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Abstract.

Herein we report three new gold(l) complexes with a benzothiazole-2,7-fluorenyl moiety bound
through a gold-carbon o-bond and either an N-heterocyclic carbene or organophosphine as
ancillary ligands. The complexes have been characterized by NMR spectroscopy, X-ray
crystallography, high resolution mass spectrometry, elemental analysis, and static and time-
resolved optical spectroscopy. These compounds absorb almost strictly in the ultraviolet region
and exhibit dual-luminescence following three freeze-pump-thaw cycles in toluene. The selection
of the ancillary ligand significantly influences the excited-state dynamics of the complexes. The
two phosphine containing complexes have similar fluorescence and phosphorescence quantum
yields leading to generation of white light emission. The carbene containing complex exhibits a
higher fluorescence quantum yield compared to its phosphorescence quantum yield resulting in a
violet emission. Extensive photophysical characterization of these compounds suggests that the
phosphine complexes undergo intersystem crossing more efficiently than the carbene complex.
This is supported by a three-fold increase in luminescence lifetime, a halving in fluorescence
quantum yield, and an increase in intersystem crossing efficiency by 25 percent for the phosphine
complexes. Density-functional theory calculations support these observations where the energy
gap between the S; and T, states for the carbene is roughly twice that of the phosphine complexes.
To our knowledge this is the first example of single-component mononuclear gold(l) complexes
exhibiting non-excimeric state white light emission, although a similar phenomenon has been
realized for gold(111) aryl compounds. Further, the triplet lifetimes of all three complexes are on
the order of one ms in freeze-pump-thaw degassed toluene. These molecules also exhibit delayed
fluorescence; all of the complexes display diffusion-controlled rate constants for triplet-triplet
annihilation. Strong excited-state absorption is observed from the singlet and triplet excited-states
in these molecules as well. The singlet states have excited-state extinction coefficients on the order
of 1.5 x 10° Mt cm™ and the triplet states have excited-state extinction coefficients on the order
of 1.0x10°Mtcm™,
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Introduction

Late d-block c-organometallics have received sustained attention for excited-state properties that
come about, in part, through the heavy-atom effect.'~" When a heavy metal is covalently embedded
in a conjugated organic chromophore, long-lived triplet excited states can be populated owing to
the metal’s spin-orbit coupling.®®. The resulting complexes are phosphorescence emitters, often
with radiative lifetimes in the microsecond range near 200 K. Potential applications include
oxygen sensing,'-12 photodynamic therapy,*>* solar energy harvesting,'> light-emitting diode

construction,’~** low-power upconversion,®?-3* and nonlinear optics.3>3

More specifically, organometallic complexes have been extensively researched as chromophores
for organic light-emitting diodes (OLEDSs) both as colored displays and white light emitting
materials for use in solid-state lighting technology (WOLEDSs).3%*8 Currently, two techniques are
applied to generate white light and both are multicomponent: The first is a combination of red,
green, and blue emission and the second employs use of complimentary emission such as blue and
orange.**~>° This leads to an often-complicated device fabrication/doping process to produce white
light; a severely understudied, yet proposed alternative is to generate white light from a single

entity eliminating the need for a multi-emitter system.>¢’

Several studies have emerged in an effort to realize single-component coordination compounds
that emit white light both in solution and the solid state. The pursuit for such compounds has
encompassed transition metal small molecules to heavy metal containing polymers. Much work
on this problem has focused on platinum(I1) and iridium(I11) species. In 2006, Cao and co-workers
realized a true single-component white emitter from two different iridium(l11) based polymeric
systems.>®%° Both systems were achieved by a combination of incorporating red, blue, and green
emitting chromophores into the same polymeric backbone as well as combining dual fluorescence
and phosphorescence emitters to span the visible region. Both polymers demonstrated white

emission through both photoluminescence and electroluminescence.

