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Synchrotron techniques, X-ray-excited optical luminescence (XEOL) combined with X-ray absorption fine structures
(XAFS), have been used to study the electronic structure and optical properties of a series of luminescent gold(l)
complexes with diphosphine and bipyridine ligands using tunable X-rays (in the regions of the C and P K-edges
and the Au Ls-edge) and UV from synchrotron light sources. The effects of gold—ligand and aurophilic interactions
on the luminescence from these gold(l) complexes have been investigated. It is found that the luminescence from
these complexes is phosphorescence, primarily due to the decay of the Au (5d) — PRs (z*), metal to ligand
charge transfer (MLCT) excitation as well as contributions from the conjugated s-system in the bipyridine ligands
via the gold—nitrogen bond. The large Au 5d spin—orbit coupling enhances the intersystem crossing. The elongation
of the hydrocarbon chain of the diphosphine ligand does not greatly affect the spectral features of the luminescence
from the gold(l) complexes. However, the intensity of the luminescence was reduced significantly when the bipyridine
ligand was replaced with 1,2-bis(4-pyridylamido)benzene. The aurophilic interaction, as investigated by EXAFS at
the Au Ls-edge, is shown to be only one of the factors that contribute to the luminescence of the complexes.

Introduction philic interaction) at distances of 2:8.2 A, whose mag-
Gold(l) complexes, including monomers, oligomers, and nitude is approximately equal to that of a hydrogen bond

polymers, often show interesting photophysical and photo- (6—8 k(_:gl/_mol)? It_is WeII-_estainshed that the origin of th_e
chemical properties both in solution and in the solid state. aurophilic interaction, an important example of the attractive

Gold(l) complexes with diphosphine or diacetylide ligands Nteraction between noble metal cations with d, or &

usually have linear stereochemistry at gold(hand often configurations, is due to the relativistic correlation effects
show short secondary AtAu interactions (so-called auro- of the heavy metdl.The strong photoluminescence of these
binuclear complexes is generally assigned as phosphores-
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R.J.P.), tsham@uwo.ca (T.K.S.). . .
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moisture, and display intense, long-lifetime photolumines-
cence at room temperatut@he emission properties of the
gold(l) complexes as a function of the auxiliary ligands and
the presence or absence of intramolecular gotefold(l)
interactions have been investigated extensivelyMa and
co-workers successfully fabricated the dinuclear gold(l)
complex [Au(dppm)C}] into a device which exhibited a
very low turn-on voltage, making it ideal for use in light-
emitting diodes. This finding paves the way for using
luminescent gold complexes with a triplet-excited state in
the fabrication of electroluminescent devices, to complement
the established emissive molecules such as jAlq =
8-hydroxyquinoliney* and [Ru(bipy}]*" (bipy = 2,2-
bipyridine) > and organic polymer light emitters (e.g. poly-
(phenylene vinylene) and derivatives$).

This paper reports the investigation into the local structure,
electronic properties, and origin of luminescence from gold-
(I complexes with diphosphine and bipyridine ligands and
the related compounds shown in Figure 1. Of particular
interest are the complexes of formulgPh.P(CH,),PPh-
AUNC5H4C5H4NAU—}X]2X+[CF30027]2)(, wherex > 1 (O”-
gomers) anch = 2 (complex1 in Figure 1) andn = 4
(complex 3), henceforth denoted [A(dppe)(bipy)}™ and
[Aux(dppb)(bipy)f", respectively [dppe= 1,2-bis(diphe-
nylphosphino)ethane; dppb 1,4-bis(diphenylphosphino)-
butane; bipy= 4,4-bipyridine]. These complexes belong to
a family of complexes of gold(l) with diphosphine ligands
which have spacer groups of varying hydrocarbon chain
lengths (represented hyin the molecular formula BR-
(CHy)nPPh). It has been shown crystallographically that, for
n= 1 and 3, the structure is macrocyc{@hP(CH,),PPh-
AUNC5H4C5H4NAU_}x]2X+[CF3COZ_]2x, X=2, with 26- and

30-membered rings, respectively, and that the gold(l) atoms
adopt the normal, approximately linear geometry about each

gold(l) centeir” The interatomic Au-Au distance (aurophilic
interaction) is 3.10 and 5.28 A for= 1 and 3, respectively.

