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This paper reports a novel procedure using nanosomes, made of bola-hydroxyl and mercapto-palmitic
acids, for the production of gold clusters with robust luminescent emissions and very large Stokes shifts.
It shows that these results cannot be explained by the currently accepted mechanism based on
ligand-to-metal charge transfer absorptions involving electron-rich ligands attached to the cluster core.
Exhaustive characterization of the cluster samples using Mass Spectrometry, HR-TEM/STEM, XPS, EXAFS,
and steady-state and time-resolved luminescence allows to deduce that a mixture of two cluster sizes,
having non-closed shell electronic configurations, are firstly generated inside the nanosome compart-
ments due to the difference in bonding strength of the two types of terminal groups in the fatty acids.
This initial bimodal cluster size distribution slowly evolves into very stable, closed-shell Au cluster
complexes (Au6–Au16 and Au5–Au14) responsible for the observed luminescent properties. The very small
(�1.2 nm) synthesized cluster complexes are water soluble and suitable to be used for the conjugation of
biomolecules (through the terminal COO� groups) making these systems very attractive as biomarkers
and offering, at the same time, a novel general strategy of fabricating stable atom-level quantum dots with
large Stokes shifts of great importance in many sensor applications.
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Fig. 1. Schematic representation of the synthetic approach used for the preparation
of clusters inside nanosomes.

Fig. 2. (A) UV–vis spectra during the synthesis of gold clusters in nanosomes and
3 h later. (B) Tauc’s plot derived from the absorption spectrum for the estimation of
the cluster band-gap – indirect transition – (Eg = 1.8 eV).
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1. Introduction

Gold clusters are being intensively investigated due to their
many attractive features, such as luminescence [1], catalytic
activity [2], ferromagnetism [3], paramagnetism [4], optical chiral-
ity [5], etc. Their size-dependent effects are observed due to the
confinement of the free electrons relative to the Fermi wavelength
in the cluster conduction band [6,7]. This new class of materials,
with well-defined number of atoms in their core, seems to compete
very favorably in terms of size and toxicity with the well-known
semiconductor quantum dots, making them good candidates for
different applications, especially for biological sensing [8,9].

The electronic structure of gold clusters change dramatically
with size and geometry, having characteristic absorption and
emission profiles due to intraband and interband transitions,
which do not appear in nanoparticles of the same material. This
fact provides the possibility of obtaining color and luminescent
tunabilities with clusters from UV to IR [10], which can offer great
potential applications of clusters in fields like fluorescence sensing
and imaging. Indeed, it has already been reported the use of these
new materials for in vitro detection of molecules in solution and
in vivo imaging of cells and cellular processes [9,11].

There have been several studies in recent years about lumines-
cent clusters displaying large Stokes shift. Shichibu et al. [12]
observed that Au13 clusters obtained by treating a polydisperse
sample with hydrochloric acid show an emission band at 766 nm
by excitation at 360 nm. Shibu et al. [13] prepared Au15 trapped
in cyclodextrins showing the maximum emission centered at
690 nm when excited at 375 nm. Biang et al. [14] synthesized
luminescent Au clusters with a bright red emission and large
Stokes shift using both histidine and 11-mercaptoundecanoic acid
as stabilizers. Gold clusters were also obtained using ribonuclease
A as bio-template showing a large Stokes shift (210 nm) and a high
luminescence quantum yield (QY) of 12%, being suitable for cancer
targeting and imaging [15]. In the described cases the authors did
not investigate the reasons for the observed luminescence. Huang
et al. [16] were the first to associate the large Stokes shift and long
lifetimes (159/834 ns) observed in mannose-protected Au clusters
to the presence of gold nanoclusters/polynuclear Au(I)-thiol
(core/shell) complexes. Shang et al. [17] gave a similar explanation
for dihydrolipoic acid stabilized Au clusters, whose luminescence
decrease by adding more reducing agent to the cluster solution.
This was further confirmed by the binding energy (BE) of Au 4f7/2

that falls between the corresponding values of Au(0) and Au(I). It
is assumed that charge transfer states provided by electron rich
ligands are responsible for the effective enhance luminescence in
clusters, as for example it is assumed to occur in large thiolate pro-
tected gold clusters (Au > 18) involving –RS–Au–RS–Au–RS staple
motifs [18,19]. Therefore, the presence of large Stokes shifts
observed in clusters has been interpreted assuming a similar
mechanism based on ligand-to-metal charge transfer (LMCT)
absorptions involving electron-rich atoms or groups attached to
the cluster core [20–22]. But, a definitive evidence for this
mechanism is still lacking. At the same time, the resulting outlook
conveys the need of developing new and simple synthetic methods
for the production of stable photoluminescent clusters with
correspondent improvements in terms of photostability, bright-
ness, large Stokes shifts and appropriate size because they could
find applications in many different areas, as in biodiagnostics
including sensing, imaging, detection, therapy and monitoring
structural changes of biomolecules [23,24].