Platinum(Il) compounds have also been achieved as single-component white emitters. In 2016,
Venkatesan and co-workers synthesized a variety of platinum(ll) alkynyl compounds that

demonstrated white light emission through combining monomeric and eximeric states to produce
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high energy blue and lower energy orange emission simultaneously in a poly(methyl methacrylate)
(PMMA) matrix.®

Gold(1) and gold(I11) complexes, though understudied, have also been explored. Li and co-workers
synthesized a trinuclear gold(l) cluster that achieved white light emission by regulating
aggregation.®? It was deemed that the emission color could be tuned ultimately from monomer-
excimer equilibria where the excimer formation is facilitated by aurophilic interactions. Lastly, in
2017 Venkatesan and co-workers synthesized four gold(I11) aryl complexes, where three are white
light emitters by CIE 1931 coordinates in dichloromethane solution and somewhat less so in
PMMA films.%? Venkatesan and co-workers demonstrated that white light emission can be
achieved by combining blue fluorescence with orange phosphorescence to yield emission covering
the visible spectrum, and therefore attaining white light in complexes of gold(lll). Here, we
describe the synthesis, structural authentication, and optical characterization of mononuclear
gold(l) complexes of benzothiazolyl-substituted fluorophores. Ancillary ligands on gold are
organophosphines and an N-heterocyclic carbene. We show that attachment of a single gold center
generates dual (singlet and triplet) luminescence. The organophosphine-containing complexes
exhibit dual luminescence with comparable fluorescence and phosphorescence quantum yields,
generating white light emission. Complete photophysical characterization by static and time-

resolved optical spectroscopy is described within.
Results and Discussion

Reaction of the known®® (pinacolato)boron ester with (phosphine)gold(l) bromide or (N-
heterocyclic carbene)gold(l) chloride®° at 55 °C afforded the corresponding (aryl)gold(1) species
AUuBTFO (72 % yield), AuBTF1 (76 % yield), and AuBTF2 (53 % yield), Scheme 1, which were
isolated by vapor diffusion of pentane into concentrated dichloromethane solutions, to afford
diffraction-quality crystals. The new compounds are stable to ambient air and lighting, with
melting points of 223 °C (AuBTFQ), 233 °C (AuBTF1), and 241 °C (AuBTF2). A thermal
ellipsoid depiction of AUBTF1, which is representative, appears as Figure 1. The gold-aryl-carbon
bond length of AuBTF1 is 2.0498(16) A; the gold-phosphorus distance is 2.2950(4) A, and the
phosphorus-gold-carbon angle is 177.63(5). These metrics are typical for complexes of

gold(1).556870-72 Metrics of the BTF ligand are unexceptional. The crystal structures of AUBTFO
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and AuBTF2 appear in the supporting information, along with geometric data for all three
compounds. Aurophilic interactions are not evident in any structure, with the closest approach of
gold atoms (in AuBTF1) exceeding 7.6 A. None of the three structures shows evidence for -
stacking of aryls. Synthetic procedures and structural characterization, including NMR and

combustion analysis data, can be found in the ESI.

g
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Scheme 1. Syntheses of gold(l) complexes of this study.
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Figure 1. Thermal ellipsoid representation of AUBTF1 (50% probability level, 150 K). Hydrogen
atoms are omitted for clarity. Unlabeled atoms are carbon.

Ground-state absorption and luminescence spectroscopy. The ground-state absorption spectra
in molar absorptivity units are in shown in Figure 2. The normalized dual emission spectra obtained
following three freeze-pump-thaw cycles in toluene and the corresponding CIE 1931 chromaticity

diagram are
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Figure 2. Ground-state absorption spectra of AuBTFO (black), AuBTF1 (red), and AuBTF2

(blue) collected in toluene.

shown in Figure 3. Pertinent wavelength and ground-state extinction coefficient values are

reported in Table 1. The spectral band shapes of the ground-state absorption spectra are identical



