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5 ABSTRACT: Six gold(I) complexes (R3P-Au-Coum) containing three
6 different alkynylcoumarin chromophores (Coum) with different
7 electron-donating and electron-withdrawing characteristics and two
8 different water-soluble phosphines (PR3 = PTA (a) and DAPTA (b))
9 have been synthesized (1a,b, unsubstituted coumarin; 2a,b, 4-methyl
10 substituted coumarin; 3a,b, 3-chloro and 4-methyl substituted
11 coumarin). A comprehensive study of the photophysical properties of
12 the R3P-Au-Coum, together with their propynyloxycoumarin precursors
13 1−3, was performed in solution at room and low temperatures. Spectral
14 and photophysical characteristics of the R3P-Au-Coum essentially
15 depend on the electronic characteristics of the propynyloxycoumarin
16 ligand. The presence of the Au(I) atom was found to be responsible for
17 an increase of the intersystem crossing, with triplet state quantum yield
18 values, ϕT, ranging from ∼0.05 to 0.35 and high coumarin
19 phosphorescence quantum yield values for derivatives 1 and 2; fluorescence dominates the deactivation in derivatives 3. Efficient
20 singlet oxygen photosensitization was observed for the new compounds 3a,b. From TDDFT calculations, the relevant HOMO and
21 LUMO of the compounds, i.e., those involved in the transitions, are dominated by the frontier orbitals associated with the coumarin
22 core. The Au(I)-phosphine structure introduces a new transition assigned to an intraligand transition involving the phosphine ligand,
23 and π(CC) system, to the p orbitals of phosphorus and gold atoms.

24 ■ INTRODUCTION

25 During the past 2 decades the development of fluorescent
26 organic materials has received much attention in various
27 domains with applications in electronic displays, fluorescent
28 switches, sensors, and optical devices.1 Transition-metal
29 complexes exhibit rich optical and luminescent properties,
30 which can be enhanced and modulated through the metal
31 centers with, among others, particular properties depending on
32 the chemical configuration, the large variety of coordination
33 numbers, and the presence of heavy atoms.2−5

34 The luminescence of gold(I) complexes is attributed in
35 some cases to the aurophilic bonding, although a wide variety
36 of electronic transitions have been reported, including
37 intraligand and metal-centered transitions, ligand-to-metal
38 and metal-to-ligand charge transfer (LMCT and MLCT,
39 respectively), and of particular note, ligand-to-metal−metal
40 bond charge transfer (LMMCT).6−9

41 The introduction of a gold(I) cation and the formation of
42 the σ-bond between the carbon skeleton and the gold(I) ion
43 can significantly modify the electronic states of an organic
44 aromatic compound by enhancing spin−orbit coupling (SOC)
45 interactions, thus increasing the rate of intersystem crossing
46 (ISC, singlet−triplet transition S1 → T1) relative to the pure

47organic chromophore, as well as the radiative rates between the
48lowest triplet states and the singlet ground state.10 This leads
49to a rapid population of the triplet excited state and can further
50induce “forbidden” phosphorescence (T1 → S0). This is the
51case, for example, of alkynyl-Au(I) derivatives, extensively
52explored in the past years, regarding their luminescent
53properties.6 However, understanding the relationship between
54structure and photophysical properties in gold(I)-alkynyl
55remains limited. Therefore, of primary importance to the
56understanding of this relationship is the knowledge of the
57lifetimes, quantum yields, and rate constants for the all the
58deactivation processes. Only a few reports have been found to
59analyze the excited-state dynamics giving important informa-
60tion such as the effect of the organic chromophore and the
61nature of the bonding to the gold atom in the resulting very
62large intersystem crossing rate constants,11,12 or the inclusion
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63 of a heteroatom to confer a strong intramolecular charge
64 transfer character to the transitions as a possible reason for the
65 close proximity of the kISC and kIC values.10,13 In fact, the
66 presence of gold(I), as heavy atom, does not necessarily ensure
67 a fast intersystem crossing rate, and the nature of the ligands
68 also plays an important role in the excited-state dynamics and
69 deactivation mechanisms.14−16 Conversely, in the case of
70 moderate intersystem crossing rate constant values, compara-
71 ble with that of fluorescence deactivation, room temperature
72 fluorescence/phosphorescence dual emission can be observed
73 for this sort of gold compound.6,14 Additionally, the electronic
74 properties of the ancillary alkynyl substituents were shown to
75 affect significantly the rate of the ISC process by means of
76 altering the contribution of charge transfer transitions and
77 therefore to influence the probability of singlet vs triplet
78 emission.17

