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ARTICLE INFO ABSTRACT

Keywords: The synthesis of three new gold(I) benzothiadiazole derivatives has been carried out by the reaction of 4-ethynyl-
BTD 7-(4-nonylphenyl)benzo[c] [1,2,5]thiadiazole (L) with three different gold(I)-PR3 (PR3 = triethylphosphane (2),
gold(I)‘ . triphenylphosphane (3) and tri-1-naphthylphosphane (4)) sources and their light emitting properties thoroughly
Orga‘mc matrixes investigated.

Luminescence

Quantum yields

The new compounds display denoted luminescence properties with fluorescence quantum yields above 80% in

all cases except for the complex containing the bulkiest PNaphs phosphane. The resulting emission is mainly
dominated by the organic 2,1,3-benzothiadiazole moiety (BTD) and can be modulated following different stra-
tegies. On one hand, the emission wavelength of these compounds in solution can be ca. 60 nm shifted varying
the polarity of the solvents. Interestingly, quantum yields and lifetimes can be strongly increased by changing the
environment conditions, from water:acetonitrile solutions to dispersion of the compounds within organic ma-
trixes. In this way, we have been able to obtain near unity fluorescence quantum yields, with the highest values
recorded for gold(I) BTD compounds. The effect of the solvents on the emission changes has been rationalized
with the help of the Lippert-Mataga equation and the multiparametric Kamlet-Taft method to analyse the excited

state polarity.

1. Introduction

2,1,3-Benzothiadiazole (BTD) is an electron deficient heterocycle
with increasing interest in the last years and that has been widely
applied as a building block or dopant in the synthesis of optoelectronic
compounds for a wide range of applications such as production of
luminescent compounds, organic light emitting diodes (OLEDs) [1,2],
organic field effect transistors (OFETs) [3], solar-hydrogen conversion
[4], bioprobes [5], dye-sensitized solar cells [6] and wavelength shifting
materials [7,8] among others. This moiety can be successfully func-
tionalized in 4 and 7 positions via coupling reactions (Sonogashira,
Suzuki, and Buchwald-Hartwig) giving rise to a library of different
symmetrical and unsymmetrical derivatives that display interesting
optical properties such as high molar extinction coefficients, large
Stokes shifts, high quantum yields, high storage stability, high
signal-to-noise ratios and stimuli responsive behaviour [9,10].

On the other hand, organometallic n-conjugated materials have
emerged as a frontier research field over the past few decades, owing to
their similar applications regarding their emissive properties. Among
them, discrete molecules containing metal-alkynyl moieties and poly-
mers arouse much attention as they favour strong interactions between
the metal d-orbitals and the n-system of the ligand mediated via the
metal-acetylide linkage [11]. This makes the design and development of
rigid-rod metal-acetylide organometallic scaffolds for smart applications
in the field of optoelectronics a rapidly growing area [12]. Gold(I) atom
is well-known to coordinate to alkynyl groups of chromophores in order
to obtain linear n-conjugated organometallic complexes. They are thus
very attractive and promising candidates for the construction of mo-
lecular linear structures, which may possess unique luminescent prop-
erties such as long lived phosphorescence, liquid-crystallinity, and
nonlinear optical behaviour, allowing their application also in electronic
devices [13,14]. Furthermore, the presence of the Au(I) heavy atom and
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the possibility to establish Au(I)---Au(I) weak interactions play an
important role in the resulting photophysical properties and may affect
the luminescence quantum yields, lifetimes, population of the triplet
state and the possible formation of intermolecular aggregates [15]. The
emission of these aggregated structures may be enhanced (aggregation
induced emission, AIE) or quenched (aggregation caused quenching
effect, ACQ) [16].

BTDs have been scarcely explored regarding AIE phenomenon [17].
The first strategy employed to develop AlE-active BTD derivatives was
related to the coordination of the BTD chromophore to the well-known
AlEgenic compound tetraphenylethylene (TPE) producing a green
emissive film with a very high fluorescence quantum yield (¢g) value of
0.89 [18]. The same group described also a BTD-tiophene-TPE deriva-
tive possessing three TPE units [19]. Nevertheless, to the best our
knowledge, there is no precedent in the literature on the use of gold(I)
BTD-AlEgenic structures. This is the strategy that will be developed in
this work. In fact, the presence of heavy atoms has been extensively
explored in the formation of phosphorescent compounds due to the
heavy atom effect. However, in recent years, there are increasing
number of reports on transition-metal complexes containing aromatic
chromophores (such as perylene, perylene diimide, pyrene and tetra-
cene) where the observed emission is ligand-dominated fluorescence
and display slow ISC rate with lifetimes ranging from hundreds of ps to
ns [3]. This indicates that the presence of heavy elements does not
guarantee fast ISC rate and/or efficient phosphorescence emission.

Thus, in this work we will develop gold(I) AIE emitters containing
BTD fluorophores. It has been reported the AIE behaviour of BTD
organic compounds containing diphenylamine and triphenylamine
donor ligands [20]. Analogous phosphane ligands, instead of amine,
have been chosen in this work due to their stronger coordination to the
gold(I) atom. It must be also considered that the ancillary phosphane
ligands have been used to prevent the infinite aggregation and confine
the metal surrounding to the certain size and shape [21]. Taking all of
this into consideration, three different phosphanes that differ in their
bulkiness have been chosen to evaluate their effect on the potential AIE
emission.

2. Results and discussion
2.1. Synthesis and characterization

The synthesis of the ligand 4-ethynyl-7-(4-nonylphenyl)benzo[c] [1,
2,5]thiadiazole L was performed starting from previously reported
4-bromo-7-(4-nonylphenyl)benzo[c] [1,2,5]thiadiazole [22] by Sono-
gashira coupling with ethynyl trimethylsilane, followed by deprotection
with KF.

The synthesis of gold(I) complexes was performed in two different
steps. A suspension of the previous synthesized BTD ethynyl derivative
L, was firstly reacted with AuCl(tht) to yield the [Au(4-ethynyl-7-(4-
nonylphenyl)benzo[c] [1,2,5]thiadiazole)], (1) polymer. After

/N\
S\N/
O CH,Cl,/MeOH, 30 min, RT.