We will show here that nanosomes, made of bola-hydroxyl and
mercapto-palmitic acids acting as capping agents, providing both
OH and SH terminal groups in the fatty acids, are excellent tem-
plates for the synthesis of clusters with very large Stokes shifts
similar to those encountered in rare earth materials. Moreover,
we will show that these results cannot be explained by the usual
LMCT mechanism, but they can be understood assuming the initial
formation of two cluster sizes (Au5,6 and Au14,16), having
non-closed shell electronic configurations, due to the difference
in bonding strength of the two capping agents, which template
the formation of the bimodal cluster size distribution inside the
nanosome compartments. Such clusters slowly evolve into very
stable, closed-shell Au cluster complexes (Au6–Au16 and Au5–
Au14) with robust luminescence. These cluster systems, due to
their very small size (�1.2 nm) and large Stokes shifts, can be very
attractive in sensor applications, like e.g. biomarkers for cellular
fluorescence imaging.
2. Results

The nanosomes used for the cluster synthesis were firstly
studied by TEM. Results show that the outer diameter is �25 nm
(SI, Fig. S1). Taking into account the size of the bola lipids, one
can deduce that the inner size of the nanosomes is �10 nm. The
procedure for the synthesis of clusters inside the nanosomes is
schematically shown in Fig. 1. Preliminary experiments shown that
the ratio of the bola lipid mixture, R1 = [SH]/[OH], and the ratio of
the thiol to the Au salt, R2 = [SH]/[Au(III)], have a major influence
on the optical properties of the synthesized particles. Therefore,
we fixed the values of both ratios (R1 = 0.311 and R2 = 2.60) for
the experiments here reported.

Fig. 2 shows the time evolution of the absorption spectrum
during the synthesis carried out at pH � 12 (given by the TBAOH
solution used for the preparation of nanosomes). It can be observed
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that, after 20 min, new bands start to appear. The final spectrum of
the sample after few hours shows absorption bands with the
following peak positions: 230, 275, 347 and 372 nm. This clearly
indicates the formation of non-metallic clusters and the totally
absence of gold nanoparticles in the sample, since no signal of the
plasmon band is observed. From the absorption spectrum, assum-
ing a semiconductor-like behavior for the generated gold clusters,
one can obtain information of the cluster band-gap by the Tauc’s
approach [25] used for semiconductors: (aht) = A(ht � Eg)n, where
a is the absorption coefficient, h is the Plank constant, t is the
frequency of the radiation, A is a material dependent constant, Eg

is the band-gap and n = 1/2 (direct transition) or n = 2 (indirect
transition). In this case, the results fit well with n = 2 (indirect
transition) and the calculated Eg value is 1.8 eV (Fig. 2). It has to
be noticed that the observation of an indirect transition in this
nanosome-cluster system is different from previous experiments
with clusters, in which the results fitted mostly to a direct transi-
tion [26]. From the calculated Eg value one can predict the number
of atoms, N, in the clusters using the simple spherical Jellium
model: N = (EF/Eg)3 = (5.32 eV/1.8 eV)3, where EF is the Fermi level
of gold [27]. From this equation a value of N � 17 atoms can be
obtained.

The size distribution of the synthesized Au clusters has been ana-
lyzed by ESI-mass spectrometry because ESI is a much softer tech-
nique than LDI and MALDI, so that with the other techniques some
fragmentation and aggregations seem to occur [28]. Different ESI
techniques (ESI-TOF, ESI-Orbitrap, and micro-ESI-TOF, -see SI-),
were used but we will show here only the results obtained using
micro-ESI-TOF (see Fig. 3, SI Fig. S2a–g and Table S1) because this
is a more sensitive technique (see a more detailed discussion in
SI). In any case, all the used techniques seem to agree with the
presence of two populations of gold clusters inside the nanosomes.
Using the micro-ESI-TOF technique one can clearly distinguish one
population of small clusters, mainly with sizes of 5 and 6 atoms
and another one with bigger clusters composed of 14–16 atoms
Fig. 3. Micro-ESI-TOF (low mass range) mass spectrum of gold clusters. Inset: amplificati
see SI Table S1 for more information about the assigned clusters.
(see SI Table S1). It can be observed that this last population approx-
imately matches with the number of atoms previously calculated
from the Tauc plot of the last part of the absorption band using the
Jellium model (�17). It is interesting to note that the Tauc plot also
shows a linear behavior in the penultimate part of the absorption
band (see broken line in the inset of Fig. 2) pointing to the presence
of other type of semiconductor clusters in the sample with an Eg

value of 2.9 eV. According to the Jellium model this Eg value would
also indicate the presence of a population of small AuN clusters with
N � 6, in a surprising very good agreement with the Mass spectra
results.

It is known that exceptional stability of clusters is associated to
close-shell electronic structures. This requirement is commonly
formulated as (LS.AuNXM)z, n⁄ = NtA �M � z, where N is the number
of core metal atoms with atomic valency mA. The shell-closing
electron number (n⁄) of the metallic core has to satisfy either one
of the shell-closing numbers (2, 8, 18,. . .) given by the anharmonic
spherical mean-field potential quantum model – for 3D clusters –
[29] or (2, 6, 8, 12. . .) given by the planar harmonic quantum dot
model with a triangular shape [30] – for planar or quasi-planar clus-
ters –, being z the charge, and the Au core is stabilized by the ligands
L and X, where X may withdraw electrons (or localize electrons into
covalent bonds) from the metal core, and L can be attached as a
weak Lewis base that coordinates to the core surface by dative
bonds and does not withdraw electrons from the metal atoms,
being needed only for completion of the steric protection of the core
surface. Table S1 summarizes the clusters species assigned by the
micro-ESI-TOF mass spectra and their corresponding cluster charge,
number of electrons per cluster and their electronic structures
assuming that clusters below 10–12 atoms preferentially adopt a
planar geometry. It can be observed the presence of clusters with
both types of close-shell and non-close-shell electronic configura-
tions. We will address and discuss this subject later on.

