spacing corresponds tathe, vibration

the solid state are shownlifig. 2 The solid exhibits a feeble  in a dilute solution. However, further data in Secti®a be-

blue luminescence that becomes bright at 77 K. The lifetime low suggest that the emission likely occurs from a dimeric

is ~10ws[30], hence the emission is phosphorescence from unit. Furthermore, the luminescence excitation spectra show

a formally triplet excited state. The emission shows a struc- peaks at too low energies to be assigned to a monomeric

tured profile with a uniform vibronic spacing-(400 cnT?). species. The emitting state, therefore, is likely a ligand to

This spacing corresponds to the Raman spectruinim&o- metal-metal charge transfer (LMMCT).

lution, which shows a peak at1422 cnt! and an overtone

thereof Fig. 3 right). This peak is assignable to the_y

vibration of the bridging carbeniate ligand. The higher fre- 3. Adducts with organic electrophiles

quency region shows other vibrations characteristic of the

aliphatic and aromatic substituentsiiron the blue and red  3.1. Perfluoronaphthalene adduct

side of 3000 cm?, respectively. At first sight, it is tempting

to assign the blue emissiondfo a ligand-centered phospho- Reaction ofl with octafluoronaphthalene 16Fs, forms a

rescence from a single molecular unitbfThis is because  bright yellow phosphorescent so[@il]. The crystal structure

Intensity, a.u.

250 300 350 400 450 500 550 600
Wavelength, nm

Fig. 2. Emission (right) and corrected excitation (left) spectra of a crystalline sampletaf7 K.
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Fig. 3. Raman spectrum of a solutionlin CH,Cl, at ambient temperature.

shows a 1:1 sandwich adductsCigFg, with a supramolecu-  robenzene. The larger electron affinity ofgEg than that of

lar infinite-chain structure. The packing of the moleculesina CgFg explains the shorter interplanar separatiord.-i@;oFs
{1-C1oFg}e Chainis shown ifrig. 4 Similar 1:1 stacks form  compared td.-CgFs.

betweenl and another perfluorinated aromatic molecule, Thel.CyoFg solid adduct exhibits a yellow emission band
CsFe (vide infra). Given the nucleophilic character band that is bright even at ambient temperatufey. 5shows the

the known electrophilic character of the Lewis acidg¢ emission spectra of crystals #C1gFs in comparison with

and GFg, electrostatic interactions are expected to be the the solid uncomplexed {gFg aromatic molecule. A struc-
dominant forces that stabilize the supramolecular structuretured profile is observed fat-CigFg with a better resolu-

of both {1-C10Fs} and {1-CsFe}. w acid—base stacks. tion obtained upon cooling to 77 K. The profile is essentially
The distance between the centroid afgEs to the centroid the same as that of crystals of uncomplexed octafluoronaph-
of 1is 3.5094 compared to the slightly longer distance of thalene but there is a slight red shift. At ambient tempera-
3.565A in 1.CgFs. The Au - -Au intramolecular interactions  ture, the yellow organic-centered luminescence is very bright
in 1(3.224, 3.288 and 3.295’9) become longer upon adduct  for 1.CygFg but undetectable for solid octafluoronaphthalene.
formation in 1.CyoFg (3.279, 3.280, 3.33&). There is no
significant change in the distances in the fluorinated naphtha-
lene rings upon adduct formation. This is consistent with a
recent report by Schafer and co-workg2] in which the au- 1-C1oFs
thors have shown that the neutral and anionic forms;gFg RT
both possess add symmetry and the electron affinity of the
neutral species is 1.01 eV compared to 0.69 eV for hexafluo-

1-C1Fs
77K

Luminescence Intensity, a.u.