Page 7 of 26

Dalton Transactions

for all complexes. They are characterized by two well-resolved absorption maxima at wavelengths
longer than 350 nm and a high-energy shoulder at approximately 340 nm. The observation of
highly structured ground-state absorption spectra implies that these transitions are wz* in nature.
The energies of the absorption transitions are controlled by the ancillary ligand attached to the
Au(l) atom. The two phosphine containing complexes have absorption transitions that occur at
nearly identical energies with maxima occurring at 359 nm for AuBTFO and 360 nm for AuBTF1.
The installation of the N-heterocyclic carbene ligand results in a slight bathochromic shift resulting
in an AuBTF2 absorption maximum at 364 nm. The ground-state extinction coefficients are
similar for the complexes; all have values on the order of 5 x 10* Mt cm™. The emission spectra
following three freeze-pump-thaw cycles in toluene are characterized by dual luminescence. The
spectral band shapes of the observed fluorescence and phosphorescence emissions from all of the
complexes are indistinguishable and highly structured; the vibronic structure suggests nn*
character of the underlying emission. Fluorescence and phosphorescence maxima follow the same
energetic ordering as the ground-state absorption maxima: AUBTFO ~ AuBTF1 > AuBTF2. The
fluorescence and phosphorescence energies of the complexes are similar with the respective
energies of AuBTFO, AuBTF1, and AuBTF2 all occurring within 10 nm of one another. The
presence of dual luminescence indicates that intersystem crossing to form the triplet state competes
with radiative and non-radiative decay from the excited singlet state. Fluorescence and
phosphorescence lifetime (Figure S10), fluorescence quantum vyield (Figure S11),
phosphorescence quantum vyield (Figure S12), and intersystem crossing quantum vyield (Figure
S13) experiments were all performed in toluene to gain insight into the excited-state dynamics.
The results of these experiments are summarized in Table 1. The detailed procedures used in the
collection of these data are provided in the ESI. AuBTFO and AuBTF1 display nearly identical
fluorescence and intersystem crossing behavior. Their fluorescence lifetimes are both on the order
of 90 ps, their fluorescence quantum vyield values are essentially 0.10, and their intersystem
crossing quantum yields are approximately 0.80. On the other hand, AUBTF2 has a fluorescence
lifetime of 229 ps, a fluorescence quantum yield of 0.22, and an intersystem crossing yield of 0.63.
Changing the ancillary ligand in these complexes from a phosphine to an N-heterocyclic carbene

changes the luminescence lifetime by a factor of three, the fluorescence quantum yield by a factor
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of two, and lowers the intersystem crossing efficiency by twenty-five percent. The combination of
these lifetime and quantum vyield results allows for the determination of the radiative (kr), non-
radiative (knr), and intersystem crossing (Kisc) rate constants. Predictably, the values of ki, knr, and
kisc for AUBTFO and AuBTF1 are equivalent. Intersystem crossing is the dominant Kkinetic
pathway in AUBTFO and AuBTF1 with a rate constant of 9 x 10° s™!. This is an order of magnitude
greater than the rate constants for radiative and non-radiative decay in these complexes. The kinetic
behavior of AUBTF2 is remarkably different. Intersystem crossing is still the dominant kinetic
pathway in this complex but its rate constant is about four times less than in AuBTFO and
AuBTF1. Not only is the rate of intersystem crossing diminished in AUBTF2 but the magnitude
of knr is roughly two times smaller than in AuBTFO and AuBTF1. The phosphorescence quantum
yield is less sensitive to structural variations in these molecules, with similar values of
approximately 0.10. The combination of the diminished rates of intersystem crossing and non-
radiative decay in AUBTF2 and the similar values for the phosphorescence quantum yields across
the series of AUBTF complexes has direct implications on the white light emission behavior of
these complexes. In AuBTFO and AuBTF1, the fluorescence and phosphorescence quantum
yields are similar; the resulting dual emission appears white. In AuBTF2, the fluorescence
quantum yield is a factor of two larger than the phosphorescence quantum yield, and the resulting
emission appears violet in color. This change in the luminescence color is demonstrated in the
inset of Figure 3 and CIE 1931 chromaticity diagram.