To further confirm the presence of the two types of clusters in
the samples, we carried out EXAFS experiments at the Au L3 edge.
on showing the identified gold clusters: (�) Au5, (�) Au6, (+) Au14, (s) Au15 (⁄) Au16 –



0 2 4 6 8 10 12
-0.8

-0.4

0.0

0.4

0.8

0 2 4 6
χ(

k)
.k

2

k / Å-1

a

R / Å-1

 F
ou

rie
r T

ra
ns

fo
rm

 / 
a.

u. b

Fig. 4. (a) Au-L3 experimental EXAFS oscillation of gold clusters. (b) Experimental Fourier Transform of the EXAFS oscillation (filled circles) and the corresponding obtained fit
for first two coordination shells (solid line).
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Four coordination shells have to be proposed to fit the EXAFS data:
one for sulfur and one for oxygen, and two for gold atoms around
the gold absorber atom. Few constrains were imposed in order to
fit the data. In particular, Au–Au coordination numbers were fixed
considering Häkkinen predicted structures for gold clusters [29].
Fig. 4 shows the experimental EXAFS oscillation and its corre-
sponding Fourier Transform and fitted function for the first and
second coordination shells. The obtained fitting results are shown
in Table 1: the first two shells correspond to the two different
capping atoms: oxygen and sulfur, located at 1.85 and 2.30 Å from
the absorbing gold atom respectively, with an atomic relationship
of 1:3. The two fitted Au–Au interatomic distances (2.72 and 3.02 Å
– see Table 1 –) nicely correspond to the theoretically predicted
values [29] for the two cluster sizes already detected by Mass
spectrometry, i.e. one with 5/6 atoms and another composed by
14–16 atoms, which would have a total average coordination
number Au–Au between 3.3 and 3.7 as we proposed in our fit. It
should be noted the high values of the Debye–Waller factors fitted
Table 1
Obtained EXAFS fits for Au L3-edge EXAFS experiments. N: average coordination
number, R: interatomic distance, r2: Debye–Waller factor, E0: threshold energy
shifts.

Shell N R/Å r2/Å2 E0/eV

O 0.5 (2) 1.85 (4) 0.020(7) 7.4(8)
S 1.8 (1) 2.30 (1) 0.0022(4) 7.4(8)
Au 2.8 2.72 (2) 0.018(2) 7.4(8)
Au 0.7 3.02 (1) 0.008(2) 7.4(8)

Fig. 5. HR-TEM image of the synthesized gold clusters and the corresponding size histog
structure is also shown (black stripes). (For interpretation of the references to color in t
in these two shells (see Table 1). Those values indicate the disper-
sion of Au–Au distances, following the same theoretical model
predicted for Au clusters [29].

TEM images of purified clusters (i.e. free from nanosomes) can
be seen in Fig. 5 along with the size histogram and, for comparison,
the estimated number of Au atoms for 3D AuN clusters (a compact
spherical model and the bulk density of Au was assumed for such
estimations). The average particle diameter (1.2 ± 0.2 nm) should
correspond to �40 atoms. It is known, however, that the structure
of clusters differs from the bulk material, so the number of atoms
in the clusters should be much lower. In fact, the observed size is
similar to the thiol-functionalized Au25 cluster, which is currently
one of the most well characterized nanoclusters (see e.g.
Varnavski et al. [31], Wu et al. [32]). If we assume this number
(25) as the approximate number of atoms in the species observed
by TEM, we can see that such estimated size is larger than the
detected sizes by mass spectrometry (5/6 and 14/16) – we will
come back to this issue later on –. It can be noticed that the size
of the purified clusters is one order of magnitude lower than the
nanosome compartments, clearly indicating that the nanosome
size does not template the cluster size, and that other factors are
involved in the cluster formation, as we will discuss later.

Fig. S3 in SI shows the HRTEM image of the sample after some
time of irradiation with the strong electron beam. The crystalline
structure is now observed showing lattice planes separated by
0.234 nm corresponding to the face-centered cubic Au (111). In
the same picture it can be observed that clusters, which have not
been so strong irradiated, do not show such crystallinity indicating
that clusters fuse under the electron beam irradiation, as it was
ram (red stripes). The corresponding number of Au atoms assuming a 3D compact
his figure legend, the reader is referred to the web version of this article.)
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reported before [33]. Therefore, other softer microscopy tech-
niques, like STEM (scanning transmission electron microscopy),
were used for imaging the clusters without fusing. HAADF
(high-angle annular dark field)-STEM images of the samples show
individual clusters with atom resolution with similar sizes than
the determined by TEM (SI, Fig. S4), but even with this technique
splitting of atoms from clusters cannot be avoided.