CiwFs
77K

450 500 550 600 650

Wavelength, nm

Fig. 5. Emission spectra of single crystals of th€;oFs stacked adduct
Fig. 4. Thermal ellipsoid drawing of the stacked octafluoronaphthalene with and solid GoFs. No luminescence was detected at room temperature from
1 solid CyoFs.
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Lifetime measurements show that the yellow luminescence 5d19 heavy metal ions lead to an unusually strong external
of 1.CqoFg is phosphorescence. The decay curve at 550 nm heavy-atom effect that is comparable to the internal heavy-
shows a single exponential fit with=3.57+0.07ms. The  atom effect in organic compounds. The long-range ordering
magnitude of the lifetime did not change significantly with of the acid—base stacks in which each organic triplet emitter
variations in either the laser excitation wavelength or the is surrounded by six heavy metal atoms is likely the major
monitored emission wavelength. contributing factor to the unusually strong external heavy-

The structured profile, energy, and lifetime of the yellow atom effect seen here. This effect, however, is smaller than
emission of thel-CyoFg adduct indicate that the emission the internal effect in which metals are involved in coordinate
can be assigned to monomer phosphorescence of the octaflucovalent bonds with the organic moiety, wherefhvalues

oronaphthalene, for which the energy of the+ Sy radia-  of 1011 s are common for ligand-centered emissions in
tive transition is red shifted only slightly. The 3.6 ms lifetime 5410 complexeg45] and even in lighter 3¢ and 4d° com-
of the yellow emission ofl-CyoFg is two orders of magni-  plexes[46]. The phosphorescence lifetimes are even shorter

tude shorter than the lifetime of the octafluoronaphthalene for metal-centered emissions, whereftvalues of a few mi-
phosphorescence, which was reported to be in the range ofroseconds and evenasis are quite common, e.g., for Au(l)
0.25-0.38 s in frozen glassf&8-35] The brightness of the  complexes that show gold-centered emissi@i$.

yellow phosphorescence at room temperature fot 8eoFs In order to gain insight into the photophysical processes
solid adduct along with the great reduction in the lifetime that lead to the enhanced phosphorescendeGmgFs, ab-
compared to free octafluoronaphthalene are indicative of asorption, diffuse-reflectance, and luminescence excitation
strong gold heavy-atom effect. The slight red shift in the spectra were obtaineffig. 6 shows the diffuse reflectance
emission energy df-C1oFs is also a known consequence of  spectrum of the solid addudtCyoFgs. Because the adduct
the heavy-atom effed83,35] The interactions betweeh stacks in a 1:1 manner, the diffuse reflectance data are com-
and octafluoronaphthalene are secondaipteractions, as  pared with the absorption spectra for dilute solutionsl of
evidenced by the relatively long crystallograghic distances and of GgFg, which represent monomers of these species.
between the planes of the two component8.6A between  Fig. 6 shows thel-CyoFg adduct exhibits not only absorp-
the centroids). The energies of such interactions have been estions characteristic of its two monomer components, but also
timated to be in the range of only 1-2 kcal/molin similar sys- new red-shifted features (designated by arrows) that extend
tems[36,37] Hence, one can consider the heavy-atom effect the absorption edge of the adduct to approach the visible
seen here for thé-CyoFg adduct to be more comparable to  region. Luminescence excitation spectra suggest that these
the external heavy-atom effect known for organic compounds new absorptions represent the major excitation route that
when aheavy atomis presentin the luminophore environmentjeads to the yellow luminescence bfC1oFs. Fig. 7 shows
(e.g., in the solvent, host matrix, or “through space” interac- that distinct luminescence excitation peaks appear near 335
tions within the molecule), as opposed to the internal heavy- and 360 nm fod.-CyoFg, which correspond to the red-shifted
atom effectwhere aheavy atomisinvolved inadirect covalent diffuse—reflectance features. The fact that these new features
bonding to the luminophorg88-42} The external heavy-  pecome much more clearly discernible in the luminescence
atom effect in organic compounds usually leads to a modestexcitation spectrum than they were in the diffuse reflectance
decrease in phosphorescence lifetimes while this decrease igpectrum indicates the central role played by their corre-
much more significant in the case of the internal heavy-atom sponding transitions in the excitation routele€;Fg. For
effect. For example, substituting naphthalerief 2.6 s) with

