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Abstract: Three new gold(I) alkynyl complexes (Au-ABTF(0-2)) containing a benzothiazole 

fluorenyl moiety, with either an organic phosphine or N-heterocyclic carbene as ancillary ligand, 

have been synthesized and photophysically characterized. All three complexes display highly 

structured ground-state absorption and luminescence spectra.  Dual-luminescence is observed in 

all three complexes at room temperature in toluene after three freeze-pump-thaw cycles. The 

phosphine complexes (Au-ABTF(0-1)) exhibit similar photophysics with fluorescent quantum 

yields ~0.40, triplet-state quantum yields ~0.50, and fluorescent lifetimes ~300 ps. The carbene 

complex Au-ABTF2 displays different behavior; having a fluorescent quantum yield of 0.23, a 

triplet-state quantum yield of 0.61, and a fluorescent lifetime near 200 ps, demonstrating that the 

ancillary ligand alters excited-state dynamics. The compounds exhibit strong (on the order of 105 

M-1 cm-1) and positive excited-state absorption in both their singlet and triplet excited states 

spanning the visible region. Delayed fluorescence resulting from triplet-triplet annihilation is also 

observed in freeze-pump-thaw deaerated samples of all the complexes in toluene. DFT calculations 

(both static and time-resolved) agree with the photophysical data where phosphine complexes have 

slightly larger S1 -T2 energy gaps (0.28 eV and 0.26 eV) relative to the carbene complex (0.21 eV). 

Comparison of the photophysical properties of Au-ABTF(0-2) to previously published dinuclear 

gold(I) complexes and mononuclear gold(I) aryl complexes bearing the same benzothiazole-2,7-

fluorenyl moiety are made. Structure-property relationships regarding ancillary ligand, bridging 

moiety, and number of metal centers are drawn. 
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Introduction: 

Cyclometalates of iridium(III), platinum(II), and (less so) gold(III) have wide use in organic light-

emitting diodes (OLEDs),1-15 light-emitting electrochemical cells,16–19 nonlinear optical 

materials,20-28 and bioimaging agents.33–37 Their triplet-state photoreactivity supports applications 

in photoredox sensitization schemes,38–44 and increasingly in photodynamic therapy.45–50  Much 

progress has resulted from fundamental investigations of cyclometalated iridium(III) and 

platinum(II) complexes. In these species, the metal ion is chelated to conjugated aromatic ligands, 

leading to emissive triplet states having mixed ligand-centred (LC) and metal-to-ligand charge 

transfer character (MLCT).  The organic ligands are readily modified by synthesis, and a range of 

excited states with variable metal and ligand character are accessible.  When the heavy atom 

contributes to frontier orbitals, spin-orbit coupling is efficient, and phosphorescence can often be 

observed.  

 Gold(I), with its closed 5d10 valance shell, is less apt to engage in d-* back bonding, yet many 

gold(I) complexes are phosphorescent, often with microsecond-scale radiative lifetimes.51-63 The 

spin-orbit coupling parameter (ζl) of gold is the highest within the d-block transition metals.80 Due 

to the observation of phosphorescence in many gold(I) complexes, the magnitude of ζl likely 

compensates for the lack of metal-to-ligand charge transfer character in these chromophores.  A 

practical outcome of this filled 5d shell is that gold(I) organometallics can be more linearly 

transparent to visible light than platinum(II) analogues.25,26,30–32  Che and co-workers have recently 

discussed the importance of attachment site when chromophores are metalated by -bonds to 

gold.64,65  Spin-orbit coupling within the ligand is enhanced when gold is bound at carbon sites 

having high frontier orbital density.  Similar observations have been made in transient absorption 

studies of gold(I) substituted pyrenyls.66 We have demonstrated that binding of a single gold atom 
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to an aryl, triazolyl, or alkynyl carbon atom can afford dual fluorescence and phosphorescence 

emission.66–69 Recent work has produced single-component white-light emitters through the 

combination of fluorescence and phosphorescence in equal quantum yields; these white-emitting 

compounds are (organophosphine)gold(I) aryls, where the aryl group is the benzothiazole 

fluorenyl (BTF) conjugate seen in the left panel of Figure 1.70 

 

Figure 1. Summary of previous gold(I) work demonstrating structure-property relationships in 

gold(I) complexes of the fluorenyl-benzothiazolyl (BTF) moiety. 

Photophysical analysis of gold(I) BTF aryl compounds (Figure 1, left) finds that choice of ancillary 

ligand has a marked effect on the excited-state dynamics.  As the ancillary ligand is changed from 

organophosphine (Au-BTF(0-1)) to N-heterocyclic carbene (Au-BTF2), the rate of intersystem 

crossing is diminished along with a decrease in both the radiative and non-radiative decay rates. 