The oxidation state of the gold clusters was determined by
X-ray photoelectron spectroscopy (XPS) (see SI Figs. S5 and S6).
Gaussian fitting indicates the presence of only one oxidation state.
The binding energy value obtained for Au 4f7/2 was 84.2 eV, which
corresponds to Au(0) – see Table S3 –, and clearly indicates the
complete reduction of the gold salt. The binding energy of S 2p3/2

was also determined, (see SI Fig. S6) showing two contributions:
161.8 eV corresponding to sulfur bounded to Au, and 163.27 eV
corresponding to thiol groups unbounded or free. The oxygen
detected is also bounded to carbon forming C–O bonds and also
C@O–N bonds [34–36], confirming the external presence of TBA
(providing the steric protection, and rendering the acids soluble
in water). Another proof that Au in the cluster species is mainly
in the form of Au(0) is given by the fact that the optical properties
of the Au clusters do not change after adding more reducing agent
once the Au clusters are formed.

Gold clusters exhibit photoluminescence distributed by a
high-energy band centered at 450 nm (2.76 eV) and a low-energy
band centered at 600 nm (2.07 eV), as it is shown in Fig. 6 for sam-
ples at pH � 12. It is interesting to note that both emission bands
are very close to the band-gaps (2.9 eV and 1.8 eV) deduced before
for the small and large clusters, respectively, suggesting that these
bands could be related to the emission of the small and large
clusters, respectively. The relative intensity of the two bands is
strongly dependent on the excitation wavelength (and also on
the synthesis conditions, as it will be shown later), as it was
observed by the differences in the photoluminescence spectra by
excitation at 300 and 410 nm. The excitation spectra collected at
450 nm and 600 nm show two bands centered at 410 nm and
300 nm, whose intensities vary with the emission wavelength. A
closer analysis of the excitation spectra shows that the
high-energy emission band displays the corresponding absorption
band with a usual small Stokes shift, in contrast with the
low-energy emission band that displays a very large Stokes shift
around 300 nm. This could indicate that the transition correspond-
ing to the low energy band is forbidden, in agreement with the
results derived from the Tauc plot (see Fig. 3B). The low-energy
emission band shows a blue shift of the excitation band
(k � 245 nm) and a small red shift of the emission band
(k � 635 nm) at lower pH values (pH � 9) as it can be seen in SI
Fig. S7a. The high-energy band is very sensitive to the
R2 = [SH]/[Au(III)] ratio and completely disappears for R2 6 2.07,
Fig. 6. Luminescent properties of Au clusters synthesized in nanosomes at pH � 12.
as it will be described in detail later on. It was also observed that
the intensity of the low-energy emission increases with aging
attaining a stable level only after �100 days, as it can be seen in
SI Fig. S7b showing the evolution of the photoluminescence in aged
samples.

The fluorescence decay curves recorded by excitation at 300 nm
or 410 nm are complex and can only be fitted with a sum of three
exponentials (see SI Figs. S8a and S8b). The lifetimes, si, and the
corresponding amplitudes, ai, (in%) obtained by fitting the decay
curve, recorded at 450 nm, are: s1 = 0.25 ns (46%), s2 = 1.4 ns
(39%); s3 = 6.5 ns (15%). The observed lifetimes are typical of
those found in the literature for the luminescence decay of small
clusters [4,18,37]. The decay recorded at the maximum of the
low energy emission band at 600 nm is very long, with lifetimes
and corresponding amplitudes (in%): s1 = 8 ns (11%), s2 = 440 ns
(34%); s3 = 5.7 ls (55%).

The obtained photoluminescent gold clusters show very good
colloidal stability, being possible to evaporate the water under
vacuum and to redisperse them again maintaining intact their
luminescent properties. Traditional organic dyes usually show fast
photobleaching compared to quantum dots, which have much
better photostability. In general, gold clusters are also very
photostable [8]. In SI Fig. S9 it can be seen that the clusters here
produced are also very resistant to photobleaching.

The luminescence quantum yield calculated in water at room
temperature is 1.2% for the non-long aged samples and approx.
3–4 times larger for the long-aged samples, using as reference a
0.1 M solution of quinine sulfate dihydrate in H2SO4 (fluorescence
quantum yield, U = 0.546), being highly enough to be used as bio-
labels [8]. It has to be added that the reaction for the production of
the photoluminescent gold clusters is very easy to scale up (we
obtained clusters with similar luminescent properties using a
50 L reactor), and also that the quantum yields can be further
increased by a factor of �3 introducing a more packed layer in
the cluster surface by capping exchange as we will be published
elsewhere.
3. Discussion