Br and norborane-Br reduces the lifetime to 0.02 and 0.11s
due to internal and external heavy-atom effects, respectively
[38,39] The reduction in phosphorescence lifetime seen for
1.C1oFs to ms levels due to an external heavy-atom effect of
gold is much more significant than the common reduction in
P due to external heavy-atom effects and is more compara-
ble to the reduction in® due to internal heavy-atom effects.
The spin—orbit couplingZ” parameter for the 5d orbital of
Au(l) is 5100 cnt! [43], comparable to the values for the
Brand | atoms of 2460 and 5700 ct respectively39,44]

The internal heavy-atom effect ir-iodonaphthalene leads ,
to P =2 ms[39]. Meanwhile, lifetime data recently commu- A
nicated by Omary and Gabbshow t” values on the order e e L B B B B
of 10—1 to ld) ms for several 1:1 adducts of electron-rich 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500
aromatic hydrocarbons (naphthalene; biphenyl; pyrene) with Wavelength, nm

the n?a_crocycllc Lewis acigu-(0-CeF4)sHgs [24]'_ There- Fig. 6. Solid-state diffuse reflectance spectrum of 1h@;0Fg Stacked
fore, it is reasonable to conclude that secondainterac- adduct in comparison to its free molecular components, represented by dilute
tions of aromatic luminophores with trinuclear complexes of solutions ofl and octafluoronaphthalene in acetonitrile.

Diffuse reflectance,
1¢C4oFg crystals

Solution absorbance
Solid diffuse reflectance

Absorption,
C1oFg solution
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The conventional heavy-atom effect in organic molecules
\ Luminescence excitation, usually invokes a phosphorescence route that entails simply
-\ 1+CuoFs crystals the enhancement of the,-ST; intersystem crossing of the
organic compound following direct absorption fromts ei-
ther § or a higher singlet (e.g.,2$that then relaxes t01S
via internal conversiof38,39] In contrast, the spectral data
for the 1.C1oFs adduct here suggest a different excitation
route for the phosphorescence, as depictédgn8. Absorp-
tion occurs directly to the resulting charge-transfer states in
the 1.CqoFs adduct. The significantly lower intensity of the
lowest-energy feature near 360 nm in the diffuse reflectance
and excitation spectra of the adduct suggests that it represents
— a triplet charge transfer statéqT) while the higher energy
250 290 330 370 410 450 feature near 335nm is assigned to a singlet charge transfer
Wavelength, nm s
state tCT). Fortunately, these charge transfer states lie higher
Fig. 7. Overlay of various electronic spectrale€;oFg and free GoFg for in energy than the energy of the §tate of the organic com-
purposes of comparison. ponent such that the latter state will not be depopulated as a
result of the charge transfer process. Thus, the lowest-energy
comparisonfig. 7 also shows the luminescence excitation emitting state in the adduct remains as thestate with little
spectrum of GgFg alone, which exhibits luminescence ex- perturbation of its original energy in the organic component
citation peaks at shorter wavelengths and correspond to thealone. The spectral data suggest that thet8te of GoFs is
monomer absorption peaks in the absorption spectrum of di- not involved in the charge transfer process because vibronic
lute solutions of GoFs. features corresponding to this state remain essentially unper-
We assign the diffuse reflectance/excitation peaks atturbed in the spectrum of the binary adduct (see the dashed
~335 and 360 nm fot-CyoFs to charge-transfer transitions  lines inFig. 6). Hence, we illustrate iRig. 8that the’CT and
in the ground state adduct. The trinuclear Au(l) complex CT states arise from the molecular orbital interaction of the
1 is strongly nucleophilic (Sectiog.1), so it acts as ar T2 and $ states of GoFg with suitable frontier orbitals il
base and donates electron density to theacid CFs. while both the $and T; states of GgFg remain non-bonding
The resulting charge-transfer adduct exhibits characteristicin thel-CyigFg adduct. The luminescence excitation spectrum
absorptions that are red-shifted from the absorptions of that monitors the yellow phosphorescenEey( 7) suggests
its individual components. Kisch et al. suggested that that the charge transfer process represents the major low-
donor-to-acceptor charge-transfer bands should appear irenergy excitation route while excitation peaks due to direct
the diffuse—reflectance spectra of 1:1 donor:acceptor inor- absorption to the triplet are absent (e.@.-S T1 absorptions
ganic:organic ionic solid stack48]. Also, previous work by for naphthalenes lie between 400 and 500 {38)].
us (vide infra; Section 3.38] and by Balch and co-workers
[21b] showed that charge-transfer absorption bands in the3.2. Hexafluorobenzene adduct
visible and near IR regions ariseneutraladducts that form
upon interaction of trinuclear Au(l) complexes with organic Unlike thel-C1oFg adduct, thd.-CgFg adduct does not ex-