79 Efficient singlet oxygen sensitization and its evaluation from
80 singlet oxygen quantum yields, ϕΔ, are other promising areas of
81 research that have been poorly explored in the case of gold(I)
82 complexes.10,18−20 In fact, the well-known efficient SOC
83 promoted by the presence of the gold(I) heavy atom makes
84 these compounds particularly relevant to be investigated for
85 applications in the fields of photodynamic therapy (PDT) or
86 photocatalysis.21

87 There has been increasing interest over the past 20 years in
88 organometallic complexes containing alkynyl units because of
89 their potential application in many different fields, such as
90 therapeutic drugs, photodynamic therapy agents, and sen-
91 sors.22−27 Within this field, Au(I) complexes represent an
92 emerging area of investigation because of the structural
93 characteristics of their ligands but also the presence of the
94 heavy atom with direct effect on the resulting photophysical
95 pathways.
96 In this work, we aim at studying the synthesis and
97 characterization of a series of luminescent phosphane gold(I)
98 alkynyl complexes containing an alkynyl-coumarin ligand with
99 different electron-donating (methyl) or electron-withdrawing

s1 100 (chlorine) substituents (1a,b, 2a,b, and 3a,b in Scheme 1). It is

101 well-known that the photophysical properties of the coumarin
102 derivatives can be tuned with the substituents and position in
103 the coumarin ring.28,29 Therefore, different coumarins bonded
104 to the gold(I) atom through a propargyloxy group in the 7
105 position were chosen to investigate the effect of the
106 substituents in the observed luminescent properties. Although
107 some of the complexes were previously reported by some of
108 us,23 a detailed photophysical characterization is performed
109 herein and the effect of the different electronic properties of
110 the chromophore on the resulting photophysical parameters
111 have been carefully analyzed, together with their potential as
112 photosensitizers. Density functional theory (DFT) and time
113 dependent DFT (TDDFT) studies have also been carried out

114to rationalize the observed experimental studies and to
115correlate their structural and photophysical properties.

116■ EXPERIMENTAL SECTION

117General Procedures. All manipulations have been
118performed under prepurified N2 using standard Schlenk
119techniques. All solvents have been distilled from appropriated
120drying agents. Commercial reagents were 1,3,5-triaza-7-
121phosphatricyclo[3.3.1.13.7]decane (PTA, Aldrich 97%), 3,7-
122diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane (DAPTA,
123Aldrich 97%), copper(I) chloride (Aldrich, 99%). Literature
124methods have been used to prepare [AuCl(PR3)] (PR3 =
125PTA,30 DAPTA31), 1,23 2,23 1a,23 1b,23 2a,23 2b,23 and 3.32

126All solvents used were of spectroscopic grade. Acetonitrile
127was purchased from Sigma-Aldrich. Deoxygenation was done
128by bubbling the solutions with a stream of argon or nitrogen
129for approximately 20 min in a device elsewhere described.33 All
130measured solutions were freshly prepared (within the day)
131unless noted otherwise.
132Physical Measurements. Infrared spectra have been
133recorded on a FT-IR 520 Nicolet spectrophotometer. 1H
134NMR (δ(TMS) = 0.0 ppm) and 31P NMR (δ(85% H3PO4) =
1350.0 ppm) spectra have been obtained on Varian Mercury 400
136and Bruker 400 (Universitat de Barcelona) instruments.
137Electrospray mass spectra (+) have been recorded on a Fisons
138VG Quatro spectrometer (Universitat de Barcelona). Absorp-
139tion spectra were obtained in a 5 mm or 10 mm quartz cuvette
140in acetonitrile on a Cary 5000 UV−vis−NIR or Shimadzu UV-
1412450 spectrophotometer. The emission spectra of the
142compounds in solution were obtained in a fluorescence quartz
143cuvette of 5 mm or 10 mm path length, using a Horiba-Jobin-
144Vonn Fluorolog 3.22 or Fluoromax spectrometers. Phosphor-
145escence spectra and decays were obtained with the D1934 unit
146of Fluoromax 3.22 spectrometer. All the fluorescence and
147phosphorescence spectra were corrected for the wavelength
148response of the system with the appropriate correction files
149obtained for the instrument.
150Emission Quantum Yield Determination and Laser Flash
151Photolysis Experiments. All measured solutions were degassed
152using a cuvette especially designed and described elsewhere for
15320−30 min with N2 or Ar.