Mass spectra analysis clearly shows a bimodal cluster size distri-
bution, which is also corroborated by the two-well defined
band-gaps (1.8 and 2.9 eV) derived from the optical absorption
spectra. This picture is supported as well by the EXAFS results
showing two different capping atoms for gold (sulfur and oxygen)
assigned to the two clusters. In addition, the fitted Au–Au distances
are in agreement with the predictions for these two cluster sizes
and the data can be fitted with a total coordination number
Au–Au compatible with their coexistence. The reason for the forma-
tion of two populations of cluster sizes inside the nanosomes could
be attributed to the presence of two types of binding sites inside the
nanosomes, which select the final sizes of the clusters. Presumably
the small clusters are attached to the thiol-terminated palmitic
acids, which should be formed inside the strong binding site
domains (SH groups) of the nanosomes, in agreement with the fact
that thiols can be used to synthesize small clusters due to their
strong binding affinity for gold [38]. At the same time, the mini-
mum size of the detected clusters (Au5,6) agree with recent results
showing that below such sizes clusters do not bind with thiols [39].
The big clusters should then be presumably formed inside the soft
binding site domains (OH groups) of the nanosomes. Hence, this
type of nanosomes constitutes a nice hybrid capping to obtain this
unusual two-cluster population system. It has to be noticed that
Shang et al. [17], using dihydrolipoic acids to obtain near-infrared
fluorescent gold clusters, mentioned already the advantages of
using capping agents with two binding sites.
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As we referred in the Introduction the currently accepted mech-
anism for the large Stokes shifts observed for ligand stabilized gold
clusters with a core of Au atoms surrounded by a shell of Au–S
staple motifs is based on the presence of LMCT transition. This is
the case namely of the most studied Au25 SR18 cluster whose
structure is composed of a icosahedral Au13 core and a shell of
six –RS–Au–RS–Au–RS– extended staple motifs. However, this
explanation can be ruled out in our case because: (1) our clusters
are exclusively formed by Au (0), as it was observed by XPS and
also corroborated by the fact that by adding more reducing agent
no changes in the luminescence are observed, which otherwise
would be expected because in the synthesis we used an excess of
reducing agent; (2) the formation of LMCT state is usually a very
fast process associated with the formation of clusters, so that
stable luminescent properties are observed just after the cluster
synthesis, which was not observed in our case where the
time-evolution of the luminescence is very slow; (3) it would be
difficult to explain why LMCT bands are observed only for a
particular Au/capping ratio – see Fig. 7 below and the correspond-
ing discussion –; (4) the very long lifetime of 5.7 ls observed in our
case (see below) is one order of magnitude larger than the ones
observed for LMCT state as it is the case of glutathione-protected
gold clusters[40], and so cannot be associated to a LMCT transition.

Therefore, two possible explanations for this large Stokes shift
can be envisaged (i) very efficient non-radiative energy transfer
from the small absorbing clusters to the larger clusters or (ii) fast
relaxation process from a high energy state reached by excitation
to attain the emissive state whose transition to the ground state
is forbidden. The energy transfer mechanism is not plausible
because by direct excitation of the small clusters at 410 nm the
emission intensity at 600 nm is very low. This rules out the possi-
bility that the energy levels implied in the luminescence can form a
type I heterojunction, i.e., that the band-gap of the large clusters
are nested inside the band-gap of the small clusters. The second
mechanism seems to be more plausible, being then the emission
centered at 600 nm attributed to a cluster–cluster charge transfer
complex. This hypothesis is sustained by the electronic configura-
tions deduced from the mass spectrometry analysis, showing that
clusters can be found in both close-shell and non-close-shell
configurations. Moreover, one can see that large non-close shell
clusters (Au14 and Au16) can be transformed into close-shell
species just by gaining 1 or 2 electrons (see SI Table S2). At the
same time, the small non-close shell clusters can be transformed
into the close-shell corresponding ones by losing 1 or 2 electrons
(see SI Table S2). Therefore, it is very plausible to think about the
formation of inter-charge transfer between the small and large
Fig. 7. Schematic representation of the species obtained in the synthesis depending
on the concentration of gold salt and their correspondent luminescent properties.
A: [Au] = 0.665 mM, R2 = 3.11; B: [Au] = 0.798 mM, R2 = 2.60; C: [Au] = 0.998 mM,
R2 = 2.07. D: [Au] = 1.27 mM, R2 = 1.56, being R2 = [SH]/[Au(III)]. CTC: Charge
transfer complexes.
non-close shell configuration clusters in order to achieve the most
stable close-shell electronic configurations. From SI Table S2 it is
further deduced that such electron transfers should occur among
the pairs (Au6–Au16) and (Au5–Au14). It is to note that such cluster
pairs would have an estimated size of 0.5 nm (cluster 5/6) + 0.8 nm
(cluster 14/16) = 1.3 nm, which nicely agrees with the averaged
TEM particle diameter (1.2 ± 0.2 nm).

The probability that a pair of small and large clusters will be
formed at the interfaces between the thiol and hydroxyl domains
is very small: 0.71% for these conditions (see calculations given
in the SI). This estimation was obtained after considering that all
the Au atoms are distributed forming an equal amount of the
two major populations of clusters observed in the mass spectra
(Au5/6 and Au14/16). Because we assume that initially separated
thiol and hydroxyl domains are formed inside the nanosome,
Au5/6 clusters will be segregated in the thiol domain while
Au14/16 clusters will be in the hydroxyl domain. The pair formation
will occur when both clusters are present at the interface between
the two domains. Therefore, only after very inhibited Brownian
motion of the (small and large) formed clusters inside the nano-
some film by the encounter of small and the corresponding large
clusters (i.e. 6–16, 5–14) can be built up stable cluster pairs, as
schematically shown in SI Fig. S10. After that, the electronic stabi-
lized cluster pairs, protected by the bola lipids can migrate out of
the nanosomes forming species having a size of approximately
1.2 nm, with a number of atoms close to 25 (19, for the 5–14 pair
couple and 22 for the 6–16 pair couple) as it is observed in the TEM
pictures for the purified clusters (Fig. 5 and SI S4).

