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Spectroscopic and quantum mechanical studies of the Et;PAuCl complex were performed to characterize the effect
of aurophilicity on the optical properties. When excited with UV light at low temperature, the crystalline complex
produced a deep luminescence in both the blue (high-energy) and red (low-energy) regions of the spectrum. The
intensity of the low-energy luminescence was markedly reduced in the powdered state and quenched in the solution
state. Time-dependent density functional theory (TD-DFT) calculations on electronic structures of both the ground
and excited states of aggregates [Et;PAuCl], (n=1 - 3) indicated that the low-energy luminescence was attributable
to Au-centered transitions, which are significantly affected by aurophilic interactions. By contrast, the high-energy
luminescence appeared to be independent of the state of the complex and was strongly associated with the charge

transfer from Cl to Au.
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Introduction

The luminescence properties of organophosphinegold(I)
complexes have been extensively investigated and have become
an important sub-discipline in the study of gold chemistry.l'3
For organophosphinegold(I) halides containing bulky organo-
phosphine ligands, such as R3PAuX (R = phenyl and o-tolyl),
there is significant variety in their luminescence properties.
When excited with UV light, these complexes produce emission
bands in the 350 - 500 nm region with a low-energy shoulder.
The observed luminescence has been attributed to intra-ligand
transitions,4 metal-centered tralnsitions,5 or ligand-to-metal char-
ge transfer transitions.’ For complexes containing small organo-
phosphine ligands, such as [(Me,Ph)PAuX], and (TPA)AuX
(TPA = 1,3,5-triaza-7-phosphaadamantabe, X = Cl, Br and I,
whereby supramolecular association occurs via aurophilic
(Au---Au) interactions to form dimeric (in the case of bromide
and iodide) or trimeric (in the case of chloride) complexes, an
additional low-energy emission band is observed in the region
550 - 700 nm. The low-energy band is due to phosphorescence
from the gold-based o(p) — o* (s,d) excitation,” and its appear-
ance was strongly associated with Au---Au aurophilicity. The
energies of Au---Au bonds, measured in the range of 29 - 46
kJ mol ', are comparable with strong hydrogen bonds.® Accord-
ingly, aurophilic interactions are very important in determining
the molecular and crystal structure of compound and have
clear implications for the optical properties in phosphinegold
halides, the theme of the present report.

Notwithstanding the foregoing, a large variety of gold com-
plexes in addition to phosphinegold halides have been investi-
gated for correlations between the molecular and supramolecular
structure and the observed photophysical properties. Species
receiving recent attention include metal-organic complexes of
varying coordination number, having different counterions,
featuring aurophilic interactions, being subject to mechano-
chemical stress (piezochromic luminescent materials), or bear-

ing ligands having their own fluorescent activity.l’9 Increas-
ingly important in this context are organogold species, with
gold in both the +I and +III oxidation states.'’ An important
motivation for on-going studies of this sort is their application
in biochemistry, where the luminescence of gold compounds
with aurophilic forming capacity has been exploited to develop
sensors of alkali and alkaline earth ions, as well as of transi-
tion metals."

The present study was undertaken to investigate the optical
properties of a prototype complex, specially EtsPAuCl, in which
Au---Au interactions have been observed in the crystal structure,
as indicated by the Au---Au bond distance of 3.568(2) and
3.615(2) A."” These distances are at the upper end of the general-
ly accepted range of intermolecular Au---Au interactions (see
Figure 3 in ref. 8), but as shown in this study, are important in
influencing the photophysical properties. Complementing the
experimental procedures, TD-DFT calculations ' of the mole-
cular orbitals and excited states of [EtsPAuCl], (n=1 - 3) were
performed to characterize the absorbing and emitting states.
TD-DFT has been proven to be a practical and useful method
in estimating the binding energy14 of the gold atom and the
potential-energy surface of gold clusters."” The electronic struc-
tures of [EtsPAuCl], are proposed and demonstrate the influence
of aurophilic interactions. This work has relevance in delineat-
ing the luminescence properties of related mononuclear organo-
phosphinegold(I) halides.

