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Supramolecular gold(I) vesicles: an in-depth study
of their aggregation process†

Andrea Pinto, a,b Jaume Sonet,a Rosa M. Gomila, c Antonio Frontera, c

João Carlos Lima d and Laura Rodríguez *a,b

The synthesis of two gold(I) complexes containing a pyridyl ligand with a polyethyleneglycol pendant arm

at one position and a chromophore (aniline or coumarin) at the second coordination position is herein

reported. These compounds have been observed to aggregate in acetonitrile/water mixtures and the

results have been compared with two other gold(I) compounds previously synthesized by our group that

contain a water soluble phosphane instead of the pyridyl ligand. We observed that the coumarin derivative

is much more stable while the aniline analogue decomposes in the presence of small amounts of water.

The aggregation of this coumarin gold(I) compound has been deeply studied by DLS, SAXS, optical

microscopy and electron microscopy (SEM and cryo-TEM). The calculation of the crystal packing para-

meter confirms a vesicle-type assembly. In order to obtain more detailed information about the compo-

sition of vesicles, the number of molecules involved in the self-assembly process has been determined

(Nagg = 82). DFT calculations support these data, determining a size of around 90 Å for the vesicles,

which may form coacervates to yield the larger structures observed under a microscope.

Introduction

The self-assembly of small molecules is a powerful bottom-up
approach for the preparation of a wide variety of supramolecu-
lar structures and nanomaterials, which has received great
attention in the past decade.1,2 It offers different advantages
thanks to its reversibility, which can confer the ability of modi-
fication of different properties (output) upon reception of an
external stimulus. This technologically relevant science has led
many research groups to take advantage of non-covalent inter-
actions in order to construct supramolecular structures
with different morphologies and with specific functions and
applications.3–6

Within this field, gold(I) complexes are exceptionally
appealing due to the well-known weak Au(I)⋯Au(I) inter-
actions, being some of the strongest homometallophilic inter-
actions that are comparable to hydrogen bonding.7 They can

be directly involved in the resulting assemblies and their
properties8,9 having additional weak interactions that will
modulate the resulting assemblies. In particular, small mole-
cules containing a gold(I) alkynyl unit are attractive building
blocks for the construction of organometallic materials due to
the preference of gold(I) for a linear coordination geometry
and the π-unsaturated nature of the acetylide unit. Other para-
meters, such as solvent polarity of the ionic vs. neutral charac-
ter of the molecule, have also been observed to play a direct
role in the self-assembly process.10–12

Another approach to ensure the aggregation of small mole-
cules is the introduction of an amphiphilic group in the
chemical structure of the molecule. The arrangement of the
molecules that contain this group is usually driven by hydro-
philic and hydrophobic interactions that allow construction of
supramolecular structures due to repulsive interactions with
aqueous media. Poly(ethylene glycol) (PEG) is an amphiphi-
lic moiety with a hydrophilic character that can favour the
solubility of metal complexes in water. Moreover, its amphi-
philic character ensures the resulting supramolecular assem-
blies through strong non-covalent interactions. This ligand
has been barely used in organometallic chemistry although
its resulting complexes may be useful in green chemistry and
environmentally friendly applications thanks to the solubi-
lity of the molecules in water. Some applications in bio-
imaging,1 catalysis13 or in controlling self-assembly with the
aim of changing the luminescence properties have been
described.14,15
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In this context, we have designed gold(I) complexes contain-
ing a pyridyl type ligand with a PEG moiety incorporated into
their chemical structure. Pyridyl type ligands are widely used
in coordination chemistry due to their coordination ability
properties. The number of gold(I) complexes with gold(I)-
pyridyl bonds is lower than those with other ligands, such as
gold(I)-phosphanes, due to the lower strength of the Au–N
bond, but they deserve to be investigated.16–19 The second
coordination position of the designed complexes contains a
chromophore in order to introduce luminescence properties to
the resulting systems. In-depth analysis of their aggregation
and luminescence has been conducted. We are convinced that
the formation of aggregates from the self-assembly of individ-
ual molecules deserves a careful analysis. The understanding
of this phenomenon may open a number of possibilities and
applications that deserve to be explored since the aggregates
reported herein are stable in aqueous media.