33 Emission quantum yields of the
154compounds were determined with a Hamamatsu Quantaurus
155QY absolute photoluminescence quantum yield spectrometer
156model C11437 (integration sphere). Transient absorption
157spectra were measured using a flash photolysis setup composed
158of a LKS 60 ns laser photolysis spectrometer from Applied
159Photophysics, with a Brilliant Q-switch Nd:YAG laser from
160Quantel, using the fourth harmonics (λexc = 266 nm, laser pulse
161half-width equal to 6 ns). The transient spectra were obtained
162by monitoring the optical density change at 5−10 nm intervals,
163averaging at least 10 decays at each wavelength.
164The triplet yields (ϕT) of the compounds were measured by
165the singlet depletion method, eq 1,34 using benzophenone as
166the reference actinometer:

ϕ ϕ
ε

ε
=

Δ
Δ

OD

ODT T
cp

ref

T

T
std

std

167(1)

168where ref stands for the reference solution containing

169benzophenone (ϕT = 1; εTstd
= 6500 cm−1 M−1) in acetonitrile,

170optically matched with the sample solution at 266 nm (1a,b
171and 2a,b) and at λexc = 355 nm (3a,b).

Scheme 1. Synthesis of Propynyloxycoumarin Ligands 1−3
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172 Singlet Oxygen Yields. Room-temperature singlet oxygen
173 phosphorescence was detected at 1270 nm with a Horiba-
174 Jobin-Ivon SPEX Fluorog 3.22 using the Hamamatsu R5509-
175 42 photomultiplier previously reported. The use of a Schott
176 RG1000 filter was essential to eliminate from the infrared
177 signal all of the first harmonic contributions of sensitizer
178 emission in the region below 850 m. The singlet oxygen
179 formation quantum yield was then determined by direct
180 measurement of the phosphorescence at 1270 nm following
181 irradiation of the aerated solution of the samples in
182 acetonitrile. 1H-Phenal-1-one in acetonitrile (ϕΔ = 0.98) was
183 used as standard,35 applying eq 2.

ϕ ϕ=Δ Δ
Emission

Emission
ref 1270nm

1270nm
ref

184 (2)

185 with ϕΔ
ref being the singlet oxygen formation quantum yield of

186 the reference compound. 1H-Phenal-1-one in acetonitrile (ϕΔ
187 = 0.98) was used as the standard.
188 Time-Resolved Fluorescence (TCSPC). Fluorescence decays
189 were measured by using a home-built picosecond time-
190 correlated single photon counting (TCSPC) apparatus
191 describe in detail elsewhere.36 Shortly, excitation was
192 performed with the third harmonic at 275 nm (generated
193 with a Spectra Physics GWU-23PS module) from a picosecond
194 Spectra Physics mode-lock Tsunami laser (Ti:sapphire) model
195 3950 (80 MHz repetition rate, tuning range 700−1000 nm),
196 pumped by a Millennia Pro-10s continuous wave, solid-state
197 laser (532 nm). A double subtractive Oriel Cornerstone 260
198 monochromator and a Hamamatsu microchannel plate photo-
199 multiplier (R3809U-50) were used for the selection of the
200 emission wavelength and signal detection, respectively. The
201 signal acquisition and data processing are performed with a
202 Becker and Hickl SPC-630 TCSPC module. The fluorescence
203 decays and the instrumental response function (IRF) were
204 collected using 1024 channels in time scales varying from 3.26
205 to 6.4 ps/channel scale, until 2000−5000 counts at maximum
206 were reached. The full width at half-maximum (fwhm) of the
207 IRF was 25 ps. Deconvolution of the fluorescence decay curves
208 was performed using the modulating function method as
209 implemented by Striker et al. in the SAND37 program which
210 allows a value of ∼10% of the fwhm (∼2 ps) as the time
211 resolution of the equipment with this excitation source.
212 Theoretical Calculations. Density functional calculations
213 were carried out using the Gaussian 09 package.38 The hybrid
214 density functional known as B3LYP was applied.39,40 Effective
215 core potentials (ECPs) were used to represent the innermost
216 electrons of the gold atom and the basis set of valence triple-ς
217 quality with an extra d-polarization function.41 A similar
218 description was used for all main group elements.42 Atomic
219 charges and populations analysis have been confirmed from
220 natural populations analysis (NPA).43 Solvent effects of
221 acetonitrile were taken into account by PCM calculations,38