Experimental

Crystalline Et;PAuCl and the Et3P ligand, dissolved in THF,
were purchased from Aldrich. The samples were used without
further purification. Absorption spectra of solution samples
were recorded on a Hitach U-4100 UV-vis spectrophotometer.
For measurements of diffuse reflectance spectra, the samples
were prepared by pulverizing a small amount (5 - 10 wt %)
with BaSOs. The diffuse reflectance spectra were recorded on
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Figure 1. Absorption spectra of Et:P (1, 0.10 M) and Et;PAuCl (2, 3.0 x
10 * M) in THF.
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Figure 2. Diffuse reflectance spectrum of Et;PAuCl at rt.

a Shimadzu UV-3101PC spectrophotometer equipped with an
integrating sphere attachment.

For measurements of luminescence and excitation spectra,
microcrystalline samples were either placed on the cold finger
of an Oxford CF-1104 cryostat using silicon grease (crystalline
spectra), or were dissolved in THF in a quartz ampoule, degass-
ed three times, then sealed (solution spectra). Excited light
from either a He-Cd laser or an Oriel 1000-W Xe arc lamp,
passed through an Oriel MS257 monochromator, was focused
on the sample. The luminescence spectra were measured at a
90° angle with an ARC 0.5m Czerny-Turner monochromator
equipped with a cooled Hamamatsu R-933-14 photomultiplier
tube.

Results and Discussion

Optical properties.

Absorption and diffuse reflectance: The absorption spectra
of the free ligand, Et;P and the Et;PAuCl complex, dissolved
in THF, were measured in the 220 - 800 nm region. As shown
in Figure 1, the absorption spectrum of the complex, with a
band appearing at 235 nm (¢ = 2400 M "' cm''), was quite
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Figure 3. (a) Luminescence (Aexn = 280 nm, 1: 1t, 2: 150 K, 3: 90 K, 4:
70K, 5: 10 K) and (b) excitation (Aems = 1: 680 nm, 2: 500 nm, 3: 450 nm
at 70 K) spectra of Et;PAuCl.

different from that of the free ligand. For the free ligand, two
weak bands appeared at 244 nm (=5.5M ' cm ') and 273 nm
(e=0.26 M ' cm ). These results suggested that the 235-nm
band of the complex was associated with the Au(I) center.

The solid-state diffuse reflectance spectrum of Et;PAuCl,
measured at room temperature, was reproduced in the form of
absorbance, via the Kubelka-Munk function.'® As shown in
Figure 2, a strong absorption band appeared below 300 nm,
accompanied by a broad and weak band in the visible region.
Hereafter, these are referred to as A- and B-absorption bands
in the order of increasing energy. The A-absorption band appear-
ed from 320 nm to 700 nm. Assuming that the main absorption
peak was blue-shifted by ~ 50 nm when in solution, the strong
B-absorption band in the solid-state would correspond to the
235-nm absorption band in the solution state.

Luminescence and excitation: The emission and excitation
spectra of the complex in the crystalline state were measured
at various temperatures (Figure 3(a)). At room temperature,
the 280-nm excitation produced a weak and broad spectrum,
with a complex spectral shape, spanning from 320 nm to 700 nm.
With decreasing temperature, the intensity of the low-energy
emission increased and became the maximum peak. At T=70K,
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Figure 4. Luminescence (Aexn = 280 nm) and excitation (Aems =1 : 450
nm, 2 : 500 nm) spectra of powdered Et;PAuCl at 70 K.
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Figure 6. Supramolecular aggregation leading to a zigzag chain mediat-
ed by aurophilic (Au---Au) interactions in the crystal structure of
Et;PAuCl, after ref. 12.
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Figure 5. (a) Luminescence (Aexa =1 : 280 nm, 2 : 330 nm, 3 : 360 nm)
and (b) excitation (Aems=1:370 nm, 2 : 410 nm, 3 : 550 nm) spectra of
Et;PAuCl dissolved in THF (degassed).