Results and discussion
Synthesis and characterization

The synthetic route to gold(I) complexes involves different
steps. Firstly, we synthesized the N-(4-pyridyl)2-[2-(2-methox-
yethoxy)ethoxy] acetic acid amide ligand (1) following the
description reported in the literature.14

The introduction of gold(I) was carried out by the reaction
of the common [AuCl(tht)] gold(I) precursor with 1 in order to
obtain complex 2. Its successful formation was proved by 1H
NMR, where a variation in the chemical shift was observed in
the aromatic region (0.1 ppm upfield for Ha and 0.3 ppm
downfield for Hb) and a 0.6 ppm downfield shift for NH
protons (see Fig. S1†). Finally, alkynyl derivatives, 4-ethynylani-
line (L1) or 7-propargylcoumarin (L2), were deprotonated with
a strong base and then complex 2 was added in order to form
the desired products 3 and 4 (Scheme 1).

The 1H NMR spectra confirm the correct formation of the
complexes due to the disappearance of the terminal alkynyl
proton and a slight downfield shift (0.04 ppm) of the pyridyl
protons close to the gold(I) atom together with the presence of
the PEG protons (Fig. 1, S1 and S2†). It was also confirmed by
ESI-MS(+) with the detection of the monoprotonated [M + H]+

species in both cases. The very small peaks detected in the 1H
NMR spectra (Fig. 1) can be ascribed to the initial formation of
some aggregates that have been observed to be stable in DMSO
(see the Theoretical calculations section below) and not to
small impurities (the chemical shifts do not correspond to the
starting reactants).

Photophysical characterization

The absorption and emission spectra of all complexes have
been recorded in 10−5 M acetonitrile solutions at room temp-
erature and the obtained data are summarized in Table 1.

The absorption spectra of gold(I) complexes 3 and 4 display
two absorption bands: one at higher energies (ca. 230 nm)
related to the π–π* transition located in the pyridine ring and
another at lower energies (ca. 300 nm) due to the π–π* tran-
sition of the alkynyl derivatives, 4-ethynylaniline (L1) or 7-pro-
pargylcoumarin (L2) (Fig. 2).20,21 The band at lower energies in
both gold(I) complexes is slightly red shifted when gold(I) is co-
ordinated to the chemical structure as observed in other
similar compounds.20,22,23

Emission spectra were recorded in solution upon excitation
of the samples at the lowest energy absorption band. Ligand-
centred fluorescence emission has been observed in L1, L2
and their gold(I) derivatives with a slight red shift in the emis-
sion maxima.20,21 No emission was recorded for 1 and 2.

Aggregation studies

The gold(I) complexes 3 and 4 contain a hydrophobic chromo-
phore and a hydrophilic triethylene glycol pendant group that

Scheme 1 Synthetic route followed for the synthesis of complexes 3 and 4.

Research Article Inorganic Chemistry Frontiers
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are expected to induce aggregation in water. In addition, the
presence of an amide group, capable of favouring the estab-
lishment of additional directional hydrogen bonds, may play
an important role in the resulting self-assembly process.

Studies of the variations of the luminescence properties of
the complexes in solvent/non-solvent mixtures (acetonitrile/
water, from 25% to 75% water content) have been performed
in order to detect the existence of their expected aggregation.
Acetonitrile has been used instead of DMSO due to the ideal
cut-off of the solvent to record full absorption spectra. On the

Fig. 1 1H NMR of 1 (a), 7-propargylcoumarin (b) and 4 (c) in DMSO-d6.

Table 1 Electronic absorption and emission data (λexc = 280 nm for L1
and 3 and λexc = 320 nm for L2 and 4) of 1, L1 and L2 and complexes 3
and 4 in acetonitrile

Compound
Absorption, nm λmax
(103 ε cm−1 M−1)

Emission λmax
(nm)

1 240 (16.6) —
L1 273 (7.9) 346
L2 316 (16.0) 381
3 235 (11.1), 288 (19) 348
4 237 (16.5), 322 (18.0) 386

Fig. 2 Absorption (left) and emission (right) spectra of L1 and L2 and gold(I) complexes 3 and 4 in acetonitrile.

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2022 Inorg. Chem. Front.

Pu
bl

is
he

d 
on

 0
5 

Se
pt

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t d

e 
B

ar
ce

lo
na

 o
n 

9/
20

/2
02

2 
10

:5
3:

45
 A

M
. 

View Article Online

https://doi.org/10.1039/d2qi01267g


other hand, NMR studies could not be performed using aceto-
nitrile due to solubility reasons. Nevertheless, the formation of
comparable aggregation motifs is expected taking into con-
sideration the similar polarity of both solvents (see the
Theoretical calculations section below), although, of course,
small differences in size and shape cannot be neglected.