According to this interpretation, the luminescence associated
with the formation of such cluster pairs (formed by the appropriate
association of small and large clusters) will not appear just at the
end of the synthesis, because the probability to form such clusters
as close neighbors is very low (less than 1%, as we deduced above),
but after some aging time needed for such assumed rearrange-
ments (as it is schematically depicted in SI Fig. S10). And this is
what actually happens: such large Stokes shift luminescence only
appears after several minutes, but the intensity slowly evolves dur-
ing about two months (having a relaxation time of �25 days, as it
is shown in SI Fig. S11) to achieve the final maximum intensity (see
SI Figs. S7b and S11). The estimated effective diffusion coefficient
for such rearrangements is extremely low (�10�11 cm2 s�1, see
the estimations in the SI), which indicates not only the very slow
Brownian motion of clusters attached to the bola lipids in the
nanosome film, but also the small probability for effective collisions
between the clusters having the appropriate electronic structures
(5/14 and 6/16) to give the stable charge transfer complex (see SI
Table S4). Lateral diffusion coefficients of lipids in bilayers are
usually in the range 10�7–10�9 cm2 s�1 (see e.g. [41]). Therefore,
assuming similar values for the cluster-attached bola lipids in the
nanosomes, the activation energy, D � 25 kcal/mol, for the forma-
tion of the charge transfer complexes can be deduced (see SI). Such
activation energy could be related to geometrical rearrangements
of clusters after the foreseeable fast electron transfer between
these sub-nanometer clusters after collision. The cluster–cluster
interactions after the formation of such cluster pairs seem to be
strong enough at room temperature (or temperatures below
50 �C), because once such luminescence appears it is very stable,
and remains for at least two years at room temperature.

To further confirm this hypothesis, we carried out a new set of
experiments changing the proportions of gold/cappings (OH or SH)
used in the synthesis, because – according to the previous
interpretation- the formation of small clusters should be favored
when the ratio SH/gold increases. It is observed that the formation
of mainly small size clusters with a high-energy emission band at
450 nm is favored when the concentration of gold salt is lower
than the one used in the experiments previously showed, as long
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as we maintain the cappings in the same proportion, and only a
small amount of cluster–cluster charge transfer complexes with
the low-energy emission peak at 600 nm are formed (SI Fig. S12).
If the concentration of gold is increased in approx. 20%, the concen-
tration of small clusters decreases, (SI Fig. S13), and the proportion
of cluster–cluster charge transfer complexes increase, being now
the high-energy and low-energy emissions, at 450 nm and
600 nm, approximately equal. If the concentration of gold is further
increased in approx. 50% (SI Fig. S14) one can obtain mainly clus-
ter–cluster charge transfer complexes and only the low-energy
emission is observed. Finally, if the concentration of gold salt is
raised further up in approx. 100%, only the formation of large
clusters is observed. In this case, the size of the large clusters also
increases, as it is deduced by a red shift in the luminescence emis-
sion (kem = 780 nm = 1.6 eV; see SI Fig. S15) together with an
almost continuum decay in the UV–vis spectrum, which can be
associated to the formation of mainly clusters of >�25 atoms
[N = (5.32/1.6 � 0.4)3 = 25] [42]. These results are summarized in
Fig. 7, and clearly indicate the critical conditions for achieving such
equal proportions of small and large non-closed shell clusters
needed for the formation of the assumed cluster–cluster charge
transfer complexes.

According to this, a possible explanation of all the photolumi-
nescent results – including the photoluminescent decay curves –
can be put forward, as it is schematized in Fig. 8 (for simplicity
we consider only the pair Au5–Au14, but the discussion should be
similar for the Au6–Au16 pair), making the following assumptions:
(1) for large clusters the Fermi level coincides with the bulk Femi
level, then: EFermi (Au�3

14) � EFermi (Au�4
14 ); (2) for small clusters the

Fermi level increases with a power law behavior, as it was reported
before [26,43] (EFermi (AuN) � EFermi (bulk) + CN�1/3, C � 5 eV)
having the cluster’s stability (and, therefore, the corresponding
Femi levels) an even-odd alternation: EFermi (Au�1