However, the exact structures of the complexes of interest ¢

(n = 2 and 4) were not determined, since no single crystal
suitable for X-ray crystallography could be grown. It is

interesting to note that there is a significant difference in
the optical properties depending on the chain length. While
all complexes exhibit strong emission at around 400 nm in
solution, the complexes with odd number chain length show
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Figure 1. Molecular structures of gold(l) complexes of intere$t:[Au.-
(dppe)(bipy)f*; 2, Aux(dppe)Ch; 3, [Aux(dppb)(bipy)F*; 4, Aux(dppb)-
Cly; 5, Auy(bipy)Ch; 6, dppe;7, bipy; 8, [Aux(dppb)(1,2-bis(4-pyridylamido)-
benzen€l"; 9, [Auz(dppp)(1,2-bis(4-pyridylamido)benzeReldppe= 1,2-
bis(diphenylphosphino)ethane; dppbl,4-bis(diphenylphosphino)butane;
bipy = 4,4-bipyridine ligand, dppb= 1,3-bis(diphenylphosphino)propane,
dppb = 1,4-bis(diphenylphosphino)butane).

only very weak and broad emissions in the solid state.
However, the complexes with even number chain length
show an intense emission, both in dichloromethane solution,
showing an intense single broad peak at 390 nm, and in the
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solid state, exhibiting very intense bipy-like spectral fea- excited state (not accessible by UV and visible excitation)
tures!’” Existing evidence leads to a proposed polymeric after X-ray excitation. In general, all the excited states decay
structure (Figure 1) in which the extent of Aéu interaction nonradiatively (via a phonon route) and rapidly to the
is unknown. Thus, it is desirable to examine this and related luminescence chromophore (triplet, for example), and this
complexes in some detail with X-ray excited optical lumi- is why XEOL normally exhibits very similar spectral
nescence (XEOL) and X-ray absorption near-edge structurefeatures, which are independent of excitation energy although
(XANES) at the carbon and phosphorus K-edges as well asthe relative intensity of the features (branching ratio) is
Au Ls-edge extended X-ray absorption fine structures (EX- sensitive to the change of excitation energy across an
AFS). These techniques probe the local structure of Au and absorption edge where a new excitation channel is created
the role of Au-ligand and Au-Au interactions in the  and this new channel decays via a slightly different pathway
luminescence of these complexes. As mentioned above, theséo the luminescence chromophore. Thus, PLY is very
binuclear complexes exhibit an interaction between the gold- sensitive to the effective coupling of the excited state to the
(I) centers, which has proven to play an important role in luminescence chromophore (quantum efficiency in producing
their emission properties’ 13 Many experimenta#*°® and electron-hole pairs that recombine radiatively), hence, the
theoretical® 2 studies have indicated that the aurophilic excitation channel in the vicinity of the edge. In the case of
interaction strongly affects the luminescence. For example, composites or heterostructures, where more than one site is
Balch and co-workers showed that the formation of extended luminescent, discernible excitation energy-dependent XEOL
chains of Au(l) centers that are connected through the Au- and optical-yield-dependent XANES can be readily ob-
(D —Au(l) interactions contributes to the luminescence of Au- served?*25