Similar experiments were carried out with four other syn-
thesized gold(I) complexes (5–8 in Fig. 3) containing PTA and
DAPTA phosphanes instead of the pyridyl PEG ligand 1 and
the same chromophore for comparison purposes in order to
analyse the key role of 1 in the resulting aggregation. These
complexes were previously synthesized by our group and we
followed in this work the same synthetic procedure reported
elsewhere.20,21

Absorption and emission spectra were recorded for 3–8 at
different water contents (25% to 75%). A blue shift (10 nm) is
observed for compounds 3, 5 and 6 that contain 4-ethynylani-
line as a chromophore (Fig. S3 and S4†). In the case of 3 the
absorption band is the same as the L1 absorption when the
water content reaches 75%. This is probably due to the
instability of the compound in the presence of water due to

the more labile character of the pyridyl–Au bond. No signifi-
cant change in the absorption spectra was observed for those
compounds containing 7-propargylcoumarin as a chromo-
phore and PTA (7) or DAPTA (8) as a phosphane (Fig. S5 and
S6†). In contrast, the incorporation of a hydrophilic PEG
moiety (4) decreases the absorption band and increases the
baseline in agreement with the aggregation process (Fig. 4,
left).9 The recorded emission intensity of 4, 7 and 8 increases
at higher water contents, due to an aggregation induced emis-
sion (AIE) process (Fig. 4, S5 and S6†). Interestingly, a new
emission band at a longer wavelength was detected in the case
of 4, when the water content was increased (Fig. 4). This band
is attributed to the excimer of the coumarin unit, according to
the literature.24

Thus, the incorporation of the hydrophilic triethylene
glycol pendant group at a second coordination position in the
gold(I) complex that contains 7-propargylcoumarin (complex 4)
induces the formation of an excimer, meaning that the hydro-
phobic part of the molecules adopts conformations that mini-
mize contact with water. Thus, we could expect the formation
of a micellar or vesicle type aggregate, as exemplified in Fig. 5.

NMR studies in DMSO-d6/D2O mixtures were performed to
obtain more information on the aggregation process. The 1H
NMR spectrum of 4 in pure DMSO-d6 showed well-resolved
signals with the correct integration, implying the major pres-
ence of discrete species (Fig. 6). A new set of signals were
clearly observed in the region of the coumarin unit when water
was added to the mixture (25%), suggesting the presence of
two different types of species (monomer and aggregates or
different types of aggregates) in solution where coumarin was
directly involved.22

Characterization of the aggregates

An in-depth characterization of the resulting aggregates in
solution and in the solid state has been performed for gold(I)
complex 4 in order to gain additional information on the size
and shape of the resulting self-assembled structures. Dynamic
light scattering (DLS) measurements showed the formation of
aggregates in pure acetonitrile with a relatively narrow distri-

Fig. 3 Gold(I) complexes synthesized to analyse the role of 1 in the
aggregation process.

Fig. 4 Absorption (left) and emission (right) spectra of 4 in acetonitrile/water mixtures (10−5 M, 298 K).

Research Article Inorganic Chemistry Frontiers

Inorg. Chem. Front. This journal is © the Partner Organisations 2022
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bution (220 nm). Thus, aggregation already exists in the
absence of water, in a good solvent such as acetonitrile, as pre-
viously observed in other gold(I) complexes.26 The addition of
different amounts of water induces an increase in the size of
the aggregates being stabilized at ca. 400 nm (Fig. 7).

Small angle X-ray scattering (SAXS) studies were performed
in order to analyze the size and the shape of the aggregates

during an early stage. The measurements were performed with
10−5 M solutions of gold(I) complex 4 dissolved in acetonitrile/
water mixtures. The low-resolution structures were recon-
structed ab initio from the scattering patterns using the
DAMMIN program (Fig. 8).

The general tendency observed shows that the aggregates
exist even in the very early stages, starting with very few mole-

Fig. 5 Illustration of the supramolecular self-assembly expected for complex 4. Left, chemical formula and schematic representation of complex 4
and right, schematic illustration of the expected assembly.

Fig. 6 1H NMR spectra of 4 in DMSO-d6/D2O mixtures (10−4 M, 298 K).

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2022 Inorg. Chem. Front.
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cules in fresh acetonitrile solutions and then larger size struc-
tures result at higher water contents. These results agree with
the data obtained in the DLS and photophysical experiments
and confirm that the aggregation process is more favoured

when the water contents in the solvent mixture are increased.
In this case, we can confirm the spherical package previously
suggested (Fig. 5).