This corresponds with an enhancement in the fluorescence lifetime, fluorescence quantum yield, 

and diminished intersystem crossing efficiency in Au-BTF2.70 In subsequent work, dinuclear 
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gold(I) alkynyls (Au-DiBTF(0-2)) and a triazolyl (Au-DiBTF3) were photophysically analyzed 

(Figure 1, right).71  Addition of two gold atoms does not increase kisc or the intersystem crossing 

efficiency relative to the mononuclear gold(I) aryl compounds. Interestingly, changing the 

ancillary ligand in the dinuclear gold(I) BTF alkynyls from an organophosphine (Au-DiBTF(0-

1)) to an N-heterocyclic carbene (Au-DiBTF(2)) results in only incremental fluctuations in the 

intersystem crossing efficiency, fluorescence quantum yield, and fluorescence lifetime. The rate 

constants of radiative and non-radiative decay as well as intersystem crossing are nearly identical 

in the dinuclear gold(I) BTF alkynyls (Au-DiBTF(0-2)). Changing the alkynyl bridge to a triazolyl 

in the carbene complex (Au-DiBTF3) leads to appreciably different excited-state dynamics; an 

increase in intersystem crossing efficiency is observed along with a decrease in fluorescence 

quantum yield and fluorescence lifetime. These variations in excited-state behavior are due to an 

increase in the rate of intersystem crossing and non-radiative decay with a decrease in the rate of 

radiative decay. In light of these results, we have synthesized and photophysically characterized 

the analogous mononuclear gold(I) BTF alkynyl complexes. The gold(I) alkynyl complexes (Au-

ABTF(0-2)) contain a benzothiazole fluorenyl moiety, with either an organic phosphine or N-heterocyclic 

carbene as ancillary ligand.  The effects of the ancillary ligand (organophosphine or N-heterocyclic 

carbene) as well as the nature of the linkage between the gold atom and organic chromophore on 

the photophysical properties in these chromophores elicits continuing interest. This work serves to 

present the photophysical properties of the newly synthesized Au-ABTF chromophores as well as 

to compare the photophysical properties of the aryl, alkynyl, and dinuclear gold(I) chromophores 

in the series. This exploration of the structure-property relationships provides for the discussion of 

the  rational design of triplet-active organogold(I) chromophores.  

Results and Discussion 
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Figure 2. Designation of gold(I) benzothiazole-fluorenyl chromophores. 

Reaction of the known benzothiazole-2,7-fluorenyl alkyne72 with (phosphine-) or (N-heterocyclic 

carbene)gold(I) chlorides67–69,73 at room temperature afforded the corresponding (alkynyl)gold(I) 

species Au-ABTF0 (79% yield), Au-ABTF1 (60% yield), and Au-ABTF2 (76% yield), Scheme 

1. Diffraction quality crystals were grown from vapor diffusion of pentanes into concentrated 

dichloromethane solutions. A thermal ellipsoid depiction of Au-ABTF1 appears in Figure 3.  
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Crystal structures of Au-ABTF0 and Au-ABTF2 appear in the supporting information (Figures 

S8 and S2, respectively).  Geometric parameters are unexceptional, and all complexes are two-

coordinate and essentially linear.  Aurophilic interactions and -stacking are not observed in the 

packing diagrams for any of the compounds. 

 

Scheme 1. Synthesis of Au-ABTF(0-2). 

Figure 3. Thermal ellipsoid representation of Au-BTF1 (50% probability level, 150 K).  Hydrogen 

atoms are omitted for clarity.  Unlabeled atoms are carbon. 
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Thermogravimetric analysis in air was also performed on the compounds in order to assess their 

thermal stabilities. Plots of weight loss as a function of temperature appear in Figure S1 

(Supporting Information). The onset of weight loss is observed at ~230 °C in both Au-ABTF0 and 

Au-ABTF1 and 345o C in Au-ABTF2. 

Ground-state absorption and steady-state luminescence spectroscopy. Ground-state 

absorption spectra and steady-state luminescence spectra in toluene following three freeze-pump-

thaw cycles appear in Figure 4. Ground-state absorption, luminescence wavelength maxima, 

singlet and triplet excited-state energies, and ground-state extinction coefficient values are 

reported in Table 1. Data collected for the previously reported gold(I) compounds is included for 

comparison. 

 

Figure 4. Absorption (left) and luminescence (right) spectra of Au-ABTF0 (black), Au-ABTF1 

(red), and Au-ABTF2 (blue). The emission spectra were collected in toluene at room temperature 

following three freeze-pump-thaw degas cycles. 

(Phosphine)gold(I) complexes Au-ABTF0 and Au-ABTF1 have similar ground-state absorption 

spectra with peak maxima occurring at 366 nm and 367 nm, respectively. Changing the ancillary 

ligand to an N-heterocyclic carbene in Au-ABTF2 results in a bathochromic shift of the absorption 
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maxima to 371 nm. The band shapes of the ground-state absorption spectra are similar and 

structured in all three complexes. The ground-state extinction coefficients for these compounds 

range from 6 - 9 x 104 M-1 cm-1. The ground-state absorption spectra of Au-ABTF(0-2) are similar 

in band shape and extinction coefficient to the free alkyne; however, the gold(I) ABTF complexes 

(Au-ABTF(0-2)) display a bathochromic shift relative to the parent alkyne, which has a ground-

state absorption maximum of 351 nm in benzene.74  

Table 1. Pertinent ground-state absorption and steady-state luminescence data. 