the spectrum was resolved to four Gaussian components, peak-
ing at 673 nm (w), 520 nm (p), 437 nm (s), and 375 nm (W):
hereafter, these emission components were referred to as the
El, E2, E3, and E4 in the order of increasing the energy. The
excitation spectra of the E1, E2 and E3 bands were also measur-
ed. As shown in Figure 3(b), the excitation spectrum showed

Figure 7. Potential energy surface of dimeric [Et;PAuCl],, using the
DFT/B3LYP level of theory with the LanL2DZ basis set.

two characteristic bands: low-energy and high-energy bands.
The high-energy excitation band, peaking at 280, was well
separated from the low-energy band appearing at > 300 nm.
Comparing the excitation spectra with the diffuse reflection
spectrum, it is evident that the low-energy excitation band
corresponds to the A-absorption band and the high-energy,
280-nm excitation band corresponds to the B-absorption band.
It should be noted that the E1 emission was mainly produced
via the B-band excitation at low temperature.

The effect of the states of the complex on the luminescence
properties was also investigated by changing from a crystalline
state to a powdered state and to a solution state. Figure 4 shows
the luminescence spectrum measured for the complex after
grinding into a powder. Compared with the crystalline state,
the intensities of the E1 and E2 emission components were
markedly reduced in the powder, suggesting that these low-
energy (LE) emission components might be associated with
the aurophilic interactions that are disrupted on grinding. To
confirm whether the LE emissions were indeed associated
with the aurophilic interaction, the luminescence properties of
the complex were also investigated in degassed THF. As shown
in Figure 5(a), the 280-nm excitation produced only weak high-
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Table 1. Some calculated molecular orbitals of [Et;PAuCl], (n= 1, 2 and 3)

MO n=1 n=2 n=3

hartree  Au Cl P C hartree  Au Cl P C hartree  Au Cl P C
17 0.079 14 1 38 40 0.045 29 17 46 0.020 42 8 26 22
16 0.063 17 10 54 0.029 54 2 10 29 0.016 39 7 28 24
15 0.054 20 19 53 0.016 59 8 29 3 0.013 40 1 22 32
4 0.042 20 13 52 0.008 27 1 19 49 -0.002 37 2 17 42
3 0.017 54 7 34 4 0.002 24 1 19 53 -0.006 33 3 19 43
2 -0.009 22 2 9 60 -0.003 34 4 20 40 -0.012 26 1 19 52
1 -0.012 15 2 24 58 -0.017 20 2 20 57 -0.014 43 11 44
hl -0.238 16 79 5 -0.238 32 68 -0.234 50 50
h2 -0.238 15 77 3 4 -0.245 20 75 5 -0.239 21 79
h3 -0271 72 28 -0.246 22 73 5 -0.242 20 76 3
h4 -0.247 19 75 2 4 -0.243 20 77 3
h5 -0.260 83 18 -0.247 28 65 6
h6 -0.281 81 19 -0.248 29 63 8
h7 -0252 72 29
h8 -0.272 83 15 2

energy (HE) emissions (E3 and E4), with band shapes similar
to those of the powder. The LE emissions were completely
quenched in solution. These results indicated that the LE emis-
sions are associated with the aurophilic interaction, which is
absent in solution. The excitation spectra of the HE emissions,
on the other hand, exhibited bands similar to those of the cry-
stalline state, corresponding to the A- and B-absorption bands.
The O,-purged solution of the complex also produced emission
spectra similar to the degassed solution, indicating that the HE
emissions were due to fluorescence. Finally, it is noted that
Et;P dissolved in THF produced a very weak emission, peaking
at 355 nm. Accordingly, the LE bands of the complex, observed
strongly in the crystalline state, are associated with the auro-
philic interaction.

Abinitio calculations. To model the electronic structures and
to understand the observed optical properties of Et;PAuCI,
quantum mechanical calculations were performed using DFT/
B3LYP/LanL2DZ basis functions to determine the influence
of the aurophilic interactions on the molecular orbitals of the
complex. The starting model was based on the previously
published X-ray data'> which showed two crystallographically
distinct, but chemically similar molecules, in the asymmetric
unit. In the crystal structure, these are associated into a supramo-
lecular zigzag chain mediated by aurophilic, Au---Au, interac-
tions (Figure 6). For the quantum mechanical calculations, three
model systems (monomer, dimer, trimer) were investigated.
Only the hydrogen atoms were optimized using DFT/B3LYP/
LanL.2DZ, and these optimized structures were then used for
further calculations.