Optical microscopy (OM) also confirms this spherical aggre-
gation motif. The samples were prepared by the deposition of
solutions of gold(I) complex 4 with different acetonitrile/water
mixtures onto a quartz substrate and allowing them to dry. The
aggregates can be detected by optical microscopy when the
water content reaches up to 50%, in agreement with more
favoured aggregation. The optical microscopy images show the
existence of spherical aggregates (A) and micrometric dendritic
structures (B) (Fig. 9). It is expected that the more entangled
supramolecular morphologies come from the interaction of the
spherical aggregates as previously seen for gold(I) complexes.25

The individual spherical aggregates of 4 of around 400 nm
identified by DLS were also detected by scanning electron
microscopy (SEM) (Fig. 10 and S7†). These spherical aggregates
seemed to agglomerate to larger sizes as previously seen by
OM (Fig. 9).

Cryo-transmission electron microscopy (cryo-TEM) was
used to directly observe the supramolecular structure in the
hydrated state. Until now the aggregates have been character-
ized by methods that require the evaporation of the solvent

Fig. 7 Size distribution obtained by dynamic light scattering (DLS) of 4
at different water/acetonitrile ratios (10−5 M, 298 K).

Fig. 8 DAMMIN low resolution structures reconstructed from SAXS patterns for 4 at different water/acetonitrile ratios (10−5 M, 298 K).

Fig. 9 Optical microscopy images of a dried solution of 4 in an acetonitrile/water mixture (25/75) (5 × 10−5 M, 298 K) showing the existence of
spherical aggregates (A) and micrometric dendritic structures (B).

Research Article Inorganic Chemistry Frontiers

Inorg. Chem. Front. This journal is © the Partner Organisations 2022
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that can cause changes in the composition or rearrangement
of the sample or methods that use mathematical models.26 In
fact, cryo-TEM allows us to identify that the spherical aggre-
gates observed previously present an empty inner cavity in
solution (Fig. 11 and S8†). The very large size observed fits per-
fectly using the different microscopy techniques and aggre-
gates can be either very large vesicles or some kind of con-
glomerate (acervates).

Analysis of the crystal packing parameter (CPP)

The morphology of the aggregates is determined by the critical
packing parameter (CPP). The CPP itself depends on three
structural parameters: (1) the volume of the hydrophobic
block; (2) the area of a cross-section of the more hydrophilic
part; and (3) the length of the hydrophobic part.11 Calculation
of the CPP value for complex 4 was carried out by measuring
the length of the molecule based on an optimized Gaussian

model (Fig. 12). The calculated CPP value was 1, which agrees
with the formation of a vesicle aggregate.27

Calculation of the number of molecules involved in the
vesicles (Nagg)

An in-depth study of the size of the early stage (micellar) aggre-
gates that later will merge into vesicles can be performed by
the previous calculation of the aggregation number (Nagg) of
the molecules that constitute these supramolecular assem-
blies. This parameter can be obtained by fluorescence tech-
niques using a probe that can be included within the supramo-
lecular assemblies and a quencher that will modify the photo-
physical properties of the probe (emission intensity and life-
time). Pyrene and cetylpyridinium chloride (CPC) have been
used as the probe and quencher, respectively, following a
methodology previously described in the literature.28

Thus, following the theory developed by Turro and
Yekta29,30 the relationship between the emission intensity of a
micellar-type structure in the presence (I) and in the absence
(I0) of a quencher was found to be directly affected by the con-
centration of the micelles [M] and the quencher [Q], according
to the equation:

lnðI0=IÞ ¼ Q=M; ð1Þ
where M = (C − CMC)/Nagg, with C being the total surfactant
concentration, CMC the critical micelle concentration and
Nagg the aggregation number. Thus, the plot of ln(I0/I) vs. Q
will be directly correlated with the Nagg by the slope (1/M).

We then recorded the emission of our gold(I) aggregates in
the presence of pyrene (as the probe) and different amounts of
quencher (Fig. S9†). The emission spectra show the presence
of two bands. The highest energy emission band is due to the
presence of the pyrene (probe), which is directly affected by
the addition of the quencher. The second band, at a longer
wavelength, is a broad band at ca. 450 nm that corresponds to
the band previously assigned to the π–π stacking of the cou-

Fig. 10 SEM micrograph of 4 in an acetonitrile/water mixture (25/75) (5
× 10−5 M, 298 K).

Fig. 11 Cryo-TEM micrograph of 4 in a DMSO/water mixture (25/75) (5 × 10−5 M, 103 K).

