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Aggregation of gold(I) complexes:
phosphorescence vs. singlet oxygen production†

Andrea Pinto, *a,b Jas S. Ward, c Kari Rissanen, c Martin Smith d and
Laura Rodríguez *a,b

Herein we report on the synthesis of six new phosphane-gold(I)-4-ethynylaniline complexes (neutral and

cationic), with a tris-naphthalene substituted tertiary phosphane bearing a secondary amine as a linker

and containing different halogen groups (Cl and Br) in the naphthyl group. We have demonstrated in this

work how the careful control of the intermolecular aggregation process can modulate the competition

between phosphorescence emission and energy transfer from the triplet state of the gold(I) complexes to

produce singlet oxygen.

Introduction

Population of the triplet state in chromophores is an impor-
tant aspect that plays a key role in numerous applications such
as photodynamic therapy,1 bioimaging,2,3 photocatalysis,4

light-emitting diodes (OLEDs)5,6 and oxygen sensing7,8 among
others. In particular, singlet oxygen production stays at the
forefront of research due to its reactivity as a synthetic reagent,
as an intermediate in oxygenation reactions of polymers9 or as
a reactive oxygen species (ROS) for biological purposes.10

Singlet oxygen can be formed, for example, through sensit-
ization, wherein a photosensitizer (PS) in the excited triplet
state relaxes to its ground state by triplet energy transfer to
ambient oxygen.11 For this reason, photosensitizers that have a
populated triplet excited state higher in energy but close to the
lower excited state of oxygen, 1O2, are of great interest to be
explored in this field. Nevertheless, for efficient production,
the sensitizers should possess additional features such as high
intersystem crossing (ISC) rates and long triplet lifetimes in
order to increase the probability of energy transfer. In terms of
molecular design, ISC may be favoured by enhancing the spin–
orbit coupling (SOC) with the introduction of heavy atoms12–14

or heteroatoms15,16 or by introducing donor/acceptor units

with electron transfer steps.17,18 In this way, organometallic
chromophores containing heavy metals deserve their investi-
gation in this field since they possess high SOC values and the
tuneability of their photophysical properties through ligand
modification can be easily performed.19 Among all the metals
used in the literature for singlet oxygen production, gold(I) is
scarcely explored and only a few examples have been reported
in the literature in this field.20–23

Supramolecular chemistry offers several advantages within
this field. The majority of the published results use cavitands
(such as curcubiturils, cyclodextrins or calixarenes) to encapsu-
late the photosensitizer in order to disrupt the aggregation
process (aggregation-induced photo-deactivation) and enhance
their singlet oxygen generation. Nevertheless, other techniques
also can be found, such as the introduction of the photosensi-
tizer within a polymer matrix together with iodine-containing
hydrocarbon to enhance the singlet oxygen generation by the
effect of an external heavy atom24 or the co-encapsulation of a
donor and acceptor within a polymer matrix which highly
enhances the singlet oxygen production.25

Regarding this, gold alkynyl compounds play an important
role as building blocks for the construction of luminescent
supramolecular materials, where the linearity driven by
alkynyl-chromophore ligand can also induce the presence of
Au⋯Au aurophilic interactions. These interactions are
especially important in the resulting intra- and/or inter-
molecular aggregation and, together with solubility can be
able to tune the luminescent properties at low solubility con-
ditions through aggregation induced emission (AIE).26–28

Regarding this, phosphanes are suitable ligands to modulate
the solubility and supramolecular assemblies of gold(I)
complexes.29–31

Taking all these facts into consideration, in this work six
new phosphane-gold(I)-4-ethynylaniline complexes (neutral
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and cationic) have been synthesized. The compounds contain
a three tris-naphthalene substituted tertiary phosphane where
the chromophore is coordinated to the phosphorus atom
through a secondary amine which contain different halogens
groups (Cl and Br) in the naphthyl moiety. The study of their
luminescent properties, their supramolecular assemblies and
the singlet oxygen generation are analysed in detail. These
phosphanes are mainly interesting since they present intrinsic
luminescence (thanks to the naphthyl groups), together with
NH connectors (in the CH2-NH chain between the P atom and
the naphthyl) that may affect the resulting supramolecular
assemblies and luminescent properties.