5 )even n. of e�
� EFermi (Au�2

5 )odd n. of e� + 2 eV [44].
The observed photoluminescent decays can be now interpreted

using this Scheme. The short lifetime of 8 ns is attributed to a
singlet–singlet radiative sp–d interband recombination, while the
440 ns lifetime is attributed to a triplet–singlet transition within
the sp band of the isolated large clusters of 14/16 Au atoms [45].
The very long lifetime of 5.7 ls is attributed to the emission of
the cluster–cluster charge transfer complex (see SI Fig. S8b).
Despite the amplitudes of all components being significant, the
luminescence spectrum is dominated (>95%) by the 5.7 ls compo-
nent due to its very long lifetime. The long-lived emission is in
Fig. 8. Schematic representation of the possible distribution of energy levels in the forme
agreement with the fact that the corresponding absorption in the
UV–vis spectrum is not detectable pointing to a forbidden transi-
tion. The emission is still inhibited by the need that one electron
has to be transferred from the filled 1D band of the large cluster
to the 1P band of the small cluster prior to emission in order to cre-
ate an empty level in the 1D band (see Fig. 8). The 2S–1D transition
is forbidden in the large clusters but not in the small ones, which
can be explained by the fact that the large clusters Au14/16 has a
tetrahedral symmetry with a very large (�2.5 Å) hollow cage,
while the Au5,6 clusters are planar. We cannot observe the rise time
components observed recently by Stamplecoskie et al. [22,40] cor-
responding to the fast relaxation processes from the high excited
state reached upon excitation because the process is too fast to
be recorded by our time-correlated single-photon counting (TCSPC),
whose time resolution is of about 5 ps.
4. Conclusion

We have synthesized water-soluble luminescent gold clusters
in nanosomes exhibiting long lifetime luminescence and very large
Stokes shift. The resulting Au clusters are very resistant to photo-
bleaching and have a luminescence quantum yield around 1–5%.
It was observed that their luminescent properties cannot be
explained by the currently assumed mechanism based on the
presence of LMCT absorptions. A plausible cluster–cluster charge
transfer complex with a stable electronic closed-shell configura-
tion is proposed for explaining their interesting luminescent prop-
erties. The two different groups of the fatty acids (OH and SH) are
assumed to act as templating cappings for the formation of the
complex precursor cluster pairs. The external functional groups
of the bola lipids (COO–) make the luminescent cluster complexes
not only soluble in water, but also suitable to be used for the con-
jugation of biomolecules. Therefore, the mechanism here described
could be used as a general strategy, opening new ways of fabricat-
ing stable atom-level quantum dots with large Stokes shifts of great
importance in many sensor applications.
5. Experimental section

5.1. Synthesis

All glassware was washed with Aqua Regia and rinsed thor-
oughly with ethanol and ultrapure water prior to their use.
d (Au5)�2 and (Au14)�3 clusters, and the charge transfer complexes (Au5)�1�(Au14)�4.
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Gold clusters were obtained in nanosomes using the following
procedure: First, nanosomes were formed by mixing mercapto
(90%, Aldrich) and/or hydroxyl (98% Aldrich) palmitic
acid-tetrabutyl ammonium salts (TBAOH solution, 40% in water,
Fluka) in water. Typically, in a conical flask containing 5.4 mL of
milli-Q water, aqueous hydroxyl palmitic acid solution (2 mL,
10 mg/mL) was mixed with aqueous mercapto palmitic acid
solution (0.622 mL, 10 mg/mL) and the necessary volume of tetra-
butyl ammonium hydroxide until neutralization under vigorous
stirring. The resulting nanosomes solution was aged for 2 min
and then a volume of 400 lL of HAuCl4�3H2O (gold (III) chloride
hydrate, 99.999% metals basis, Aldrich) solution (5 mg/mL) was
added with the subsequent reduction by adding 400 lL of
NaBH4 solution (0.05 M). This nanosome/gold stock solution
mixture was then stirred and incubated at 35 �C for 1 h, turning
from colorless to pale brown and aged during �3 h. Then, the
resulting cluster solution was passed through a Whatman
0.45 lm syringe tip filter in order to eliminate the excess of fatty
acids leading to a stable transparent solution. This cluster solu-
tion was aged during approx. 3 months for achieving the final
stable photoluminescent properties. For characterization studies
clusters were extracted from the nanosome solutions by ultracen-
trifugation (80000 rpm, 50 min, Beckman Coulter).

5.2. Optical characterization

UV–vis absorption spectra were obtained at room temperature
using a Hewlett-Packard HP8452A spectrophotometer in a
1 mm � 1 cm � 3 cm quartz cuvette.

The steady state fluorescence measurements and the photo-
bleaching experiment were also carried out at room temperature
using a Varian Cary Eclipse spectrofluorimeter in a
1 cm � 1 cm � 3 cm quartz cuvette. Both excitation and emission
spectra were collected using a Xenon flash lamp (excitation and
emission bandwidths of 5 nm) using adequate filters to eliminate
artifacts, namely the presence of the second order excitation line
in the luminescence spectra.