Inorganic Chemistry Frontiers Research Article
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marin groups. Interestingly, this band is not affected by the
presence of the quencher being just involved in the formation
of the assemblies. From these data we could retrieve the Nagg

number but, according to the literature, it is necessary to
check firstly the τ0kq product (with τ0 being the lifetime of the
pyrene in the absence of a quencher and kq the first order
intramicellar rate constant for quenching in a micelle with one
quencher). To measure τ0kq, emission lifetimes were measured
for pyrene quenching by CPC within the gold(I) micellar
assemblies (see Fig. S10†). The simplest case will be to con-
sider that the fluorescent probe and the quencher stay in or on
a micelle for a time longer than the unquenched lifetime of
the fluorophore. Assuming this, the fluorescence decay of the
probe is given by the equation:

IðtÞ ¼ A0 expð�A1t� A2ð1� expð�A3tÞÞÞ ð2Þ

where A0 is the intensity of the emission at time zero, A1 is 1/
τ0, A2 = Q/M and A3 = kq.

29–32

The lifetimes of pyrene measured in the presence of gold(I)
micellar-type aggregates, and with increasing amounts of
quencher, present a parallel profile at longer times. This is the
simplest situation for the mathematical treatment and indi-
cates that the quencher is not moving freely between the
micelles and the aqueous phase. A blank experiment was also
carried out with only the probe and the quencher and a
similar variation was recorded as an indication of the effective
emission quenching of the pyrene by the selected CPC
quencher. The recorded τ0 value for pyrene is 152 ns, similar
to other values reported previously in the literature for this
type of experiment.28,33

With this information, eqn (1) can be applied and, from
there, the Nagg was calculated to be 82 ± 3, which is a quite
reasonable number for a micellar-aggregate.27

Theoretical calculations

We have modeled a micelle composed of 70 units of com-
pound 4 in water using theoretical calculations. For this
purpose, we have used the extended semiempirical tight-
binding model (GFN2-xTB) developed by Grimme et al.34 This
method was designed for the fast calculation of structures and
noncovalent interaction energies for molecular systems with
roughly 1000 atoms, although the micelle studied herein is
composed of 3450 atoms. This model has been limited to
70 molecules in order to ensure the calculation is doable and
provides a reasonable approximation to the experimental
results. The novelty of the GFN2-xTB method is the inclusion
of anisotropic second order density fluctuation effects. It
results in a more physically sound method compared to stan-
dard semiempirical methods. Furthermore, the D4 dispersion
model is incorporated self-consistently, allowing an adequate
description of π-stacking interactions. This method is well-
suited to explore the conformational space of molecular
systems.34

Fig. 13(a) shows the optimized geometry of the micelle exhi-
biting a spherical shape with a diameter that ranges from 85
to 90 Å. This value agrees with the data recorded by SAXS
experiments in the absence of water. Keeping in mind that
this structure is simply one minimum among the many other
possible minima that most likely exist in the potential hyper-
surface (highly dynamic system), the size of the micelle is
expected to be similar for all minima. Moreover, since the
micelle is composed of a significant number of molecules, it is
useful to examine the different types of interactions the cou-
marin ring establishes in the aggregate. They are expected to
be similar in all the possible geometric minima of the micelle.
We have observed that the coumarin ring mostly participates
in π-stacking interactions, in line with the experimentally
observed photophysical properties of the aggregates. We have
basically observed two different binding modes that have been

Fig. 12 Critical packing parameter (CPP) and the preferred aggregate structure for the geometrical packing of 4.

Research Article Inorganic Chemistry Frontiers

Inorg. Chem. Front. This journal is © the Partner Organisations 2022
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further evaluated using DFT calculations in water. Moreover, a
third binding mode, not observed experimentally, has also
been evaluated and compared with the other two π-stacking
binding modes. These calculations have been performed
taking into consideration water as the solvent at the RI-PB86-
D3(COSMO)/def2-TZVP level of theory. The results are sum-
marized in Fig. 13(b) and (c), where the optimized geometries,
π-stacking distances and binding energies are provided. It can
be observed that the parallel displaced orientation (Fig. 13(c))
is slightly more favored than the binding mode where one of
the coumarin rings is rotated 180° with respect to the other
one (Fig. 13(b)). In both π-stacking modes the Au-coordinated
pyridine rings also establish a parallel displaced π-stacking
interaction with similar distances. A third binding mode (anti-
parallel π-stacking) was also evaluated, showing the weakest
interaction (−9.5 kcal mol−1) due to the absence of the
additional π-stacking interaction between the pyridine rings
and the additional van der Waals forces due to the PEG chains
and triple bonds (Fig. 13(d)).