 Au 
Complex 

Experimental Results 

 λABS/nm 

(104 M-1cm-1) 

λFL
B 

(nm) 

ES
C 

(eV) 

λPHOS
B 

(nm) 

ET
C 

(eV) 

ΔEST 

(eV) 

A
lk

yn
yl

 Au-ABTF0 366 (7.79) 396 3.13 555 2.23 0.90 

Au-ABTF1 367 (8.77) 397 3.12 556 2.23 0.89 

Au-ABTF2 371 (6.89) 404 3.07 560 2.21 0.86 

A
ry

l 

Au-BTF0 359 (5.34) 388 3.20 538 2.30 0.90 

Au-BTF1  360 (5.95) 389 3.19 538 2.30 0.89 

Au-BTF2  364 (5.80) 397 3.12 541 2.29 0.83 

D
in

u
cl

ea
r 

Au-DiBTF0 383 (6.00)A 413 3.00 575 2.16 0.84 

Au-DiBTF1 384 (5.10)A 413 3.00 575 2.16 0.84 

Au-DiBTF2 387 (6.76)A 418 2.97 580 2.14 0.83 

Au-DiBTF3 390 (6.99)A 427 2.90 570 2.18 0.72 

Data collected in toluene unless otherwise noted. 
ACollected in dichloromethane due to limited solubility in toluene. 
BEstimated from the luminescence maximum. 
CEstimated value of the luminescence maximum first converted to wavenumbers and then to values in eV. 

These results are consistent with BTF-localized π-π* absorption transitions in all three Au-

ABTF(0-2) complexes. These findings agree with previously published results on the Au-BTF(0-

2) and Au-DiBTF(0-3) complexes; these complexes also possess highly structured ground-state 
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absorption spectra attributed to π-π* absorption transitions localized on the BTF ligand. The nature 

of the bridging ligand, the ancillary ligand, and the number of gold(I) metal centers influences the 

energy of the ground-state absorption transitions in this series of complexes. The gold(I) BTF aryl 

complexes (Au-BTF(0-2)) absorb at shorter wavelengths than their alkynyl counterparts (Au-

ABTF(0-2)) with similar ancillary ligand effects. (Phosphine)gold(I) aryls Au-BTF0 and Au-

BTF1 possess absorption maxima at 359 nm and 360 nm, respectively, and the (carbene)gold(I) 

complex Au-BTF2 shows an absorption maximum at 364 nm. On the other hand, dinuclear gold(I) 

complexes, Au-DiBTF(0-3), exhibit ground-state absorption maxima at wavelengths longer than 

those of mono-alkynyl gold(I) BTF (Au-BTF(0-2)) complexes. When the dinuclear gold(I) species 

possesses a phosphine ancillary ligand, the ground-state absorption maximum occurs at 383 nm in 

Au-DiBTF0 and 384 nm in Au-DiBTF1. Inclusion of the N-heterocyclic carbene ancillary ligand 

shifts the ground-state absorption maxima to 387 nm in Au-DiBTF2. A further bathochromic shift 

occurs when the alkynyl bridging moiety in Au-DiBTF2 is converted to a triazole linkage; the 

ground-state absorption maximum of Au-DiBTF3 occurs at 390 nm.  The monogold(I) alkynyls 

(Au-ABTF(0-2)) all exhibit dual luminescence in freeze-pump-thaw deaerated toluene. The 

observed fluorescence is much more intense than the phosphorescence in these complexes. The 

fluorescence and phosphorescence maxima parallel the ground-state absorption maxima with Au-

ABTF0  Au-ABTF1 > Au-ABTF2. The fluorescence and phosphorescence are highly 

structured, and appear as a mirror image of the ground-state absorption spectra. This observation 

implies that the luminescence from these complexes is also π-π* in nature. The aryl complexes 

(Au-BTF(0-2)) and dinuclear gold(I) BTF complexes (Au-DiBTF(0-3)) also demonstrate 

structured luminescence and follow the same excited-state energy trends. Structural variation has 

the greatest influence on the relative intensity of the fluorescence and phosphorescence in the 
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steady-state luminescence spectra of these complexes. The intensity of the fluorescence and 

phosphorescence in the aryl gold(I) complexes (Au-BTF(0-2)) is similar in the phosphine 

containing complexes, Au-BTF0 and Au-BTF1, resulting in white light emission. The 

fluorescence intensity is enhanced relative to the phosphorescence when a N-heterocyclic carbene 

ancillary ligand is utilized in Au-BTF2. The steady-state emission from this complex appears 

violet. The observed phosphorescence in the laterally asymmetric dinuclear gold(I) complexes 

(Au-DiBTF(0-3)) is extremely weak in comparison to monogold aryl or alkynyl BTF complexes. 

