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ABSTRACT: A pyrene tetraalkynyl ligand has been used for the
preparation of three different tetraalkynyl Au(I) complexes. Two
of these complexes display fluorescent emission in CH2Cl2
solution, with quantum yields exceeding 90%. Although the
emission is mainly due to ligand-centered excited states, the
presence of the metal center is key to reaching such excellent
quantum yield values, providing an extra rigidity to the system
and therefore, minimizing the nonradiative deactivation path-
ways. To the best of our knowledge, these quantum yields lie
among the highest reported for metal-based luminophores in
solution, a quality that makes them resemble molecular torches. Preliminary studies on healthy cheek cells show that one of the
complexes is efficiently and rapidly taken up into the cell.

■ INTRODUCTION

Since the discovery of luminescent organic devices,1 there has
been increasing interest in the development of materials with
emissive properties, mostly due to their applications as
fluorescent sensors,2 light-emitting diodes (OLEDs),3 and
bioimaging probes.4 Although luminescent materials may find
applications in every physical state, the vast majority are used as
films and aggregates, as for example in the fabrication of
OLEDs. This justifies why much effort has been directed to the
study of the aggregation-induced emission (AIE) phenomenon,
a process for which nonemissive luminogens are induced to
emit by aggregate formation.5 However, in the area of
biomedical research, luminophores are often used in solution;
therefore, it is very important to find new materials that show
good emission properties in dilute solutions. If the
luminophores are also able to show chemotherapeutic activity,
then optical theranostic agents may be obtained, which could
provide relevant information about their biological interplay.6

Luminescent transition-metal compounds have attracted
intense attention during the last two decades.7 One of the
main reasons for the great success of metal-based chromo-
phores is that the heavy atom enhances spin−orbit coupling to
yield partial mixing between triplet and singlet excited states,
allowing a fast rate of intersystem crossing followed by
phosphorescence and, sometimes, high quantum yields.
Among transition-metal-based luminophores, gold(I) alkynyls
constitute one of the most widely studied groups, probably
because acetylides can connect the gold atom to a very large
variety of organic functions.8 N-heterocyclic carbene (NHC)
ligands have also been extensively used in the preparation of

metal complexes with photoluminescent properties, because
their strong σ-donating character ensures high-energy emissions
that facilitate the desired blue color needed for OLED
applications.9 While highly efficient emissions (ϕ > 85%)
have been found for a (low) number of gold complexes in the
solid or aggregated states,10 to the best of our knowledge there
is only one report describing comparably high quantum yields
in solution.11 In most cases, the nature of the ligands, the
oxidation state, the coordination geometry of the Au
complexes, or the presence of metallic interactions determines
the nature of the luminescence. Both fluorescence and
phosphorescence have been achieved in gold(I) compounds,
depending upon the participation of the metal in the excited
states. It has been observed that, in complexes bearing organic
fluorophores, there is in many cases a negligible participation of
the metal atom in the excited states. This is usually translated in
a decrease of the luminescent quantum yields in comparison to
the fluorophore because of deactivation processes. In some
cases, the Au(I) atom can have important structural
implications in the enhancement of the emission, as in a
recent article published by Strassert and Hahn describing an
example of emission enhancement by rigidification through
metal complexation.12

Herein, we describe three pyrene-based tetraalkynyl Au(I)
complexes bearing aromatic NHC or phosphine ligands. Two
of these complexes were found to be highly emissive in
solution, a property mostly related to the central pyrene core
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yet enhanced by the coordination of the metal fragments and
consequent rigidification of the final system.

■ RESULTS AND DISCUSSION
We decided to prepare a series of tetra-Au(I) complexes
connected by a pyrene tetraalkynyl ligand. Our initial aim was
to combine pyreneone of the most widely studied organic
materials in the field of photochemistry and photophysics13
with gold(I) alkynyl compounds bearing NHC ancillary ligands
and study their photophysical properties. As will be described
below, this combination of components allowed us to obtain
two of the most efficient Au-based fluorescence emitters in
solution reported to date.
The pyrene-connected Au(I) complexes were synthesized