CoHyg

NaOAc N

1
—_—
[AuCl(tht)] N

CoHyo
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isolation from the reaction medium, this polymer was reacted with one
equivalent of the corresponding phosphane, PR3, to afford the desired
products [Au(4-ethynyl-7-(4-nonylphenyl)benzo[c] [1,2,5]thiadiazole)
(PR3)] (PR3 = triethylphosphane (2), triphenylphosphane (3) and
tri-1-naphthylphosphane (4)) in moderate-high yields, above 70%
(Scheme 1).

All complexes were characterized by 'H and 3P NMR and IR spec-
troscopies and mass spectrometry. 'H NMR spectra of the compounds
display all corresponding protons of the aromatic rings and long alkyl
chain corresponding to L as well as the protons related to the phosphane.
The disappearance of the terminal C=C-H alkynyl proton of L is a clear
indication of the formation of the complexes. 31p{'H} NMR spectra
display in all cases only one peak, that is ca. 50 ppm downfield shifted
with respect to the free phosphane upon coordination to the metal atom,
as previously observed in this type of syntheses (see SI) [23-26]. The
characteristic vibration of v(C=C) around 2100 em~ ! is 100 em™!
shifted to longer wavenumbers with respect to the polymer (1), as pre-
viously observed in other gold(I) alkynyl derivatives [23-26]. Mass
spectra was a definitive evidence of the correct formation of the com-
plexes and display the molecular peak [M + H]" in all cases.

2.2. X-ray crystal structure determination

Single crystals suitable for X-ray diffraction were successfully grown
from dichloromethane/hexane solutions of the complexes 3 and 4. They
crystalize in the P-1 space group of the triclinic system. Selected bond
length and angles are summarized in Table 1 and details of data
collection and refinement in Table S1.

The crystal structure of 3 consists of two molecules in the asymmetric
unit in parallel disposition but shifted with C-H:--x(C=C) weak con-
tacts. In contrast, the unit cell of 4 contains only one molecule (Fig. 1). A
linear geometry is observed for both complexes around the metal atom
with a P-Au-C angle of 176°. The P-Au and Au-C distances are in
agreement with those of previously reported Au(I)-acetylide complexes
[23,27-35]. The torsion angles between the two aromatic rings (Table 1)
decrease with the increase of the bulkiness of the phosphane that is
coordinated to the gold(I) atom probably due to steric hindrance effects
(see Fig. 2).

Both complexes display intermolecular C-H---N and C-H---n short

Table 1
Selected bond lengths (;\) and angles (deg) for 3 and 4.
Compound Distance (A) Angle (°)
3 Au-P: 2.275(2) C-Au-P: 176.66(2)

Au-C1: 1.996(6)
Au---Au: 9.286(6)
4 Au-P: 2.282(1)
Au-C1: 2.018(5)
Au --Au: 13.704(6)

Torsion: 39.74(1)

C-Au-P: 175.92(2)
Torsion: 20.96(1)

PR;
_—

/N\
S
CH,Cl,, 1h, RT. \N/

CoHyg

PR; = PEt; (2), PPh; (3), PNaph; (4)

Scheme 1. Synthesis of gold(I) benzothiadiazole-based derivatives.
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Fig. 1. Representation of the independent molecules per unit cell of 3 (A) and 4 (B). Hydrogen atoms are omitted for clarity.
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Fig. 2. Representation of the packing of 3.

contacts in the 3D crystal packing. The packing arrangement in 3 shows
an alignment of the molecules due to the presence of an aliphatic chain
and additional and S---H short contacts. In the case of 4, the aliphatic
chain is twisted at the end and the molecules are aligned due to the n-n
stacking of the naphthyl rings (Figs. 2 and 3 and S12-S13). The differ-
ence in the resulting packing may be due to the steric hindrance of the
phosphane in 4 that precludes a linear well-ordered arrangement of the
molecules. No aurophilic contacts are observed in the packing with
Au---Au distances of 9.286 A and 13.704 for 3 and 4 respectively.

2.3. Photophysical characterization

The absorption and emission spectra of all gold(I) complexes 2-4 and
L precursor were recorded in 10> M dichloromethane solutions and in
the solid state at room temperature and the obtained data are summa-
rized in Table 2.

The absorption spectra of all the compounds display two absorption
bands: one at higher energies related to the n—x* transition of the BTD
aromatic rings and another at lower energies assigned to charge transfer

Table 2

(CT) transition [10,11,36] [-] [42] (Fig. 3) that is 25 nm red shifted in
gold(I) complexes 2—4 when compared to that of the ligand L. This shift
is probably ascribed to an increase in the conjugation through mixing
the metal d-orbital with the n-system of the ligand [43]. Absorption
spectra recorded at different concentrations (under spectroscopically
concentration conditions) point out that the molecules do not aggregate
in solution since a linear correlation is recorded between the absorption
maxima against concentration (Figs. S14-517). Small deviation is only
recorded in the case of 4 at the highest concentration but it is above the
spectroscopic conditions for this very high emissive species.

Emission spectra were recorded in solution and in solid state upon
excitation of the samples at the lowest energy absorption band and it is
observed that the emission of the complexes is ca. 20-30 nm red shifted
with respect to the recorded emission of L (Fig. 4). The observed large
Stokes shifts (around 100 nm) are a consequence of the efficient intra-
molecular charge transfer (ICT) [44]. The emission maxima do not
change too much between solid state and solution. Excitation spectra
collected at the emission maxima match the CT absorption bands at ca.
400 nm as an additional indication of their emission origin and the

Electronic absorption and emission data, quantum yields (%) (®g), lifetime (tq), k, and ky, of L and complexes 2—4 in dichloromethane. Bold numbers: Emission data,

quantum yields, lifetimes, k; and k,, in the solid state.

Compound Absorption spectra (CH,Cly) Amax (¢ 1073, em™ M™Y) Emission max Stokes shift (cm ™) Dy T (ns) k (ps™) Kor (us™9)
L 270 (20.9), 384 (10.5) 492/485 5716 83/36 9.40/5.8 88/62 18/110
2 287 (18.5), 409 (9.1) 519/517 5182 86/6 9.87/3.92 87/14 14/241
3 293 (8.0), 410 (3.8) 509/514 4744 87/24 9.19/2.01 94/119 14/378
4 300 (21.9), 409 (7.6) 519/517 5182 62/18 6.45/3.78 96/47 59/217
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Fig. 3. Representation of the packing of 4.