Results and discussion
Synthesis and characterization

The complexes 1–3 were synthesized by the reaction of the pre-
viously synthesized polymer [Au(4-ethynylaniline)]n

32 and the
corresponding P{CH2-1-N(H)naphthyl}3 phosphanes (Fig. S1†)
previously synthesized following the reported experimental
procedure33 (Scheme 1). Several recrystallizations were needed
to obtain the compounds in pure form rendering the products
in moderate (50–60%) isolated yields.

The synthesis of the ionic complexes 4–6 followed the
addition in two different steps of one equivalent of the corres-
ponding phosphane to an initial solution of [AuCl(tht)]

(Scheme 2).34,35 The desired products were obtained in good
yields of around 70–80%.

The characterization of complexes 1–6 by 1H and 31P{1H}
NMR and IR spectroscopies together with HRESI-MS(+) spec-
trometry evidences the correct formation of the desired pro-
ducts and their purity. The 1H NMR spectra display the
expected pattern of the phosphane and the aniline in the case
of complexes 1–3, whilst the 31P{1H} NMR spectra display a
single resonance in all cases which is ca. 60 ppm downfield
shifted with respect to the free phosphanes. IR spectra display
the typical ν(CuC) vibration at ca. 2100 cm−1 in the case of
complexes 1–3 and ν(N–H) vibrations in all cases which are ca.
60 cm−1 shifted to higher wavenumbers upon coordination to
the metal atom in all cases. Mass spectrometry analysis is an
unequivocal final evidence for the correct formation of the
desired products by the identification of the monoprotonated
species [M + H]+ and the [M + Na]+ or [M + K]+ species in the
case of complexes 1–3 and the molecular peak [M]+ in the case
of 4–6 (see ESI†).

X-ray crystal structure determination

Single crystals of complex 5 suitable for X-ray diffraction were
grown from methanol/diethyl ether. The compound crystal-
lizes in the C2/c space group of the monoclinic crystal system.
Selected bond lengths and angles are summarized in Table 1
and details of data collection and refinement in Table S1.†

Scheme 1 Synthesis of the gold(I) complexes 1–3.

Scheme 2 Synthesis of gold(I) complexes 4–6.
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The asymmetric unit cell of complex 5 includes a half a
molecule of 5 with two molecules of methanol (Fig. 1). A linear
geometry is observed around the metal atom with a symmetry-
enforced P–Au–P angle of 180° similar to other [(PR3)2Au]Cl
complexes.36 The P–Au bond distance is in a good agreement
with those found in other gold-phosphane complexes.34,35 The
P-CH2-N angle is around 111° which is similar to other gold(I)
complex with similar phosphanes33 and is smaller with
respect to the uncoordinated phosphane due to a higher steric
hindrance when the gold(I) is coordinated and the phosphanes

are in closer proximity to each other. The complex displays
intramolecular short contacts N–H⋯Cl, Cl⋯π, Cl⋯Cl37 in the
3D crystal packing. The packing arrangement shows that mole-
cules form a chain due to the presence of hydrogen bonding of
the N–H of the molecule, the chloride that acts as a counterion
and the molecules of methanol present in the crystal structure
(Fig. 2 and S20†). No Au⋯Au intermolecular contacts of note
were observed between molecules of 5.

Photophysical characterization

The absorption and emission spectra of the uncoordinated
phosphanes P1–3 and the gold complexes 1–6 were recorded
in 10−5 M dimethyl sulfoxide solutions at room temperature
and the obtained data are summarized in Table 2.

The absorption spectra of all compounds (Fig. 3) display an
absorption band at 320–350 nm that presents the same profile

Fig. 1 X-Ray crystal structure of 5. (A) Asymmetric cell showing hydrogen bonds; (B) complete cation with simplified naphthyl groups. Yellow: gold;
orange: phosphorous; black: carbon; light blue: nitrogen; green: chlorine; red: oxygen (all C–H hydrogen atoms have been omitted for clarity).

Fig. 2 Representation of the packing of 5.