222 keeping the optimized geometries for the gas phase without
223 symmetry restrictions. Excited states and absorption spectra
224 were obtained from the time-dependent density functional
225 theory (TD-DFT) implemented in Gaussian 09.44 In addition
226 and to account for possible significant solvent effects, two
227 model compounds (2a and 3a) have been reoptimized in
228 solution (PCM calculations using the SMD model), followed
229 by time-dependent calculations including solvent effects, and
230 the results obtained were practically identical to those obtained
231 with the optimized molecules in the gas phase. Moreover, the

232phosphorescence emission for 2a does not change when
233including solvent effects, while a decrease of a few nm is found
234for 3a due to a higher stabilization, of 0.6 kcal/mol, for the
235unrelaxed state S0*.
236Synthesis and Characterization. The organic alkynyl
237ligands have been prepared following the method previously
238reported by us (Scheme 1).23 The commercial hydroxycou-
239marins L1−L3 were reacted with propargyl bromide in acetone
240at 50 °C in the presence of K2CO3. The corresponding
241propynyloxycoumarins 1−3 were obtained in high yields
242(∼75%) after 18−36 h of stirring under reflux and after
243purification by column chromatography.
244The deprotonation of the terminal alkynyl proton of 1−3
245with a KOH methanol solution and addition of a
246stoichiometric quantity of [AuCl(PR3)] (PR3 = PTA or
247DAPTA) complexes in dichloromethane give rise to the
248formation of the neutral propargyloxycoumarin phosphine
249gold(I) complexes 1−3a and 1−3b (containing PTA and
250 s2DAPTA phosphine, respectively) as depicted in Scheme 2. We
251previously described compounds 1a,b and 2a,b, and compar-
252ison with the recorded spectroscopic data indicates their
253correct formation in pure form (Figures S1 and S2).23

254Characterization of the complexes 3a,b by 1H and 31P NMR
255and IR spectroscopy and ESI(+) mass spectrometry indicates
256the successful formation of the complexes. A direct evidence of
257the successful preparation of the complexes is the disappear-
258ance of the terminal alkynyl hydrogen, and this is clearly
259observed in the corresponding IR and 1H NMR spectra of the
260gold(I) complexes. The hydrogen atoms of the phosphines
261follow the typical patterns of PTA (Figure S3) and DAPTA
262(Figure S6). 31P NMR shows a ∼10 ppm downfield shift with
263respect to the AuClPR3 precursors, as observed for other
264similar compounds (Figures S4 and S7).25,10,23,45−47 More-
265over, molecular peaks have also been obtained by ESI(+) mass
266spectrometry displaying the [M + H+]+ peak for all the species
267(see Figures S5 and S8).

268■ RESULTS AND DISCUSSION
269 f1Electronic Spectral Characterization. Figure 1 depicts
270the absorption and fluorescence emission and excitation
271spectra of the gold(I) complexes (1a,b, 2a,b, and 3a,b)
272together with the different propynyloxycoumarin ligands (1−
2733) in acetonitrile at room temperature (293 K) and the
274phosphorescence (T1 → S0) emission in 2-methyltetrahy-
275drofuran (2-MeTHF) at low temperature (77 K). The overlap
276between absorption and excitation spectra further confirms the
277purity of the synthesized compounds, beyond the level
278accessible by NMR spectroscopy. Electronic spectral data