Aurophilic interaction: The potential energy surface between
the two monomers was calculated using the optimized dimer.
Single-point energies were calculated by varying the Au---Au
distance with no further optimization of the geometry. As shown
in Figure 7, the minimum energy of the aurophilic interaction
was —9.49 kcal/mole corresponding to a Au---Au distance of
3.6 A. This distance agrees well with the observed distances
(Figure 6). Pyykko derived a simple expression for the auro-
philic attraction energy D. (J) as a function of the equilibrium
distance, R. (pm):8

D.= —% (6.022 x 10°7%)

In this equation, 7 is a free parameter, and @ and b are the
so-called Herschbach-Laurie parameters. Taking a = 268 pm
and b =-29 pm given for the [(PhzAuX),] (X =F - I) model, v
for [EtsPAuCl],, n was calculated as 0.35.

MOs and electronic transitions: The results of the molecular
orbital (MO) calculations using TD-DFT/B3LYP/Lanl.2DZ
are listed in Table 1. For the monomer, the combinations of the
dy-y2 g and dy,, «, orbitals of Au and the p, and p, orbitals of CI
resulted in the two-fold highest occupied orbitals (HOMOs),
h1 and h2, respectively. The p orbitals of Cl contributed nearly
80%, indicating that these two HOMOs are mainly occupied
by the lone-pair elections of Cl. The next HOMO, /3, is com-
posed of another combination of the s and d.22y orbitals of
Au and the py orbital of Cl, with a very significant contribution
from Au (as much as 72%) and a smaller contribution from Cl
(px). The first two lowest unoccupied molecular orbitals
(LUMO:s), /1 and /2, consist of a linear combination of the s,
py and p, orbitals of carbon atoms as the main component, and
the s and py orbitals of Au and the py orbital of P as minor com-
ponents. The contributions of Au to the /1 and /2 LUMOs
were only 15 and 22%, respectively. In contrast, the /3 LUMO
consists of the s orbital of Au, with a contribution of 54%, and
the s and py orbitals of P, with a contribution of 34%. The /3
LUMO corresponds to the o*-antibonding between Au and P.
The contributions of carbons, Au and P to the next four LUMOs
are similar to those of the /1 and /2 LUMOs.

For the dimeric structure, each of the molecular orbitals of
the monomeric structure is numerically doubled. As listed in
Table 1, the first four /1 - 744 HOMOs are formed by a linear
combination of the py, py, and/or p, orbitals of two Cl atoms as
the main contributors, with a minor contribution from the d
orbitals of Au, mimicking the situation for the 21 and 22 HOMOs
in the monomer. The 45 and 76 HOMOs are mainly composed
of the s, dy,, ,x and dy>-y2 xy orbitals of Au. As for the /1 and /2
LUMOs of the monomer, the first four /1 - /4 LUMOs of the
dimer correspond to the 6*-bonding orbitals of two Et;P ligands
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Figure 8. Contour plots of the molecular orbitals for [Et;PAuCl], (n=
1 - 3) involved in the A-band excitation and emission.

as the main contribution (over 40%), and the p orbitals of two
Au atoms as the minor component with the contributions, with
the contributions in the 20 - 34% range. The next two /5 and /6
LUMGOs correspond to the /3 LUMO of the monomer. The s
orbitals of the Au atoms are the major components of /5, and
the s and py orbitals of Au are the main components for /6.
For the trimeric structure, the contribution of the s and d
orbitals of Au atoms to the 21 HOMO increased, to as much as
50%, compared to the monomeric and dimeric species. Except
for the 21 HOMO, similar trends in the nature of the MOs are
evident as the number of units in the aggregates was systema-
tically increased. The 42 - h6 HOMOs correspond to the lone-
pair electrons of Cl atoms as main contributors, and the next
four HOMOs, /7 - h10, consist largely of the s, dy, x and d.e—y2 xy
orbitals of Au. The first six LUMOs, /1 - [6, are filled by the 6*-
bonding orbitals of three Et;P ligands and the p orbitals of Au
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Table 2. Calculated excited states and predominant transitions for
[EtsPAuCI]