Table 1 Selected bond lengths (Å) and angles (°) for 5

Compound Distance (Å) Angle (°)

5 Au–P: 2.288(1) P–Au–P: 180.0(0)
Au⋯Au: 12.193(1) P–C–N: 111.1(3)
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as the corresponding spectra of the P1–3 phosphanes
(Fig. S21†), but ca. 20 nm blue-shifted for the neutral com-
plexes and about 5 nm for the ionic ones. Thus, this band can
be assigned to the π–π* transition of the naphthyl chromo-
phore of the phosphane. A similar trend is observed in the
emission spectra upon excitation of the samples at the absorp-
tion bands. The recorded blue shift may be ascribed to the
change on the closed conformation of the free phosphane
(due to intramolecular N–H⋯N interactions) upon coordi-
nation to the metal atom that seems to be less affected in the
bis(phosphane) derivatives due to steric hindrances. The
broadening shape of the emission bands must be ascribed to
interaction with solvents. Charge transfer processes are dis-
carded since similar spectra recorded in dichloromethane
display a vibronically structured shape with no shift of the
emission maxima (see Fig. S23†).

A red shift is observed in all cases when a halogen is incor-
porated into the chemical structure of the naphthyl substitu-
ents (compounds 2, 3, 5 and 6) in comparison with the unsub-
stituted analogous 1 and 4 due to an electronegativity effect.
Such electronegativity effect occurs if either the HOMO or the
LUMO is particularly stabilized, and it is especially pro-
nounced in molecules with disjointed orbital structures, where
the HOMO and LUMO are localized on different parts of the
molecule.38 Moreover, the effect of chlorine and bromine sub-
stituents on the resulting emission is almost identical. This is
however consistent with the similar inductive and mesomeric

properties of these two halogens (Br: F = +0.45, R = −0.22, Cl: F
= +0.42, R = −0.19, F = field effect parameter, R = resonance
parameter). That is, both substituents function as moderately
inductive (σ) electron withdrawing group and as weak π-donor,
as indicated by the Swain–Lupton parameters quantifying
these two effects.38,39

Fig. 3 Absorption (left) and normalized emission (right) spectra of complexes 1–6 in 1 × 10−5 M dimethyl sulfoxide solutions.

Table 2 Electronic absorption and emission data, quantum yield of complexes 1–6 and uncoordinated phosphanes in dimethyl sulfoxide

Compound
Absorption maxima

Emission maxima ΦF τF (ns) kr (ns
−1) knr (ns

−1)λmax (10
3 ε cm−1 M−1)

P1 344 (23.5) 430 0.32 3.97 0.08 0.171
P2 360 (24.2) 446 0.26 2.82 0.092 0.262
P3 360 (21.6) 446 0.13 1.47 0.088 0.591
1 324 (34.4) 420 0.026 0.22 0.120 4.530
2 342 (27.3) 431 0.019 0.19 0.101 5.218
3 342 (28.3) 428 0.015 0.18 0.083 5.472
4 339 (25.9) 426 0.027 0.39 0.068 2.482
5 354 (26.5) 439 0.021 0.88 0.023 1.109
6 354 (41.2) 437 0.010 1.01 0.01 0.980

Fig. 4 Emission spectra of gold(I) complexes 1–6 at 77 K normalized at
their fluorescence band.
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Emission spectra recorded at 77 K in dimethyl sulfoxide
(Fig. 4) show that only gold(I) complexes present phosphor-
escence at ca. 575 nm which is dominating the radiative
process displaying only residual fluorescence emission (Fig. 4
and S24†). This is in agreement with the effect of the gold(I) as
heavy atom to enhance the intersystem crossing and popu-
lation of the triplet state. Curiously, the gold(I) compounds
that contain P3, P{CH2-1-NHC10H6(4-Br)}3, (compounds 3 and
6) display the lowest phosphorescent emission. This could be
rationalized to the presence of this second heavy atom
(bromine) that is also favouring faster non-radiative T1 → S0
deactivation. Additionally, we have observed that phosphor-
escence emission depends on concentration. As previously
reported by Gray and co-authors,40,41 this can be ascribed to
the first population of a naphthalene excimer that lies higher
on energy to the T1 state, to which it decays giving rise to the
observed vibronically structured phosphorescence emission
(see Fig. S25†).

The fluorescence quantum yields of the gold(I) complexes
in dimethyl sulfoxide are between 1 and 3% and are one order
of magnitude lower than those recorded for their phosphane
precursors. The recorded values follow the trend R = H > Cl >
Br, which is in agreement with the effect of the heavy halogen
atom favouring the non-radiative deactivation processes. The
lower fluorescence quantum yields observed for gold(I) com-
pounds also confirms that gold(I) is populating the triplet
state, which is much more favoured when a second heavy atom
(Cl, Br) is included in the chemical structure of the molecule
(Cl, Br). The radiative and non-radiative rate constants were
calculated from the fluorescence quantum yields and life-
times. In general, knr values are around 50-fold the corres-
ponding kr in the gold complexes while they are only 2 to
5-fold in the case of the free phosphanes, which is also in
agreement with the recorded emission quantum yields.