Scheme 2. Synthesis, Structures, and Acronyms of the
Propargyloxycoumarin Phosphine Gold(I) Complexes 1a−
3a and 1b−3b
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279 (wavelength maxima for absorption, fluorescence, and
280 phosphorescence emission, Stokes shift, and transient maxima,

t1 281 T1 → Tn) are summarized in Table 1. The ν00 (0′ → 0 energy
282 for the S1 and T1 states) was obtained from the fluorescence
283 emission spectra obtained at 293 K in acetonitrile and the
284 phosphorescence spectra at 77 K in 2-MeTHF (Table 1).
285 Photophysical data (including quantum yields, lifetimes, and
286 rate constants for the singlet and triplet deactivation and

t2 287 formation processes) are summarized in Table 2.
288 As previously observed for 1a,b and 2a,b derivatives in
289 methanol, the absorption and emission spectra of the Au(I)
290 complexes are basically identical to those of their alkynylcou-
291 marin precursors (Figure 1). Thus, these spectral properties
292 (band shape and position) are essentially dependent on the
293 alkynylcoumarin ligand, i.e., intraligand electronic transitions.23

294 This is further confirmed with TDDFT theoretical calculations
295 where the relevant transitions are located in the coumarin core
296 (see TDDFT calculation discussion below).
297 The presence of one absorption band between 315 and 330
298 nm (Figure 1) is consistent with the π−π* absorption
299 transition of the coumarin chromophoric unit (intraligand
300 transitions), and the fluorescence coumarin emission is

301observed, for all compounds, at approximately 370−395
302nm.28,29

303The effect of the substituents on the coumarin core is also
304clearly evidenced in the luminescence properties. A general
305trend can be observed where the absorption and emission
306wavelengths are red-shifted in the order 2, 2a,b < 1, 1a,b < 3,
3073a,b indicating that the presence of only an electron-donating
308substituent (2 derivatives) induces a blue-shift of the bands
309that is equilibrated by the electron-withdrawing character of
310the chlorine substituent in 3, modifying the transition energy
311value (see below TDDFT calculations discussion). Interest-
312ingly, the presence of an electron-withdrawing group, chlorine,
313at the 3-position in organic ligand 3 and the corresponding
314new Au(I) complexes (3a,b) affects both the luminescent
315quantum yields and lifetimes, with a significant increase being
316recorded for both parameters (see Table 2).
317Luminescence spectra carried out at 77 K display a
318vibronically structured band centered at 490−530 nm, found
319independent of the excitation wavelength and is attributed to a
320

3π,π* state which is localized on the coumarin chromophoric
321(see Figure 1 and Table 1). We observe virtually no
322fluorescence band; the lower-lying emission is attributed to a
323triplet-excited state (phosphorescence, T1 → S0) due to

Figure 1. Electronic absorption (black line), fluorescence emission (blue line), and excitation (wine line) spectra in acetonitrile at T = 293 K (at
λexc = 320 nm) together with the phosphorescence emission (red line) spectra in 2-MeTHF, at T = 77K, of gold(I) complexes and respective
ligands. Concentration of the samples is equal to 1.3 × 10−5 M.

Table 1. Spectral Data (Including Wavelength Absorption, λabs, Fluorescence Emission Maxima (λmax
Fluo(S1 → S0)), ν00

Frequency (cm−1), and Stokes’ Shift, Δss (cm
−1)) for the Gold(I) Complexes and Respective Alkynylcoumarin Precursors in

Acetonitrile (MeCN) at Room Temperature (293 K), Maximum Phosphorescence Emission (λmax
phosp(T1 → S0)) in 2-

Methyltetrahydrofuran (2-MeTHF) at Low Temperature (77 K), and Transient (λmax
abs (T1 → Tn)) Maxima

compd λabs (nm) λmax
Fluo(S1 → S0) (nm), (ν00 (cm

−1)) λmax
abs (T1 → Tn) (nm), (ν00 (cm

−1)) Δss (cm
−1) λmax

phosp(T1 → S0) (nm)

1 316 381, (26247) N.O.a 5399 504
1a 320 381, (26247) 480, (5414) 5003 503
1b 321 381, (26247) 480, (5414) 4906 507
2 316 374, (26738) N.O.a 4908 489
2a 318 373, (26810) 480, (5977) 4637 491
2b 318 374, (26738) 480, (5905) 4709 493
3 323 390, (25641) N.O. 5319 524
3a 325 393, (25445) 480, (4612) 5324 525
3b 328 392, (25510) 480, (4677) 4978 528