Since some of the experiments have been performed in mix-
tures of DMSO/water (NMR) and others in mixtures of aceto-
nitrile/water (photophysical characterization) for technical
reasons, and we have compared the energies and geometries
of the representative π-stacked assemblies in both solvents
(dimers in Fig. 13(b) and (c)). Gratifyingly, we obtained almost
identical dimerization energies and equilibrium distances (see
ESI, Fig. S11†) as expected taking into account the similar
polarity of the solvents, further supporting a similar aggregation.

Taking all of this into consideration, we can postulate that
our gold(I) complex produces micelles in solution with a size
of around 90 Å that are constituted by around 80 molecules.
These micelles will form larger coacervated aggregates, assum-
ing a double layer lamellar phase with water inside and

outside the vesicles, where the PEG tail will face water and the
coumarin ring will be protected from water, as identified by
the different microscopy techniques and DLS.

Thermodynamic data that govern the assemblies

In an attempt to obtain thermodynamic information from the
self-assembly process of gold(I) complex 4, 1H NMR experi-
ments at different temperatures were performed. The increase
of the temperature gives rise to an increase of the second set
of signals attributed to the aggregates (Fig. 14). The recorded
variations of the peak intensities follow a sigmoidal behavior
that fits with an isodesmic model. In this assumption, all the
constants are considered equal and the following equation can
be applied:

c0 ¼ c1
ð1� c1KÞ2

ð3Þ

where c1 is the concentration of the monomer, c0 is the total
concentration and K is the aggregation constant.

By transforming in terms of molar fractions eqn (3)
becomes:

Monomer : x1 ¼ c1
c0

¼ 1þ 2Kc0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4Kc0
p

2K2c02
ð4Þ

Aggregates : xn ¼ 1� x1 ¼ 1� 1þ 2Kc0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4Kc0
p

2K2c02
ð5Þ

The values obtained from the fittings and the application
of eqn (6) are summarized in Table 2:

K ¼ e�ððΔH=RTÞþðΔS=RÞÞ: ð6Þ
These data show that the aggregation of 4 is endothermic at

least in the temperature range studied. This means that this

Fig. 13 (a) Optimized geometry of the micelle composed of 70 molecules of compound 4 at the GFN2-xTB level of theory. (b)–(d) RI-BP86-D3/
desf2-TZVP optimized geometries of three π-stacked dimers of 4. Distances in Å, measured between the ring centroids.
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process is not driven by enthalpic factors, such as in the stabi-
lizing interactions (H-bonds or π–π stacking) but by entropic
factors. We attributed this behavior to the exclusion of water
molecules, as the release of ordered solvent molecules from
the PEG side chains increases the entropy of the system and
the aggregation process is still energetically favorable. This

entropically driven molecular assembly was previously
observed with other systems containing an amphiphilic
moiety.35–37

Conclusions

The presence of a polyethyleneglycol pendant unit in a gold(I)
compound induces the formation of vesicles, as supported by
the calculation of the CPP. These vesicles aggregate forming
larger coacervates that are observed under a microscope
(optical and electron). The use of cryo-TEM supports the obser-
vation of empty inner cavities in the resulting aggregates.

Fig. 14 (above) 1H NMR spectra of the 4 × 10−3 DMSO-d6/D2O mixture (75/25) of 4 at different temperatures (10−4 M); (below) open circles – molar
fraction of the monomer; closed circles – molar fraction of aggregates.

Table 2 Enthalpy (ΔH), entropy (ΔS), free energy (ΔG) at 298 K, and
aggregation constant (K) at 298 K for the DMSO/water mixture of com-
pound 4

Compound ΔH/kJ mol−1 ΔS/J mol−1 K−1 ΔG298/kJ mol−1 K298

4 82 294 −5 41
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Emission spectra were decisive in the analysis of the aggre-
gates since: (i) they can determine the presence of π–π stacking
between the chromophoric groups (coumarins), as supported
also by DFT calculations; (ii) we have been able to determine
the number of molecules forming the early stage micellar
aggregates that later merge into the observed vesicles thanks
to an in-depth analysis of the quenching process of a probe
within the vesicles.

NMR experiments recorded spectra at different tempera-
tures that allowed us to confirm that entropy is the driving
force for the formation of these vesicular-type assemblies.

The analysis of these types of aggregates opens new possibi-
lities for applications in the supramolecular chemistry field
and even more within green chemistry since the aggregates are
stable in aqueous media.

