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ABSTRACT: The systematic analysis of the luminescence of
a series of alkynyl gold derivatives with general formulas
[(diphos)(AuC=Cpy),] (diphosphane =2,2'-bis-
(diphenylphosphanyl)propane or dppip (1), bis-
(diphenylphosphanyl)acetylene or dppa (2), 1,2-bis-
(diphenylphosphanyl)ethane or dppe (3) and 1,4-bis-
(diphenylphosphanyl)butane or dppb, (4), has shown a
straightforward correlation between the Au(I)-Au(I) distance
and the emission quantum yields and decaytimes. The analysis
of the decaytimes, quantum yields and thus, the corresponding
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calculated rate constants demonstrated the existence of a correlation between Au(I)**Au(I) distance and the radiative rate
constant for the deactivation of the emissive triplet states. It was concluded that the increased emission of these compounds
results from the increase in spin—orbit coupling that favors the spin forbidden transition to the singlet ground state.

B INTRODUCTION

During the past decade polynuclear gold(I) complexes, and in
particular their photophysics, has attracted a considerable
attention because of their potential applications to the field of
photonic devices and nanomaterials.'

The strong relativistic effects displayed by gold atoms, that is,
the phenomenon associated to high-speed electrons moving
close to the heavy atomic nucleus, confer them distinct
properties.” An increase in the effective nuclear charge causes a
contraction of the less-diffuse orbitals, whereas the more-diffuse
orbitals expand due to the enhanced shielding effect by the
contracted orbitals. Gold exhibits the maximum relativistic
effect among their neighbors in the periodic table, which means
that the extent of contraction in the 6s and 6p orbitals, and at
the same time the expansion of Sd orbitals is the most
significant.” These effects are in the basis of the observation of
aurophilic interactions between gold centers, which have
attracted a growing attention and accelerated the development
of gold(I) chemistry. This phenomenon (aurophilicity*) even
became a model for the description of relativistic effects in
closed-shell metals, of which gold(I) is the best example.s_7
Because of a similarity in energy and directionality between
aurophilic interactions and hydrogen bonds, aurophilicity plays
a key role in molecular aggregation in both solid state and
solution.

The luminescence studies of gold(I) complexes are of
particular interest due to the possibility offered of a
straightforward way to study Au---Au interactions, which in
some cases are reported to be the origin of the luminescence
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behavior. Several examples found in the literature of structural
and spectroscopic evidence of the effect of the aurophilic
interactions on the observed luminescence induced scientists to
carry out theoretical studies which intend to give the scientific
community an explanation of the luminescence of gold
compounds and its relation to aurophilicity through the
Au--Au distance dependence of the luminescence features.® "
Yet, its nature has not been rationalized in a consensual and
general view and continuous efforts in the assignment of the
states responsible for the observed emissions are still needed."!
The difficulties result in part of the extensive state mixing that
occurs in metal complexes, which turns difficult to find simple
assignments to the states, such as the presence of a low energy
molecular orbital centered at Au---Au, which would be one of
the orbitals involved in the lowest energy electronic transition
observed in emission. This would constitute the ideal and
straightforward assignment of an “aurophilic” emissive state. In
addition, gold complexes without aurophilic interactions, as
measured by X-ray crystallographic distances, sometimes show
identical luminescence to the ones claimed to be unequivocal
proof of aurophilic interactions. In fact, the luminescence is
affected by the nature of the ligands, by the geometry around
the metal center or by the presence of metal—metal interactions
in the complexes, which in principle permits the rational design
of complexes for specific applications. Nevertheless, the
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conjunction in a gold complex of more than one of these
conditions makes the assignments complicated."”