aN.O.: not observed.
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324substantial Stokes shift measured and the longer excited state
325lifetime. This is further confirmed from ns-TA data and
326TDDFT calculations (see below). The heavy atom effect
327brought about by the Au(I) unit facilitates the intersystem
328crossing so that phosphorescence can be readily measured. In
329the case of 1, 2, and 3, the quantum yield for triplet formation
330is too low to be accurately measured by transient absorption
331(Tables 1 and 2), but at 77 K it can be seen that all ligands
332display phosphorescence, even if of lower intensity than the
333complexes. Fluorescence and phosphorescence lifetimes,
334quantum yields, and rate constants results for the alkynyl
335gold(I) complexes, obtained from the measured fluorescence
336and triplet state formation quantum yields and singlet state
337decay times, are summarized in Table 2. The values obtained
338for previously studied propynyloxycoumarin ligands are again
339included for comparison.
340The ϕPh values for the propynyloxycoumarin ligands are 2−
3413 times lower than those of the corresponding gold(I)
342complexes except for compound 3, whose value is barely
343affected relative to 3a,b. The ϕPh values of 1, 1a,b and 2, 2a,b
344collected at 77 K are found between 0.65 and 1.06 s, while the
345corresponding values for the chlorine derivatives 3 and 3a,b are
346∼0.15 s. The observed differences are indicative of the clear
347effect of the electron-withdrawing substituent in the resulting
348photophysical parameters, favoring less the intersystem
349crossing and corresponding phosphorescence processes, in
350agreement with the lower ϕPh values and higher quantum
351yields of singlet oxygen sensitization (ϕΔ); see Table 2. The
352ϕΔ values obtained for the gold(I) complexes are higher for
353those containing DAPTA (1c, 2c, and 3c) than those
354containing the PTA (1b, 2b, and 3b) phosphine. The highest
355ϕΔ values are recorded for the new chlorine derivatives (3a,b),
356with efficiencies ranging from 12% to 18%. Additionally, the
357sum of the fluorescence and phosphorescence quantum yields
358(ϕF + ϕPh) is, at low temperature of 77 K, relatively high:
359always above 57% and in the cases of 2b and 3 equals 1; see
360Table 2. This shows that at low temperature, the radiative
361emission dominates the deactivation processes with particular
362emphasis in compounds 2b and 3. Moreover, comparison of
363the fluorescence and phosphorescence quantum yields clearly
364shows the effect of the heavy atom on the increase of the
365conversion from singlets to triplets (increase of spin−orbit
366coupling, SOC, contributions due to the heavy atom effect
367promoted by gold).
368ns-Transient Absorption. Time-resolved transient ab-
369sorption spectra in the ns-TA were obtained in order to get
370further insights into the characteristics of the formed excited
371states. The transient triplet−triplet absorption spectra of the
372Au(I) complexes were recorded by laser flash photolysis at 266
373nm (ns-TA) of degassed acetonitrile solutions and are depicted
374 f2in Figure 2. The spectra display an intense and broad triplet−
375triplet absorption ranging between 400 and 550 nm, together
376with depletion (ground-state bleaching) below 350 nm
377consistent with the ground-state absorption of these
378compounds. Inspection of the spectra at room temperature,
379together with the data summarized in Table 1, shows that the
380wavelength maxima of the triplet−triplet transient are basically
381constant for the six Au(I) complexes (1a,b, 2a,b, and 3a,b) at
382around ∼480 nm and the triplet lifetimes are in the range ϕT =
38310−40 μs; see Table 2.
384Rate Constants for the Excited State Deactivation
385Processes. The relevant rate constants for the deactivation of
386the lowest lying singlet and triplet excited states areT
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387 summarized in Table 2, from where it can be seen that despite
388 the presence of the gold atom, the dominant deactivation
389 pathway is, for all compounds, the radiationless S1 ⇝ S0
390 internal conversion, kIC.
391 Rate constants for the energy transfer from the gold
392 complexes to the molecular oxygen were obtained from eq 3,

τ τ
= − ×

[ ]
k

1 1 1
QQ

T T
0

i
k
jjjjj

y
{
zzzzz

393 (3)

394 where τT
0 is the triplet lifetime in the absence of oxygen and ϕT

395 in the presence of oxygen and [Q] is the concentration of the
396 quencher, oxygen.
397 The values of the rate constants, kQ, in Table 2 are in the
398 order of 1010 s−1 and are slightly higher (in the range 2.5 × 109