Phosphorescence quantum yields, lifetimes and radiative
and non-radiative rate constants were also calculated for gold(I)
complexes at low temperature (77 K, Table S2†). The obtained
values are quite high being larger for ionic compounds that can
achieve near 60% emission efficiency and very long emission
lifetimes of a few milliseconds. Gold(I) derivatives containing P3
display the lowest phosphorescence quantum yield and life-
times in agreement with the previous data. The calculated
values of radiative rate constants for neutral gold(I) complexes
(1–3) follow the trend R = H > Cl > Br while the non-radiative
follows the inverse trend. On the contrary, the cationic com-
pounds (4–6) barely differ on the calculated radiative and non-
radiative rate constant between R = H and Cl.

Aggregation studies

It is well-known that gold(I) complexes tend to aggregate and
that this process can be favored in solutions containing one
good and one poorly miscible solvent in the former, such as
water and DMSO.28 Absorption and emission spectra were
then measured in DMSO and in DMSO/water mixtures in
order to find any possible evidences of aggregation and how it
could affect their resulting luminescence.

A decrease and broadening of the absorption bands is
observed for all compounds when the water contents
increases, as a result from aggregation. The emission spectra
is quenched at 90% water and it is ca. 30 nm red-shifted in the
presence of water (see Fig. 5 and Fig. S26–32†). Emission
spectra recorded at 77 K in DMSO/water (10/90) mixtures
shows pure phosphorescence emission in the case of gold(I)
complexes while only naphthalene fluorescence is recorded for
the free phosphanes (see Fig. S33†). The complete dis-
appearance of the fluorescence emission, which was residual
in pure dimethyl sulfoxide solutions, indicates that the aggre-
gation is promoting the intersystem crossing and enhances the
triplet excited state population. This can be attributed to an
increase of the structural rigidity on the molecule that limits
the non-radiative pathways. The presence and size of the aggre-
gates was analysed by dynamic light scattering (DLS) for all
compounds in different water fractions (0%, 50% and 90%).
The aggregates can be only detected from 50% water contents.
As expected the size of the aggregates obtained from the phos-
phanes’ solution is smaller (ca. 200 nm) than those detected
for the gold(I) complexes. Additionally, in general, sizes are
larger at 50% water contents than at 90% where the com-
pounds are much more insoluble and can only form small in-
soluble aggregates that cannot be observed to the naked eye
(Fig. S34–S42†).

In an attempt to obtain room temperature phosphorescence
emission and reducing the non-radiative pathways, the gold(I)
complexes 1–6 were introduced into SDS micelles and alginate
matrixes (Fig. S43, S44 and Table S3†). Nevertheless, only fluo-
rescence emission was recorded under these conditions as in
solution. Interestingly, it can be observed that the emission of
the encapsulated gold(I) complexes is more affected (red-
shifted) than the spectra recorded for the free phosphanes
which could be directly related to the intermolecular packing
under these confined conditions.

Singlet oxygen production

The high phosphorescence emission recorded for the gold(I)
complexes detected at low temperature together with the
recorded decrease on the fluorescence quantum yields of gold
(I) complexes and shorter decay times of their singlet excited
states are clear evidences of the population of the triplet state
being promoted by the Au(I) heavy atom effect. This fact
encouraged us to analyze the potential of the compounds as
singlet oxygen generators.

To confirm that gold(I) complexes can populate T1 states via
ISC also at room temperature, a reasonable approach is to use
molecular oxygen as a triplet acceptor, which in turns gener-
ates oxygen via triplet–triplet state energy transfer. The gene-
ration of singlet oxygen can be done by the direct measure-
ment of its well-known phosphorescence at 1270 nm. 1H-
Phenal-1-one was used as standard reference in order to quan-
tify this process (see Fig. S45†). The singlet oxygen quantum
yield production values, ΦΔ, (9–26%) (Table 3) obtained are
moderate compared with other gold(I) complexes found in the
literature.20–23 Interestingly, the neutral gold(I) complexes that
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contains 4-ethynilaniline as a ligand (1–3) display higher
values of singlet oxygen sensitization. This can be correlated
with the more efficient phosphorescence emission and aggre-
gation process. As stated above, aggregation promotes the
radiative deactivation pathway between the first triplet excited
state and the ground state of the gold(I) complexes. This can
be due to a competition between phosphorescence emission
and energy transfer from the triplet state of molecules.42

Therefore, the neutral gold(I) complexes 1–3 may aggregate
less than the cationic compounds 4–6. This is in agreement
with the absorption spectra at different water contents, where
the absorption band of the gold(I) complexes 4–6 decreases in
a larger trend (see Fig. 5 and Fig. S26–32†).