Gold alkynyl complexes usually exhibit intense low-energy
absorptions in the UV-—vis region originated mainly from
alkynyl-centered 7—z*(C=CR) transition as well as charge
transfer transitions between alkynyl ligands and metal ions or
ancillary ligands."”*~" In a previous work,'” we have conducted
a systematic analysis of the luminescence of a series of alkynyl
gold derivatives, synthesized by us and we have found no
straightforward relation between the existence of Au(I)-Au(I)
interactions and the occurrence of emission. Thus, in order to
go one step further, we have decided to analyze in detail the
photophysical properties of some of the previously reported
alkynyl phosphine gold compounds. On the other hand,
theoretical calculations have been also carried out to assign the
states responsible for this intriguing emission broad band to
rationalize the observed experimental data.

Interestingly, experimental and theoretical data are in good
agreement and provide an explanation of why aurophilic
interactions favor the emission on these compounds.

B EXPERIMENTAL SECTION

Physical Data. The overall emission quantum yields were recorded
with an integrating sphere accessory for a Horiba—Jobin—Yvon SPEX
Fluorolog 3.22 spectrofluorimeter. The samples were excited at 350
nm and the emission integrated in the range 400—650 nm. The decay
times of the powders and X-ray Au---Au distances are retrieved from
previous reported data.'” Decay times were measured with a laser flash
photolysis LK60 Applied Photophysics system in emission mode,
collecting the decay at 550 nm after laser pulse excitation at 355 nm at
the Departamento de Quimica-Universidade Nova de Lisboa.

Computational Details. All calculations have been carried out
using the Gaussian09 suite of programs.”® Due to the large size of the
molecules considered, the study of the electronic excited states has
been done employing linear response time-dependent density
functional theory (TD-DFT) with the CAM-B3LYP functional.”!
This functional has been chosen as it provides reasonable excitation
energies in a set of compounds including charged species and charge-
transfer reactions.”

Because of the complexity of the molecules investigated in the
present work, due to the extensive state mixing that occurs in metal
complexes, we have also performed CIS calculations® in order to
check for the reliability of the TD-DFT results. In this case, the
computed excitation energies have been scaled by a factor of 0.72 as
recommended in the literature.>*~>” In all cases we have employed the
CEP-121G basis set with an extra f function on Au.**">!

Finally, to check the effect of different environments on the
excitation energies, we have performed calculations in gas phase and in
solution through the self-consistent reaction field (SCRF) approach.®
In this work, two different solvents have been considered, namely,
dichloromethane with dielectric constant & of 8.93 and acetonitrile
with dielectric constant & of 35.688.

B RESULTS AND DISCUSSION

The series of dinuclear gold(I) (4-pyridyl)ethynyl complexes
shown in Scheme 1, differ only in the spacer linking two
(identical) arms. The size and geometric features of the spacer
is expected to affect the interaction between the two arms and
thus affect the photophysical properties that depend on the
gold---gold distances.

Absorption. The absorption spectra of the compounds
obtained in dichloromethane solution are comparable, as
expected by the fact that the chromophoric units ((4-
pyridyl)ethynyl and diphenylphosphine) are constant within
the series. All the compounds show a vibronically resolved band
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around 280 nm, while in the case of dppip, significant
broadening of the bands was observed (Figure 1). The
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Figure 1. Absorption spectra of the gold(I) (4-pyridyl)ethynyl
derivatives studied in this work (in dichloromethane at room
temperature). The presence of aurophilic interactions in dppip leads
to band broadening due to m—n stacking of the ethynylpyridine
moieties and the appearance of a new band at ~310 nm corresponding
to a 6% p,_p, = 7 transition.

broadening was assigned as indicative of 7—x stacking between
the (4-pyridyl)ethynyl arms in solution, favored by the
existence of aurophilic interactions, which were confirmed by
NMR." The presence of a new CT band at ~310 nm
(corresponding to a 6% ,,_,, = 7* transition, see below) also
contributes to the observed band broadening.

