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Abstract

An electronic spectral and photophysical characterization of three gold(l) complexes
containing heterocyclic chromophores differing in the number and arrangement of pyridine
rings (pyridine, bipyridine and terpyridine, with the acronyms pD, bD and tD respectively)
was performed. Quantum vyields of fluorescence, internal conversion and triplet state
formation, together with the rate constants for singlet to triplet intersystem crossing,
S1~~~So internal conversion and fluorescence were measured in order to equate the impact
of fast triplet state formation on the amount of triplets formed. The results showed a
correlation between the increase on the measured decay values of Sy (leading to the main
formation of T1) and the increase in the Charge Transfer (CT) character of the lowest
energy transition, as evaluated from the orthogonality of the frontier orbitals. The measured
triplet state quantum yields range from ~50-60 % to 70%, while the intersystem crossing
rate constants differ by almost 2 orders of magnitude, from 9.4 x10°s™ for tD to 8.1 x10™!
s for bD. This constitutes an evidence for the existence of a correlation between the

intersystem crossing and the internal conversion mechanisms.
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INTRODUCTION

The design of compounds exhibiting high triplet yields continues to attract much interest
mainly because of their potential®” in many different fields. In particular, gold(1)
complexes, due to unique properties of gold, show potential uses as advanced materials,
therapeutic drugs, photodynamic therapy agents and sensors, among others.212

Introduction of gold(l) cation can significantly modify the electronic states of an organic
aromatic compound®®*® by enhancing spin—orbit coupling interactions, thus increasing the
rate of radiationless transition between singlet and triplet states relative to the pure organic
chromophore,®-1° as well as the radiative rates between the lowest triplet states and the
singlet ground state.?° For instance, gold(l) complexes can exhibit dual luminescence at
room temperature with emission yields that depend sensitively on the structure of the
molecule_l3,14,17,21—24

This makes gold(l) very appealing as an approach to the design of sensors, since due to the
dual emission it can be exploited to reduce signal-to-noise ratio through a ratiometric
response, thus independent of concentration. Secondly, since part of their luminescence
results from triplet states, time-gated acquisition methods can be used, and these molecules
display extremely high sensitivity to oxygen, temperature, pH and viscosity of the

surrounding medium.

Information about the excited-state dynamics and relaxation mechanisms that are taking
place in gold(l) complexes possessing different organic chromophores is essential for the
rational design of advanced luminescent materials based on gold(l).1%1"182° Nevertheless,
photophysical investigations performed with gold(l) complexes are focused mainly on
describing qualitative data, e.g., the absorption and emission spectra, and not the
quantitative data (quantum yields, decay times and rate constants for the deactivation
processes), thus giving only a limited picture of the overall deactivation processes in these
systems. Indeed, only a few of them are focused on the excited-state dynamics!®® and
point out some remarkably large intersystem rate constants (10*2—10%3 s™*) which depend on
the nature of the organic chromophore and the nature of the bonding to the gold atom.

However, large intersystem crossing rate constants, do not necessarily allow high triplet



yields and, simultaneous, measurements of both rate constants and yields for intersystem
crossing of gold(l) complexes is absent in the literature.

Our recent research efforts have been turned to phosphine-Au(l)-akynyl complexes,® due to their
chemical versatility which allows modulation of solubility (phosphine ligand)®” and luminescence
(ethynyl-organic chromophore ligand), conferring them with ideal properties for the development of
new luminescent soft materials and sensing applications.?**°

In this work we present a systematic and comprehensive photophysical investigation of a
series of ethynyl-gold complexes with different (poly)pyridyl chromophoric units (Chart 1)
in which we analyze the intersystem crossing rates in solution and measure the yield values
for triplet state formation. The results illustrate that high triplet yield values cannot be
achieved simply by an increase in the intersystem crossing rate constants.

Chart 1. Structures and acronyms of the gold(l) compounds studied in this work. The first
letter refers to the chromophore (“p” for pyridine, “t” for terpyridine and “b” for bipyridine)
and the second, D, refers to the DAPTA phosphine (3,7-diacetyl-1,3,7-triaza-5-

phosphabicyclo[3.3.1]nonane), common in all of them.