The compounds that present the higher singlet oxygen pro-
duction were also studied in alginate matrixes (see Fig. S46†).

1O2 could not be detected neither in pure DMSO nor in
water : DMSO mixtures, meaning that the structure of the
matrix allows the disruption of the aggregation and therefore
the 1O2 detection. The recorded values are much lower than in
dichloromethane, as expected for the lower solubility of
oxygen in water, but interestingly, we have been able to find
the adequate ways to produce 1O2 in different media (polar
and apolar) that could be relevant for specific desired appli-
cations (from reactivity or catalysis to more biological or green
chemistry).

Conclusions

The study of the photophysical properties together with the
aggregation process of six new phosphane-gold(I)-4-ethynylani-
line complexes (neutral and cationic) revealed the efficient
population of the triplet state of gold(I) derivatives being able
to produce highly efficient phosphorescence which is not
observed for the uncoordinated phosphanes. Additionally, the
population of the triplet state has been also demonstrated
since these gold(I) complexes can generate singlet oxygen in
moderate to high yields. The introduction of the gold(I) com-
plexes within gel matrixes has been of great relevance to also
allow the production of singlet oxygen in more polar media

Fig. 5 Absorption (left) and emission (right) spectra of complex 2 (top) and 5 (down) in DMSO : water mixtures.

Table 3 Singlet oxygen sensitization quantum yield, ΦΔ obtained in air-
equilibrated in dichloromethane solutions for compounds 1–6

Compound ΦΔ

1 0.21
2 0.26
3 0.17
4 0.11
5 0.09
6 0.09
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while it is not possible to detect in pure DMSO or
water : DMSO mixtures.

Experimental section
General procedures

All manipulations were performed under prepurified N2 using
standard Schlenk techniques. All solvents were distilled from
appropriate drying agents. 4-Ethynylamine (Aldrich, 97%),
perinaphthenone (Aldrich, 97%) and alginic acid sodium salt
(Aldrich) was used as received. Literature methods were used
to prepare [AuCl(tht)],43 P{CH2-1-NHC10H6(4-H)}3 (P1), P{CH2-
1-NHC10H6(4-Cl)}3 (P2) and P{CH2-1-NHC10H6(4-Br)}3 (P3)33

and [Au(CuC-C6H4NH2)]n.
32

Physical measurements

Infrared spectra were recorded on a FT-IR 520 Nicolet
Spectrophotometer. 1H-NMR (δ(TMS) = 0.0 ppm), 31P{1H}-NMR
(δ(85% H3PO4) = 0.0 ppm) spectra were obtained on a Varian
Mercury 400 and Bruker 400 (Universitat de Barcelona).
ElectroSpray-Mass spectra(+) were recorded on a Fisons VG
Quatro spectrometer (Universitat de Barcelona). Absorption
spectra were recorded on a Varian Cary 100 Bio UV-spectro-
photometer and emission spectra on a Horiba-Jobin-Ybon
SPEX Nanolog spectrofluorimeter (Universitat de Barcelona).
Luminescent quantum yields were recorded using an Absolute
PL quantum yield spectrometer from Hamamatsu Photonics
upon excitation the samples at 300 nm. Dynamic Light
Scattering (DLS) measurements were carried out in a Zetasizer
NanoS Spectrometer (Universitat de Barcelona).

Singlet oxygen yields. Room-temperature singlet oxygen
phosphorescence was detected at 1270 nm with a Horiba-
Jobin-Ybon SPEX Nanolog spectrofluorimeter (Universitat de
Barcelona) using the DSS-IGA020L detector. The use of a
Schott RG 1000 filter was essential to eliminate from the infra-
red signal all the first harmonic contribution of sensitizer
emission in the region below 850 nm. The singlet oxygen for-
mation quantum yield was then determined by direct measure-
ment of the phosphorescence at 1270 nm following irradiation
of the aerated solution in dichloromethane of the samples.
Perinaphthenone in dichloromethane was used as standard
reference, applying eqn (1).