Phosphorescence Lifetimes. Due to the efficient phosphorescence in these systems, we were also
able to collect phosphorescence lifetimes. The complexes all possess phosphorescence lifetimes
on the order of 1 ms following three freeze-pump-thaw cycles in toluene. It should be noted that
the observed lifetime is highly dependent upon the lowest vacuum pressure achieved during the
freeze-pump-thaw deaeration cycles. Vacuum pressures of less than 100 mTorr are achieved using
our evacuation set-up. This corresponds to oxygen concentrations of approximately 1 pumol. The
Stern-VVolmer relationship can be used to evaluate the magnitude of excited-state quenching under

these conditions. The Stern-Volmer relationship is shown in Equation 1,”

D=1+ kgto[Q), 1)
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where 10 is the freeze-pump-thaw deaerated lifetime of the complex, t is the lifetime in the presence
of oxygen, Kq is the bimolecular quenching constant, [Q] is the concentration of dissolved oxygen
in the solution. A vast majority of charge neutral organic molecules have kq values on the order of
1 x 10 and 1 x 10° M'sL.”* The oxygen concentration in the cell can be estimated using the
ideal gas law. There are 4.85 umoles of gas present in a 1 L liter vessel at standard temperature
with a pressure of 90 mTorr. We assume the gas has a composition of 20% oxygen. An oxygen
concentration of 1 uM is reasonable under our cell conditions. Evaluation of the Stern-Volmer
equation using a phosphorescence lifetime value of 1 ms, the estimated oxygen concentration value
of 1 uM and bimolecular quenching constants of 1 x 10'° and 1 x 10° M~!'s™! return 1o/t values of
11 and 2, respectively. This numerical treatment of these data accentuates the sensitivity of the
solution lifetime values to the final pressure in the freeze-pump-thaw cell. It should further be
noted that the lifetime value obtained in solution may not reflect the intrinsic lifetime of the
chromophore but the maximum obtainable lifetime value at the given oxygen concentration,
particularly for chromophores with very long triplet lifetimes. With this in mind, the lowest
achieved vacuum pressure in the freeze-pump-thaw degassed cycles is recorded along with the
reported phosphorescence lifetime. This vacuum pressure was replicated for all subsequent

measurements where freeze-pump-thaw deaeration was utilized.
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Figure 3. Normalized dual emission spectra (left) and CIE 1931 chromaticity diagram (right)
AuBTFO (black), AuBTF1 (red), and AuBTF2 (blue) following three freeze-pump-thaw cycles
in toluene. Inset: Image of luminescence from freeze-pump-thaw deaerated samples of the
complexes. The cuvettes are on the surface of a UV hand lamp and being irradiated from the

bottom of the cell.
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Table 1. Summary of AuBTF Photophysical Properties

Complex AuBTFO AuBTF1 AuBTF2
Aass/nm (10* | 359 (5.34 +0.68) | 360 (5.95+0.18) | 364 (5.80 +0.18)
M lcm™)
AL (nm) 388 389 397
OFL 0.08 + 0.01 0.09 £0.03 0.22 +0.01
1L — TCSPC 79.3 89.4 229
(ps)
L — TA (pS) 845+4.6 954 +2.3 279+ 10
ke (s™) 9.4 x 10® 9.5 x 108 7.9 x 108
Knr (s71) 1.5 x 10° 1.1 x 10° 5.4 x 108
kisc (s7) 9.3 x 10° 8.5 x 10° 2.3x10°
B\pros (Nm) 538 538 541
OTRIPLET 0.79+0.01 0.81+0.02 0.63 +0.03
dpPHOS 0.09 +0.01 0.07 £0.01 0.11+0.01
TPHOS (US) 810+ 70 766 + 8 872 + 59
Vac. Pressure 89 90 87
(mTorr)
kr (s 1220 1290 1140
krr (M1s™h) 1.3+0.1x10% 1.2+0.1x 10% 1.4 +0.1x10%
Ang_Tn/x nm | 547 (9.14+0.50) | 550(10.1+0.1) 562 (9.40+£0.10)
(10* Mt cm?)
Ags, s /A nm 567 (13.7) 588 (15.6) 557 (15.0)
(10* Mt cm™)