This echoes earlier observations that spin-orbit coupling is hindered in dinuclear gold(I) species 

when gold(I) centers are widely separated.26,74–78 The phosphorescence signal is strong enough in 

(Au-ABTF(0-2)) and (Au-BTF(0-2)) for us to measure the phosphorescence lifetimes of the 

complexes. All of the molecules have phosphorescence lifetimes of greater than 500 µs.  The 

observation of both fluorescence and phosphorescence in the alkynyl (Au-ABTF(0-2)), aryl (Au-

BTF(0-2)), and dinuclear BTF (Au-DiBTF(0-3)) complexes allows for a comparison of the 

singlet-triplet energy gaps (ΔEST) in these molecules. In the mononuclear gold(I) molecules, the 

magnitude of the singlet-triplet energy gap is essentially identical when a phosphine is present as 

the ancillary ligand. Interestingly, the magnitude of the singlet-triplet gap is quantitatively smaller 

in the mononuclear gold complexes when a N-heterocyclic carbene is used as the ancillary ligand. 

The singlet-triplet energy gap is generally smaller in the dinuclear gold(I) molecules. The singlet-

triplet gaps in the dinuclear compound are less sensitive to changes in the ancillary ligands 

(phosphine to N-heterocyclic carbene) but are greatly influenced by the nature of the bridging 

moiety (alkyne to triazole). Changing the bridging moiety from an alkynyl moiety (Au-DiBTF2) 

to a triazole (Au-DiBTF3) results in a greater than 100 meV change in the singlet-triplet gap.  
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Fluorescence quantum yields, intersystem crossing quantum yields, and luminescence 

lifetimes. Fluorescence and phosphorescence lifetimes (Figure S10), fluorescence quantum yields 

(Figure S11), phosphorescence quantum yields (Figure S12), and intersystem crossing quantum 

yields (Figure S13) results for the alkynyl gold(I) complexes are summarized in Table 2. The 

values obtained for previously studied gold(I) complexes are again included for comparison. Au-

ABTF0 and Au-ABTF1 display similar excited-state properties. Both complexes have 

fluorescence quantum yield values of approximately 0.40, intersystem crossing quantum yield 

values near 0.50, and fluorescence lifetimes of roughly 300 ps. Au-ABTF2 features a diminished 

fluorescence quantum yield value 0.23, an enhanced intersystem crossing quantum yield value of 

0.61, and a shorter fluorescence lifetime of about 200 ps. Combined, the fluorescence quantum 

yield, intersystem crossing quantum yield, and fluorescence lifetime values allow for the 

calculation of the radiative (kr), non-radiative (knr), and intersystem crossing (kISC) rate constants 

in these complexes (See SI). The calculated values for kr are similar for (Au-ABTF(0-2)) with all 

of the values on the order of 1.0 x 109 s-1. The magnitude of kisc is two times larger in the N-

heterocyclic carbene complex Au-ABTF2, relative to the phosphine containing derivatives, Au-

ABTF0 and Au-ABTF1. The value of kisc was determined to be 3.0 x 109 s-1 for Au-ABTF2 

compared with values of 1.5 x 109 s-1 and 1.6 x 109 s-1 for Au-ABTF0 and Au-ABTF1, 

respectively.  Non-radiative decay is found to be a minor contributor to the excited-state dynamics 

in all of the Au-ABTF derivatives. The values of knr are all ≤ 0.78 x 109 s-1.  
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Table 2. Pertinent Quantum Yield and Lifetime Data. 

 Au 
Complex 

Experimental Results  

 φFL τFL
A  

(ps) 

kr
B 

(109 s-1) 

knr
B

  

(109 s-1) 

kISC
B

  

(109 s-1) 

φTRIPLET φPHOS τPHOS  

(µs) 