() complexes'® XAFS refers to the modulation of the absorption coef-
This research uses synchrotron techniques which are nofficient above an absorption edge of an element in a chemical
widely known, and so it is useful to introduce the XEOL environment as compared to that of a free atom. It usually
and XAFS techniques and the information that they can yield. refers to the oscillations in the absorption coefficients above
XEOL is a photon-in photon-out technique in which the an absorption edge. XAFS is conveniently divided into the
system is excited with X-rays from a synchrotron light source XANES (up to~50 eV above the threshold) and the EXAFS,
via the excitation of primarily core electrons. The decay of which can extend to 1000 eV above the edge. This division
the core hole (via Auger, dominant for elements of low at ~50 eV is arbitrary, but it does reflect the dominating
atomic number and X-ray fluorescence) leaves the excitedphysical processes taking place (multiple scattering in
systems with holes in the valence band (HOMO and HOMO- XANES to single scattering in EXAFS) and the correspond-
1, etc.) and electrons in the conduction band (LUMO, ing information it can provide.
LUMO+1, etc.). The radiative recombination of the electrons |, the XANES region, dipole-allowed transitions (1s to
and holes produce luminescence. The advantage of XEOL2p  for example) turn on when the excitation energy
with synchrotron radiation over convention excitation sources gnnroaches the threshold energy in creating a core hole. As
(lamp and laser in the visible and UV region) is that the use the excitation energy is scanned across the threshold, the
of tunable X-ray photons allows for the preferential excitation e electron is excited to previously unoccupied electronic
of a particular element (e.g., C in phosphine) and a particular giates that are bound (e.g., LUMO), quasi-bound (shape
excitation channel at an absorption edge" fesonance  resgnance, or virtual orbitals), and in the continuum (with
associated with the aromatic ring’ associated with €H increasing kinetic energy). The kinetic energy of the pho-
bond, etc., at the C K-edge, 1s _tr_\reshold) sin_ce core excitationyyelectron produced in the XANES region has low kinetic
thresholds are element specific. Thus, with good photon gnergy and is subject to multiple scattering. Thus, resonances
energy resolqtion that is readily obtainablelwith modern i the XANES can be treated as bound-to-bound and bound-
synchrotron light sources, XEOL can be site (element), 1,_qyasi-bound transitions, which are sensitive to the unoc-
chemical (oxidation state), and excitation channel specific. cupied densities of state (e.g., population of the LUMO) and
The optical luminescence intensity, often referred to as the molecular symmetry (selection rules). As the kinetic
photoluminescence yield (PLY), either in zero order (total) energy of the photoelectrons increases in the EXAFS region,
or at a selected wavelength, can be used to monitor thesingle scattering becomes dominant and information about
absorption spectrum across an edge. This kind of measurethe interatomic distances, coordination number, and local
ment is called optical XAFS, and it can be used to reveal disorder can be obtained. In this work, Fourier transform is

the origin of the luminescencéespecially when using soft  applied to establish the presence or absence of anAu
X-ray excitation** ¢ The details of the radiative deexcitation interaction in the radial distribution function.

in the optical region are complex since the system is in an

(24) Sham, T. K.; Jiang, D. T.; Coulthard, I.; Lorimer, J. W.; Feng, X. H.;
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A. L. J. Am. Chem. So@002 124, 2327. Bryskiewicz, B.Nature 1993 363 331.
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Chem.1995 34, 6330. P.; Feng, X. H.; Rosenberg, R. A. Appl. Phys1993 74, 6335. (b)
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Figure 2. XEOL spectra of complex. at various excitation energies Figure 3. Branching ratios of luminescence bands with UV and Au L
ranging from UV (1500 A, or 8.3 eV) and soft X-rays (C, N, and P K-edges) excitations.

to hard X-ray (Au ls-edge). .
ranging from UV (1500 A, or 8.3 eV) and soft X-rays (C,
Experimental Section N, and P K-edges) to hard X-ray (Augledge). It can be