Wavelength (nm)

Fig. 4. Absorption (solid lines) and emission (dash lines) spectra of L and gold
(I) complexes 2-4 in dichloromethane.

purity of the samples (Fig. S18) (see Fig. 5).

Fluorescence quantum yields (®q) and lifetimes (tg) were measured
in dichloromethane and in solid state for all compounds (Table 2). In
general, ®q and tq in solution are in the same order than other BTD
derivatives previously reported in the literature [5,11,17,45-47]. The
recorded ®q values are very high, between 80 and 90% (slightly higher
for gold(I) complexes 2 and 3 with respect to L) except in the case of the
gold complex 4, substituted with the bulkiest phosphane, which displays
a quantum yield, around 60% (Table 2). These values decrease signifi-
cantly in the solid state (due to an aggregation caused quenching, ACQ,
due to the presence of intermolecular contacts) as previously reported in
the literature for other BTD derivatives [10,47]. The observed decrease
is more affected for gold(I) complexes with respect to L. Thus, the
presence of gold(I) atoms may be directly involved in the packing in the
solid state probably due to the closer contact of the Au(I) atoms to the
BTD chromophore in the solid that may favour intersystem crossing and
population of non-emissive triplet states. Particularly lower is the
quantum yield recorded for 2, containing the less bulky phosphane and
thus, with higher probabilities to perform intermolecular contacts.

The fluorescence lifetimes show a single-exponential decay with
values around 9 ns in the case of L, 2 and 3 and 6 ns in the case of 4
(Figs. $19-522) [10,11,47]. The calculation of the k; and kj,; values from
@ and tq indicates that the radiative deactivation remains similar in
solution, being slightly higher when increasing the bulkiness of the
phosphine (complexes 3 and 4, Table 2). More important is the effect on
the non-radiative pathways of 4 with a 4-fold larger value of ky, in so-
lution, which is substituted with the bulkier phosphane, being probably
the reason of the lowest fluorescence quantum yield. The effect of the
heavy atom is clearly reflected in the solid state where radiative emis-
sion is in general less favored (mainly for 2 and 3 that are more suitable
to establish intermolecular contacts). In contrast, the non-radiative
deactivation pathways are clearly enhanced for the gold(I) complexes
with ky, values that are clearly larger with respect to L. Hence, the
presence of a heavy atom is favoring alternative non-radiative processes
that may be S1— SO internal conversion or population of non-emissive
triplet state, S1— T1.

Emission spectra were also recorded at low temperature and in
deoxygenated samples (No-saturated solutions) in an attempt to detect
possible phosphorescence emission due to the presence of the gold(I)
heavy atom [48]. No phosphorescence was recorded in any case, which
however does not preclude the possibility of a populated triplet state in
the complexes, as stated above in the analysis of the non-radiative rate
constants. Note that nanosecond-Transient Absorption (ns-TA) experi-
ments performed on analogous complexes evidence the population of
the triplet state in the presence of the gold(I) heavy atom in spite of the
lack of phosphorescence [11]. Hence, this is one of the cases where
intraligand fluorescence dominates the resulting emission of the com-
plexes [3].

2.4. TD-DFT theoretical studies

Computational analysis was performed aiming at understanding the
charge transfer character of the synthesized complexes. The minimum
energy optimized geometries of the four compounds in the ground state
together with their frontier orbitals were calculated in vacuum (Figs. 5
and S54 and Table S5). The torsion angle between the two aromatic
rings have been calculated for the minimum energy optimized geome-
tries (see Table S6). A decrease is observed with the increase on the
bulkiness of phosphane ancillary ligand probably due to steric hindrance
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Fig. 5. Calculated HOMO and LUMO orbital densities for L and 2 compounds.

effects that restricts the torsion rotation. All the molecules have HOMO
orbitals widely distributed across the backbone while LUMO orbitals are
much more localized on the electron-acceptor benzothiadiazole unit as
observed in other BTD derivatives [49]. Although the transition is
mainly on the organic counterpart, the involvement of gold(I) orbitals
both in the HOMO and LUMO orbitals induces a decrease on the
HOMO-LUMO gap thus explaining the red-shifting observed in the
UV-vis spectra of the complexes.

2.5. Electrochemical characterization

The redox properties of L and the gold(I) complexes 2-4 were
investigated by cyclic voltammetry (CV) in CH,Cl, solution (10’3 M)
containing 0.1 M tetra-n-butylammonium hexafluorophosphate
(TBAPFg) as supporting electrolyte at a scan rate 100 mV/s.

All compounds show a reversible reduction process at —1.29 V for L
and —1.38 V for gold(I) complexes 2-4 (Fig. 6). The reduction potential
moves to more negative values when Au(PRs3) is coordinated to the
alkynyl moiety. This is indicative of an increase of the electron density in
the © system [36] due to the coordination of the gold(I) in the chemical
structure as previously seen in similar compounds containing alky-
nyl-gold(I)-PR3 moieties [60]. Compounds 2-4 show also an irreversible
oxidation process at 1.38 V.

The position of the HOMO and LUMO levels 2-4 were estimated from
their oxidation and reduction potentials (Table 3) and are in good
agreement with those predicted by TD-DFT calculations (see Table S5).
The coordination of gold(I) induced a decrease of the band gap, being
2.85 eV for L and 2.7 eV for gold(I) complexes 2—-4. This behaviour is
well reproduced by calculations. The energy of HOMO and LUMO levels
are in appropriate range for application as emissive layers in OLEDs
[52].

2.6. Solvatochromism

The absorption and emission spectra of the compounds have been
recorded in seven different solvents that cover a wide range of polarities
(Fig. 7, S23-525 and S30-32). The solvents used in this work together
with their respective empirical solvent polarity parameters (a, p, %, n)
employed in some of the correlations are summarized in Table 4.

—L

—2

—3

——% 0

— T T T T T T T T T
2.0 1.5 1.0 0.5 0.0 05 -10 -15 -20 25 -30

Potential vs Ag/AgCl (V)

Fig. 6. Cyclic voltammogram of L and 2-4 in CH,Cl, solution (c = 1 x 1073 M)
containing 0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF¢) of
supporting electrolyte at a scan rate 100 mV/s.