All Data collected in room temperature toluene. Legend: ArL = wavelength of fluorescence; ¢rL =
emission quantum yield of fluorescence; trL = lifetime of fluorescence; TCSPC = time-correlated
single-photon counting; TA = transient absorption; kr = radiative decay rate constant; kn =
nonradiative decay rate constant; kisc = rate constant of intersystem crossing; ArrHos = wavelength
of phosphorescence; ¢rripLeT = quantum yield of triplet state formation; ¢pHos = emission quantum
yield of phosphorescence; trHos = lifetime of phosphorescence; kr = rate constant for formation
of triplet excited state; krr = rate constant of triplet-triplet annihilation; Aer,_r = molar
absorptivity of triplet-triplet absorption; Asg, g = molar absorptivity of excitied-singlet-singlet
absorption.

AEstimated from the peak maximum of the dilute luminescence spectrum used for the reabsorption
correction in fluorescence quantum yield experiments (Figure S2).

BEstimated from the peak maximum of the phosphorescence signal shown in Figure 3.

Nanosecond transient absorption spectroscopy and delayed fluorescence. Nanosecond
transient absorption difference spectra of all three complexes in units of Ae (the difference between

the excited and ground-state extinction coefficients) vs. wavelength are shown in Figure 4. The

11
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values of Ae for each of the chromophores are given in Table 1. The spectra

12J1 T T T T T T T T T T 1|

Au-BTF0
9- Au-BTF1
Au-BTF2

12

300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)
Figure 4. Nanosecond transient absorption difference spectra of AUBTFO (black), AuUBTF1 (red),
and AuBTF2 (blue) collected following three freeze-pump-thaw cycles in toluene. All samples
were excited at 355 nm. The spectra were collected 100 ns after the laser pulse. Spectra were
converted to units of Ae using relative actinometry measurements with a [Ru(bpy)s]?* standard

(see Materials and Methods in Sl).

were collected and converted from units of AOD to units of Ae using [Ru(bpy)s]** as a relative
actinometer. This method is described in detail in the Supporting Information. The data used to
calculate the values of Ag are shown in Figure S16. The nanosecond transient absorption spectra
are characterized by a bleach of all of the ground-state absorption features below 400 nm with
broad positive absorption from 400 — 800 nm. The maxima of the positive absorption features are
slightly different for the three complexes. The observed maximum in the triplet-triplet absorption
spectrum is similar for AuBTFO and AuBTF1 but is slightly red-shifted for AUBTF2. The triplet
states of all of the AUBTF complexes possess strong excited-state absorption; the excited-state
extinction coefficients (Aer, _r, ) for all three molecules are on the order of 1 x 10° M~ em™!. Initial
kinetic decay traces were collected for the molecules at the maximum of the positive excited-state
absorption feature. The data show that an increase in laser pulse energy results in an increase in

the initial rate of excited-state decay. Delayed fluorescence is also observed in these complexes.

12
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This combination of laser-energy-dependent kinetic behavior and delayed fluorescence implies
that triplet-triplet annihilation contributes to the deactivation of the triplet excited-states.” To this
end, the influence of incident laser pulse energy on the integrated delayed fluorescence intensity
was explored. Plots of the delayed luminescence signal obtained at various incident laser pulse
energies are shown in Figure S14. The luminescence intensity at each laser power is normalized
to the maximum of the phosphorescence signal in order to demonstrate the effect of variations in
the laser pulse energy on the observed delayed fluorescence intensity. A plot of the normalized
delayed fluorescence intensity vs. the incident laser pulse energy for AUBTFO is shown in Figure
5. The fit line represents the best quadratic fit of the data. The double logarithm plot of this data is
shown in the inset. The slope of the linear fit of the log data is 1.69. The slope of this fit should be
equal to 2 if the delayed fluorescence is the result of triplet-triplet annihilation.” The
corresponding data for AUBTF1 and AuBTF2 are shown in Figure S15. Interestingly, the linear
fits of the log plots for AuUBTF1 and AuBTF2 also return slope values significantly less than 2
with values of 1.66 and 1.80, respectively. We believe this discrepancy between the observed and
expected slope values to be due to the fast and efficient intersystem crossing in these AuBTF
complexes discussed above. This causes the conversion of a significant number of the upconverted
singlets back to the triplet state, resulting in a lower than expected integrated delayed fluorescence
signal. This is supported by the fact that AUBTFO and AuBTF1 (kisc ~ 9 x 10°%) have lower slope
values than AUBTF2 (kisc ~ 2 x 10°).