A
lk

yn
yl

 Au-ABTF0 0.41 ± 0.03 308 ± 6  1.3  0.39 1.5 0.47 ± 0.04 0.02 ± 0.01 715 ± 200 

Au-ABTF1 0.44 ± 0.01 338 ± 2  1.3  0.10 1.6  0.53 ± 0.01 0.06 ± 0.01 492 ± 100 

Au-ABTF2 0.23 ± 0.02 206 ± 13  1.1  0.78 3.0  0.61 ± 0.02 0.04 ± 0.01 609 ±  50 

A
ry

l 

Au-BTF0 0.08 ± 0.01 79.3 0.94 1.5 9.3 0.79 ± 0.01 0.09 ± 0.01 810 ± 70 

Au-BTF1  0.09 ± 0.03 89.4 0.95 1.1 8.5 0.81 ± 0.02 0.07 ± 0.01 766 ± 8 

Au-BTF2  0.22 ± 0.01 229 0.80 0.54 2.3 0.63 ± 0.03 0.11 ± 0.01 872 ± 59 

D
in

u
cl

ea
r 

Au-DiBTF0 0.55 ± 0.02 438 ± 5 1.3 ≤ 0.02 1.2 0.51 ± 0.02 ---C ---C 

Au-DiBTF1 0.55 ± 0.02 442 ± 1 1.2 ≤ 0.05 0.97 0.43 ± 0.02 ---C ---C 

Au-DiBTF2 0.44 ± 0.01 380 ± 1 1.2 ≤ 0.03 1.5 0.57 ± 0.02 ---C ---C 

Au-DiBTF3 0.28 ± 0.02 369 ± 1 0.76 0.11 2.4 0.68 ± 0.01 ---C ---C 

All values collected in toluene. 
AValues determined using time-correlated single photon counting. 
BSystem of equations used for the rate constant determinations are shown in the SI. 
CPhosphorescence lifetime and quantum yield values were not determined due to weak signal. 

The magnitude of kr is similar for all of the alkynyl (Au-ABTF(0-2)), aryl (Au-BTF(0-2)), and 

dinuclear BTF (Au-DiBTF(0-3)) complexes; the calculated values of kr across the series of 

molecules are all within a factor of two. The excited-state dynamics in these molecules are largely 

controlled by variations in the values of knr and kISC. For the mononuclear aryl complexes with 

phosphine ancillary ligands (Au-BTF(0-1)), the magnitude of knr and kISC are the largest in the 

series. This results in molecules with low fluorescence quantum yields and high intersystem 

crossing quantum yields. Changing the ancillary ligand to a N-heterocyclic carbene in Au-BTF2 

diminishes the values of knr and kISC, resulting in an increase in the fluorescence quantum yield 

and a decrease in the intersystem crossing quantum yield. The dinuclear BTF (Au-DiBTF(0-3)) 

complexes generally have the smallest values of knr in the series. When the alkynyl bridge is 
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present in these molecules, regardless of ancillary ligand, knr is an order of magnitude lower than 

all of the other complexes. Although two gold(I) atoms are present, the rate of intersystem crossing 

is similar to that of the mononuclear alkynyl compounds. This is consistent with previously 

reported dinuclear gold(I) chromphores.26,74–78 The magnitude of the fluorescence quantum yield 

and intersystem crossing quantum yield are similar in the alkynyl bridged, dinuclear species (Au-

DiBTF(0-2)). Au-DiBTF3 contains a triazole linkage and a N-heterocyclic carbene ancillary 

ligand. This molecule has the smallest value of kr in the series and a value of kISC that is two times 

larger than the other dinuclear compounds. Au-DiBTF3 has the largest intersystem crossing 

quantum yield and lowest fluorescence quantum yield of the dinuclear complexes.   

Nanosecond transient absorption and delayed fluorescence. Nanosecond transient absorption 

spectra in units of Δε vs. wavelength for Au-ABTF (0-2) collected in freeze-pump-thaw deaerated 

toluene are displayed in Figure 5. Excited-state extinction coefficients at the maximum of the T1-

Tn transition and triplet-triplet annihilation fit parameters are given in Table 3. The values obtained 

for the structurally similar gold(I) aryl compounds are included in Table 3 for comparison. All of 

the compounds are characterized by a bleach of the ground-state absorption spectrum and strong, 

positive excited-state absorption from 400 nm to 750 nm. Energy trends coincide with the ground-

state absorption data; namely, a slight bathochromic shift in the triplet-triplet absorption maximum 

(λT) is observed when the ancillary ligand is varied from a phosphine (Au-ABTF(0-1))  to a N-

heterocyclic carbene (Au-ABTF2). The triplet-triplet absorption in these complexes is strong. 

Relative actinometry experiments with [Ru(bpy)3]2+ were performed in order to determine the 

triplet excited state extinction coefficients for Au-ABTF(0-2). The magnitude of the excited-state 

extinction coefficient (𝚫𝜺𝑻𝟏ି𝑻𝒏ሻ for all of the molecules is on the order of 10.0 x 104 M-1 cm-1. 
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Table 3. Pertinent Transient Absorption and Triplet-Triplet Annihilation Data. 

