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T
he integration of molecular systems
with the unusual properties of gold
nanoparticles (NPs) is the focus of a

concerted effort directed toward achieving
the control and the improvement of the
properties of a wide range of electro-,
photo-, or bioactive molecules.1–17 The two-
fold intent is to understand the interac-
tions between NPs and the active systems
and to design new functional materials that
owe their properties to the proximity of a
molecule to the metal surface. An example
is the possibility to activate or deactivate
the photophysical properties of a chro-
mophore by a NP core.18–37 The presence
of gold nanoparticles can effectively
quench fluorescence of organic molecules
via energy transfer mechanisms.18–30 This
distance-dependent process has been inter-
preted by different models.18–22 In particu-
lar, small NPs with a diameter of 1.4 –1.5 nm
do not show a coherent surface plasmon
resonance and display a higher quenching
efficiency than organic quenchers.23,28–30

The rates of energy transfer have an r�4 dis-
tance dependence, which is compatible
with the NSET (nanosurface energy trans-
fer) theory.28–30 Larger NPs, with a diameter
of �80 nm, enhancing the local electric
fields, give increased excitation rates and
also provoke faster radiative deactivation
processes.22 The phenomena are not lim-
ited to gold NPs, and several examples of
fluorescence enhancement have recently
been reported also for silver nanostructures
and nanoparticles.31–37

The interplay between quenching and
higher transition rates was shown by No-
votny and co-workers to generate a con-
tinuous range of cases from fluorescence
quenching to a fluorescent enhancement
regime.31 The quenching via energy trans-
fer is not ubiquitous; cyanine dyes in the

proximity of 12 nm gold NPs have a fluores-
cence quantum yield governed directly by
the radiative rate22 and not by energy trans-
fer in contrast with the popular
Gersten�Nitzan model.19

A particularly low efficiency of the en-
ergy transfer process was also reported by
Thomas and Kamat for
1-methylaminopyrene, see A in Scheme 1,
bound to 5– 8 nm gold nanoparticles.38

This result is particularly significant since,
to the best of our knowledge, it is the only
example of a fluorophore with a very strong
fluorescence when located in close proxim-
ity to a gold nanosurface.

It is intriguing that the same authors re-
ported strong quenching of luminescence
for another pyrene derivative bound to gold
NPs (2–3 nm of diameter) through a longer
chain, see B in Scheme 1.39 In this system,
the excited-state deactivation takes place
mainly by injection of electrons into the
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ABSTRACT Gold nanoparticles functionalized with chromophores are known to present unpredictable

fluorescence as a function of their structure. Odd– even effects, based on the number of methylene units of the

chain to which the fluorophore is attached, and the nature of the anchoring group on the gold surface have, in the

past, been suggested to be responsible for the behavior. Here we investigate the fluorescence processes of two

newly synthesized pyrene derivatives bound to gold nanoparticles. Two structurally identical ligands, differing

only in the nature of the anchoring group (a thiolate in one case and an amine in the other), were newly

synthetized and attached to the gold nanoparticles. The same changes in the fluorescence properties, namely, a

red spectral shift with a moderate increase of the quantum yield and a shortening of the excited-state lifetime, are

observed in the two cases and ascribed to the proximity of the gold core. By comparison with the results reported

for other pyrene derivatives, it has been possible to draw the conclusions that (i) the nature of the binding group

does not affect the fluorescence properties of the fluorophores attached to the nanoparticle surface and (ii) much

stronger fluorescence is observed in the case of pyrene separated from the gold by short alkyl chain. The unusual

behavior is explained in simple terms of competing chain�chain and chromophore– chromophore interactions

and by means of proper energy diagrams.

KEYWORDS: gold nanoparticles · fluorescence enhancement · pyrene · competing
interactions · electron transfer
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metal core with subsequent formation of a pyrenium
radical cation. The dominance of the electron transfer
process was confirmed by restoring the fluorescence in
the presence of an electrochemical bias that prevented
the occurrence of charge transfer.40 It is perhaps puz-
zling that electron transfer does not take place in the
case of A, despite the fact that the fluorophore is much
closer to the NP core than in the case of B. The au-
thors ascribed the different behavior to the different na-
ture of the binding groups. The amine group of A was
thought to polarize the gold core and prevent electron
injection from the electronically excited pyrene. How-
ever, because of the structural difference between A
and B, the effect could not be separated from other fac-
tors, such as distance and orientation of the
fluorophores.