In an attempt to rationalize the experimental findings we
have carried out a series of calculations on the model system
shown in Figure 2. This is a dinuclear gold(I) (4-pyridyl)-
ethynyl complex in which we have substituted the spacer
between the two arms by two methyl groups, one placed in

Figure 2. Different projections of the model system employed in the
theoretical calculations.
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Table 1. Computed Absorption Bands for the Dinuclear Gold(I) (4-Pyridyl)Ethynyl Complex Carried out at the Au—Au

Distance of 3.0 A and Experimental Wavelengths at Maximum Absorptions, A,

in Dichloromethane and Acetonitrile

calculated experimental
gas MeCN CH,Cl, MeCN CH,Cl,
transition method exct.” f,f’ exct.” f ijb exct.” f ijb e Y
T CAM-B3LYP 243 0.4 238 0.6 239 0.4
CIS® 298 0.4 300 0.6 302 0.2 279 281
CT CAM-B3LYP 271 0.2 266 0.3 267 0.4
CIS° 310 0.5 313 0.8 316 0.9 ~300

“Excitation and A,,,, in nm. bfij stands for the computed transition oscillators strength. “Scaled by 0.72, see text. dExperirnental values of absorption at
maximum obtained for (PPh;)[Au(C=Cpy)] in dichloromethane and acetonitrile (Figure S1)
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Figure 3. X-ray structures evidencing the shortest gold—gold distances of (A) dppip, (B) dppa, (C) dppe, and (D) dppb derivatives.
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Figure 4. Normalized emission spectra of the solids (a) dppip, (b) dppa, (c) dppe, and (d) dppb derivatives (room temperature; A, = 360 nm).

each arm. The interaction between the two arms has been
modeled simply by modifying the Au—Au distance (da,_a)-
Thus, we have started with the crystal geometry of the dppe

gold derivative and we have performed calculations at d,_a,
3.0, 3.2, 3.4, 3.6, and 3.8 A, without relaxing the geometries.

The model used is obviously a simplification, since the
distance is not the only parameter that can impact in the
calculated transitions. Among other factors the nature of the
bond connecting the arms and the angle between the arms, can
also affect the calculated transitions. We decided to use a model
where the bond between the arms is absent to have a more
general model that could include all situations (in some cases
the aurophilic interaction is intramolecular, in others
intermolecular, and in one case absent); the simplified model
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allows a continuous change of the Au---Au distance. We have
studied both the impact of the distance for a given angle and
the impact of the angle for the shorter distance (see Table Sl in
Supporting Information for the angle dependence) and we have
observed that the angle did not had a significant impact in the
energy of the calculated transitions.

We have computed the absorption bands for the dinuclear
gold(I) (4-pyridyl)ethynyl complex in gas phase and in
solution, with acetonitrile and dichloromethane as solvents
and using two different methods: CIS and CAM-B3LYP
approaches. The corresponding results have been collected in
Table 1, which shows that the CIS approach predict a 7 — #*
band close to 300 nm, in very good agreement with the
experimental observation. It mainly corresponds to a transition
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between the 7 bonding and antibonding orbitals of the (4-
pyridyl)ethynyl units. In addition, our calculations predict an
intense charge transfer (CT) band close to 310 nm,
corresponding to a transition from the double occupied
HOMO 06*,_, (with antibonding character) to the z* orbital
of pyridine. Table 1 also shows that the CAM-B3LYP approach
predict less accurate results in terms of energy, with the 7 — 7*
transition close to 240 nm and the CT transition near 267 nm.
However, both theoretical approaches predict qualitatively the
same results. The calculations predict that the absorption bands
do not depend very much on the solvent which is in agreement
with the small shifts observed experimentally for the 7 — #*
transition (see Table 1 and Supporting Information Figure S1)
in the monomeric compound (PPh,)[Au(C=Cpy)]. The CT
band, in the case of (PPh,)[Au(C=Cpy)], can only be clearly
seen in acetonitrile, a clear indication that this solvent induces
aurophilic interactions (Supporting Information Figure S1),
which are absent in dichloromethane solution.