Excited eV f Predominant transition Comment
states
(A-band)
1A 5.18 0.001 h2 — 11 Cl(p)—Au(p)
2A  5.27 0.011 hl —I1;h2 - 12 Cl(p)—Au(p)
3A  5.37 0.001 hl — 12 Cl(p)—Au(p)
(B-band)
4A  5.64 0.029 h2—12;hl - 13 Cl(p)—Au(p, s)
S5A  5.76 0.007 h2, h1—I13 Cl(p)—Au(s)
6A  5.83 0.034 h2, hl — 13 Cl(p)—Au(s)
7A  6.17 0.065 h3 — 11 Au(s,d)—Au(p)
8A  6.39 0.062 h3 — 12 Au(s,d)—Au(p)

Table 3. Calculated excited states and predominant transitions for

[Et;PAuCl],
Excited eV f Predominant transition Comment
states
(A-band)
1A 5.21 0.020 hl —[1 Cl(p)—Au(p)
2A 540 0.001 hd —11;h2 —11 Cl(p)—Au(p)
3A 544 0.011 h2,h3 — 11 Cl(p)—Au(p)
4A 547 0.005 h3,hd — 11 Cl(p)—Au(p)
(B-band)
5A  5.62 0.002 hl — 12 Cl(p)—Au(p)
6A  5.70 0.006 h3 — 12 Cl(p)—Au(p)
7A  5.76 0.005 h4 — 12; hl — [3 Cl(p)—Au(p)
8A  5.78 0.019 h5 — 11 Au(s,d)—Au(p)
) Cl(p)—Au(p)
9A  5.82 0.029 h2 —12;h5—11 Au(s,d)—Au(p)
10A  5.91 0.010 h2—13 Cl(p)—Au(p)
11A 594 0.018 hl — 4 Cl(p)—Au(p)
Cl(p)—Au(s)
5. 0.175 hl — I5;h1 — [13; h5 — 1
1A 9T OATS ML= B = BAIS = Ly ) ()
13A 599 0.017 h3 — 13 Cl(p)—Au(p)

atoms as a main contribution, with the p orbitals of the P atoms
as a minor component. The electron-density isocontours of
the HOMOs and LUMOs calculated for [Et;PAuCI], (n=1-3)
are shown in Figure 8.

The calculated low-lying excited states and oscillator streng-
ths of [EtsPAu], (n=1 - 3) are listed in Tables 2 - 4. According
to the energy gaps and the oscillator strengths, the excited
states can be classified into two groups. As indicated in Table 2,
for the monomer the first three excited states, 1A - 3A, are
classified into group A and arise predominantly from transitions
from the degenerate /1 and 422 HOMO:s to the /1 and /2 LUMOs.
The transitions from the X ground state to these excited states
are responsible for the A-absorption band. However, the cal-
culated oscillator strengths of these transitions are very low.
Taking into account the partial MO components, the X — 1A -
3A transitions are associated with charge transfer from p(Cl)
to p(Au). Although the c*-antibonding orbitals of the Et:P
ligand are the main components in the /1 and /2 LUMOs, the
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Table 4. Calculated excited states and predominant transitions for
[EtsPAuCI];