Experimental section
General procedures

All manipulations have been performed under prepurified N2

using standard Schlenk techniques. All solvents have been
distilled from appropriate drying agents. Commercial reagents
4-aminopyridine (Aldrich, 98%), N,N′-dicyclohexyl-
carbodiimide (Aldrich, 99%), 2-[2-(2-methoxyethoxy)ethoxy]
acetic acid (Aldrich), 4-ethynylaniline (Aldrich, 97%), propargyl
bromide (Aldrich, 80 wt% toluene), and 7-hydroxy-1-benzo-
pyran-2-one (Aldrich) were used as received. Literature
methods were used to prepare N-(4-pyridyl)2-[2-(2-methox-
yethoxy)ethoxy]acetic acid amide (1)14,15 and 7-(prop-2-in-1-
yloxy)-1-benzopyran-2-one.38

Physical measurements

Infrared spectra were recorded on a FT-IR 520 Nicolet spectro-
photometer. 1H-NMR (δ(TMS) = 0.0 ppm) and 31P{1H}-NMR
(δ(85% H3PO4) = 0.0 ppm) spectra were obtained on Varian
Mercury 400 and Bruker 400 spectrometers, respectively
(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-spectrophotometer and emission spectra on
a Horiba-Jobin–Yvon SPEX Nanolog spectrofluorimeter
(Universitat de Barcelona). Dynamic light scattering (DLS)
measurements were carried out on a Zetasizer NanoS spectro-
meter (Universitat de Barcelona). The samples were measured
in quartz cuvettes. SAXS experiments were performed on the
NCD-SWEET beamline at the ALBA Synchrotron at 12.4 keV,
and the sample/detector distance was 6.2 m to cover the range
of momentum transfer of 0.028 < q < 2.56 nm−1. The data were
collected on a Pilatus3S 1M detector with a pixel size of
172.0 × 172.0 μm2. The exposure time was 30 s. The q-axis cali-
bration was obtained by measuring silver behenate.39 The
pyFAI program was used to integrate the 2D SAXS data into 1D
data.40 The data were then subtracted from the background
using PRIMUS software.41 The maximum particle dimension,
Dmax, and the pair distance distribution, P(r), were determined

with GNOM.42 The low resolution structure of aggregates was
reconstructed ab initio from the initial portions of the scatter-
ing patterns using the DAMM program.43 Optical microscopy
images were acquired on a Leica ICC50 W microscope
equipped with a Nikon DXM1200F digital camera. Scanning
electron microscopy (SEM) was carried out at 20 kV using a
J-7100F (Jeol) equipped with a thermal field electron source.
Cryo-transmission electron microscopy measurements were
carried out with a Tecnai G2 F20 (FEI) 200 kV FEG TEM
cryomicroscope.

Theoretical methods

The initial optimization of the micellar aggregates was per-
formed using the semiempirical tight-binding (GFN2-xTB)
method34 and the xTB program developed by Grimme and co-
workers.44 Solvent effects have been included with the GBSA
model, which combines the generalized Born (GB) model for
electrostatic solvation effects and a solvent accessible surface
area (SA) term for nonpolar contributions.

All density functional theory calculations were carried out
with the TURBOMOLE 7.0 software package.45 DFT-optimi-
zations were performed using the cost-effective BP8646,47-D348

functional, which combined Grimme’s D3 approximation48

with the Becke–Johnson function,49 and the triple-ζ def2-TZVP
basis set.50 For gold, the inner shell electrons were modelled
by ECPs (ECP-60 scheme),51 which also accounted for scalar
relativistic effects. Solvent effects were taken into consideration
using the conductor-like solvation model (COSMO)52 as
implemented in TURBOMOLE 7.0. The Cartesian coordinates
of the optimized dimers are given in the ESI.†

Preparation of the samples

Preparation of the vesicles. Complex 4 was dissolved in mix-
tures of acetonitrile/water or DMSO/water using concentrations
above 10−5 M in order to prepare the aggregates.

Optical microscopy measurements. A 5 × 10−5 M solution of
complex 4 was dissolved in acetonitrile/water mixtures (25/75).
For the measurement, a drop of the solution was placed onto a
microscope slide and evaporated to dryness.

SEM measurements. A 5 × 10−5 M solution of complex 4 dis-
solved in acetonitrile/water mixtures (25/75) was prepared. A
drop of the solution was deposited onto a silicon plate and
evaporated to dryness by contact with air.