according to the procedure depicted in Scheme 1. Complexes 3

and 4 were prepared by deprotonating 1,3,6,8-tetraethynylpyr-
ene (A) with NaOH in refluxing methanol, followed by the
addition of benzimidazolylidene gold(I) complex 114 or pyrene
imidazolylidene gold(I) complex 2,15 respectively. Following
the same synthetic protocol, the triphenylphosphine-based
Au(I) complex 5 was prepared by reacting A with [AuCl-
(PPh3)] in the presence of NaOH. Complexes 3−5 were
isolated in yields ranging from 40 to 60%. All three complexes
are highly soluble in chlorinated solvents, such as dichloro-
methane and chloroform, displaying very bright yellow
solutions. Complexes 3−5 were characterized by NMR
spectroscopy and gave satisfactory elemental analysis.
For complexes 3 and 4, the number and integration of the

signals displayed in the 1H NMR spectra are in agreement with
the presence of four NHC ligands with respect to the pyrene
core. The 13C NMR spectra of 3 and 4 revealed the appearance
of signals due to the four equivalent metalated carbene carbons
at 194.90 and 193.52 ppm, respectively.
The molecular structure of complex 3 was confirmed by

means of X-ray diffraction. As depicted in Figure 1, the
molecule consists of four benzimidazolylidene−Au(I) units
connected by a pyrene tetraacetylide ligand. Two of the
benzimidazolylidene ligands form an angle of 68.38° with
respect to the plane of the pyrene linker, while the two

remaining ligands are quasi-coplanar with the pyrene linker, as
reflected by the small angle formed by the planes of the pyrene
and the NHC fragments, 7.06°. The Au−Ccarbene bond distances
are 2.017−2.029 Å. All other distances and angles are
unexceptional. The crystal packing of the molecules shows
that there is a two-dimensional array produced by the π-
stacking interactions between the pyrene core and the benzene
rings of opposite benzimidazolylidene ligands (see Figure S7 of
the Supporting Information). The distance between planes is
3.45 Å, which is indicative of a π-stacking interaction. The Au−
Au distance is 4.38 Å and therefore greater than the distances
that can be considered within the range of aurophilic
interactions (2.8−3.5 Å).16

The UV−visible absorption and the emission spectra of
complexes 3 and 4 were studied in dichloromethane at 298 K
(Table 1). The UV−vis spectrum of compound A displays one
vibronically resolved band in the region of 350−450 nm,
assigned to pyrene-centered transitions. The acetylene-centered
π−π* transitions are observed as intense absorptions between
270 and 320 nm. The UV−vis spectra of complexes 3 and 4
show two intraligand transitions centered at the pyrene and
acetylide units, although they are significantly red shifted in
comparison to those of compound A, as a consequence of the
perturbation produced by the coordination to the metal (see
Figure S9 of the Supporting Information).
The emission spectra of complexes 3 and 4 in CH2Cl2 show

a pyrene-centered vibronically resolved band, which is bath-
ochromically shifted (Δλ ≈ +75 nm) in comparison to the
emission shown by A (Figure 2). Possibly, coordination of the
gold atom to the alkynyl moiety withdraws the electron density
of the latter and in consequence there is an stabilization of the
LUMO orbital. Interestingly, the lowest energy emission bands
of the Au(I) complexes occurred at 546 nm, well into the
visible region, thus justifying their bright visible emission. The
excited-state lifetimes of A, as well as of complexes 3 and 4,
were found to be monoexponential and to be on the order of
nanoseconds, therefore indicating the fluorescence nature of
the emission and the apparent lack of participation of the metal
in the electronic excited states. This observation is in
accordance with the results found by Che and co-workers for

Scheme 1. Preparation of Complexes 3−5
Figure 1. Molecular structure of 3. Hydrogen atoms are removed for
clarity. nBu groups are represented in wireframe form. Selected
distances (Å) and angles (deg): Au(1)−C(1) 2.027(12), Au(1)−C(3)
1.992(11), Au(2)−C(2) 2.029(12), Au(2)−C(4) 2.015(11); C(2)−
Au(2)−C(4) 176.9(5), C(3)−Au(1)−C(1) 177.2(5).
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their highly emissive Au(I) alkynyl complexes, where very small
lifetimes were found, and the emissions are attributable to
ligand-centered transitions with a small contribution of
MLCT.11