As can be seen in Fig. 7, S23-S25 and S30-32, while absorption
spectra are not significantly affected by the solvent polarity, a clear
dependence on the solvent is observed in the emission spectra, pre-
senting a large shift in the emission maxima between hexane and
methanol (ca. 60 nm). No significant changes are also recorded in the
corresponding excitation spectra (Figs. S26-S29). This behaviour is in
agreement with other BTD-containing donor-acceptor chromophores
[46]. Additionally, the polarity of the solvents induces a quenching on
the emission intensity due to the stabilization of the polarized excited
state by solvation from polar solvent molecules and induces an increase
of the non-radiative deactivation pathway [38,40].

In order to estimate the excited state polarity, the recorded changes
in the fluorescence emission with solvents of different polarizabilities
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3 Dimethylsulfoxide 1.0 Dimethylsulfoxide
Acetonitrile Acetonitrile
——— Methanol 08- —— Methanol
—— Ethyl acetate — Ethyl acetate
2 Tetrahydrofuran 0.6- Tetrahydrofuran
< Dichloromethane g ’ Dichloromethane
Hexane = Hexane
0.4 1
1
0.2 1
; T ) - ) 00 = T T T T
300 400 500 600 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
Fig. 7. Normalized absorption (left) and emission (right) spectra of compound 3 recorded in solvents with different polarity.
Table 3
Electrochemical data of L and 2-4.
Compound Eox (V) Erea (V) Enomo (eV) Erumo (eV) Ecap (eV) honset (nm) EGap opt (€V)
L - —1.292 -5.920 -3.070 - 435 2.85
2 1.38 —1.384 -5.739 —2.975 2.764 459 2.7
3 1.33 —1.389 —5.689 —2.970 2.719 458 2.7
4 1.38 -1.386 —5.739 —-2.973 2.766 459 2.7
Table 4 6500 -
a, B, ©*, n Parameters for the solvents used [50].
Solvent o i n* p & n 6000 " L
o 2
Acetonitrile 0.19 0.40 0.66 13.0 35.94 1.3442 A 3
Ethyl acetate 0 0.45 0.55 5.9 6.02 1.3722 <~ 5500+ v 4
Dichloromethane 0.3 0 0.82 3.8 8.93 1.4241 =)
Dimethylsulfoxide 0 0.76 1 13.5 46.45 1.4793 2 5000 -
n-Hexane 0 0 —0.11 0 1.88 1.3749 &
Methanol 0.98 0.66 0.60 9.6 32.66 1.3288 'c%
Tetrahydrofuran 0 0.55 0.55 5.8 7.58 1.4072 - 4500 +
<
) ) ) S 4000
where analyzed by means of the Lippert-Mataga equation (equation 1). n
This equation expresses the magnitude of the Stokes shift in terms of 3500 4
changes in the molecular dipole moment and the radius of the Onsager
cavity. T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

2
D, — ‘ij :AfL M

Ine hed + constant
0 3

(equationl)

where , and vy are the respective absorption and emission energies in
wavenumbers, ¢ is the permittivity, pg and pg are, respectively, the
magnitudes of excited and ground state dipole moments, h is the
Planck’s constant, c is the speed of the light and a is the Onsager cavity
radius (calculated from the van der Waals volume) [51]. The orienta-
tional polarizability Af is defined as

e—1 nP—1
Af = —
f [25+1 2n2+1}

(equation2)

where ¢ and n are solvent dielectric constant and refractive index
respectively.

The plots of the Stokes’ shift versus the orientational polarizability
Af are shown in Fig. 8 and the corresponding slopes and the value of the
variation of the dipolar moment and the Onsager cavity radius are
represented in Table 5.

A positive correlation between the Stoke Shift and the orientational

Af

Fig. 8. Lippert-Mataga plots determined for L and gold(I) complexes 2-4.

polarizability factor implies an ICT mechanism in the excited state. As
can be observed in Table 5, gold(I) complexes 2—4 show larger change in
the dipole moment than the ligand L, being more important for larger
(and more polarizable) molecules. This observation indicates that the
molecules are significantly more polar in the excited state than in the
ground state [52,53]. Hence, the interaction between the compound and
the solvent becomes stronger in the excited state and lead also to a
quenching of the luminescence at higher solvent polarities [53,54]. The
better correlation between the Af and the Stokes’ shift obtained for L, 2
and 3 (R2 > 0.85) means a minor influence of the specific solvent effects
in the excited state stability and the ICT transition [54]. Dichloro-
methane is the solvent with worse fitting in all cases suggesting that the
influence of this solvent is larger. Additionally, methanol has been
removed from the fitting since it is the only solvent than can be involved
in hydrogen bonding processes.
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Fig. 9. Plot of 0 exp VS. U calc for emission data of compound 4.

Table 5
Lippert-Mataga slope, variation of the dipolar moment and Onsager cavity
radius data of L and 2-4.

Compound Slope (cm™1) a(A) Y - P (D) R?

L 5590 4.39 6.85 0.89
2 5892 4.89 8.26 0.85
3 6293 5.25 9.51 0.87
4 4976 5.58 9.26 0.80

The multiparametric Kamlet-Taft method was applied in order to
analyse in more detail the interaction between the compounds and the
solvent. With this analysis, absorption and emission energies are
correlated with different solvent properties according to equation (3).

U= 1y +aa+bp+p(x’ +ds) (equation3)
where 7y corresponds to the value of the absorption or the emission
energies for a reference solvent; « is the index related to the solvent
ability to act as a hydrogen-bond donor (or electron pair acceptor) to-
ward a solute;  corresponds to the ability of bulk solvents to behave as a
hydrogen-bond acceptors (or electron-pair donors); n* is the index of the
solvent polarity/polarizability which indicates the solvent ability to
stabilize a neighbouring charge or dipole through non-specific dielectric
interactions and finally, & is the polarizability correction factor for
different solvents. Considering that, often, the contribution of § is
negligible equation (3) can be simplified as

U=t +aa+bp+pr (equation4)

Linear plots of U exp Versus v cale, (Fig. 9 and $33-S39), have been
obtained for all compounds and the fitted parameters (v ¢, a, b and p), as
well as slope and correlation coefficient are presented in Table 5.