acceptors such as TCNQ and nitro-substituted fluorenones hibit detectable phosphorescence from thestaite of GFg
No luminescence data were reported in these previous
reports, but they support the charge-transfer assignment of

Luminescence excitation,
CoFg solid

Diffuse reflectance,
1+C,oF3 crystals

Absorption,
C,oFg solution

Sz— /

the lowest-energy diffuse—reflectance/excitation peaks of S —
1.CyoFs. Although the mechanism of the external heavy- T, ’
atom effect of organic luminophores has been subject to S, W
numerous interpretatiorj49] and there seems to be lack of N oee— 0T
consensus on its origin, it has been suggested that charge B - " er
transfer might play a role in the external heavy-atom effect. T K

Evidence to this effect has been gathered, typically by
analysis of the emission data for rigid glasses at cryogenic
temperatures for a number of related luminophores that
contain one or more heavy-atoms (usually halogens), or by
theoretical studiel9]. But, to our knowledge, distinct peaks
due to the suggested charge-transfer process in the ground-
state adduct, like tho_se ShOWﬂI-TI_gS. 6 a_nd /have not been_ . Fig. 8. Proposed energy level diagram showing the interaction between the
reported for conventional organic luminophores that exhibit gycited states of and GoFg to form the charge transfer (CT) states in the
phosphorescence due to an external heavy-atom effect. 1.C1oFg adduct.

So

CioFs 1-CyoFg 1
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on complexation wittl. A reasonable explanation may liein  spectra for even nearly saturated solutionsld@gFs in
the fact that previous experimental data in the organic liter- CDClI3 show one peak at the same chemical shift§8 ppm)
ature suggest that perfluorination leads to an internal heavy-as that observed fordEg alone in CDC4.
atom effect for the octafluoronaphthalene ring but not for the
hexafluorobenzene ring (for further details, see [8%50)). 3.3. Tetracyanoquinodimethane adduct
Thel.CgFg solid adductis actually notluminescent at all even
at cryogenic temperatures. Becausexhibits intermolec- Reaction of a saturated solution of 7,7,8,8-tetracyano-
ular Au-Au interactions between adjacent trimers (Section quinodimethane with a sample»fdded dropwise results in
2.1) and exhibits blue phosphorescence (Sec#id) while an instant dramatic color change from light yellow to intense
both these interactions are absent in the non-luminescent 1:1green. Crystallization produced dark crystals whose struc-
stacks of thel-CgFg solid adduct, we hypothesized that the ture showed infinite 2:1 stack$[2],- TCNQ}, as shown
presence of luminescencelirand its absence irCgFg are in Fig. 10 [8] The TCNQ molecule is sandwiched between
related to the presence or absence of intermolecular Au—Autwo units of 2 from each side, in a face-to-face manner so
interactions between adjacent trimers. This hypothesis wasthat a molecule of the- TCNQ adduct is best represented by
substantiated by our observation that, wHeGgFg is im- the formula {r-2)(u-w-TCNQ)(w-2). The cyanide groups are
mersed in a solvent that does not dissdlye.g., E3O, the clearly not coordinated to the gold atoms; hencacid—base
compound loses its crystallinity and the resulting powder ex- interactions are favored t® coordination of TCNQ to the
hibits the same blue photoluminescence characteristic of trinuclear2 despite the strong donation ability of TCNQ
indicating that GFg is liberated from1-CgFg. In contrast, and the low coordination number, 2, for the Au atoms in
when solid1 is suspended in F, its blue luminescence 2. Although the distance between the centroid of TCNQ to
starts to quench with time. These observations prompted athe centroid of the Agiunit is very long, 3.964\, consis-
study of the interaction of these complexes with vapors of tent with the aforementioned nature of such secondary
organic compounds:ig. 9 shows a representative example.
A solid sample ofl. was placed at a fixed position in a closed P
chamber and its luminescence spectra were acquired as a ®
function of time in the presence okEg vapors. The vapors M
were produced as a result of the vapor pressure at ambient
temperature and pressure of a liquid sample of nggg @ a
small beaker that is placed at the bottom of the closed cham-
ber. The quenching of the luminescencé wfas first detected