Time-resolved picosecond fluorescence measurements were
performed by the time-correlated single-photon counting
(TCSPC) technique using ps-laser excitation. Two laser setups
were used: one for excitation at 300 nm consisted of a
mode-locked Spectra-Physics Nd:YVO4 diode laser (Vanguard
2000-HM532), delivering 2 W of 532 nm light at a repetition rate
of 76 MHz and pulse duration of �12 ps that synchronously
pumped a cavity dumped rhodamine 6G dye laser (Coherent
701-2 dye laser, delivering �40 nJ pulses of 5–6 ps). The laser
repetition rate was set to 3.45 MHz for the short decays (ns time
range) or to 210 kHz for the long decays (ls time range). For
excitation at 390 nm a new setup consisting of a Nd:YVO4 diode
laser (Spectra-Physics Millenia XS 10 W at 532 nm) pumping a
Spectra-Physics Tsunami titanium-sapphire laser, delivering
100 fs pulses at a repetition rate of 76 MHz was used. The laser
light from both set-ups was frequency doubled using a LBO crys-
tal to obtain laser light of 300 nm or 390 nm for excitation. The
intensity decay measurements were made by an alternate collec-
tion of impulse and decay, with the emission polarizer set at the
magic angle position. Impulse was recorded slightly away from
the excitation wavelength with a scattering suspension. For the
decays a cutoff filter was used, effectively removing all excitation
light. The emission wavelength was selected by a Jobin-Yvon
HR320 monochromator with a grating of 100 lines/nm, and was
detected by a Hamamatsu 2809U-01 micro-channel plate
photomultiplier as a detector. The instrument response function
had an effective fwhm of 35 ps. The decay curve analysis was
made by an iterative deconvolution method that considers the
possibility of incomplete decays.
5.3. Mass spectrometry

ESI-TOF experiments have been done on a Bruker Microtoff
instrument. Two different sources were tested: a conventional
ESI sprayer, and a micro-flow with narrower capillary sprayer
(internal diameter less than half of that used in conventional ESI
sprayer). Both, conventional sprayer and micro-flow sprayer
sources were assisted by N2 at 2 and 2.5 bar, respectively. The high
voltage applied to the upstream stainless-steel capillary was
4.5 kV. The mass spectrometer was programmed to record the
ion signals in negative mode. Samples were introduced by direct
injection after dilution in methanol 1:1. Results in the low mass
range were obtained by using micro-flow at 5 lL/min. More details
about the used technique and the peak identification are given in
the SI.

5.4. EXAFS

Au L3-edges EXAFS (Extended X-ray Absorption Fine Structure)
spectra were measured at room temperature in fluorescence mode
at the XAFS2 beamline at the Laboratorio Nacional de Luz
Síncrotron (LNLS, Campinas, Brazil). The solution of gold clusters
in water was disposed in a quartz capillary at 45� of the incident
beam direction. The EXAFS oscillations v(k) were extracted from
the experimental data with standard procedures using the
Athena program, part of the IFEFFIT package [Ravel, B.; Newville,
M. J. Synchrotron Rad. 2005, 12, 537]. The Fourier transformation
was calculated using the Hanning filtering function.
The k2 weighted v(k) data, to enhance the oscillations at higher k,
were Fourier transformed. EXAFS modeling was carried out using
the ARTEMIS program, which is also part of the IFFEFIT package.
Structural parameters (coordination numbers and bond lengths
and their mean squared disorders) were obtained by a nonlinear
least-squares fit of the theoretical EXAFS signal to the data in R
space by Fourier transforming both the theory and the data.
Theoretical scattering path amplitudes and phase shifts for all
paths used in the fits were calculated using the FEFF6 code
[Zabinski, S.I.; Rehr, J.J.; Ankudinov, A.; Albers, R.C.; Eller, M. J.,
Phys. Rev. B 1995, 52, 2995]. The k-range was set from 2.5 to
12 Å�1 and the Fourier transform were fitted in the region between
1.2 and 3.4 Å. The passive reduction factor S0

2 was restrained to
values of 0.95. This value was obtained from fitting of metallic
Au foil standard by constraining the coordination number in this
compound to known crystal structure ones.

5.5. TEM

Nanosomes were imaged with a PHILIPS CM-12 transmission
electron microscope at 100 kV using the negative staining method.
A drop of the nanosome solution was spread on a 400-mesh copper
grid coated with a Formvar film, and the extra droplet was
instantly wiped off by filter paper. After being naturally desiccated,
a drop of 2% phosphotungstic acid solution was dropped on the
copper grid for about 60 s and the extra droplet was also removed.
Then the grid was left for drying for about 3 h before TEM
observation.

HRTEM micrographs were taken with a Microscope FEI Tecnai
Osiris. For HRTEM images an Orius CCD (4x2K) camera was used.

5.6. HR-STEM

HR-STEM was carried out with a TITAN low base 60–300 kV
microscope provided with a spherical aberration CEOS corrector
for the electron probe allowing us to obtain a probe size below
1 Å. High Angle Annular Dark Field (HAADF) STEM images were
recorded from 4 s up to 16 s each.
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5.7. XPS

Analysis of the samples was performed using an Thermo
Scientific K-Alpha ESCA instrument equipped with aluminum
Ka1,2 monochromatized radiation at 1486.6 eV X-ray source. Due
to the non-conductor nature of samples it was necessary to use an
electron flood gun to minimize surface charging. Neutralization of
the surface charge was performed by using both a low energy flood
gun (electrons in the range 0–14 eV) and a low energy Argon ions
gun. The XPS measurements were carried out using monochromatic
Al-K radiation (1486.6 eV). Photoelectrons were collected from a
take off angle of 90� relative to the sample surface. The measurement
was done in a Constant Analyser Energy mode (CAE) with 100 eV
pass energy for survey spectra and 20 eV pass energy for
high-resolution spectra.
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