Plots of 0 exp Versus v cqle yield slopes of 1 and good correlation
coefficients are obtained in all cases. It can be observed that the sol-
vatochromism in the emission of all the compounds is essentially re-
flected in the “a” and “p” solute parameters (see Table 6), that is ascribed

Table 6
v o, 8, b and p values, in em™!, as well as slope and correlation coefficients
obtained from Kamlet-Taft multiparametric of the emission data of L and 2—4.

Dyes and Pigments 202 (2022) 110308

to a larger sensitivity to the H-bond donor (or electron pair acceptor) of
the solvent towards a solute and the polarity/polarizability of solvent
respectively [55,56].

2.7. Water acetonitrile mixtures

The twisted conformation between the two aromatic rings of BTD
found in the crystal structure together with the strong influence that the
environment exerts on the light emitting properties of BTD derivatives,
encouraged us to explore possible aggregation induced emission (AIE)
phenomena in our systems. Please note that although there are some
examples in the literature, BTDs have been scarcely explored regarding
AIE phenomenon [17-19].

With this goal in mind, emission spectra and luminescence quantum
yields, and lifetimes were measured in acetonitrile and in acetonitrile/
water mixtures with increasing water contents. The obtained data are
summarized in Tables 7 and 8. Compound 4 could not be studied like-
wise due to the lack of solubility of this compound in the presence of
small amounts of water.

A decrease and slight broadening in absorption bands together with a
slight increase on the baseline is detected for all compounds when the
water contents increases, in agreement with the aggregation process
(Figs. S40-S42) [16].

In acetonitrile solution, the gold complex 3 containing the bulkiest
phosphane, shows a QY value above 90% (0.93) higher than that of the
uncoordinated ligand L and to the best of our knowledge, represents the
largest quantum yield recorded in the literature for gold(I) BTD com-
plexes. The enhancement in the QY upon complexation has been pre-
viously observed in dichloromethane solution, although in acetonitrile
the increase upon complexation is significantly higher (from 4% to
12%). A value above 90% can also be recorded for L in aggregated form
(25-50% water contents) but not in pure solvent. In this case, the
observed increase of the quantum yield may be attributed to the AIE
mechanism that is dominating the effect of the solvent polarity [42]. AIE
induces also an increase on the QY of 2 in aggregated form but in a lower
extent (83% efficiency). It is expected that the resulting aggregates
provide a hydrophobic cavity inside the aggregated structure that re-
stricts solvation and eases radiative emission, resulting as an increase on
the emission intensity. This increase and red-shift of the emission in L
and 2 is observed up to 50% of water contents while a quenching effect is
then observed. This behaviour may be attributed to the increased po-
larity of the solvent mixture and stabilization of the charge-transfer
state, according to the literature [57], but also to the observed
aggregation.

On the other hand, while AIE is detected for both L and complex 2,
the contrary effect, aggregation caused quenching (ACQ), was recorded
for 3, the compound showing the largest contribution on the dipolar
moment in the excited state as reflected by the pg - g value (see above,
Table 4) and the lowest angle torsion predicted by TD-DFT calculations
(see Table S6). In this case a ACQ is accompanied by a blue-shift at 75%
of water contents, as previously observed in other BTD derivatives [42].

Interestingly we have been able to achieve near unity quantum yields
in two of our compounds by modulation of the solvent (50% acetonitrile:
water contents for L and pure acetonitrile solutions for 3). These values
are, in the case of 3 and, to the best of our knowledge, much higher than
others previously reported in the literature for gold(I)-ethynylBTD

Table 7
Quantum yields (%) of L, 2-4 in acetonitrile and in acetonitrile/water mixtures
with increasing water fractions.

Compound v o a b p Slope 2 Compound Acetonitrile 25% H,0 50% H,0 75% H,0
L 21754 —1083 —684 —1382 1.0 0.94 L 81 96 97 19

2 20471 —1351 —605 —1038 1.0 0.98 2 76 83 77 14

3 20676 -1121 —690 —937 1.0 0.95 3 93 84 74 18

4 20383 —1145 —631 —992 1.0 0.93 4 87 - - -
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Table 8
Lifetimes (ns) of L, 2 and 3 in acetonitrile and in acetonitrile/water mixtures
with increasing water fractions.
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Table 10
Emission maxima of L and 2-4 in solid state and in matrixes of cellulose, poly
methyl methacrylate (PMMA), polystyrene (PS) and Zeonex.

Compound Acetonitrile 25% H,0 50% H,0 75% H,0 Compound Solid Cellulose PMMA PS Zeonex
L 9.8 13.7 14.1 13 L 485 477 467 470 467
2 10.8 11.4 12.6 12.6 2 517 503 497 498 501
3 111 11.1 11.6 12.1 3 514 504 494 497 498
4 517 499 501 498 500
complexes (that are in the range of 60-70%) [11], and, in the case of L,
comparable with other few organic BTD compounds [10]. Table 11

Emission lifetimes are also affected by the presence of water being
larger with increasing water contents in the solution. This effect is more
noticeable for the pure organic counterpart L. The global effect of the
aggregation on the photophysical properties may be seen in the varia-
tions of the k; and ky, rate constants (Table 9 and Fig. S46) where it
seems that the environment is affecting significantly these parameters
only above 50% with a significant decrease (k;) or increase (ky,) of these
values. Thus, it is important to take this information into consideration,
since longer lifetimes may be achieved by favoring aggregation but this
is accompanied by a favored deactivation pathway, as reflected in the
higher ky, values. Nevertheless, the quantum yields at the highest water
contents are still moderate (15-20%). Thus, aggregation gives an easy
way to modulate the photophysical properties of BTD derivatives with
the adequate and desired balance between lifetimes and quantum yields.

The formation of aggregates was verified by Dynamic Light Scat-
tering (DLS) experiments. Two groups of aggregates can be detected for
L when the water contents increases (25% and 50%) and up to 75%
water where the aggregates equilibrate in only one group (ca. 200 nm,
Fig. S42). On the other hand, more homogeneous samples have been
detected in gold(I) complexes with just one group of aggregates. That is,
the presence of gold(I) may govern the aggregation processes with
preferred intermolecular contacts with respect to L (Figs. S47-549)
probably due to the establishment of aurophilic contacts in solution
although they are not identified in the solid state (X-ray crystal struc-
tures). The sizes detected for the gold complexes change with water
composition but reached a final value of ca. 200 nm at 75% of water
contents, which is similar to the previously detected for L and to other
BTD aggregates described in the literature [38].