13
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Figure 5. (Left) Plot of the normalized, integrated fluorescence intensity vs. laser pulse energy for
a sample of AUBTFO following three freeze-pump-thaw cycles in toluene. The fit line represents
the best quadratic fit of the data. The double logarithm plot of the same data is inset with the slope
obtained from a linear fit listed. (Right) Triplet-triplet annihilation fitting of excited-state decay
traces of AUBTFO in freeze-pump-thaw deaerated toluene. The inset depicts the residuals of both
data fits.

The rate constants for triplet-triplet annihilation (kt) can be determined by the fitting kinetic decay
traces obtained from nanosecond transient absorption measurements following the conversion of
the data from units of AOD to concentration.” A detailed discussion of this process and the fit
equation are provided in the ESI. Excited-state decay traces obtained from AuBTFO in toluene at
two different laser energies and the corresponding triplet-triplet annihilation fits are shown in
Figure 5. The residuals for the fits are displayed in the inset. The fits of excited-state decay traces
for AUBTF1 and AuBTF2 are shown in Figure S15. The values for kyr obtained from the
representative fits of the decay traces are reported in Table 1. All of the datasets are fit well using
this kinetic treatment. For all three chromophores, the rate constant for triplet-triplet annihilation
is on the order of 1 x 10° Mts™%. This value approaches the diffusion limit in toluene’™, signifying
that triplet-triplet annihilation is a diffusion controlled process in these AuBTF complexes in

toluene at room temperature.

14
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Picosecond transient absorption measurements. Picosecond transient absorption measurements

were used to investigate the absorption properties of the singlet excited-state and

2.0

0ps
——50 ps
—500 ps

Abs. (mOD)
o — —
(4] o [4)]
L 1 . 1

A
S o
g o

A Abs. (mOD)

450 500 550 600 650 700 750
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Figure 6. Picosecond transient absorption difference spectra collected at various time delays (see
inset) for (top) AuBTFO, (middle) AuBTF1, and (bottom) AuBTF2 in aerated toluene. All
samples were excited using the frequency doubled output of Ti:sapphire.

the evolution from the singlet excited-state to the triplet excited-state. The picosecond transient
absorption difference spectra of all three complexes are shown in Figure 6. Representative
monoexponential fits of single wavelength kinetic decay traces collected in these experiments are
shown in Figure S17. The singlet lifetime values obtained from these picosecond transient

absorption experiments are presented in Table 1. The values given in Table 1 are the average of

15
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the lifetimes at 10 unique wavelengths in the transient absorption spectrum using the Surface
Xplorer software. The S1— S absorption transitions are represented by the 0 ps spectra and T1 -
Tn absorption transitions are represented by the 500 ps spectra for AUBTFO and AuBTF1 and the
1000 ps spectrum for AuBTF2 in Figure 6. The picosecond transient absorption spectra are
dominated by positive transient absorption from 450 — 750 nm. The S1—S; absorption transitions
are particularly strong; their transient absorption signals are about two times greater than the signal

corresponding to the T1—Th transitions. The previously determined values of Aer, _r.and ¢rripLeT
allow for the determination of the singlet excited-state extinction coefficient (Aeg, _g ) values. A

detailed discussion of this process is included in the Supporting Information. The calculated values
are reported in Table 1. All three AuBTF complexes have Aeg _s_values on the order of 1.5 x 10°
Mt cm™. In all of the complexes, the progression from the singlet excited-state to the triplet
excited-state is well-represented with a single exponential decay kinetic model and the presence
of a single isosbestic point at = 475 nm. There is no evidence of fast kinetic components
corresponding to internal conversion (IC) or intramolecular vibrational energy redistribution
(IVR). The lifetime values obtained from fits of the picosecond transient absorption kinetic decay
traces are in good agreement with the fluorescence lifetime values obtained in TCSPC
experiments.