The compounds studied are listed in Figure 1 and were prepareddearly seen that, r_egardless of the excitation energies, the
by literature methods, The specimens were prepared as thin lUminescence profile (spectral features) remains the same
powder films on indium foil for XANES measurements at the ¢ With four well-defined strong peaks at 415 nm (2.98 eV),
and P K-edges and on carbon tape for Agedge EXAFS in 440 nm (2.81 eV), 468 nm (2.65 eV), and 500 nm (2.47
transmission mode. The XANES spectra at the K-edge region of €V) and a less intense peak at 539 nm (2.30 eV) in the
C (275-315 eV) and P (21462135 eV) were recorded, respec- visible. These observations are consistent with the previous
tively, at the Spherical Grating Monochromator (SGM) beamline results obtained using a conventional UV emission spec-
and the Double Crystal Monochromator (DCM) beamline at the trometer!” Brandys and co-worket$attributed the origin
Canadian Synchrotron Radiation Facility (CSRF) situated at the of the four bands profile to the ligand-basesd* transitions

Synchrotron Radiation Center (SRC), University of Wiscofisin for bipvridi P . .
: : S _ pyridine derivatives since the energy difference between
Madison. XEOL with VUV excitation (e.g., 8.3 eV) of the inner the neighboring bands (1330 cf) is similar to the

valence region were made at the SRC Al Seya beamline. The Au . . I L
vibrational structure of the bipyridine derivatives. In our

Ls-edge XAFS were recorded at the Pacific Northwest Consortium- ) ]
Collaborative Access Team (PNC-CAT), Bending Magnet beamline "€Sults, the energy differences between the five bands are

at the Advanced Photon Source (APS, Argonne, IL). All spectra ~0.17 €V (1371 cm'). This frequency is very close to the
were normalized by the intensity of the incident beam. The data —C=C—H bending frequency, providing strong evidence for
were processed using the WIN XAS version 3.0 software package.the bipyridine ring being the chromophore. However, since
The XANES spectra were acquired simultaneously in total the 4,4-bipyridine alone is not emissive in solution at room
electron yield (TEY), X-ray fluorescence yield (FLY), and photo-  temperature, the presence of the gold(l) centers is likely to
luminescence yield (PLY) mode. The monochromatic soft X-ray have some influence on the luminescence of this complex.
beam at the SGM beamline has an energy resolutior®8 eV The origin very likely lies in the back-donation of the
at the carbon K-edge~(285 eV) with a slit size of 10@m x 100~ o100rons and the strong spiorbit coupling of the Au 5d
um (employed in the measurement for PLY statistics). The XEOL electrons, which greatly facilitates the intersystem crossing

of the complexes were collected with a JY H-10 monochromator f he sindl he triol We will his i
equipped with a Hamamatsu photomultiplier tube (943-02) by rom the singlet to the triplet state. We will return to this in

exciting the complexes with selected photon energies across theconjunction with the Au k-edge EXAFS.
C, N, and P K-edges as well as the Agédge. The PLY-XANES Returning to Figure 2, we see that the relative intensities
were obtained by collecting either all the optical photons (zero Of the peaks vary. Curve fitting was performed on the
order) or the partial yield at a selected emission wavelength. It photoluminescence spectra to estimate the branching ratio
should be reiterated that PLY is sensitive to the chemical environ- (ratio of area under a specific peak to the total area of all
ment of the absorbing atom and the excitation channel that may, peaks). These values in turn can be used to investigate the
or may not, couple to the luminescence chromophore effectively, effect of excitation energy on the intensity of the lumines-
leading to site and excitation channel sp(_eufléi?ty“-.6 Consquently, cence. Each spectrum was fitted with Gaussian peaks using
Elaznizr;ebnecgsed to probe the absorption site responsible for theth.e BGauss multiline fitting program version 253The pF_:ak |

' widths were fixed to be equal. The result thus obtained is
Results and Discussion shown in Figure 3 for the UV (8.3 eV) and hard X-ray

Electronic and Optical Properties of Gold(l) Complexes (11921 eV) excited XEOL, which exhibit a discernible

with Diphosphine and Bipyridine Liga”ds- F?gu.re 2 ShOV\{S (26) Tyliszczak, T.BGAUSS-Multiline Fitting Program unpublished
the XEOL spectra of complekat various excitation energies version 2.3; 1994.