Complexes 3 and 4 were found to be remarkably emissive in
solution, with fluorescence quantum yields of 0.90 and 0.38,
respectively. As previously reported for species A, the presence
of molecular oxygen barely affects the quantum yield values of
3−5 as consequence of the short excited-state lifetimes.17 It is
worth mentioning that complex 3 has a photoluminescence
quantum yield considerably higher than that found for A (ϕem
= 0.58).
This makes complex 3 among the most emissive gold NHC

complexes reported to date in solution. It is also worth
mentioning that there is a notable difference between the
emission intensity exhibited by complexes 3 and 4 and that of
the monometallic Au(I) NHC complexes 1 and 2, which were
found to be nonemissive under the same conditions. In order to
assess if the NHC ligand played a role in the emissive
properties of complexes 3 and 4, we also measured the
photophysical properties of the phosphine-containing complex
5, for which an extraordinary high quantum yield of 0.92 was
observed (Table 1). This result indicates that both NHC
ligands might play a different role in the luminescence
efficiency. Whereas in the case of complex 3 a negligible
participation of the NHC is observed, the pyrene imidazoly-
lidene NHC derivative in complex 4 might promote an
additional nonradiative deactivation pathway because of its
extended π conjugation and higher electron-donating charac-
ter.18 Radiative (Kr) and nonradiative (Krn) rate constants were
calculated to assess the existence of an additional nonradiative
deactivation pathway for complex 4 (see Table 1). In all cases,
both rate constants were on the order of 108, a much higher
value than that of the pyrene itself (106 s−1),19 which is in
accordance with their small excited-state lifetime value (1−4

ns).17 In general, it was observed that the radiative rate constant
value was higher than the nonradioactive rate constant except
for complex 4, corroborating the extra deactivation pathway for
this complex and consequently leading to a smaller quantum
yield value. In any case, it seems clear that the gold metal center
gives the alkynyl pyrene platform extra rigidity that highly
increases the emission efficiency. As an illustrative image of the
extraordinary emission properties of these complexes, Figure 3
shows a photograph of solutions of A and 3−5 in CH2Cl2 and
in the solid state, upon irradiation with UV light (λex 365 nm).

The emission spectra of complexes 3−5 in the solid state at
room temperature reveal one broad and featureless band typical
of the pyrene excimer emission, with maxima at 585, 541, and
650 nm, respectively. The excited lifetimes of these bands are
on the order of nanoseconds, and the quantum yields are 2.2%
for 3 and <1% for 4 and 5. We attribute the bathochromic shift
of the solid-state emission spectra in comparison to those of the
solutions to intermolecular π−π interactions occurring in the
solid state, as demonstrated in the X-ray molecular structure of
3. These π−π stacking interactions should also justify the
quenching of the emission produced by aggregation-caused
quenching (ACQ). The low excited-state lifetimes are in
accordance with the fluorescent nature of the emission of the
solids, therefore discarding the presence of Au···Au interactions
in the solid state, which would very likely produce delayed
fluorescence or phosphorescence. We were also interested in
studying the self-assembly capabilities of complexes 3 and 4 in
solution. For this purpose, we obtained a series of 1H NMR
spectra of the two complexes at different concentrations, using
CDCl3. The representative concentration-dependent 1H NMR
spectra at room temperature and labeling of the protons for
complex 3 are given in Figure S15 of the Supporting
Information.
The analysis of the signals of the spectra indicates that two

signals assigned to the aromatic protons of the pyrene scaffold
and two signals due to the aromatic protons of the
benzimidazolylidene ligands are shifted downfield upon
decreasing the concentration of the complex. This behavior is

Table 1. Photophysical Data for A and 3−5 in CH2Cl2 Solution
a

λabs (nm) λem
a (nm) τb (ns) ϕem

c Kr (10
8 s−1) Knr (10

8 s−1)

A 416, 391, 371, 306, 294, 255, 246 473 (sh), 445, 422 4 0.58 1.45 1.08
3 471, 441, 415, 342, 290, 282, 238 543 (sh), 507, 481 2 0.90 4.5 0.5
4 472, 442, 416, 342, 282, 253 546 (sh), 508, 481 1 0.38 3.8 6.8
5 469, 441, 413, 336, 268, 228 540(sh), 505, 476 3 0.92 3.06 0.27

aMeasurements performed in CH2Cl2 solution under ambient conditions (λexc 345 nm). bExcited state lifetime measured in degassed CH2Cl2
solution (λexc 345 nm with prompt use). cQuantum yields measured in degassed CH2Cl2 solution with excitation at 370 nm (absolute method).
Deactivation rate constants were calculated by Kr = ϕem/τ and Knr = ((1/τ) − Kr).
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Figure 2. Fluorescence emission spectra of compound A and
complexes 3−5 in dichloromethane, upon excitation at 345 nm.