MATERIALS AND METHODS

General procedures

Solvents and reagents — All solvents used were of spectroscopic grade. Acetonitrile was
purchased from Sigma Aldrich. Deoxygenation was done by bubbling the solutions with a
stream of argon during approximately 20 min. Oxygenation was achieved by equilibration
with air during 30 min, following the spectral changes until a stationary state was achieved.
All measured solutions were freshly prepared (within the day) unless noted otherwise.
Synthesis of the compounds - Literature methods have been used to prepare compounds
pD*°, bD?, and tD.?

Physical measurements

Absorption Spectroscopy — Absorption spectra were obtained in a 1 cm quartz cuvette in
acetonitrile on a Varian Cary 100 Bio UV- spectrophotometer the concentrations used were
1.7-10° M (pD), 2.1-10°M (bD) and 2.5-10°M (tD).

Emission spectroscopy — The emission spectra of oxygenated and deoxygenated solutions
were obtained in fluorescence quartz cuvette 1 cm, using a Horiba-Jobin-Yvon SPEX
Nanolog spectrofluorimeter. The spectra were corrected for the photomultiplier response
and the slits used were 4 nm (pD), 2 nm (bD) and 3 nm (tD).

Fluorescence quantum yield determination and Laser Flash Photolysis experiments

All measured solutions were degassed using 3 freeze-pump-thaw cycles. Emission quantum
yields were determined by employing tryptophan as a reference (®r = 0.12, 25°C, HEPES
buffer 0.05M at pH = 7), acquiring the spectra on a Horiba-Jobin-Yvon SPEX Fluorolog
3.22. Transient absorption spectra were measured using a flash photolysis setup composed
of a LKS 60 ns laser photolysis spectrometer from Applied Photophysics, with a Brilliant
Q-Switch Nd:YAG laser from Quantel, using the fourth harmonics (Aex = 266 nm, laser
pulse half-width equal to 6 ns).



The triplet yields (dr) of the compounds were measured by the energy transfer method®,,

equation 1, using -carotene as triplet acceptor:

AODSP ref

_ gref B—carotene _, Pet
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where ref stands for the reference solution containing 2-acetylnaphthalene (@ =0.84)* in
acetonitrile, optically matched with the sample solution at 266 nm. Pe represents the energy
transfer efficiency which was determined by equation 2:

Per = 2

where 7 is the lifetime of the donor in the absence of the acceptor and t’ in the presence of
the acceptor; this is done for the donors 2-acetylnaphthalene (PLf) and the compounds
studied (PSP).

Singlet oxygen yields

Singlet oxygen yields were measured by direct measurement of the phosphorescence at
1270 nm followed upon irradiation of the aerated solution of the samples in ethanol with
excitation at 266 nm from a Nd:YAG laser with a setup elsewhere described.®* Biphenyl in

cyclohexane (¢a= 0.73) was used as standard.®*

Femtosecond Transient Absorption Spectroscopy

The ultrafast transient spectroscopic and kinetic measurements were performed in a Helios
spectrometer (Ultrafast Systems) with an instrumental response function of around 250 fs
(apparatus described elsewhere).® The instrumental response function of the system was
assumed to be equal to that of the pump-probe cross correlation determined from the
measurement of the instantaneous stimulated Raman signal from the pure solvent (in a 2
mm cuvette). To avoid photodegradation the solutions were stirred during the experiments
or in movement using a motorized translating sample holder. The spectral chirp of the data
was corrected using Surface Xplorer PRO program from Ultrafast Systems. Global analysis

of the data (using a sequential model) was performed using Glotaran software.