Synthesis and characterization

Synthesis of [AuCl(pyPEG)] (2). [AuCl(tht)] (0.1999 g,
0.6228 mmol) was dissolved in CH2Cl2 (5 mL) in a purged
Schlenk flask protected with aluminium foil. pyPEG (0.1558 g,
0.6131 mmol) was dissolved in CH2Cl2 (5 mL). The pyPEG
solution was added dropwise to the [AuCl(tht)] solution under
stirring, resulting in a white suspension. After 1 h of stirring,
the reaction mixture was concentrated in a vacuum to half the
volume and hexane (5 mL) was then added in order to favour
precipitation. The resulting white solid was filtered and dried
under vacuum. Yield: 69% (0.1285 g).
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1H NMR (CDCl3, ppm): 9.53 (br. S, 1H, N–H), 8.40 (d, J = 6.0
Hz, 2H, Npy–CH), 7.89 (d, J = 6.0 Hz, 2H, Npy–CH–CH), 4.15 (s,
2H, CO–CH2), 3.60–3.78 (m, 8H, CH3–O–CH2–CH2–O–CH2–

CH2), 3.38 (s, 3H, –CH3). IR (KBr, cm−1): ν(N–H): 3452,
ν(CvO): 1714, ν(CvN): 1622. ESI-MS (+) m/z: 487.0596
([M + H]+, calc.: 487.0694).

Synthesis of [Au(4-ethynylaniline)(pyPEG)] (3). 4-
Ethynylaniline (0.0148 g, 0.1263 mmol) was reacted with KOH
(0.0196 g, 0.3493 mmol) in MeOH (5 mL) under a N2 atmo-
sphere. [AuCl(pyPEG)] (0.0596 g, 0.1225 mmol) was dissolved
in CH2Cl2 (5 mL) and this solution was added dropwise to the
previous one, leading to the formation of a reddish brown
solid. After 1 h of stirring, the reaction mixture was concen-
trated under vacuum to half the volume and hexane (5 mL)
was then added in order to favour precipitation. The resulting
reddish solid was filtered and dried under vacuum. Yield: 59%
(0.0410 g).

1H NMR (acn-d3, ppm): 9.03 (br. S, 1H, N–H), 8.45 (d, J =
6.0 Hz, 2H, Npy–CH), 7.61 (d, J = 6.0 Hz, 2H, Npy–CH–CH), 7.00
(d, J = 8.2 Hz, 2H, Hβ), 6.49 (d, J = 8.2 Hz, 2H, Hα), 3.30 (s, 3H,
–CH3), 4.07 (s, 2H, –NH2), 4.05 (s, 2H, CO–CH2), 3.48–3.75 (m,
8H, CH3–O–CH2–CH2–O–CH2–CH2). IR (KBr, cm−1): ν(N–H):
3436, ν(CuC): 1996, ν(CvO): 1715, ν(CvN): 1619. ESI-MS (+)
m/z: 568.1496 ([M + H]+, calc.: 568.1505).

Synthesis of [Au(7-propargylcoumarin)(pyPEG)] (4). 7-
Propargylcoumarin (0.0184 g, 0.0919 mmol) was treated with
KOH (0.0112 g, 0.1996 mmol) in MeOH (5 mL) under a N2

atmosphere. [AuCl(pyPEG)] (0.0447 g, 0.0918 mmol) was dis-
solved in CH2Cl2 (5 mL) and this solution was added dropwise
to the previous one, leading to the formation of an ochre solid.
After 1 h of stirring, the reaction mixture was concentrated
under vacuum to half the volume and hexane (5 mL) was then
added in order to favour precipitation. The resulting pale
brown solid was filtered and dried under vacuum. Yield: 63%
(0.0310 g).

1H NMR (DMSO-d6, ppm): 10.03 (br. s, 1H, N–H), 8.44 (d,
J = 6.0 Hz, 2H, Npy–CH), 7.99 (d, J = 9.5 Hz, O–CO–CH–CH),
7.64 (d, J = 6.0 Hz, 2H, Npy–CH–CH), 7.61 (d, J = 8.5 Hz, 1H,
O–CO–CH–CH–C–CH), 6.29 (d, J = 9.5 Hz, 1H, O–CO–CH),
7.00–6.94 (m, 2H, CH2–O–C–CH), 3.24 (s, 3H, –CH3), 4.81 (s,
2H, CuC–CH2), 4.13 (s, 2H, –NH2), 3.42–3.68 (m, 8H, CH3–O–
CH2–CH2–O–CH2–CH2). IR (KBr, cm−1): ν(N–H): 3436, ν(CuC):
2135, ν(CvO): 1720, ν(CvN): 1612. HRESI-MS (+) m/z:
651.1409 ([M + H]+, calc.: 651.1400).
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