 Au 
Complex 

 Experimental Results 

 Δ𝜀ௌభିௌ೙/λ nmA  

(104 M-1 cm-1) 

τTA
C  

(ps) 

𝚫𝜺𝑻𝟏ି𝑻𝒏/λ nmA 

(104 M-1 cm-1) 

kT
B  

(s−1) 

kTT
B 

(M−1 s−1) 

A
lk

yn
yl

 Au-ABTF0 620 (21.1) 288 ± 7 592 (14.0 ± 2.0) 3,000 9.2 ± 0.3 x 109 

Au-ABTF1 634 (36.5) 301 ± 7 595 (13.8 ± 3.0) 2,030 1.4 ± 0.2 x 1010 

Au-ABTF2 624 (18.9) 192 ± 4 610 (9.0 ± 4.0) 1,630 2.5 ± 0.7 x 1010 

A
ry

l 

Au-BTF0 565 (13.7) 84.5 ± 4.6 545 (9.14 ± 0.50) 1,220 1.3 ± 0.1 x 1010 

Au-BTF1  588 (15.6) 95.4 ± 2.3 551 (10.1 ± 0.10) 1,290 1.2 ± 0.1 x 1010 

Au-BTF2  558 (15.0) 279 ± 10 565 (9.40 ± 0.10) 1,140 1.4 ± 0.1 x 1010 

All values collected in toluene. 
AMethodology used to determine excited-state extinction coefficients is discussed in the SI. 
BMethodology used to determine values of kT and kTT is discussed in the SI. 
CAverage values obtained from a global lifetime analysis completed at 10 unique wavelengths. 
 

 

Figure 5. Nanosecond transient absorption spectra of Au-ABTF0 (black), Au-ABTF1 (red), and 

Au-ABTF2 (blue). All samples were excited at 355 nm and collected 100 ns after the laser pulse. 

Relative actinometry experiments allowed for conversion to units of Δε. 

Nanosecond transient absorption kinetic decay traces were collected at the triplet-triplet absorption 

maximum (λT) of each molecule. The kinetic decay traces collected at two laser energies for Au-
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ABTF0 are shown in Figure 6 (right). Plots showing the kinetic decay traces for Au-ABTF1 and 

Au-ABTF2 are shown in Figure S16. Two laser energies were used to obtain kinetic traces in 

order to investigate the effect of the excitation pulse energy on the decay of the triplet excited-

state. An increase in the laser pulse energy leads to an increase in the triplet excited-state 

concentration and coincides with an increase in the initial rate of excited-state decay. This, in 

combination with observable delayed fluorescence, indicates that triplet-triplet annihilation occurs 

in all three gold(I) alkynyl complexes. The delayed fluorescence signal was observed as a function 

of laser pulse energy. Figure 6 (left) shows the normalized integrated delayed fluorescence vs. the 

incident laser energy with the best quadratic fit for Au-ABTF0; plots for Au-ABTF1 and Au-

ABTF2 appear in Figure S14. The inset in Figure 6 (left) shows the double logarithm plot with the 

corresponding linear fit. The slope of the double logarithm plot for all complexes is nearly 2, 

indicating a bimolecular process leads to the observed delayed fluorescence.79  Figure 6 (right) 

shows the kinetic decay traces obtained in our nanosecond transient absorption measurements in 

units of concentration vs time. The raw ΔOD vs time spectra were converted into units of 

concentration vs time using the previously determined triplet excited-state extinction coefficients. 

This data conversion allows for the determination of the rate constants of triplet-triplet annihilation 

(kTT).79 The collection of phosphorescence lifetimes for these molecules allowed us to determine 

values for the rate constant governing the intrinsic decay of the triplet excited-state (kT). The value 

of kT was held constant in the triplet-triplet annihilation fits of the transient absorption decay traces 

obtained for all three Au-ABTF chromophores. The values of kTT range from 9.2 x 109 M-1 s-1 in 

Au-ABTF0 to 2.5 x 1010 M-1 s-1 in Au-ABTF2, signifying that triplet-triplet annihilation is a 

diffusion controlled process in toluene solutions containing Au-ABTF(0-2).80  
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Figure 6. Au-ABTF0 Normalized integrated fluorescence intensity vs. laser pulse energy (left) 

and triplet-triplet annihilation fit of excited state decay (right). Both figures correspond to freeze-

pump-thaw deaerated solutions in toluene. The left figure was fit to a quadratic and the left inset 

corresponds to the double logarithm plot fit linearly with a slope of 2.17. The right inset is the 

triplet-triplet annihilation fit residuals. 

These nanosecond transient absorption results are similar to those obtained for the series of Au-

BTF complexes. The nanosecond transient absorption spectra of Au-BTF(0-2) also exhibit a 

bleach corresponding to loss of ground-state absorption and broad, positive transient absorption 

throughout the visible region.  The excited-state extinction coefficients of Au-BTF(0-2) are also 

on the order of 10.0 x 104 M-1 cm-1. A red shift in the maximum of the triplet-triplet absorption 

spectrum is also observed in the Au-BTF(0-2) series when the phosphine ancillary ligand is 

swapped with the N-heterocyclic carbene ligand. The observation of strong, broad triplet-triplet 

absorption in Au-ABTF(0-2) and Au-BTF(0-2) is comparable to previous results obtained for 

Pt(II) alkynyl BTF complexes.72 In general, the excited-state absorption spectra of Au-BTF(0-2) 

are  broader than the excited-state absorption spectra of their Au-ABTF(0-2) counterparts. The 

maximum of the excited-state absorption feature is red-shifted in Au-ABTF(0-2) relative to Au-