®

after only several minutes and continued gradually until the %

p
next day Fig. 9). A control experiment in the absence of ~—
The evidence we have gathered thus far suggests that, G

CsFe vapors was carried out and showed no quenching in the M
luminescence of with time. /

1.CgFg dissociates in solution into its component trinuclear

A
Au(l) compound and organic Lewis acid. The electronic
absorption spectra for solutions @&fCgFg show the same
absorption peaks as those fbrand GFs. The 1°F NMR
0
4500
4000

- NI2TF)
< 35

2 3000 N(ITF)

(7]

€ 2500

E 2000 N2TEN ‘ u( ,

S 1500 ‘W

s 1000 / A UI2F)

S =3

50 ‘ >

350 400 450 500 550 600 650
Wavelength, nm

Fig. 9. Emission spectra df vs. exposure time to 5 vapor at ambient Fig. 10. Crystal structure of the: TCNQ adduct showing a view of the
temperature and pressure. The exposure time was (top-to-bottom) 0, 51, 65columnar structure formed by the repeat unit. The benzyl groups are omitted
98, 148, 208, 1322, 1439, and 1462 min, respectii@ly for clarity [8].
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8.0E+02 4

6.0E+02 o

& M'em™
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2.0E+02

400 500 600 700 800 900 1000
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Fig. 11. Visible absorption spectrum 2fTCNQ in CH;Cl, at room temperature. The insert shows the SEM image of the crystals taken without a conductive
film coating[8].

interactions, dramatic changes in the physical and electronicTCNQ species in solution from absorptions due to the neutral
properties take place as a result of these interactions. Mul-form and the fully reduced anionic TCNGQform. Unfortu-

tiple evidence has been collected to suggest the presence ofately these spectral observations are not definitive regarding
partial charge delocalization in tH§2]>- TCNQ} stacks. the actual species present. Third, a scanning-electron micro-
First, the intermolecular Au—Au distances were shortened scope (SEM) image for crystals 2fTCNQ is shown in the
significantly; they were even shorter than the intramolecu- inset of Fig. 11 The observation of a clear SEM image for
lar Au—Au distances in which ligand assistance plays a role. crystals of2. TCNQ that were not coated with a conducting
This may be ascribable to charge-transfer from the electron-material suggests that these crystals are non-insulators, be-
rich Au center to the electron acceptor TCNQ); a partial ox- cause the charge from the electron beam accumulates on the
idation of the Au(l) atoms leads to a shortening of Au—Au surface of insulating materials, which precludes the observa-
distances. In the limiting case, upon oxidation to Au(ll), a tion of a clear SEM image for an insulat&3]. Conducting
gold—gold single bond form&1]. Second, the intense dark or semiconducting materials, on the other hand, can diffuse
green color of the adduct, in contrast to the colorless crystalsthe charge and, thus, allow for the observation of a clear SEM
of 1 and the pale brown crystals of TCNQ, may be an in- image. We have attempted to carry out preliminary resistivity
dication of charge transfer; similar color changes were used measurements for alarge crystaPof CNQ that we were able

as evidence of charge transfer in a previous study by Balchto grow from a saturated Gi€l, solution containindl and