952 Inorganic Chemistry, Vol. 46, No. 3, 2007



Au(l) Complexes with Diphosphine/Bipyridine Ligands

difference, while XEOL from other excitations are essentially

the same and are in between the two (Figure 2). The peak at

2.81 eV is the most intense (largest transition probability
within the vibronic manifold) regardless of excitation energy.
It is interesting to note that, with UV excitation, the branching
ratio of the peak at 2.98 eV is the most intense of all
excitation energies, by a factor ef1.5 compared to the

others at the expense of the lower energy emissions, while

the XEOL excited with hard X-ray is the least. In contrast,
with hard X-ray excitation{11921 eV), the branching ratio
of the peak at 2.65 eV is the reverse. This might indicate
that the creation of a shallow hole in the valence band and
an Au core hole has influence on the relative intensity of
the vibronic manifold, since UV excitation tends to populate
electrons from HOMO, HOMO-1 to LUMO, LUM@&?1, etc.,
while Au 2p excitation tends to populate d holes in the
valence band. The quantitative details of the variation in
relative intensity of the bands will require theoretical
calculations and further investigation.

Let us now consider the binuclear gold(l) complexes
containing either the diphosphine or the bipyridine and a
chloride ligand. The luminescence spectra of complexes
and5 are shown in Figure 4a,b, respectively. Compkx
exhibits two emission maxima at470 and 530 nm,
regardless of excitation energy. The branching ratios vary
slightly, but no significant difference was observed. The
emission profile of complex is in good agreement with
results reported by Jones and co-workéexcept for the
additional peak at 530 nm. In fact, the luminescence profile
of complex2 is identical with that for [(GHs)sPAuCI], which
was reported previoush}.The emission is a phosphorescence
process due to a metal to ligand charge transfer (MLCT)
excitation, having mostly Au 5d— PR; (7*) character.
Complex5 shows a strong emission in the region 40@0
nm with vibronic structures similar to compléxThe origin
of the luminescence is due to a bipyridine ring-s*
excitation, probably with some N> Au charge transfer. It
is interesting to note that, in compl&x the phenyl ring is
interacting with gold indirectly via the phosphorus atom,
which acts primarily as a good donor, while, in complex
5, the bipyridine ring interacts with gold directly via the
nitrogen atom which is part of the aromatic ring. Thus, the
m system of the ring can interact with Au effectively

enhancing triplet conversion and so increasing the lumines-
cence intensity. The sum of the luminescence for complexes

2 and5 has a good resemblance to that of complex

We now return to the oligomers. Complex®and4 were
prepared by replacing dppe in complexdesnd?2 with dppb.
This was performed to explore the effect of bridging chain
elongation on the luminescence of the binuclear gold(l)
complexes. Figure 5a,b shows the XEOL of compleRes
and 4 (analogous to their shorter chain counter parts
complexesl and 2), respectively, collected with various
excitation energies from C K-edge (285 eV) to Agddge

(27) Jones, W. B.; Yuan, J.; Narayanaswamy, R.; Young, M. A.; Elder, R.
C.; Bruce, A. E.; Bruce, M. R. Mlnorg. Chem.1995 34, 1996.

(28) Kim, P.-S. G.; Hu, Y. F.; Puddephatt, R. J.; Sham, TPKys. Scr.
2005 T115 545.
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Figure 4. XEOL spectra of (a) comple and (b) comples at various
excitation energies ranging from C K-edge to Agtédge.
(11921 eV). The XEOL from complexd exhibits four
emission maxima equivalent to complé&xbut the lumines-
cence intensities were not as strong as in comfles in
complex1, the branching ratio varies somewhat depending
on the excitation energy. Comple# shows the same
luminescence behavior as compkwith two main emission
maxima at the same wavelength, regardless of the excitation
energies. One interesting observation is that, in addition to
the main emission peaks, compkrxhibits a weak emission
at around 300 nm. Overall, the similar luminescence behavior
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.
of complexedl and3, as well as complexesand4, suggests  bound state involving carbercarbon interaction) transition
that the addition of a methylene spacer group to the bridging and (ii) the weak resonances in between associated with the
phosphine group does not alter the spectral pattern of theC 1s— o¢* transition of the C-H bond 289 eV). It is
gold(l) complex. The increase in the spacer group length apparent from Figure 6 that all spectra exhibit a strong
appears to have reduced the luminescence efficiency. Thisabsorption at 285.5 eV and a weak shoulder at 284.6 eV as
may be due to different packing of the chain in the solid observed in the spectra of complexgs2, and5. These
state allowing for more efficient quenching of the lumines- absorption peaks are attributed to C lsttotransitions of