Excited eV f Predominant transition Comment
states
(A-band)
Cl(p)—Au(p)
.27 0.03 hl — 11
1A 527 9 — Aus.d)—Au(p)
Cl(p)—Au(p)
31 0.042 hl —12;h2 > 12
A 531 Tene Au(s,d)—Au(p)
3A 542 0.015 W3 — 115 h2 — 11 Cl(p)—Au(p)
4A  5.46 0.001 W4 — 12,13 — 1 Cl(p)—Au(p)
SA  5.47 0.005 "2 — B, Cl(p)—Au(p)
Cl(p)—Au(p)
S51.0.029 hl —12;h2 — 12; h1 — 13
6A 5.51 9 —[12;h2 - 12; hl — Aus.d)—Au(p)
TA 5.55 0.019 hd — 13;h4 — [1;hd — 11 Cl(p)—Au(p)
Cl(p)—Au(p)
.57 0.01 hl — 14
A 557 0.019 - Au(s.d)—Au(p)
(B-band)
9A  5.62 0.005 h6 — 11 Cl(p)—Au(p)
10A 5.63 0.015 hs — 11 Cl(p)—Au(p)
W — 1104 —12,3;  Au(s,d)—Au(p);
11A 5.67 0.115 16— 11 Cl(p)—Au(p)
12A 5.69 0.025 h5 — 12 Cl(p)—Au(p)
Cl(p)—Au(p);
.88 0.106 h2 —14;h I1; h6 — I3
19A 3 TN = IR =13 4 d)—Au(p)

p(Cl) — o*(C) transitions are forbidden. The next five A states,
4A - 8A, can be included in group B. Among the calculated
transitions, the oscillator strengths of the X — 7A and 8A transi-
tions are the largest, with f = 0.065 and 0.062, respectively,
and arise from the 43 — /1 and 43 — 2 transitions, respectively.
Thus, these transitions correspond to Au-centered transitions
are the main components of the B-absorption band, with the
p(Cl) — s(Au) transitions also contributing. When the molecular
aggregate is expanded from a monomer to a dimer and then to
a trimer, the contributions of the Au orbitals to the 41 and /1
increase and the oscillator strengths of the transitions to some
low-lying excited states increase (Tables 3 and 4). As indicated
in Table 4, the 1A - 8A excited states can be classified into
group A. For the A-band transitions, the summed oscillator
strength was 0.013 for the monomer, 0.037 for the dimer, and
0.163 for the trimer. It should be noted that for the trimer, the
first two excited states, 1A and 2A, arise from the combination
of the p(Cl) — p(Au) and s,d(Au) — p(Au) transitions. It is
suggested that low-lying excited states are associated with both
the charge transfer transition from CI to Au, and the Au-centered
transitions, which are significantly affected by the oligomeric
configuration mediated by aurophilic interactions. As the supra-
molecular association between the molecules increases via the
aurophilic interaction, the oscillations of the Au-centered transi-
tions increase and result in the low-energy luminescence.
Assignment of luminescence. For the monomeric structure
of EtsPAuCI, the A-band excited states are associated with the
charge transfers from CI to Au as a main component, and the
direct transitions of Au as a minor component; the reverse is
true for the B-band excited states. The aurophilic interaction
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significantly alters the nature of the A-band excited states. As
the supramolecular association between the molecules increa-
ses, the contributions of the Au-centered transitions to the low-
lying A-band excited states increase. The emitting centers re-
sponsible for the observed E1 (655 nm) and E2 (510 nm) emis-
sion components are strongly associated with the 1[s,d(Au)] —
1[p(Au)] transitions. By contrast, the high-lying A-band excited
states, arising from charge transfer from CI to Au, were not
altered by the aurophilic interaction. The emitting centers for
the observed 378 and 438 nm HE components arose from the
[p(Chp(Au)]* electronic configurations.

Conclusions

The photophysical and conformational properties of the
Et;PAuCl complex were studied both experimentally and com-
putationally. The crystalline complex excited with UV produced
abroad luminescence from deep blue to deep red. The orange-
red luminescence disappeared at high temperature, and in the
powdered and solution states. This indicates that the low-energy
luminescence is strongly associated with Au---Au interactions.
The calculated aurophilic interaction of -9.49 kcal/mole (at an
Au---Au distance of 3.6 A) is sufficient to affect the photo-
physical properties. The results of TD-DFT and ZINDO cal-
culations for [EtsPAu], (n=1 - 3) suggested that the low-energy
luminescence is attributed to the '[p*(Au)] — '[s,d(Au)] transi-
tion, whereas the high-energy luminescence is strongly associat-
ed with the 1[p*(Cl)p"‘(Au)] excited states.
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