2.8. Hybrid materials

The new compounds were dispersed in different polymeric matrices
of different nature in an attempt to favour the radiative pathways (cel-
lulose, polymethylmethacrylate (PMMA), polystyrene (PS) and the cy-
clic olefin copolymer, Zeonex). Small amounts (<3%) of the organic
chromophores are usually enough to confer these hybrid materials the
desired light emitting properties while maintaining the interesting me-
chanical properties of the polymeric matrix. The emission spectra of the
compounds dispersed in these matrixes show a blue shift of the emission
maxima (around 10 nm) in all the samples when they are compared with
the emission recorded in the solid state (Table 10 and Figs. S50-S53)
with the sample more shifted to the red for the most polar cellulose
environment.

Quantum yields and lifetimes for the different samples are summa-
rized in Tables 11 and 12. In general trends, there is a clear increase of

Table 9
Radiative and non-radiative constants (ps’l) of L, 2 and 3 in acetonitrile and in
acetonitrile/water mixtures with increasing water fractions.

Compound Acetonitrile 25% H,0 50% H,0 75% H,0
ke Koy ke Kor ke Ko ky Ko

L 83 19 70 3 68 2 15 62

2 70 22 73 15 61 18 43 36

3 84 6 76 14 64 22 15 68

Quantum yield (%) of L and 2-4 in solid state and in matrixes of cellulose, poly
methyl methacrylate (PMMA), polystyrene (PS) and Zeonex.

Compound @ o] o) [or] [on
(solid) (Cellulose) (PMMA) (PS) (Zeonex)
L 36 91 96 95 93
2 5.6 91 95 94 92
3 24 89 94 97 96
4 18 31 41 41 45
Table 12

Lifetime (ns) of L and 2-4 in solid state and in matrixes of cellulose, poly-
methylmethacrylate (PMMA), polystyrene (PS) and Zeonex.

Compound T4 (solid) 1q (Cellulose) 1q (PMMA) T4 (PS) 1 (Zeonex)
L 5.8 9.69 9.07 8.01 8.4

2 3.92 8.32 8.54 7.75 8.51

3 2.01 7.82 8.83 7.09 7.69

4 3.78 6.79 3.89 3.62 4.32

the quantum yields and emission lifetimes when the compounds are
introduced in the thin films with respect to the more compact solid state.
The quantum yields are also larger than those previously recorded in
solution and in the same order or slightly larger than those recorded in
acetonitrile:water mixtures reaching almost 100% in PMMA, PS and
Zeonex matrixes for L, 2 and 3. The largest values (97%) has been
recorded for the gold(I) complex 3 in PS, being the highest QY for gold(I)
BTD complexes described in the literature. For the best of our knowl-
edge, there are no precedents in the literature of gold(I) BTD derivatives
in polymer matrixes and, interestingly, their inclusion in this environ-
ments favors near-unity quantum yields. This environment favors much
more the radiative deactivation pathway of gold(I) complexes with
respect to the organic part L. Lifetimes values are in all cases longer than
those previously recorded in the solid, as previously observed in other
gold(I) emitters [23,58,59]. Additionally, it can be observed that the
values of the gold(I) complexes are much more similar to those recorded
for L with respect to the previous values recorded in solid, except in the
case of 4, containing the more steric hindrance phosphane.

An important point to be highlighted is that the introduction of the
compounds in thin films decreases the ky, rate constants mainly for gold
(D) complexes (Table 13), although some effect has been also detected for
L in Zeonex. Thus, the introduction of the compounds in matrices en-
hances the luminescent properties in an intermediate aggregation state
between solid state and solution. Additionally, although similar quan-
tum yields have been observed in water/acetonitrile mixtures, the for-
mation of these hybrid materials favors the radiative relaxation (larger
k; values) and blocks the non-radiative pathways (lower ky, values) in
one order of magnitude, mainly for gold(I) complexes.

3. Conclusions

The coordination of the new ethynyl-BTD ligand (L) to a gold(I) atom
gives rise to a new family of compounds with interesting luminescent
properties. The resulting photophysical properties can be modulated not
only by the BTD core but also by the solvent polarity and the possibility
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Table 13
Radiative and non-radiative constants (us~!) of L and 24 in solid state and in matrixes of cellulose, poly methyl methacrylate (PMMA), polystyrene (PS) and Zeonex.

Compound Solid Cellulose PMMA PS Zeonex

kr Kor ke Kor ke Koy k; Ko ky Ko

L 62 110 94 9 106 4 119 6 111 8

2 14 241 251 25 111 6 121 8 108 9

3 119 378 114 14 106 7 137 4 125 5

4 48 217 46 102 105 152 113 163 104 127

of aggregation, which may be favored through different type of weak
interactions. The resulting compounds display very high fluorescence
quantum yields that may depend on the solvent, being 80% in
dichloromethane and, in some cases, near unity in acetonitrile. The near
unity quantum yields may be also modulated through changes on the
environment. In this way, detailed studies have been carried out in
acetonitrile:water mixtures (to favour aggregation processes at
increasing water contents), in solid state and through dispersion of the
compounds in organic matrixes. The highest QY values have been
recorded for the gold(I) complex 3 in PS (97%) being the highest value
recorded for a gold(I)-BTD compound. Changes on the environment also
affect the fluorescence lifetimes, being larger in more aggregated sam-
ples (highest water contents in acetonitrile:water mixtures). Thus, ag-
gregation has been observed as an effective and easy way to modulate
the resulting photophysical properties mainly regarding QY and
lifetimes.

The inclusion of the compounds within organic matrixes clearly fa-
vors the radiative deactivation pathways of the compounds as observed
with a denoted increase of k; and decrease of kj,, values.

The high QY values shown by these complexes together with the
environmental sensitivity of their light-emitting properties represent a
promising property toward their application in fields such as sensing,
bioimaging or light emitting diodes.

4. Experimental section
4.1. General procedures

All manipulations have been performed under prepurified N» using
standard Schlenk techniques. All solvents have been distilled from
appropriated drying agents. Commercial reagents triethylphosphine
(PEtg, Aldrich 99%), triphenylphosphine (PPhg, Aldrich 99%), tri-1-
naphthylphosphine (PNaphs Aldrich, 97%) were used as received.