TCSPC

Fluorescence decays in aerated acetonitrile solutions were measured with the third
harmonic of a Spectra Physics Tsunami Ti:Sa laser (excitation at 269 nm or 273 nm) using
a home-built time picosecond correlated single photon counting, TCSPC, apparatus (3 ps
time resolution) described elsewhere.®®* The fluorescence decays and the instrumental
response function (FWHM) were collected with 4096 channels in an 814 fs/channel time
scale. Deconvolution of the fluorescence decay curves was performed using the modulating
function method, as implemented by G. Striker in the SAND program.®’

Molecular Orbitals

DFT calculations have been carried out with the program Gaussian 09 using the PBE1PBE
(PBEOQ) functional, 6-31G** basis set for C, H, O, N and a standard double-¢ polarized
basis set, namely, the LANL2DZ*® set augmented with polarization functions on P3° and
Au (a d orbital with exponent 0.364 for P, upon EMSL basis set exchange database) and an
f orbital with exponent 0.200 for Au).“° For Au and P were applied also Effective Core
Potentials. PBE1IPBE (PBEO) functional has been found to perform exceedingly well for many

properties such as energetics, EPR properties, and specially excitation energies for transition

metals*"#2

as well as in geometry predictions of Gold(l) complexes with unsaturated aliphatic
hydrocarbons.* Molecular Orbital visualisation for all the complexes was performed using

Avogadro 1.2.0.



RESULTS

Absorption and emission with and without oxygen

The absorption and emission spectra of the complexes in freshly prepared acetonitrile
solutions are presented in Figure 1. Comparison of the emission of deaerated (by bubbling
N2) and aerated solutions is also presented. The absorption bands present the typical

features of the n™ transition present in the aromatic ligand.25:28.29.44-46
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Figure 1. Absorption (black line), emission in the presence of oxygen (gray line) and in
deaerated solutions (blue line) of (A) pD 1.7x10° M, Xexc = 280 nm; (B) tD 2.5x10° M,
Lexc = 290 nm; (C) bD 2.1x10° M, Aexc = 315 nm in acetonitrile.

In all cases the emission is composed by two bands, the highest energy band presents a

small Stokes shift with respect to the absorption band and is assigned to radiative emission



(fluorescence) from the S; state, while the lowest energy band, with a significant Stokes
shift, observed only after oxygen removal, is assigned to phosphorescence (from the T

state).

Table 1 — Lowest singlet, Es: and triplet, Er1, energies, Quantum Yield of fluorescence, @y,
triplet formation, @, and 1O, formation, ®,, triplet decay time in the absence of oxygen,

t71, measured for complexes pD, tD and bD in acetonitrile.

Compound Esi (eV) | Et1(eV) | df* dr Dp* Tr1
(ns)
bD 3.6 2.7 0.001 0.70 0.33 70
pD 3.9 3.2 0.001 0.53 0.16 15
tD 3.8 3.0 0.005 0.63 0.39 38
* According to equations (3) df = G ff and (4) @, = QT x SO\ here 1 represents fluorescence intensity.

issionT®
Emissioni5sonm

The effect of oxygen removal leads to distinct effects on the intensity of phosphorescence
and fluorescence bands. In the case of the phosphorescence band all the compounds show a
significant increase in phosphorescence intensity. This is expected for triplets of energies
above 95 kJ mol™? (0.98 eV), possessing lifetimes higher than 1 us, which are known to
transfer energy to the ground state triplet oxygen molecule and produce singlet oxygen.*
The measured singlet oxygen quantum yields are presented in Table 1, together with ¢t
values and triplet decay times (degassed solutions) obtained from laser flash photolysis

experiments (Figure S1 in SI).

Compounds pD and tD also show enhancement of the fluorescence band upon oxygen
removal. This can be assigned to triplet-triplet annihilation leading to different amounts of
delayed fluorescence in the different compounds. We have previously shown, for several
gold(l) alkynyl complexes, that they aggregate through the establishment of metallophilic
interactions, leading to nanometer size aggregates.?® Triplet-triplet annihilation is likely to
occur inside the aggregates. This was corroborated by the fact that equilibrium with oxygen
from air immediately quenches the phosphorescence band, while the quenching of the

fluorescence band takes several minutes (results not shown). Additionally, the fluorescence



emission of tD is observed to increase with time upon formation of aggregates (see figure
S2in Sl).