cence in the longer chains. nonequivalent carbons on the dppe phenyl rings and bipy
Figure 6 shows the C K-edge XANES of complexXe®, rings. Qualitatively, one can determine which absorption peak

and5 acquired in (a) TEY, (b) FLY, and (c) PLY modes arises predominantly from which ligand by using Figure 6

compared to that of the free ligands, dppg &nd bipy ). alone. The observation of a sharpresonance in dppe and

Let us concentrate on the TEY for the moment, which a less intenser* resonance, as well as a shoulder at lower
represents the absorption spectrum. The C K-edge XANES photon energy in bipy, can be attributed to a more significant
of complexesl, 6, and7 have been previously reportéd, chemical inhomogeneity among the carbon atoms in the bipy
and they are shown here for comparison. Typically, the C ring. Thus, the XANES of the bipy ligand reveals that there
K-edge of unsaturated organic molecules exhibits two typesis more than one 1s t@* transition, and this can be attributed
of main transitions, (i) low energy~285—286 eV) features  to the existence of chemically nonequivalent carbons on the

that are usually sharp and intense represent the € g bipy ligand, while such an effect in dppe is small and
(bound state) transition and the broad transition at higher unresolved with the experimental energy resolution used in
energy (~290-292 eV) which represesa C 1s— o* (quasi these experiments. The difference arises from the greater
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electronegativity of nitrogen compared to phosphorus, the @ s
incorporation of nitrogen into the aromatic ring, and that the ! \
carbon atoms directly bonded to the more electronegative e
nitrogen are associated with the higher energy transition. \, ,'\I;\_'.
From these results it can be concluded that the weak !'@&ﬁa\ ., .K - *. o b
shoulder in Figure 6a in the C K-edge XANES spectra of 9”1 \.-:’JL\-’#\.?U).“\.\ o o_.’*{'
the gold(l) complexes arises mainly from the bipy ligand. ; T g{,) * ‘&é««..,," ""’uﬂ..’ ¢

Figure 6b shows the corresponding FLY spectrum at the g TT
C K-edge. They are similar to the TEY in spectral features £ ©
with some intensity variations. It should be noted that, under ;Cé —emPy@ronm
ideal conditions (thin film and homogeneous sample), the WV%

)

TEY and FLY should be identical. In practice, FLY tends
to suffer from self-absorption (thickness effect), which
broadens the sharp peaks. We see from Figure 6b that strong —
absorptions at 285.5 eV are still noticeable, although absorp- 2145
tion around 290 eV, which represents the 1stdransition Photon energy (eV)
(C—H), is suppressed. The most interesting feature is seen
in Figure 6¢, which compares the zero order (collecting all
the photons) PLY of all the compounds at the C K-edge. It
must be noted that PLY and FLY have comparable sampling
depths, which are significantly larger than that of TEY. Thus,
a noticeable difference in these two yields indicates that the
PLY is sensitive to the excitation channel at the C K-edge.
They all show two broad bands at the regionfand o*
resonance. The sharp-El o* (~289 eV) cannot be detected.
Complexe and6 (with a dppe ligand) both exhibit a kink

in the region of ther* resonance{285 eV) resulting from 1
a significant drop in quantum efficiency of radiative electron Cé —e—PLY (zero order)
hole pair production at this transition, while this is not seen S —o—TEY

in the PLY spectra of complexésand? (bipyridine) which -
show a resemblance to compl&xThis observation indicates 2145 2150 2155 2160 2165 2170 2175
that thesr system from the phenyl rings in the phosphine Photon Energy (eV)

ligand does not couple to the luminescence chromophoresrigure 7. Phosphorus K-edge XANES of (a) compliand (b) complex
effectively while the conjugated system in the bipyridine ~ 2in TEY and partial zero-order PLY.