Figure 3. Photograph of A and 3−5 in the solid state (top) and in
CH2Cl2 solution (bottom), under UV light at 365 nm.
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strongly suggestive of the presence of aggregation driven by
intermolecular π−π stacking interactions between these two
parts of the molecule, as is also observed in the crystal packing
of the molecule. No significant changes were detected in the 1H
NMR spectra of 4 in CDCl3 in the range of concentrations
studied (0.1−20 mM). A nonlinear regression analysis of the
data of this series of spectra allowed us to calculate a self-
association constant of 48 M−1, thus demonstrating the
propensity of 3 to form π-stacking aggregates.
This self-aggregation is responsible for some interesting

photophysical consequences, as self-aggregation is temperature-
dependent.
As can be observed in Figure 4, the color of the emission of a

CH2Cl2 solution of 3 can switch from blue to yellow, by

freezing the solution at 77 K. It could be suggested that
lowering the temperature might prompt the formation of
aggregates of 3, which behave similarly to the solid state.
In view of the supramolecular self-assembly capability of

complex 3, the morphology of the aggregates was studied by
scanning electron microscopy (SEM). For comparative
purposes, SEM images of a sample of complex 4 were also
recorded. SEM images of 3, prepared by slow diffusion of
MeOH into a saturated solution of the complex in chloroform,
show needles with a laminar nanostructure. On the other hand,
SEM images of a sample of 4, prepared by slow diffusion of
hexane into a saturated solution of the complex in dichloro-
methane, show a disordered fiberlike nanostructure (Figure 5).

The combination of the fluorescence properties of complexes
3−5 with the well-stablished therapeutic properties of Au(I)20

makes these complexes potential candidates as optical
theranostic agents.6 Regardless of their application as diagnostic
and/or therapeutic agents, establishing their rapid and efficient
cellular uptake is of crucial importance. Given the high
quantum yield and stability of 3, we selected it to monitor its
uptake into healthy cheek cells (more details can be found in
the Supporting Information). The actual transport of 3 into the
cellular interior, rather than association solely at the membrane

surface, is evident by confocal microscopy upon excitation at
405 nm. The colors shown in the confocal microscopy figures is
arbitrary. Purple was chosen here to enhance visualization of
the emissive zones of the cell. Intense luminescence in the
cytoplasm is apparent within 15 min (Figure 6, left).

After 30 min, intense luminescence can be also observed in
the nucleus (Figure 6, right), thus proving that the uptake of 3
into the cell interior is efficient and rather rapid.

■ CONCLUSIONS
In summary, we obtained a series of pyrene tetraalkynyl
complexes of Au(I) and studied their photophysical properties.
Two of these complexes are among the most emissive Au(I)
complexes described to date in solution. Although the origin of
the emissions is assigned to an intraligand transition,
coordination to the gold centers plays a key role, as it allows
a red-shifted displacement of the emissions and an incredible
enhancement of the quantum yields. We believe that the
excellent emissive properties of these complexes in solution
may find applications as bioimaging probes. Indeed, our
preliminary studies on healthy cheek cells show that complex
3 is efficiently and rapidly taken up into the cell. Further studies
involving cancer cells are currently underway.

■ EXPERIMENTAL SECTION
General Methods. 2,7-Di-tert-butylpyrene21 and 1,3,6,8-tetraethy-