BTF(0-2). Delayed fluorescence as a result of triplet-triplet annihilation is observed in both Au-

ABTF(0-2) and Au-BTF(0-2). Triplet-triplet annihilation is a diffusion limited process in both the 

Page 17 of 34 Physical Chemistry Chemical Physics



18 

gold(I) aryl- and alkynyl-BTF complexes. Nanosecond transient absorption results were not 

described in our previous report on Au-DiBTF(0-2) due to much weaker triplet-triplet absorption 

in initial pulsed laser experiments on these molecules.71                         

The observation of strong excited-state absorption in Au-ABTF(0-2), Au-BTF(0-2), and previous 

reports on Pt(II) alkynyl BTFs but lack of strong excited-state absorption in Au-DiBTF(0-2) 

warrants further investigation. 
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Ultrafast Transient Absorption. Ultrafast transient absorption spectra for Au-ABTF(0-2) 

complexes in toluene are displayed in Figure 7. Excited-state extinction coefficients at the global 

maximum of the 0 picosecond trace and ultrafast transient absorption lifetime values are given in 

Table 3. The lifetime values displayed in Table 3 are average values obtained from a global lifetime 

analysis completed at 10 unique wavelengths. Previously obtained extinction coefficient and 

lifetime values are also included for gold(I) aryl compounds for comparison. Example 

monoexponential fits of a single kinetic decay trace collected for Au-ABTF(0-2) are shown in 

Figure S17. The transient absorption spectrum collected for each molecule is characterized by a 

broad, strong absorption feature.  The maximum of the transient absorption signal occurs at 621 

nm in Au-ABTF0, 635 nm in Au-ABTF1, and 625 nm in Au-ABTF2. As the absorption spectra 

evolve in time, the peak maximum of the absorption feature diminishes, leaving a transient 

absorption spectrum that strongly resembles the transient absorption spectrum obtained 100 ns 

after the laser pulse in nanosecond transient absorption experiments. The lifetime values obtained 

from ultrafast transient absorption measurements are in good agreement with the lifetime values 

obtained from TCSPC fluorescence lifetime measurements. An isosbestic point is also evident at 

~510 nm in the spectra obtained for Au-ABTF(0-2).  This combination of factors indicates that 

the progression observed in the ultrafast transient absorption spectra from the 0 picosecond to 1000 

picosecond time traces corresponds to evolution from the singlet excited-state to the triplet excited-

state. The singlet excited-state extinction coefficient (𝜟𝜺𝑺𝟏ି𝑺𝒏ሻ values measured for all three 

molecules using the 0 ps transient absorption trace are extremely large; all are ≥ 18.9 x 104 M-1 

cm-1. In similar fashion to the nanosecond transient absorption results, the ultrafast transient 

absorption results obtained for Au-ABTF(0-2) also parallel the ultrafast transient absorption 

results obtained for Au-BTF(0-2). The ultrafast transient absorption results on the Au-BTF 
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complexes also demonstrate a clear evolution from the singlet excited state to the triplet excited 

state, and the singlet excited-states in the Au-BTF complexes also possess large excited state 

extinction coefficients. The absorption maxima of the singlet excited state observed in the 

tricyclohexylphosphine containing complexes, Au-BTF1 and Au-ABTF1, shows a bathochromic 

shift relative to the other chromophores in the series. Ultrafast transient absorption experiments 

were not performed on the Au-DiBTF series due to the lack of strong triplet-triplet absorption in 

those molecules. These experiments are ongoing.  
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Figure 7. Ultrafast transient absorption spectra for Au-ABTF0 (top), Au-ABTF1 (middle), and 

Au-ABTF2 (bottom) in toluene. All samples were excited at 400 nm using the frequency doubled 

output of a Ti:sapphire laser.  

Calculations. 

Density-functional theory calculations were performed in order to gain computational insight for 

the observed photophysics of Au-ABTF(0-2).  All geometries for the Au-ABTF compounds were 

optimized from the crystal structures. Figure 8 displays a frontier orbital energy level diagram and 

the corresponding frontier Kohn-Sham orbital plots for Au-ABTF2.  Plots for Au-ABTF0-1 

Page 21 of 34 Physical Chemistry Chemical Physics



22 

appear as Supporting Information, Figures S18 and S19.  The highest occupied Kohn-Sham orbital 

(HOMO) and lowest unoccupied Kohn-Sham orbital (LUMO) derive almost entirely from the 

carbanionic alkynyl ligand in all complexes. The HOMO is comprised predominantly of the 

carbon-carbon triple bond (29% of electron density) and fluorenyl (56%) moiety with minor 

contributions from gold, the capping ligand, and the benzothiazolyl heterocycle. The LUMO 

shows a greater fraction of density on the benzothiazolyl moiety, with similar fluorenyl character. 