Calculations

Density-functional theory calculations were performed to analyze the bonding and Franck-
Condon excited states of AUBTF1 and AUBTF2. Geometries were fully optimized starting from
the crystal structures of both compounds; harmonic vibrational frequency calculations revealed the
converged structures to be minima of the potential energy hypersurfaces. Computed metrics are
in good agreement with crystallographic values. All calculations proceeded with a continuum
dielectric treatment of toluene solvation.

Figure 7 depicts a frontier orbital energy level diagram of AuBTF1 along with plots of selected
orbitals. The highest occupied Kohn-Sham orbital (HOMO) is delocalized over the entire
carbanionic ligand, with only small contributions from (phosphine)gold(l) moiety. These results
concur with the observed vibronic structure in the emission spectra of all three complexes, which

indicates that the transitions are wr* in nature. The diethylfluorenyl moiety accounts for some 79%

16
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of electron density of the HOMO; the benzothiazolyl contributes 17%. Density in the lowest
unoccupied Kohn-Sham orbital (LUMO) is 50% localized on the fluorenyl, with 48% on the
benzothiazolyl. The tricyclohexylphosphine ligand is optically innocent, and contributes 0.5% (of
density) to both HOMO and LUMO.

(a) oyop-A 0.0 \S:Q

0+ =
-1 1 _ ; _ 08% —"HOMO
] 5 j /
T 27
® 3.
wn ]
g
s 4 84%
> J
&
o 7
i ] 10%
6 -
b —
7 -
/ =
IEFPCM TOLUENE /—/ P

LUMO
50% diethyl fluorenyl
48% benzothiazolyl

L7

4% gold
79% diethyl fluorenyl
17% benzothiazolyl

Figure 7. (a) Frontier orbital energy level diagram of AuBTF1. (b) Plots of frontier Kohn-
Sham orbitals (HOMO) and (LUMO) (Percentages are of electron density).
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Figure 8. (a) Partial and total density-of-states plot for AUBTF1. (b) Partial and total density-of-

states plot for unsubstituted benzothiazole-2,7-fluorene.

Figure 8 depicts a density-of-states plot of AUBTF1 and that of the unmetallated arene. The
figure shows contributions of gold, tricyclohexylphosphine, diethylfluorenyl, and benzothiazolyl

moieties to the total density-of-states. Similar partitioning for the aryl ligand (where a hydrogen
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atom replaces gold at carbon) is also shown. States attributable to the HOMO and LUMO derive
almost wholly from the aryl ligand with little contribution from either the phosphine ligand or from
gold. The LUMO is visibly separated from higher-energy orbitals, and the HOMO less so.
Binding of the (phosphine)gold(l) fragment constricts the HOMO-LUMO gap: occupied orbitals
are raised in energy, and vacant orbitals are lowered. Apart from this, the gross features of the
ligand’s density of states are retained in the complex.

These results concur with our earlier observations that (organophosphine)- and (N-heterocyclic
carbene)gold(l) fragments are spectators that lend spin-orbit coupling to conjugated systems to
which they are c-bonded. The carbon-gold bond itself is non-chromophoric.57970.76  This
observation echoes earlier results by Schanze and co-workers, who found gold(l) alkynyls to have
greater linear transparency than analogous alkynyls of platinum(11).”""® Table 1 (ESI) collects
results of time-dependent density-functional theory on the Franck-Condon singlet excited states of
AuUBTF1. The calculations include a continuum solvation model of toluene. The calculations find
that the first excited singlet state derives (98%) from a LUMO « HOMO excitation. The
calculated transition wavelengths are in fair agreement with the absorption onset near 360 nm,
Figure 2. Higher-lying singlet states are composed of multiple one-particle transitions that engage