In all cases the triplet formation quantum yield is not unitary. As expected the ®xvalues

(Table 1) are lower than the measured triplet formation quantum yields, ®r.*’

Broadband Transient Absorption Experiments.

The transient absorption map of bD in acetonitrile (pumped at 330 nm) shows only the
presence of a single relaxation at very short times (Figures 2 and S3). Global analysis
performed in Glotaran®® with a sequential model fits all data points with an exponential
decay with a very short decay time (860 fs) and a second (fixed) decay component of 33 us
describing the T: final state which does not decay in this time scale. The initial state,
assigned to a relaxed singlet state (S1 or 1CT), relaxes in 860 fs to yield the final T1 state
(see below assignment of T1).

Figure 2 — Transient absorption map of bD in acetonitrile, pumped with 330 nm excitation.

Similar analysis with pD and tD (Figures S4 and S5) shows that the T; state is formed
much slower (14.6 ps and 66.9 ps for pD and tD respectively) than in the case of bD.
Furthermore, the rates of T1 formation (see kisc in Table 2 below) do not follow the order
of the triplet yields measured (Table 1).

Transient absorption spectra at selected time delays are given in Figure 3 for compounds
bD, pD and tD in acetonitrile, together with the fitted time traces at the maxima of the

observed transient absorption bands.
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Figure 3. Transient absorption spectra at selected time delays (left), time evolution of the
transients, fitted with single exponential laws (right) for acetonitrile solutions of bD (top),

pD (middle) and tD (bottom), at room temperature.

The presence of isosbestic points and the quality of the single exponential fittings, clearly

corroborates a two state relaxation process, where the initial state, populated by the

11



pumping event and assigned to S; or !CT, relaxes to a final state assigned to T1 (see below);

the Ty triplet does not decay in the time window of the fs-TA pump-probe experiment, but

is observed and defined in a longer time-scale (see next section).

Nanosecond to microsecond transient absorption

Nanosecond laser flash photolysis with excitation at 266 nm was used to collect the

transients in the microsecond time scale. Figure 4 shows the typical transient absorption of

the compounds (blue diamonds) in the microsecond time window superimposed with the

initial and final transients obtained from the fs-TA experiments in Figure 3.
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Figure 4 - Nanosecond laser flash photolysis transient absorption spectra with excitation at

266 nm of bD (top), pD (middle) and tD (bottom) obtained in the us time scale (blue
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diamonds) superimposed to the femtosecond transients collected at short time after pump
(solid line) and after stabilization of the absorption (dashed line).

As can be observed from Figure 4, there is an excellent superposition between the transient
absorption obtained at longer times in the femtosecond transient absorption measurements
and the transient absorption collected with laser flash photolysis at microsecond time scales
(Figure 4). The transients observed in the microsecond time scale decay with single
exponential decay laws (lifetimes are collected in Table 1 and decays displayed in Figure
S1) are fitted with identical lifetimes to the recovery of the ground state bleaching. These
observations, together with the observation of quenching of the microsecond decay times
by oxygen, allow the assignment of the transient absorptions as Ti-Tn transitions, and
consequently that the final state of the femtosecond transient absorption experiment is, in
all cases, the T: state. Noteworthy, contrary to the behavior found for the pD and tD
derivatives, the bD characteristic triplet transient absorption band is blue-shifted with
respect to the S:-S, band. Indeed, similar behavior was previously reported for 2,2’-
bipyridine thus giving support to the assignment of the time resolved spectra collected in

the 0.527-1.04 ps range (Figure 3 and 4) to the precursor of the T state, i.e. the Sy state.*®

DISCUSSION

It was previously reported for a series of phosphine-gold(l)-naphthalene derivatives the
presence of very fast intersystem crossing rate constants (107%2-10"% s?) and a slower
relaxation Tn-T1 (~10 ps) process.'® The occurrence of intersystem crossing within the
femtosecond pulse (~250 fs) cannot be totally discarded, although for the present
investigated compounds there is some data that makes this hypothesis less probable.
Indeed, the fluorescence decays for all the complexes were collected along the fluorescence
emission band (Figure 5 and Table 2), to rule out the possibility of a faster (sub picosecond)

S1 relaxation.