Ilgands does. This is conf!rmed by replacing the phenyl ings 5 a,_c moiety has a high density of unoccupied states
with methyl groups, which showed no alteration in the of Au d character

emission profilé’ Fi
igure 8 shows the Aud-edge XANES of complexes,

Figure 7 shows the phosphorus K-edge XANES spectrap and5 in transmission and partial PLYs. The XANES
of (a) complex1 and (b) complex2 acquired in TEY and  spectra of complexelsand2 show similar broad resonances
partial PLY modes. The P K-edge XANES probes the jn the whiteline region indicating that there are probably
excitation of electrons from P 1s to an unoccupied p statesgyerlapping d states (the area under the whiteline is
in the LUMO and above. Thus, the decay of the core hole proportional to the Au 5d hole population). As shown in
will generate holes in the valence band and electrons in theFigure 1, Au is bonded to P and N in compl&but to P
LUMO and above. Complexe$ and 2 exhibit the same  and Cl in complex2. Thus, the similarity comes from the
XANES features due to the common molecular arrangementspresence of strong back-bonding from P to Au in complex
around the phosphorus atoms in both complexes. In com-2 which offsets the charge transfer from Au to Cl. Complex
parison with the dppe ligand, the white lines (intense 5, with bipyridine and chloride ligands, shows distinctly
resonance at the threshold) in the complex are blue-shifteddifferent features with a sharp whiteline at the threshold
by 0.5 eV, indicating that phosphorus is a net donor to indicating the unoccupied Au 5d states are more localized.
gold. The partial PLY spectra exhibit the same spectral What is common to all three complexes is that the
features as the TEY spectra for both complexes. This partial PLY exhibits the same profiles as the transmission
indicates that local excitations at the P K-edge are spectrum, confirming the strong involvement of the gold
strongly coupled to the luminescent chromophore. Thus, theatoms in the luminescence of these complexes. If the Au 5d
emission can be assigned to the decay of an excited statestates were not involved in the luminescence chromophore,
having both P and Au character. This is also supported by than the PLY could drop at the edge since the creation of
the observation of an intense Ay edge white line for these  the 2p,, core hole also provides a new X-ray fluorescence
complexes (to be discussed below) indicating that the decay channel.

\

T g T v T y T T T T
2150 2155 2160 2165 2170 2175

(b)

Yields (a.u.)
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Figure 8. Au Ls-edge XANES of complex, 2, and5 in transmission
and partial PLYs.

This analysis of the C and P K-edge and Agddge
XANES and XEOL indicates that the luminescence of the
gold(l) complexed, 3, and5 is primarily from the bipyridine
ligand. In complexes2 and 4, which do not contain a
bipyridine ligand, the luminescence arises primarily from
excited-state with P~ Au(l) ligand to metal charge transfer
(LMCT).28
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Figure 9. XEOL spectra of comple8 and9 excited at the C K-edge*
resonance (285.6 eV).

Effect of Different Ligands on the Luminescence of
Gold(l) Complexes. We have also studied the effect of
different ligands on the luminescence of the gold(l) com-
plexes. In this study, the 4:$ipyridine ligand was replaced
with the 1,2-bis(4-pyridylamido)benzene ligand, LL, and the
chain length of the diphosphine ligand was also varied to
= 3 (dppp = 1,3-bis(diphenylphosphino)propane) and 4
(dppb = 1,4-bis(diphenylphosphino)butane). As shown in
Figure 1, complex8 exists as polymeric cations with repeat
units of [ —LL —Au—dppb—Au—},]>*. Through interchain
amide hydrogen bonds, this complex results in a three-
dimensional network? Complex9, with one less methylene
spacer group in the diphosphine group than complexas
a very different structure, which is the 42-membered double
ring tetracation with a steplike conformatiéh.