Emission. The emission of the compounds was measured in
the solid state, for which the crystallographic data was
previously obtained,'” to correlate the photophysical parame-
ters with the crystallographic gold—gold distance.

For all the compounds, we selected the shortest distance
between two gold atoms from X-ray data (Figure 3).

In the case of compound A this distance corresponds to an
aurophilic interaction from an intramolecular distance while in
compounds B and C corresponds to an intermolecular
interaction in a dimeric structure or in a chain respectively.
In the case of the dppb derivative (D), the shortest Au—Au
distance is longer than the considered for this kind of
interactions, that is, structure D does not present aurophilic
contacts between gold atoms.

In general, the solids present broad emission bands with
distinct features between 425 and 570 nm (Figure 4): a band
displaying a well-defined vibrational progression is observed at
higher energies in some cases (in the range 425—458 nm) and a
second emission band (in the range S00—570 nm) presents a
broad structureless shape. Both bands present very large Stokes
shifts with respect to the absorption (>7000 cm™"). Since we
are working in solid state, we can discard nuclear relaxation of
the excited state as the origin of such a large Stokes shift. This
implies that the emission arises from an electronic state that is
different from the initial excited state, formed upon absorption.
The decaytimes in the order of microseconds (see below) also
indicate a forbidden transition to the ground state (states of
different spin multiplicity), which is indicative of triplet origin
for the observed emissions.

The CAM-B3LYP approach was applied to analyze the
dependence of the absorption bands on the Au—Au distance,
and our results are collected in Table 2. The calculations
predict that the # — 7 transition does not change on
increasing the distance between both gold atoms. This result is
expected because this transition occurs between orbitals of the
ethynylpyridine moiety in each arm, and this is not modified
significantly on varying the Au—Au distance. On the other side,
our calculations predict that the CT transition changes from
266 nm at d(Au—Au) of 3.0 A to 238 nm at d(Au—Au) of 3.8
A. Previously, we have pointed out that this band corresponds
to a of,_», —7* transition, and thus, the o, _,, orbital energy
decreases on increasing the Au—Au distance, because of its
antibonding nature. Consequently, the energy gap becomes
larger and transition wavelength diminishes.
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Table 2. Computed absorption bands for the dinuclear
gold(I) (4-pyridyl)ethynyl complex carried out at different
Au—Au distances (in A), using the CAM-B3LYP approach

T CT
d(Au—Au) exct.” f,»)h exct.” f,.ib
3.0 238 0.6 266 0.3
3.1 236 0.6 260 0.3
3.2 237 0.5 254 0.3
3.4 236 0.4 246 0.4
3.6 235 0.4 240 0.5
3.8 238 0.6 238 0.6

“Excitation in nm. bfi}- stands for the computed transition oscillator
strength.

It can be observed from figure 4 that the emission maximum
of the broad and structureless band displays a shift to lower
energies on increasing the Au—Au distance, despite the fact that
the broadness of the band and the different contributions of the
structured emission introduce some uncertainty on the position
of the maximum. This could indicate that the 3(¢%,_,, < 7*)
state does have some contribution to the observed triplet states,
probably through state mixing. However, we should remember
that dppb, which does not display aurophilic contacts, shows
the same type of emission, that is , the observed emission does
not arise from the (c¥,_,, < 7*¥) state.

The CIS approach was used to investigate the relative
energetic position of up to ten singlet and triplet excited states
at d(Au---Au) of 3.0 and 3.2 A in gas phase and considering
dichloromethane as solvent (the corresponding results are
compiled in Supporting Information Table S2). Our calcu-
lations predict that all the first ten singlet excited states lie very
close in energy (between 290 and 310 nm) confirming the
extensive state mixing pointed out above. Please note that, as
discussed above and pointed out in Table 1, the observed
absorption bands correspond to excitation from the ground
singlet state to the first excited singlet state (charge transfer
transition at 310 nm with an oscillator strength of 0.5) and to
the fourth excited singlet state (# — #* transition 298 nm with
an oscillator strength of 0.4).