13
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Figure 5. Fluorescence decay collected at 390 nm of tD in acetonitrile at 19 °C (Aexc=273

nm); AC. Stands for autocorrelation and W.R. for weighted residuals.

Time-resolved fluorescence measurements were performed for the complexes at different
wavelengths, following the emission band. Within the experimental error and resolution
limit of the TCSPC equipment the decay times obtained t are in reasonable agreement with
the observed relaxations in pump probe experiments (see figure 5 and Table 2), There is a
slight disagreement between lifetimes measured by TA and TCSPC. This behaviour can be
attributed to possible aggregation effects (formation of dimeric species), expected at concentrations
above 10 M. Indeed, higher concentrations where used in the transient absorption measurements

when compared to the concentration used in the TCSPC which can contribute to this discrepancy.

Table 2 — Decay times obtained from the fitting of the fluorescence decays of pD, bD and tD in
acetonitrile at different wavelengths.

Compound | Aen 71 [TCSPC] (ps)
335 nm 17.9
pD 350 nm 19.9
380 nm 19.0
350 nm 1.8
bD 370 nm 3.3
420 nm 6.7
335 nm 38.7
tD 350 nm 37.0
390 nm 38.7
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In the absence of contradicting evidence we will consider reasonable to assign S: as the
initially observed state, i.e., we have found no evidence of a slow picosecond Ty-T1
relaxation, preceded by a very fast femtosecond intersystem crossing process. However, we
cannot discard that this Si state could be a relaxed CT state, and that the conversion
between the locally excited singlet state (formed by the pumping) and the charge transfer
state occurs faster than our experimental resolution. Table 2 summarizes the internal
conversion, kic, intersystem crossing, Kisc, and radiative rate constants, kr, for the S; state
of the studied complexes, obtained from the measured fluorescence and triplet state

formation quantum yields and singlet state decay times.

Table 2. Decay time of the lowest lying singlet excited state Si, Ts1, quantum yields of

intersystem crossing, @, fluorescence, @+, and internal conversion, ®\c and rate constants

of intersystem crossing, kisc, radiative, kr, and internal conversion, kic, of the singlet state.

Compound Ts1 @7 @5 ®ic Kisc ke kic

(ps) (s (s) (s
bD 0.86 0.70 0.001 0.30 8.1 x10'* | 1.2 x10° | 3.5 x10!
pD 14.6 0.53 0.001 0.47 3.6 x10%° | 6.9 x10” | 3.2 x10%
tD 66.9 0.63 0.005 0.37 9.4 x10° | 7.5x10" |5.5x10°

From Table 2 it can be seen that the increase in the intersystem crossing rate from S; to T
is accompanied by a simultaneous increase in the internal conversion from S; to So. This
relation was already observed in organic compounds with electronic transitions with
significant charge transfer character.*

In previously reported gold(l) complexes with pyrene and naphthalene chromophoric units,
the S; and T states were identified as mainly ligand centered (LC), perturbed by the heavy
atom effect of gold.’®® The inclusion of a heteroatom, as in the present case, clearly
confers a strong intramolecular charge transfer character to the transitions (Figure 6) and

could be responsible for the association, i.e., close proximity of the kisc and kic values.
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Figure 6. Frontier orbitals of the complexes illustrating the charge transfer of the HOMO-
LUMO transitions and HOMO-LUMO+1 transitions.