The XEOL spectra of complexeésand9 are shown in
Figure 9. These complexes show a very weak and broad
luminescence in the region from 400 to 700 nm in the solid
state. The difference in the luminescence properties of these
complexes with two different ligands is the more extended
region of luminescence at both shorter and longer wave-
lengths for the ring compound. The broad features in the
emission with some fine structures indicate the involvement
of the vibronic transitions associated with aromatic ring.
Further investigation is required to assign these features.

Aurophilic Interaction and the Luminescence of Gold-

() Complexes: Au Ls-Edge EXAFS. It has been estab-
lished that the Aa-Au aurophilicity has significant influence
on the excited-state properties for the binuclear Au(l)
complexes that produce the lower energy emission2ati—

2.7 eV with the metal-centered transition charaéterhe
Au—Au interactions are typically identified by X-ray crystal-
lography. However, since X-ray-quality crystals were not
always obtained, we utilized EXAFS to investigate-Adu
interactions and to correlate the aurophilicity to the lumi-

(29) Burchell, T. J.; Eisler, D. J.; Jennings, M. C.; Puddephatt, Bhém.
Commun2003 2228.
(30) Jones, P. GGold Bull. 1981 14, 102.
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FT Magnitude
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Figure 10. Fourier transforms magnitudé&(weighted) versus distance
for complexesl—5, 8, and9.

nescence of these complexes at room temperaturek? he
weighted Fourier transform of the EXAFS data are shown
in Figure 10 for complexe&—>5, 8, and9. Corresponding
k?¢(K) vs k EXAFS data for complexe$—5, 8, and9 are
available online as Supporting Information. In all radial
distributions, there is a strong distinct peak at 1480@.02

A. This peak represents the overlap of theAiand Au-N
bonds. A less intense peak appears~a.90 A (the
corresponding phase corrected -AAu distance is 3.16t
0.05 A) in all complexes, and this value lies within the range
of Au—Au interactions® Our XEOL results indicate that
the gold(l) complexes, with diphosphine and bipyridine
ligands (complexe$—5), exhibit strong luminescence while
the complexes with bis(amido)bipy ligand (complegend

Conclusions

XEOL and XAFS studies of gold(l) complexes with
diphosphine (dppe), bipyridine (bipy), and bis(amido)bipy
ligands were performed at the carbon and phosphorus
K-edges and the goldstedge. Complexes with both dppe
and bipy ligand showed intense luminescence with a well-
defined four peak vibronic profile, characteristic of emission
from the gold-bipyridine unit where the large spirorbit
coupling of the Au 5d electrons facilitates the emission. The
emissive state can be populated either directly or indirectly
from the Au— P LMCT excited state. The effect of chain
elongation of the diphosphine ligand {CH,),PPh was
also examined, and it was found that increasing the chain
length, fromn = 2 to n = 4, showed no alteration in the
luminescence property. However, by replacement of the
bipyridine ligand with 1,2-bis(4-pyridylamido)benzene, the
intensity of luminescence of the gold(l) complexes was
reduced significantly. This was due to the bulky bis(4-
pyridylamido)benzene ligand which prevents the formation
of Au—Au aurophilic interaction that is known to couple to
the luminescence of the gold(l) complexes. Moreover, the
role of the aurophilic interaction to the luminescence of the
gold(l) complexes was investigated by EXAFS at the Au
Ls-edge. All complexes showed weak AAu interactions
at around 3.10 A, but the intensity of the luminescence was
variable. Thus, our results suggest that the aurophilic
interaction is not the only factor that is responsible for the
luminescence.
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