399 to 38 L mol−1 s−1) than pure controlled diffusion reaction rates
400 in this solvent (kdiff = 1.9 × 1010 L mol−1 s−1). This may
401 indicate that the process is not purely diffusional and that
402 ground-state interaction may exist between molecular oxygen
403 and the Au(I) complex which increases the rate of the energy
404 transfer process.
405 Moreover, the values of the radiative (kF) and nonradiative
406 (kNR) rate constants for the gold complexes indicate that the
407 first is kept approximately constant for all compounds with
408 values ranging from 0.3 to 0.4 ns−1, whereas the radiationless
409 decay pathway is dominant in all Au(I) complexes. The
410 exception is found for the chlorine derivatives (3, 3a,b) where
411 kNR is 2 orders of magnitude lower than with all the others
412 compounds (Table 2). Indeed, the phosphine (PTA or
413 DAPTA) does not seem to introduce appreciable changes in

414the photophysical parameters of 3, 3b, and 3c, where the
415radiative route dominates the excited state deactivation.
416TD-DFT Theoretical Studies. The different molecular
417geometries have been optimized by DFT calculations, and the
418main transitions expected for both absorption and emission
419have been analyzed. Similar geometries for all coumarin groups
420are predicted in both the ligands and corresponding complexes
421although the CC bond is found to be slightly weaker in the
422gold(I) derivatives (1.20 Å in 1a,b, 2a,b, and 3a,b vs 1.21 Å in
4231−3).
424The UV−vis spectra of the ligands are practically identical
425with a band centered at ∼310 nm in acetonitrile (ε ∼ 20 000
426M−1·cm−1) corresponding to a π−π* transition within the
427coumarin (Table S1) and slightly higher than the values found
428in the literature for the correspondent methoxycoumarin in
429cyclohexane.28,29 In the case of coumarin a lowest lying S1 state
430of n,π* was predicted from both theory and experiment, yet
431buried underneath the strong S2 state of π−π* origin.29

432Moreover, the following trend is observed in the absorption
433wavelength, 305 (2) < 308 (1) < 317 (3), in agreement with
434the experimental data in Table 1 and Figure S9. This is due to
435the modification in the HOMO−LUMO energy gap, which is
436affected by the substituents at the 3 and 4 positions of the
437coumarin rings (Figure S10).
438Absorption spectra for the gold(I) complexes reproduce the
439same trends of the related organic counterparts, being
440indicative of the main role of the substituents at the coumarin
441in the photophysical properties (Figures S11−S17). The
442transition at 310−320 nm is also located in the coumarin
443rings, but a 3−4 nm red-shift is predicted for the gold(I)
444complexes, in agreement with the experimental data, together

Figure 2. Room temperature time-resolved transient triplet−triplet absorption spectra (ns-TA) for gold(I) complexes (1a,b, 2a,b, and 3a,b)
obtained by laser flash photolysis with excitation at 266 nm in degassed acetonitrile solutions.
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445 with an increase of the theoretically calculated ε values to
446 ∼25 000 M−1·cm−1. However, the gold(I)-phosphine frame-
447 work participates in the absorption spectra by the introduction
448 of a new transition at 263 and 237 nm (for 1−3a and 1−3b
449 complexes respectively; see Table S2). The analysis of the
450 involved orbitals allows us to assign to an intraligand transition
451 having monoexcitations from the phosphine ligand and π(C
452 C) system toward p orbitals of phosphorus and gold atoms

t3f3f4 453 (Table 3 and Figures 3 and 4).
454 In an attempt to understand the phosphorescent properties
455 of the coumarin derivatives, emission, geometries for the first
456 triplet state were optimized. The calculated energies for the
457 triplet state of the propynyloxycoumarin ligands (1−3) are
458 basically identical to the values of the corresponding gold(I)-
459 coumarin complexes (1a,b, 2a,b, and 3a,b) thus showing that
460 the energy of these triplet states is practically independent of

t4 461 the complexation with the Au(I) and essentially localized in

462 t4the propynyloxycoumarin ligands (Table 4). As example, a
463phosphorescence emission is predicted at approximately 575−
464577 nm for 1 and 1a,b, 556−559 nm for 2 and 2a,b, and 648−
465653 nm for 3 and 3a,b.
466The lower phosphorescence yields displayed by the 3-
467chlorocoumarin derivatives (3, 3a,b) relative to the other
468compounds (1, 1a,b and 2, 2a,b) have led to additional
469investigations. A detailed analysis of the optimized geometries
470reveals dramatic structural changes in the lactone ring of the
471coumarin core. Indeed, according to the molecular diagram,
472excitation of an electron from HOMO to LUMO provides a
473lengthening of the distance between the C3 and C4 atoms (see
474Table S3), further corroborated by the increase from 1.35 to
4751.45 Å in singlet and triplet states respectively, resulting in
476lower variations for other distances. Although in all cases these
477atoms remain in a planar environment, a significant
478deformation of the lactone ring, θ(C4·O1), is observed, being