in configuration interaction.
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Figure 9. Time-dependent density-functional theory (TD-DFT) state plot showing S1, T1, and T>
states and their corresponding energies in electron volts (eV).
Figure 9 shows a comparison of time-dependent density-functional theory (TD-DFT) state plots
for all three compounds. These plots support the experimental results in which the phosphine
complexes are more efficient at facilitating intersystem crossing than the carbene complex.
Calculated energy gaps between the first singlet and nearest triplet state for the three compounds
are consistent with faster intersystem crossing for the phosphine complexes. The carbene complex
has what is essentially twice the energy gap between the S; and T» states when compared to the
phosphine complexes. This is a feasible explanation for the enhanced intersystem crossing rate
constants in the phosphine complexes compared to the carbene complex. Photophysical
experiments comparing the rates of intersystem crossing in other organogold (1) complexes while

varying the ancillary ligand from an N-heterocyclic carbene to an organophosphine are ongoing.
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These further experimental results will provide a more thorough understanding of the nature of
intersystem crossing in organogold (I) complexes.>’
Conclusions

Three new gold(l) complexes with a benzothiazole-2,7-fluorenyl moiety bound through a
gold-carbon o-bond have been synthesized (AuBTFO0-2). Ground-state absorption in these
compounds occurs in the ultraviolet region, and all exhibit dual-luminescence following three
freeze-pump-thaw cycles in toluene. The corresponding ancillary ligand (N-heterocyclic carbene
or organophosphine) influences the excited-state dynamics of the complexes. The phosphine
containing complexes, AuUBTFO and AuBTF1, possess fluorescence lifetimes that are a factor of
three shorter, fluorescence quantum yields that are a factor of two smaller, and intersystem crossing
efficiencies that are 25 percent greater than those of the N-heterocyclic carbene complex,
AuUBTF2. This discrepancy in excited-state behavior has a tangible influence on the white light
emission properties of the molecules. AuBTFO and AuBTF1 have nearly equal fluorescence and
phosphorescence quantum yields. This phenomenon leads to the observation of white light
emission. For compound AuBTF2, the fluorescence quantum vyield is higher than that of
phosphorescence, resulting in a violet emission due to the enhanced contribution from the blue
fluorescence. All of the AuBTF molecules have long phosphorescence lifetimes with values on
the order of one ms reproduced over multiple trials. Nanosecond transient absorption spectroscopy
established strong, positive triplet excited-state absorption from 400 — 800 nm for all of the
derivatives. Triplet-state kinetic decay traces show laser-pulse-energy dependent behavior.
Delayed fluorescence is also observed in these molecules. These observations indicate that triplet-
triplet annihilation is a prominent excited-state decay pathway; the rate constant for triplet-triplet
annihilation is diffusion controlled for all AuBTF molecules. Picosecond transient absorption
spectroscopy at various time delays shows the evolution from the initially formed singlet excited-
state to the triplet excited-state. This progression is well represented with a single exponential
decay kinetic model and the presence of a single isosbestic point at = 475 nm. The lifetime values
obtained from fits of the picosecond transient absorption decay traces are in good agreement with
the fluorescence lifetimes values obtained using TCSPC. Density-functional theory calculations

support experimental observations. These calculations show that the (LUMO) and (HOMO) of
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AuUBTF1 are localized primarily on the aryl ligand, with a small contribution from gold in the
HOMO. Time dependent-density functional calculations show that the energy gap between the Sy
and T states for AUBTF2 is almost a factor of two larger than for AUBTFO-1. This agrees with
our excited state dynamics data that show higher intersystem crossing rate constants for AuBTFO-
1. To our knowledge, this is the first example of single-component mononuclear gold(l) complexes
exhibiting non-excimeric state white light emission, although gold(lll) aryl compounds that
undergo this mechanism to achieve white-light are known.%? We are currently synthesizing and
characterizing gold(l) compounds bearing the benzothiazole-2,7-fluorenyl moiety in myriad ways.

These results will be reported in due course.
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