ΦΔ ¼ Φref
Δ

emission1270nm

emission ref
1270 nm

ð1Þ

with Φref
Δ the singlet oxygen formation quantum yield of the

reference compound.44

Crystal data

X-ray data for 5 was measured using a Bruker-Nonius Kappa
CCD diffractometer with an APEX-II detector with graphite-
monochromatized Mo-Kα (λ = 0.71073 Å) radiation. Data col-
lection and reduction were performed using the program
COLLECT45 and HKL DENZO AND SCALEPACK,46 respectively,
and the intensities were corrected for absorption using

SADABS.47 The structures were solved with intrinsic phasing
(ShelXT)48 and refined by full-matrix least squares on F2 using
the OLEX2 software,49 which utilizes the
ShelXL-2015 module.50 Anisotropic displacement parameters
were assigned to non-H atoms and isotropic displacement
parameters for all H atoms were constrained to multiples of
the equivalent displacement parameters of their parent atoms
with Uiso(H) = 1.2Ueq (aromatic) or Uiso(H) = 1.5Ueq (alkyl) of
their respective parent atoms. The X-ray single crystal data and
CCDC number are included in Table S1.†

Synthesis and characterization

Synthesis of [Au(4-ethynylaniline)(P1)] (1). Solid P1 (39 mg,
0.078 mmol) was added to a stirred suspension of [Au
(CuC-C6H4NH2)]n (25 mg, 0.079 mmol) in methanol (10 mL)
under N2 atmosphere at room temperature. After 1 h of stir-
ring, the solution was concentrated to the half and diethyl
ether was added in order to favour the precipitation. The
resulting yellow solid was filtered and dried under vacuum.
Yield 51% (32 mg).

31P{1H}-NMR (dmso-d6, 400 MHz): δ = 26.1 ppm; 1H-NMR
(dmso-d6, 400 MHz): δ = 4.30 (d, J = 6.12 Hz, 6H, CH2), 5.09 (s,
2H, NH2), 6.35 (d, J = 8.64, 2H, Hα), 6.62 (m, 3H, Naph), 6.77
(d, J = 8.56 Hz, 2H, Hβ), 6.86 (d, J = 7.56 Hz, 3H, Naph), 7.15 (d,
J = 8.08 Hz, 3H, Naph), 7.22 (t, J = 7.68 Hz, 3H, Naph), 7.45 (m,
3H, Naph), 7.78 (d, J = 7.2 Hz, 3H, Naph), 8.14 (d, J = 7 Hz, 3H,
Naph); IR (FT): ν = 3451 (s), 3349 cm−1 (s, N–H), 2101 (w,
CuC); ESI (+) m/z: 813.239 ([M + H]+, calc: 812.234), 835.224
([M + Na]+, calc: 835.224), 851.201 ([M + K]+, calc: 851.198).

Synthesis of [Au(4-ethynylaniline)(P2)] (2). Complex 2 was
synthesized following the same experimental procedure
reported for 1 but by using P2 instead of P1. A yellow solid was
obtained in a yield of 60% (43 mg).

31P{1H}-NMR (dmso-d6, 400 MHz): δ = 25.3 ppm; 1H-NMR
(dmso-d6, 400 MHz): δ = 4.27 (d, J = 5.36 Hz, 6H, CH2), 5.05 (s,
2H, NH2), 6.32 (d, J = 8.2 Hz, 2H, Hα), 6.72 (d, J = 8.2 Hz, 2H,
Hβ), 6.78 (d, J = 8.2 Hz, 3H, Naph), 7.28 (d, J = 8.3 Hz, 3H,
Naph), 7.54 (t, J = 7.36 Hz, 3H, Naph), 7.61 (t, J = 8.12 Hz, 3H,
Naph), 8.03 (d, J = 8.3 Hz, 3H, Naph), 8.20 (d, J = 8.3 Hz, 3H,
Naph); IR (FT): ν = 3449 (s), 3353 cm−1 (s, N–H), 2103 (w,
CuC); ESI (+) m/z: 915.122 ([M + H]+, calc: 915.117), 937.107
([M + Na]+, calc: 937.107), 953.079 ([M + K]+, calc: 953.081).