Table 3. Calculated Absorption Parameters (Wavelengths in nm and Their Intensities in Parentheses) for the Coumarin
Derivatives in Acetonitrile Solution

assignment compd 1 2 3

coumarin: π(Cou) → π*(Cou) 308 (0.47) 305 (0.44) 317 (0.49)
a 312 (0.57) 307 (0.46) 320 (0.57)
b 312 (0.57) 308 (0.46) 320 (0.59)

247 (0.10)
intraligand: π(CC) → PTA + p(Au) a 263 (0.27) 262 (0.27) 263 (0.28)

b 237 (0.14) 237 (0.18) 237 (0.19)

Figure 3. Schematic representation of the main expected transitions in the absorption spectra of PTA-Au-Coum complexes with coumarins (1a−
3a).
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479 practically planar in families 1 and 2 while it is even bent across
480 antipodal atoms C4 and O1 in 3. Consequently, a major
481 structural arrangement is needed to involve triplet states in the
482 chlorine derivatives, even low gap is calculated, and therefore
483 we would suggest that this is the reason for mainly fluorescence
484 emission (see Table S4).

485 ■ CONCLUSIONS
486 The synthesis and a comprehensive photophysical character-
487 ization were undertaken for six luminescent propargyloxycou-

488marin phosphine gold(I) complexes (1a,b, 2a,b, and 3a,b).
489The absorption, emission and phosphorescence spectra of PR3-
490Au-Coum (PR3 = PTA (a) and DAPTA (b)) complexes are
491found to be very similar to the propynyloxycoumarin ligands
492(1−3). In contrast with the coumarin counterparts, where the
493internal conversion dominates the excited state deactivation,
494with the Au(I) complexes, competition with S1 ⇝ T1

495intersystem crossing is found. The overall experimental and
496theoretical data show that the excited state is mainly located in
497the propynyloxycoumarin ligand. With compounds 3a,b,
498containing an electron-withdrawing group, chlorine, at the 3-
499position, the dominance of the radiative decay is not affected
500by the gold atom. Finally, and very promising, the triplet state
501is found to efficiently sensitize molecular oxygen with ϕΔ
502values ranging from 12% to 18% for the chloro derivatives 3a,b.

503■ ASSOCIATED CONTENT

504*sı Supporting Information
505The Supporting Information is available free of charge at
506https://pubs.acs.org/doi/10.1021/acs.jpcb.1c07985.

507
1H and 31P NMR and ESI-MS(+) spectra of the

508compounds, representation of the minimum energy
509geometry conformation, orbital and coordinates in-
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511spectra of the different coumarins and gold(I) complexes
512(PDF)

Figure 4. Schematic representation of the main expected transitions in the absorption spectra of DAPTA-Au-Coum complexes with coumarins
(1b−3b).

Table 4. Calculated Energies for Optimized Triplet State T1,
Relative Energy (in eV, and nm in Parentheses and in the
Franck−Condon Geometry) from the Ground State S0 in
Acetonitrile Solution, and Phosphorescence Emission (T1
⇝ S0), from the Relaxed Geometry

compd T1
a emission, eVa θ(C4·O1)

1 2.62 (473) 2.15 (577) 179.9
1a 2.61 (475) 2.16 (575) 180.0
1b 2.61 (475) 2.16 (575) 179.8
2 2.70 (459) 2.22 (559) 179.7
2a 2.69 (461) 2.23 (556) 179.2
2b 2.69 (460) 2.23 (556) 179.7
3 2.53 (489) 1.90 (653) 165.7
3a 2.53 (491) 1.91 (649) 165.1
3b 2.53 (490) 1.91 (648) 165.1

aIn parentheses, values in nm.
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527 Orgaǹica, Secció de Química Inorgaǹica, Universitat de
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