4.2. Physical measurements

Infrared spectra have been recorded on a FT-IR 520 Nicolet Spec-
trophotometer. 'H NMR (5(TMS) = 0.0 ppm), 3!P{'H}-NMR (5(85%
H3PO4) = 0.0 ppm) spectra have been obtained on a Varian Mercury 400
and Bruker 400 (Universitat de Barcelona). ElectroSpray-Mass spectra
(+) has been recorded on a Fisons VG Quatro spectrometer (Universitat
de Barcelona). Absorption spectra have been recorded on a Varian Cary
100 Bio UV- spectrophotometer and emission spectra on a Horiba-Jobin-
Yvon SPEX Nanolog spectrofluorimeter (Universitat de Barcelona).
Luminescent quantum yields were recorded using an Absolute PL
quantum yield spectrometer from Hamamatsu Photonics upon excita-
tion the samples at 400 nm. Fluorescence lifetimes were measured via
the time-correlated single-photon counting technique (TCSPC) using
DeltaPro fluorescence lifetime System from Horiba upon excitation of
the sample with a 390 nm nanoLED. Cyclic voltammetry (CV) experi-
ments were performed on a Bioanalytical Systems Inc. (BASI) Epsilon
electrochemical workstation in a three-electrode cell at room tempera-
ture under nitrogen atmosphere. Crystal of 3 and 4 showing well defined
faces were mounted Bruker Kappa Apex II (X8 APEX) diffractometer
equipped with a Mo INCOATED microsource. Diffraction data were
collected exploring over a hemisphere of the reciprocal space in a

combination of ¢ and @ scans to reach a resolution of 0.86 A, using a
Bruker APEXII software suite (APEX2; Bruker-AXS: Madison, WI, 2006).
The structures were solved by the Multan and Fourier methods. Most of
the calculations were carried out with APEXII software for data collec-
tion and reduction, and OLEX2 for structure solution and refinements.
CCDC 2091781-2091782 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via www.
ccde.cam.ac.uk/data_request/cif, or by emailing data request@ccdec.
cam.ac.uk, or by contacting The Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

4.3. Theoretical calculations

Density functional calculations were carried out using the Gaussian
09 package [61]. The hybrid density functional known as B3LYP was
applied [62,63]. Effective core potential (ECPs) were used to represent
the innermost electrons of the gold atom and the basis set of valence
triple-{ quality with extra d-polarization function [64]. A similar
description was used for all main group elements [65]. Excited states
were obtained from the time-dependent density functional theory
(TDDFT) implemented in Gaussian 09 [66].

4.4. Synthesis and characterization

4.4.1. Synthesis of 4-ethynyl-7-(4-nonylphenyl)benzo[c] [1,2,5]
thiadiazole (L)

A mixture of 4-bromo-7-(4-nonylphenyl)benzo[c] [1,2,5]thiadiazole
(200 mg, 0.48 mmol), Cul (4.6 mg, 0.024 mmol) and Pd(dppf)2Cl, (17.6
mg, 0.024 mmol) in 6 ml of a 1:1 mixture triethylamine:THF was
degassed, and then, ethynyl trimethylsilane (0.73 ml, 0.52 mmol) was
added. The solution was irradiated with an Anton Paar microwave
irradiator (CEM) at 120 °C (80W) for 120 min. After cooling to room
temperature, the mixture was diluted with CH,Cly, washed with water,
and dried (MgS04); the solvent was then evaporated and the residue was
purified by chromatography with CH2Cly/hexane (1:3) to give a yellow
solid 4-(4-nonylphenyl)-7-((trimethylsilyl)ethynyl)benzo[c] [1,2,5]
thiadiazole (177 mg, 85%).

H NMR (CDCl3) 6 7.86 (d, J = 8.2 Hz, 2H), 7.83 (d, J = 7.4 Hz, 1H),
7.64 (d, J = 7.4 Hz, 1H), 7.34 (d, J = 8.2 Hz, 2H), 2.69 (t, J = 7.7 Hz,
2H), 1.86-1.56 (m, 2H), 1.51-1.16 (m, 12H), 1.00-0.80 (m, 3H), 0.35 (s,
9H).13C NMR (CDCl3) 6 155.7, 153.3, 144.4, 136.2, 135.4, 134.1, 129.3,
129.0, 127.3,114.02, 80.2, 80.0, 36.0, 32.0, 31.6, 29.7, 29.5, 22.8, 14.3.
FAB MS m/z 434.71 (M"); HRMS (FAB) calcd for CogH34N,SSi:
434.2212, found: 434.2205.

A mixture of 4-(4-nonylphenyl)-7-((trimethylsilyl)ethynyl)benzol[c]
[1,2,5]thiadiazole (100 mg, 0.23 mmol) and KF (138 mg, 3.45 mmol)
was stirred for 12h at room temperature in 8 ml of a 1:1 mixture of THF:
MeOH. Then the mixture was diluted with CH,Cl,, washed with water,
and dried (MgSO4); the solvent was then evaporated to give L as a yellow
solid (75 mg, 90%) JHNMR (CDCl3) 6 7.89 (d, J = 7.2 Hz, 2H), 7.84 (d,
J=7.8Hz, 1H), 7.67 (d, J = 7.3 Hz, 1H), 7.35 (d, J = 7.9 Hz, 2H), 3.61
(s, 1H), 2.69 (t, J = 7.7 Hz, 2H), 2.03 (t, J = 7.1 Hz, 2H), 1.41-1.17 (m,
12H), 0.88 (t, J = 6.5 Hz, 3H). 3¢ NMR (CDCl3) 6 155.6, 153.2, 144.2,
135.7, 134.2, 129.3, 129.0, 127.2, 114.2, 83.6, 79.7, 36.0, 32.1, 31.6,
29.6, 29.5, 29.3, 29.1, 22.8, 14.3. FAB MS m/z 362.53 (M1); HRMS
(FAB) calcd for Co3HggN3S: 362.1817, found: 362.1825.


http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
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4.4.2. Synthesis of [Au(4-ethynyl-7-(4-nonylphenyDbenzo[c] [1,2,5]
thiadiazole)], (1)

Sodium acetate (0.0102 g, 0.12 mmol) and [AuCl(tht)] (0.0191 g,
0.06 mmol) were added to a stirring solution of L (0.0212 g, 0.06 mmol)
in CH5Cl/MeOH (1:1) (10 mL) under N5 atmosphere at room temper-
ature. After stirring for 30 min the resulting orange suspension was
filtered, washed with CH,Cl,/MeOH (1:1) (3 x 5 mL), and dried under
vacuum. Yield 63% (0.023 g). IR (KBr, cm™Y): ¥(C=C): 1970.