Regarding the triplet states, our results predict two different
energetic zones, each one with an extensive state mixing too.
The first zone lie between 548 and 514 nm and involve the six
lowest lying triplet states, whereas the second zone lie between
375 and 368 nm involving four additional triplet states. The
extensive state mixing of the excited triplet states investigated is
also confirmed by looking at their corresponding electronic
features. Although it is not easy to provide a clear electronic
characterization, the analysis of the electronic excitations
indicates that triplets T1, T2, and T3 involve excitations from
the ethynylpyridine orbitals whereas the remaining triplet states
involve excitations from the phosphine orbitals. Some of the
orbitals involved in the transitions display nonzero coeflicients
of gold orbitals, but it was not found any contribution of the
OXu_aq < 7* transition in the ten lower triplet states.

The approaching of the gold atoms has noticeable impact in
the experimental photophysical parameters obtained for the
emission of the triplet states, that is, the measured emission
quantum yields and decaytimes change appreciably (see Table
3).

The emission decays collected at different wavelengths are
well fitted with a single exponential law and the emission
decaytimes measured at several emission wavelengths along the
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Table 3. Measured Gold—Gold Distances, Experimental
Emission Quantum Yields, ®,,, and Emission Decay Times,
T

compound spacer Au—Au distance (A) D, 7 (us)
dppa 2.979 0.0120 07
dppe 3215 0.0062 12
dppip 3235 0.0080 L5
dppb 8.848 0.00005 35

broad emission bands show only differences assignable to the
experimental incertitude. This implies that the broad emissions
arise from thermally equilibrated triplet states.

The most interesting finding is the clear correlation between
the decaytimes and the Au--Au distances up to ~8 A; the
shorter the distance the shorter the decaytime. This decrease in
the decaytime with the decrease in gold—gold distance is
accompanied by an opposite correlation of the emission
quantum yield, which increases with decreasing distance (see
Table 4).

Table 4. Average Radiative, k,, and Non-radiative, k,,, Rate
Constants of the Triplet Emissive States

compound spacer k., (10%s71) k., (10° s71)
dppa 17.14 14.11
dppe 5.17 8.28
dppip 5.30 6.61
dppb 0.01 2.86

The interpretation is straightforward: the chromophores
display an efficient channel for the deactivation of the lowest
triplet states whose efficiency increases with the shortening of
the Au--Au distance, as displayed by the decrease in
decaytimes.

The radiative and nonradiative rate constants were calculated
from the decaytimes and emission quantum yields, using eqs
1-4

k
D, = X ——
e kl‘ + knr (1)
_ 1
kr + knr (2)
D
k — em
! T (3)
1
k.o==—k
nr T T (4)

where 7, accounts for the efficiency of triplet formation from
the excited singlet state, which we can assume to be close to
one, since all emission observed is assigned to triplet states. The
results are summarized in Table 4 and show that both rate
constants (radiative and nonradiative) increase on decreasing
the Au—Au distance.

While the nonradiative rate increases S times, the radiative
rate increases ~1700 times on decreasing the gold—gold
distance from 8 to 2.978 A. The net effect is a radiative increase.
The approaching of both gold atoms leads to the increase on
intersystem crossing to the ground state, a consequence of
spin—orbit coupling induced by the approaching of an
additional “heavy atom” (gold atom from the second arm).
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The overall effect of the Au---Au approximation is an increase
in phosphorescence emission. This has lead of the generalized
idea that the aurophilic interactions give rise to the observed
low energy emissions; aurophilic interactions intensify the
emissions.

The absence of a 6%,_,, < 7 transition in the calculated
emissive states has been generating some controversy in the
interpretation of the luminescence of gold compounds.*~>*
This radiative increase provides a general explanation on why
stronger emission of gold compounds is observed in the cases
where aurophilic interactions are present, even in the cases
where theoretical calculations do not show o%,_,, <« 7#*
transitions as the lowest emissive states.