Synthesis of [Au(4-ethynylaniline)(P3)] (3). Complex 3 was
synthesized following the same experimental procedure
reported for 1 but by using P3 instead of P1. A purple solid
was obtained in a yield of 59% (41 mg).

31P{1H}-NMR (dmso-d6, 400 MHz): δ = 25.4 ppm; 1H-NMR
(dmso-d6, 400 MHz): δ = 3.92 (d, J = 6.2 Hz, 6H, CH2), 4.71 (s,
2H, NH2), 5.97 (d, J = 8.4 Hz, 2H, Hα), 6.39 (d, J = 8.3 Hz, 2H,
Hβ), 6.41 (d, J = 8.4 Hz, 3H, Naph), 7.11 (d, J = 8.3 Hz, 3H,
Naph), 7.18 (t, J = 7 Hz, 3H, Naph), 7.26 (t, J = 8.3 Hz, 3H,
Naph), 7.64 (d, J = 7.8 Hz, 3H, Naph), 7.83 (d, J = 8.6 Hz, 3H,
Naph); IR (FT): ν = 3453 (s), 3348 cm−1 (s, N–H), 2099 (w,
CuC); ESI (+) m/z: 1046.965 ([M + H]+, calc: 1046.966),
1068.960 ([M + Na]+, calc: 1068.956), 1084.942 ([M + K]+, calc:
1084.930).
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Synthesis of [Au(P1)2]Cl (4). Complex 4 was prepared follow-
ing the procedure previously reported in the literature34 in a
yield of 78% (77 mg).

31P{1H}-NMR (dmso-d6, 400 MHz): δ = 15.9 ppm; 1H-NMR
(dmso-d6, 400 MHz): δ = 3.79 (d, J = 5.7 Hz, 12H, CH2), 6.70
(m, 12H, Naph), 7.07 (d, J = 8.2 Hz, 6H, Naph), 7.44 (m, 12H,
Naph), 7.77 (d, J = 7.12 Hz, 6H, Naph), 8.13 (d, J = 7.76 Hz, 6H,
Naph); IR (FT): ν = 3400 cm−1 (s, N–H); ESI (+) m/z: 1195.401
([M]+, calc: 1195.402).

Synthesis of [Au(P2)2]Cl (5). Complex 5 was synthesized fol-
lowing the same experimental procedure reported for 4 but
using P2 instead of P1. A solid was obtained in a yield of 64%
(72 mg).

31P{1H}-NMR (dmso-d6, 400 MHz): δ = 11.3 ppm; 1H-NMR
(dmso-d6, 400 MHz): δ = 3.91 (d, J = 4 Hz, 12H, CH2), 5.71 (d, J
= 8.3 Hz, 6H, Naph), 6.34 (d, J = 7.7 Hz, 6H, Naph), 7.00 (m,
6H, Naph), 7.62 (m, 6H, Naph), 7.97 (d, J = 8.04 Hz, 6H, Naph),
8.25 (d, J = 8.4 Hz, 6H, Naph); IR (FT): ν = 3410 cm−1 (s, N–H);
ESI (+) m/z: 1399.162 ([M]+, calc: 1399.168).

Synthesis of [Au(P3)2]Cl (6). Complex 6 was synthesized fol-
lowing the same experimental procedure reported for 4 but
using P3 instead of P1. A solid was obtained in a yield of 75%
(101 mg).

31P{1H}-NMR (dmso-d6, 400 MHz): δ = 8.8 ppm; 1H-NMR
(dmso-d6, 400 MHz): δ = 3.95 (d, J = 5.5 Hz, 12H, CH2), 5.58 (d,
J = 8.16 Hz, 6H, Naph), 6.36 (d, J = 8.12 Hz, 6H, Naph), 7.08
(m, 6H, Naph), 7.60 (m, 6H, Naph), 7.90 (d, J = 7.92 Hz, 6H,
Naph), 8.25 (d, J = 8.3 Hz, 6H, Naph); IR (FT): ν = 3413 cm−1 (s,
N–H); ESI (+) m/z: 1662.857 ([M]+, calc: 1662.865).

Preparation of hydrogel beads doped with gold(I) complexes
1–6

Sodium alginate powder was dissolved in deionized (1.5% w/v)
together with the gold(I) complex (10−5 M). Hydrogel beads
were produced by extrusion of the alginate and gold(I) solution
through a syringe into the gelling bath containing 250 mL of
0.1 M CaCl2 solution.
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