4.4.3. Synthesis of [Au(4-ethynyl-7-(4-nonylphenylbenzo[c] [1,2,5]
thiadiazole) (PEt3)] (2)

31 pL of a solution 1.0 M of PEts in THF was added to a stirring
suspension of 1 (0.017 g, 0.030 mmol) in dichloromethane (10 mL)
under Ny atmosphere at room temperature. After stirring 1lh the
resulting yellow solution was concentrated to half volume and hexane
(10 mL) was then added in order to favour precipitation. The resulting
yellow solid was filtered and dried under vacuum. Yield 75% (0.015 g).
31p{'H}-NMR (CDCls, ppm): 37.6. 'H NMR (CDCls, ppm): 0.88 (t, J =
6.8 Hz, 3H), 1.15-1.4 (m, 21H), 1.66 (m, 2H), 1.83 (m, 6H), 2.67 (t, J =
7.7 Hz, 2H), 7.32 (d, J = 8Hz, 2H), 7.60 (d, J = 7.4 Hz, 1H), 7.78 (d, J =
7.3 Hz, 1H), 7.84 (d, J = 8Hz, 2H).). '*C NMR (CDCly): 127.9, 127.6,
126.6, 34.8, 30.9, 30.4, 28.5, 28.4, 28.3, 21.7,17.0, 16.7, 13.1, 7.8. IR
(KBr, cm ™ V): (C=C): 2108. ESI-MS (+) m/z: 677.2391 ([M + H]™, calc:
677.2315).

4.4.4. Synthesis of [Au(4-ethynyl-7-(4-nonylphenyDbenzo[c] [1,2,5]
thiadiazole) (PPh3)] (3)

Solid PPh3 (0.0086 g, 0.033 mmol) was added to a stirring suspen-
sion of 1 (0.0185 g, 0.033 mmol) in dichloromethane (10 mL) under Ny
atmosphere at room temperature. After stirring 1h the resulting yellow
solution was concentrated to half volume and hexane (10 mL) was then
added in order to favour precipitation. The resulting yellow solid was
filtered and dried under vacuum. Yield 74% (0.025 g). SIp{lH}.NMR
(CDClz, ppm): 42.1. '"H NMR (CDCls, ppm): 0.88 (t, J = 6.8 Hz, 3H),
1.15-1.4 (m, 12H), 1.66 (m, 2H), 2.67 (t, J = 7.7 Hz, 2H), 7.33 (d, J =
8Hz, 2H), 7.43-7.63 (m, 16H), 7.81 (d, J = 7.4 Hz, 1H), 7.85 (d, J = 8Hz,
2H).). 13¢ NMR (CDCl3): 134.4, 134.3, 132.7, 131.6, 129.2, 129.1,
129.0, 128.7, 127.7, 35.8, 31.9, 31.4, 29.6, 29.4, 29.3, 22.7, 14.1. IR
(KBr, cm’l): Y(C=C): 2110. ESI-MS (+) m/z: 821.2392 ([M + H]™, calc:
821.2315).

4.4.5. Synthesis of [Au(4-ethynyl-7-(4-nonylphenylDbenzo[c] [1,2,5]
thiadiazole) (Tri-1-naphthylphosphine)] (4)

Solid tri-1-naphthylphosphine (0.023 g, 0.056 mmol) was added to a
stirring suspension of 1 (0.0303 g, 0.054 mmol) in dichloromethane (10
mL) under N; atmosphere at room temperature. After stirring 1h the
resulting yellow solution was concentrated to half volume and hexane
(10 mL) was then added in order to favour precipitation. The resulting
yellow solid was filtered and dried under vacuum. Yield 76% (0.042 g).
31p{IH}-NMR (CDCls, ppm): 21.8. 'H NMR (CDCls, ppm): 0.87 (t, J =
6.8 Hz, 3H), 1.15-1.4 (m, 12H), 1.66 (m, 2H), 2.67 (t, J = 7.7 Hz, 2H),
7.28-7.37 (m, 8H), 7.50-7.62 (m, 4H), 7.71 (d, J = 7.4 Hz, 1H), 7.82 (d,
J=8Hz, 2H), 7.97 (d, J = 7.9 Hz, 3H), 8.05 (d, J = 7.6 Hz, 3H), 8.83 (d,
J = 8.3 Hz, 3H). 3¢ NMR (CDCl3): 156.2, 153.1, 143.2, 139.1, 137.7,
135.1, 135.0, 134.7, 134.3, 134.2, 134.1, 134.0, 133.1, 132.7, 129.1,
128.9, 127.7, 127.6, 127.1, 126.9, 126.8, 125.2, 125.1, 124.2, 123.7,
117.6, 99.4, 99.1, 35.8, 31.9, 31.4, 29.6, 29.5, 29.4, 29.3, 22.7, 14.1. IR
(KBr, em™): Y(C=C): 2108. MALDI-TOF (+) m/z: 1021.2 ([M + H +
CH30H + H,01", calc: 1021.3).

4.4.6. Preparation of matrixes doped with L and 2-4 complexes
Cellulose, PMMA, PS and Zeonex (Zeon Corporation, Japan) were
used as matrix polymers. The films were prepared via drop-casting,
using a mixture of dopant and host (Cellulose, PMMA, PS or Zeonex).
Polymer solutions were prepared as follows: PMMA (MW 120000, 300
mg/mL solution in dichloromethane), PS (MW 45000, 350 mg/mL
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solution in dichloromethane). Cellulose (MW 30000, 200 mg/mL in
acetone), Zeonex (200 mg/mL in chloroform). To a 100 pL of polymer
solution was added to the same volume a solution of the sample at a
concentration of 20 pg/mL. The films were drop-cast onto a quartz
substrate at room temperature to avoid any thermal annealing.
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