From a strictly phenomenological point of view, the increase
in k, implies that the spin-forbidden transition becomes more
allowed, which in turn implies the involvement of a spin—orbit
coupling mechanism. On the other hand, the spin—orbit
coupling requires that the electrons “see” the approaching gold
atom, or in other words, in the emissive excited state one of the
half-filled molecular orbitals must have a nonzero coeflicient of
the atomic orbitals of the approaching gold atoms. This is like
saying that one of the electrons must be in a molecular orbital
which includes some electronic density in both gold atoms. It is
clear that spin—orbit coupling will be much more efficient when
all the density is located in both gold atoms, such as in the
0% ,—au molecular orbital involved in the 6%,_,, < 7* transition,
but it is not strictly necessary to be so.

Despite that this conclusion applies strictly to the set of
compounds in this manuscript, we think that some general-
izations are allowed.

In some of the compounds studied the aurophilic interaction
is intramolecular, in others intermolecular, and in the last case
absent. The fact that the photophysical parameters do not seem
to depend on “through bond” effects and correlated well with
the Au--Au distance seems to point in favor of a distance
dependent heavy atom effect, or to the participation of Au--Au
centered orbitals in the observed transitions, affecting the
photophysical parameters (k, and k,,.). However, note that the
“quality” of the emissive state is the same in the case where the
gold atoms are very separated (dppb, where aurophilic contacts
are absent), only the “quantity” of light emitted is lower, that is,
the emissive state is not an Au---Au centered transition.

In summary, the approaching of the gold centers will increase
the spin—orbit-coupling (and the radiative rate constant of the
lowest triplet state). In all cases where the radiative rate
constant is higher than the nonradiative rate constant (e.g,
solid state and low temperatures) an increase in phosphor-
escence emission accompanies the decrease in Au---Au distance.
This rationale does not need to specify the nature of the lowest
emissive states, which are difficult to determine due to extensive
state mixing, and relies on general photophysical laws, i.e., it is
not necessary to invoke unique spectroscopic features in the
absorption and emission related to the presence of 6%,_,, < 7*
transitions.

Bl CONCLUSIONS

The analysis of the theoretical calculations and emission
features of a series of alkynyl gold(I) complexes with the same
chromophoric unit ((4-pyridyl)ethynyl) let us to demonstrate
that there is not a straightforward correlation between the
presence of a o¥,_,, < 7* transition and the presence or
absence of an emission band.
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However, the calculation of the emission quantum yields
together with the emission decaytimes show that the shorter
the gold—gold distance the higher the radiative rate constant
and emission quantum yield, due to the increase on intersystem
crossing to the ground state, promoted by the approaching of
the two gold atoms.

The approach of the gold centers will increase the spin—
orbit-coupling and the calculated radiative constants are clearly
higher for shorter Au---Au distances, which is in agreement with
the generalized idea that the aurophilic interaction favors
luminescence in gold compounds. This is not related with the
exact nature of the lowest triplet states but with a more general
photophysical effect which turns the radiative transitions more
allowed, with consequent increase of the phosphorescence
emission.

B ASSOCIATED CONTENT
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Cartesian coordinates of dppe derivative; absorption spectra of
(PPh;)[Au(C=Cpy)] compound in dichloromethane and
acetonitrile (Figure S1); computed relative energy position
(in CH,ClL,) of the first ten excited singlet and triplet electronic
states for the dinuclear gold(I) ethynylpyridine model carried
out at d(Au—Au) = 3.2 A, and changing the angle between the
arms (CIS approach) (Table S1); computed relative energy
position of the first ten excited singlet and triplet electronic
states for the dinuclear gold(I) ethynylpyridine model carried
out at d(Au—Au) = 3.0 A, using the CIS approach (Table S2).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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