nylpyrene (A)22 were prepared according to literature methods. NHC-
based Au(I) complexes 114 and 215 were prepared as previously
reported, starting from the corresponding benzimidazolium14 and
pyrene imidazolium23 iodide salts, respectively. [AuCl(PPh3)] was
prepared according to the literature.24 Anhydrous solvents were dried
using a solvent purification system (SPS MBraun) or purchased and
degassed prior to use by purging them with dry nitrogen. All of the
reagents and solvents were used as received from commercial
suppliers. NMR spectra were recorded on a Varian Innova 500
MHz or a Bruker 400/300 MHz instrument, using CDCl3 as solvent.
Elemental analyses were carried out on a TruSpec Micro Series
apparatus. Infrared spectra (FTIR) were obtained with a FT/IR-6200
(Jasco) spectrometer with a spectral window of 4000−600 cm−1. UV-
vis absorption spectra were recorded on a Varian Cary 300 BIO
spectrophotometer in CH2Cl2 solution under ambient conditions.
Room-temperature steady-state emission and excitation spectra were
recorded with a Horiba Jobin Yvon Fluorolog FL3-11 spectrometer
fitted with a JY TBX picosecond detection module. Lifetime
measurements were recorded with an LED from Horiba Jobin Ybon
with a pulse duration of 1.2 ns. LED frequencies were selected
attending to excitation energies. A prompt was performed using
LUDOX AS-40 colloidal silica, as a 40 wt % suspension in water.
Lifetime data were fitted using DAS6 V6.1 software. The quantum
yields in solution were measured with an Absolute PL C11437
quantum yield spectrometer (Hamamatsu Photonics KK). The solvent
was deaerated by sparging with nitrogen for 15 min prior to

Figure 4. Photograph showing a solution of 3 in CH2Cl2 at 77 K
(frozen solution, left) and at room temperature (right), under UV light
at 365 nm.

Figure 5. SEM micrographs of 3 (left) and 4 (right) at a magnification
value of 1500×.

Figure 6. Confocal microscopy of healthy cheek cells treated with
complex 3 for 15 min (left) and 30 min (right), excited at 405 nm.
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performing emission and quantum yield measurements. Scanning
electron micrographs were taken with a JEOL Model 7001F field
emission gun scanning electron microscope (FEG-SEM), equipped
with an energy dispersion X-ray spectrometer (EDS) from Oxford
Instruments. Confocal microscopy was performed on a Leica TCS SP8
inverted microscope using a 20× dry objective. The confocal
microscope was equipped with a 405 nm diode.
Healthy cheek cells were collected by buccal smear using a sterile

interdental brush. The brush was immediately immersed in a small vial
containing 10 mL of saline solution. A few drops of a solution of the
metal complex in DMSO were added to the saline solution. Confocal
microscopy images were taken after approximately 15 min. For
comparative purposes, confocal microscopy images of nontreated cells
were also taken, but no fluorescence was observed under the same
measurement conditions.
Synthesis of the Au(I) Complexes. General Procedure. NaOH

(7 equiv) and 1,3,6,8-tetraethynylpyrene (1 equiv) were placed
together in a Schlenk tube. The tube was evacuated and filled with
nitrogen three times. The solids were suspended in degassed MeOH,
and the resulting solution was heated under reflux for 4 h. Then, the
reaction mixture was allowed to reach room temperature and the
corresponding NHC-based Au(I) complex (1 or 2, 4.2 equiv) was
added. The resulting suspension was heated at reflux overnight. The
resulting bright suspension was allowed to reach room temperature.
After removal of the volatiles, the crude solid was suspended in
dichloromethane and filtered through a pad of Celite. The solvent was
removed under vacuum. Whereas complexes 3 and 4 were found to be
stable in the solid state as well as in solution, complex 5 suffered
decomposition in solution within hours, which prevented recording a
suitable 13C NMR spectrum.
Synthesis of 3. Complex 1 (200 mg, 0.433 mmol) was added to a

suspension of compound A (31 mg, 0.104 mmol) and NaOH (30 mg,
0.728 mmol) in MeOH (40 mL). After the general workup, the
resulting solid was washed with MeCN and collected by filtration.
Complex 3 was isolated as a bright yellow solid. Yield: 108.4 mg
(52%). IR (KBr): ν 2102.03 cm−1 (CC). 1H NMR (300 MHz,
CDCl3): δ 8.82 (s, 4H, CHpyr), 8.38 (s, 2H, CHpyr), 7.43−7.41 (m, 8H,
CHbenz), 7.34−7.32 (m, 8H, CHbenz), 4.60 (t, 3JH−H = 14.6 Hz, 16H,
NCH2CH2CH2CH3), 1.99 (q, 16H, NCH2CH2CH2CH3), 1.53−1.46
(m, 16H, NCH2CH2CH2CH3), 1.02 (t, 3JH−H = 14.7 Hz, 24H,
NCH2CH2CH2CH3).