The frontier orbitals of the complexes involved in the lowest energy transitions (HOMO,
LUMO and LUMO+1) were calculated (Figure 6 and Table S4) with the program
Gaussian 09 using the PBE1PBE (PBEOQ) functional, 6-31G** basis set for C, H, O, N and
a standard double-C polarized basis set, namely, the set augmented with polarization
functions on P3° and Au (a d orbital with exponent 0.364 for P, upon EMSL basis set
exchange database) and an f orbital with exponent 0.200 for Au).* For Au and P were
applied also Effective Core Potentials. The lowest singlet and triplet transitions calculated
using TDDFT are presented in supplementary information. The complexes have very
similar density distributions, and the intramolecular charge transfer character is evident
upon promoting an electron from either HOMO to LUMO (more allowed singlet transition)
or HOMO to LUMO+1 (transition with stronger CT character). The bD complex shows the
larger orthogonality between initial and final state (stronger CT character), in particular
between HOMO and LUMO+1 (Figure 6 and Table S4), which is amplified by the linear



arrangement of the pyridine chromophores (longer distance from the second pyridine ring
to gold).

Besides the heavy atom effect, the charge transfer state is probably intermediating the
intersystem crossing, as previously shown for other molecules.®® Furthermore, increased
orthogonality between the HOMO and the LUMO in CT states is known to decrease the
energy splitting between singlet (*CT) and triplet (3CT) states leading to enhanced
intersystem crossing upon mixing with other localized triplets of adequate simmetry.>!

The relation between intersystem crossing and internal conversion rate constants was
previously illustrated for organic chromophores,*® but in the case of gold(l) complexes we
could not find published works that simultaneously measure intersystem crossing rates and
triplet state quantum vyields, in order to evaluate if this relation is part of a generalized
mechanism. Those measurements are important to correct the misleading concept that very
fast intersystem crossing rates necessarily lead to triplet formation quantum yields close to

unit.

As it can be seen in the present case, the intersystem crossing quantum yields (see Table 2)
are moderate, even for the highest intersystem crossing rate constant, 3.1 x10*! s, obtained
for bD. The reason for the observed behavior is that the values for internal conversion from

S1 to the ground state are of the same order of magnitude as the intersystem crossing.

17



Conclusions

The analysis of the photophysical data retrieved by different time-resolved spectroscopic
techniques allows us to detect fast intersystem crossing rates in our series of gold(l)
complexes. These rate constants are observed to be strongly dependent on the chromophore

structure.

Gold(l) complexes tune effectively the excited-state dynamics of the organic compounds
opening a fast channel for population of the phosphorescent states in these complexes.
However, this is not associated with unity quantum yields of triplet formation, at least in
solution, since the internal conversion from the singlet excited state is a deactivation

channel competitive with intersystem crossing.

The presence of isosbestic points in the broadband transient absorption experiments and the
quality of single exponential fittings, corroborate a simple two state relaxation process,
where the initial state populated by the pumping event, assigned to Sy, relaxes to a final
state assigned to Ti, which does not decay in the time window of the pump-probe

experiment.

Time resolved fluorescence measurements yield decay times that are in reasonable
agreement with the observed decay observed in pump probe experiments. We therefore
found no evidence of a slow picosecond Tn-T1 relaxation, preceded by a very fast

femtosecond intersystem crossing process in this family of complexes.

18



Supporting Information

Laser flash photolysis transients of optically matched solutions at 266 nm of bD, pD and tD
in acetonitrile (Figure S1). Fluorescence emission spectra for deareated tD sample in
acetonitrile excited at 280 nm as a function of time (Figure S2); Transient absorption map
of bD in acetonitrile, pumped with 330 nm excitation (Figure S3); Transient absorption
map of pD in acetonitrile, pumped with 280 nm excitation (Figure S4); Transient
absorption map of tD in acetonitrile, pumped with 280 nm excitation (Figure S5); Z-matrix
for bD (Table S1); Z-matrix for pD (Table S2); Z-matrix for tD (Table S3) and TDDFT
electronic transitions (Table S4).
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A complete photophysical characterization of a series of Gold(l) organometallic complexes
bearing axial pyridyl ligands is herein presented. Results showed that triplet quantum yields

do not increase with the same extent as inter-system crossing rates, due to the simultaneous
increase of internal conversion.
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