There is little density on the carbon-carbon triple bond and virtually none on gold. Natural 

transition orbitals calculated for the Franck-Condon S1 and T1 states of Au-ABTF0-2 also indicate 

excited states centered on the alkynyl ligand (Figures S18–S22). These computations, combined 

with highly structured absorption and emission profiles suggest that the observable transitions 

derive from the alkynyl ligand.  
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Figure 8. (a) Frontier orbital energy diagram of Au-ABTF2. (b) Kohn-Sham orbital plots 

(HOMO and LUMO) for Au-ABTF2.  Percentages are of electron density; contour levels 0.02 

a.u. 
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Figure 9. Time-dependent density-functional theory (TD-DFT) state plot for Au-BTF(0-2), Au-

ABTF(0-2), and (Au-DiBTF (0,2,3)’ showing S1, T2, and T1 states. Energies are in electron volts 

(eV)   

Energies of Franck-Condon singlet and triplet excited states were calculated with time-dependent 

density functional theory (TD-DFT).  Figure 9 plots energies of the Franck-Condon excited states 

of Au-ABTF(0-2) as well as Au-BTF(0-2) and Au-DiBTF(0,2,3). Regarding the new compounds 

Au-ABTF(0-2); the carbene complex (Au-ABTF2) has the smallest energy gap (0.21 eV) between 

the first singlet (S1) and nearest triplet excited state (T2). Au-ABTF0 and Au-BTF1 have slightly 

larger gaps with similar values of 0.28 eV and 0.26 eV respectively.  These calculations accord 

with experimental results where Au-ABTF2 has a kisc that is nearly twice that of either phosphine 

complex. Au-ABTF2 also has the highest triplet state quantum yield. In every series of compounds 

(aryl, alkynyl, and di-gold ), the complex that has the fastest intersystem crossing also displays the 

smallest computed S1-T2 energy gap (Figure 9). 
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Conclusions. Three new gold(I) alkynyl complexes of fluorene-benzothiazole substituted 

chromophores were synthesized and photophysically examined containing different ancillary 

ligands. Under freeze-pump-thaw deaerated conditions, all complexes exhibit dual luminescence 

at room temperature. Fluorescence lifetimes are on the order of hundreds of picoseconds with 

phosphorescent lifetimes on the order of hundreds of microseconds. Intersystem crossing and 

radiative decay are the dominant kinetic pathways in all three complexes. The radiative decay rates 

are nearly identical in Au-ABTF(0-2). The rate of intersystem crossing is two times faster in the 

N-heterocyclic carbene complex, Au-ABTF2, compared with the phosphine containing 

complexes, Au-ABTF0 and Au-ABTF1. Transient absorption experiments established extremely 

strong excited-state absorption for in both the singlet and triplet excited-states of Au-ABTF(0-2).  

Power dependent transient absorption decays along with the observation of delayed fluorescence 

led to the determination of diffusion controlled triplet-triplet annihilation in solutions of Au-

ABTF(0-2). Both static and time-resolved density-functional theory calculations accord with the 

observed photophysical data, which suggest that the alkynyl linkage impedes intersystem crossing 

in comparison to -bonded gold(I)-aryl analogues. The HOMO and LUMO of all three complexes 

are localized on the alkynyl chromophore with small contributions from gold. TD-DFT 

calculations show that the phosphine complexes have slightly larger S1- T2 energy gaps (0.28 eV 

and 0.26 eV) compared to the carbene complex (0.21 eV). This result agrees with the larger kisc 

and triplet-state yield of Au-ABTF2 compared to Au-ABTF(0-1). A comparison with our earlier 

(aryl)gold(I) analogues and di-gold(I) complexes of the BTF chromophore suggests design rules 

for tailoring the photophysical properties in this series of gold(I) chromophores.  The aryl Au-BTF 

compounds exhibit an increase in fluorescence lifetime and quantum yield and a decrease in 

intersystem crossing efficiency when the ancillary ligand is changed from a phosphine to a 

carbene. The opposite effect occurs for (alkynyl)gold(I) analogues. With a change from phosphine- 

to carbene ligation, intersystem crossing is more efficient, with shorter lifetimes and smaller yields 

of fluorescence. Synthetically modifying the alkynyl linkage in Au-DiBTF2 to a triazolyl in Au-

DiBTF3 results in a further decrease in fluorescence lifetime and quantum yield with more 

efficient intersystem crossing. Taken together, we have demonstrated that structure-property 

relationships in both mononuclear and binuclear gold(I) complexes can be altered through facile 
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synthetic tuning of either ancillary ligand, changing the nature of the gold-chromophore bond, or 

including multiple gold(I) centers. Synthesis, photophysics, and computational details of further 

gold(I) complexes with varying organic ancillary ligands and chromophores will be reported in 

due course in order to further bolster our understanding of structure property relationships in 

gold(I) chromophores. 
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