13C{1H} NMR (75 MHz, CDCl3): δ 194.70
(Au-Ccarbene), 135.41 (CHpyr), 135.12 (Cq,pyr), 133.68 (Cq,benz), 131.92
(Cq,pyr), 126.78 (CHpyr), 124.56 (Cq,pyr), 124.03 (CHbenz), 120.40
(Cq,ace ty l ide), 111.53 (CHbenz), 104.59 (Cq,acety l ide), 48.78
(NCH2CH2CH2CH3), 32.55 (NCH2CH2CH2CH3), 20.50
(NCH2CH2CH2CH3), 14.21 (NCH2CH2CH2CH3). Anal. Calcd for
C84H94N8Au4: C, 50.36; H, 4.73; N, 5.59. Found: C, 50.47; H, 5.03; N,
5.67.
Synthesis of 4. Complex 2 (190 mg, 0.272 mmol) was added to a

suspension of compound A (19.4 mg, 0.065 mmol) and NaOH (18
mg, 0.455 mmol) in MeOH (40 mL). Complex 4 was isolated as an
orange solid after precipitation from a dichloromethane/diethyl ether
mixture. Yield: 117.1 mg (61%). IR (KBr): ν 2095.28 cm−1 (CC).
1H NMR (400 MHz, CDCl3): δ 8.98 (s, 4H, CHpyr), 8.70 (d, 3JH−H =
1.2 Hz, 8H, CHpyr‑im), 8.53 (s, 2H, CHpyr), 8.25 (d, 3JH−H = 1.4 Hz,
8H, CHpyr‑im), 8.09 (s, 8H, CHpyr‑im), 5.35 (t, 3JH−H = 15.1 Hz, 16H,
NCH2CH2CH2CH3), 2.24 (q, 16H, NCH2CH2CH2CH3), 1.82−1.76
(m, 16H, NCH2CH2CH2CH3), 1.63 (s, 72H, C(CH3)3), 1.11 (t,

3JH−H
= 14.7 Hz, 24H, NCH2CH2CH2CH3).

13C{1H} NMR (100 MHz,
CDCl3): δ 193.52 (Au-Ccarbene), 149.22 (Cq,pyr‑im), 134.70 (CHpyr),
133.07 (Cq,pyr), 131.95 (Cq,pyr‑im), 128.45 (Cq,pyr‑im), 128.04 (CHpyr‑im),
126.87 (CHpyr), 122.96 (Cq,acetylide), 122.89 (CHpyr‑im), 121.71
(Cq,pyr‑im), 120.98 (Cq,pyr‑im), 120.94 (Cq,pyr), 120.43 (Cq,pyr), 116.86
(CHpyr‑im), 104.61 (Cq,acetylide), 52.36 (NCH2CH2CH2CH3), 35.62
(C(CH3)), 32.83 (NCH2CH2CH2CH3), 32.01 (C(CH3)), 20.42
(NCH2CH2CH2CH3), 14.24 (NCH2CH2CH2CH3). Anal. Calcd for
C156H174N8Au4: C, 63.54; H, 5.95; N, 3.80. Found: C, 64.80; H, 5.88;
N, 3.84.
Synthesis of 5. [AuCl(PPh3)] (150 mg, 0.303 mmol) was added to

a suspension of compound A (22.6 mg, 0.076 mmol) and NaOH (21.3

mg, 0.532 mmol) in MeOH (30 mL). After the general workup,
complex 5 was isolated as a red solid upon precipitation from a
dichloromethane/hexane mixture. The resulting solid was washed with
MeOH and collected by filtration. Complex 5 was isolated as a bright
red solid. Yield: 51.0 mg (30%). IR (KBr): ν 2095.28 cm−1 (CC).
1H NMR (400 MHz, CDCl3): δ 8.83 (s, 4H, CHpyr), 8.36 (s, 2H,
CHpyr), 7.65−7.48 (m, 60H, CHphenyl).

31P{1H} NMR (162 MHz,
CDCl3): δ 42.30 (P−Au). Anal. Calcd for C96H66P4Au4·3CH2Cl2: C,
49.83; H, 3.04. Found: C, 49.77; H, 3.00.
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