for adducts of trinuclear Au(l) carbeniate complexes with  TCNQ at4°C. However, the resistivity of the crystals at ambi-
nitro-9-fluorenone$21b). Likewise, Perutz and co-workers enttemperature was too high to be measured with the setup we
reported a red charge-transfer complex that forms as a resulhad access to, which can only measure resistivities for con-
of a reaction between bigf-benzene)chromium and hex- ducting materials. The apparent optical band gab BENQ
afluorobenzengs2]. There is more relevance for the latter (the absorption edge)is about 1.4 eV, which is within the band
study with the2.- TCNQ adduct discussed here than with the gap region for semiconductors, not conductors.

1.CgFe adduct discussed in the previous section. The charge

transfer adduct forming betweéhand TCNQ possibly re-

mains intact in solution because the solutions of the adduct4. Conclusions

are deeply coloredrig. 11shows the absorption spectrum of

the adduct in a CBLCl, solution. The spectrum shows visi- Although metal centers are usually electrophilic, we have
ble and NIR absorptions. The absorption peak near 500 nmshown via solid evidence based on X-ray crystallography,
may be due to charge transfer becalsend TCNQ alone  electronic absorption and luminescence spectroscopy, and
absorb below 400 nm. Both neutral TCNQ and TCN&b- quantum mechanical calculations that the trinuclear Au(l)
sorb in the NIR region with stronger absorptions for the complexes studied herein are stromgbases. Their nucle-
anionic form €max=43,300 M-t cm1); partially reduced ophilic nature allows them to form acid—-base adducts with
TCNQ will likely exhibit similar NIR absorptions. The spec-  a variety of organic and inorganic electrophiles. The photo-
trum in Fig. 11 appears to show a small amount of anionic physical properties vary in the different adducts depending
TCNQ™ but it is hard to distinguish absorptions due to the on the interacting electrophile. These included the sensitiza-
partially reduced TCNQ that are expected to be the dominanttion of the phosphorescence of the aromatic electrophiles via
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a gold heavy-atom effect, the quenching of the Au-centered[14] M.A. Mansour, W.B. Connick, R.J. Lachicotte, H.J. Gysling, R.

emission by disrupting the Au—Au intermolecular interac-
tions by the organic electrophile, the formation of intense
charge transfer absorptions in the visible and NIR regions,

and metal-centered thermochromic luminescence bands de-

localized along the stacking M—M chain axis when the elec-

trophile contains a heavy metal. These fascinating photo-

physical properties promise a great potential for the utiliza-

tion of such supramolecular acid—base stacks in a variety

of optoelectronic applications that include molecular LEDs,

selective optical sensing of hazardous small molecules and

Eisenberg, J. Am. Chem. Soc. 120 (1998) 1329.
[15] (a) E.J. Fernandez, J.M. Lopez-de-Luzuriaga, M. Monge, M.E. OI-
mos, J. Perez, A. Laguna, A.A. Mohamed, J.P. Fackler Jr., J. Am.
Chem. Soc. 125 (2003) 2022;
(b) E.J. Ferandez, J.M. bpez-de-Luzuriaga, M. Monge, M. Mon-
tiel, M.E. Olmos, J. Brez, A. Laguna, F. Mendizabal, A.A. Mo-
hamed, J.P. Fackler Jr., Inorg. Chem. 43 (2004) 3573-3581.
W.R. Caseri, H.D. Chanzy, K. Feldman, M. Fontana, P. Smith, T.A.
Tervoort, J.G.P. Goossens, E.W. Meijer, A.P.H.J. Schenning, |.P. Dol-
byna, M.G. Debije, M.P. de Haas, J.M. Warman, A.M. van de Craats,
R.H. Friend, H. Sirringhaus, N. Stutzmann, Adv. Mater. 15 (2003)
125.

(16]

heavy metals, optical telecommunication devices, and solar[17] (a) H. Tanaka, Y. Okano, H. Kobayashi, W. Suzuki, A. Kobayashi,

cell dyes.
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