In this paper, we investigate the photophysical prop-
erties of two gold NPs that are functionalized with struc-
turally similar pyrene derivatives, which are linked to
the metal via short, identical alkyl chains that were
newly synthesized for this work.38–48 Compound 4,
Scheme 1, is terminated by an SH group; compound 6,
Scheme 1, is terminated by an NH2 group. The length of
the alkyl chain is long enough to prevent quenching
of the excited state of pyrene via electron transfer from
the amino group (see below). This undesired process
would differentiate the intrinsic behavior of the amine
compound from that of the correspondent thiolate. The
chain is also short enough to allow the investigation of
the short-range interactions between pyrene and gold.
The results are also compared with the photophysical
properties of NPs characterized by a larger separation
between fluorophore and metal core (viz., compound C,
Scheme 1).41,42

RESULTS AND DISCUSSION
The Free Fluorophores. The pyrene deriva-

tives 4 (short chain amino terminated, or
SA), 6 (short chain thiol terminated, or ST),
and D (very short chain, reference system, un-
able to bind to gold) have almost identical
photophysical properties.49 The absorption
spectra present the typical vibrational struc-
ture of this family of fluorophores with a
maximum in the lowest energy band at 343
nm (� � 40 000 M�1 cm�1). In aerated THF
solution, the lifetimes of the first singlet ex-
cited state measured by time-correlated
single-photon counting (TCSPC) were the
same, � � 16 ns, within experimental error.
The similarity of the photophysical properties
of the three compounds is confirmed by the
perfect matching of the fluorescence spectra
and the identical values of the quantum
yields (� � 0.071). These results indicate the
absence of interactions between pyrene and
the amino or thiolic groups, both in the
ground and in the excited state, and are of

particular relevance in the case of compound 4 (SA)
where the amino group might have quenched the ex-
cited state of pyrene via electron transfer. The absence
of such a process was confirmed by titration of such
compound with trifluoromethanesulfonic acid: no
changes in the photophysical properties of the pyrene
derivative were observed upon addition of up to three
equivalents of acid. In the case of an amino derivative
with a shorter alkyl chain, in contrast, strong quench-
ing of the fluorescence of the excited pyrene moieties
was observed.38 This point is fundamental when com-
paring the effect of binding compounds 4 (SA) and 6
(ST) to gold since there is no indirect effect caused by
the modification of the interaction of the fluorophore
with the linking group.

Fluorophore and NP Interactions. Nanoparticle�pyrene
interactions of 4 (SA), 6 (ST) and D (reference) were in-
vestigated in three THF solutions where the molecules
had the same concentration (3 � 10�6 M) and the same
amount of NPs was added. The fluorescence spectra
are reported in Figure 1, while the excitation spectra
are shown in Figure 2. Addition of gold nanoparticles
causes a strong filter effect both on the excitation and
on the emission of the pyrene, and for this reason, spec-
tral correction was required.50,51

The Reference System. The corrected fluorescence and
excitation spectra of D were almost unaffected by the
presence of the gold nanoparticles, which indicates a
total absence of interactions. This is in agreement with
the fact that D does not bind to the gold surface and
cannot, when excited, interact with the gold NPs be-
cause of the low concentration conditions.50,51 The lack
of any interaction, even in the ground state, is also cor-
roborated by the absorption spectrum, which is simply

Scheme 1. Structures and synthetic procedures of the studied pyrene derivatives.
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the sum of the spectrum of D and that of the gold

NPs; on the other hand, the absence of interaction in

the excited state is further confirmed by the excited-

state lifetime measurement (� � 16 ns).

The Short-Chain System. The situation is completely dif-

ferent for 4 and 6, which, however, show the same

trends. The structured absorption bands of pyrene are

strongly perturbed, while the Au plasmon resonance

band at 520 is hardly affected, see Figure 3. Spectral de-

convolution of the pyrene bands shows a reduction of

the absorption to around 30% of that observed in the

absence of gold. Upon binding to the NP, the fluores-

cence red-shifts and the vibrational structure markedly

changes, as can be seen in Figures 1 and 2. The varia-

tions indicate the existence of a strong interaction be-

tween pyrene and gold, as was already observed for

other similar systems.52

The fluorescence quantum yield increases by a fac-

tor 1.5 for 4 (SA) and 1.4 for 6 (ST) upon their binding

to the gold nanoparticles. This is concomitant with a

shortening of the excited-state lifetime in the case of

both the amino and the mercapto derivative (� � 6.2

and 5.7 ns, respectively). Such a behavior is not unusual

for a fluorophore in the proximity of metal nanostruc-

tures and is due to an increase of the radiative constant

of the fluorescent excited state.7

These results are surprising when compared with
those obtained for thiol C(long chain thiol terminated,
or LT; see Table 1). In fact, in the presence of the longer
alkyl chain, a strong quenching (less than 10% of re-
sidual fluorescence), a slight blue shift of the fluores-
cence band, and a dramatic shortening of the lifetime
(� � 0.5 ns) were observed upon binding to the gold
nanoparticles.

In short, we observed the reduction of the quench-
ing efficiency of the NP when the distance is reduced,
a behavior that would be extremely unusual for an en-
ergy transfer process18–22 but that can be explained
when it is considered that, in the case of pyrene, the
quenching is mostly due to electron transfer processes
(see below).39

Computational Modeling. Computational modeling can
assist the unraveling of the unexpected trend of
quenching with the chain length. Molecular mechanics
minimizations were performed for a system with 25
pyrene chains on Au(111). The pyrenes were attached
to the surface via chains of length of 4 and 11 carbon at-
oms, C4 and C11. In the optimized geometries, for the
short chain, the tilt angle with respect to the normal to
the metal surface was �20°. This value is about half as
large as that calculated for the more flexible and longer
chains, where it increases to 45– 48°. The origin of the
effect is readily explained. When the chains are short,
the dominant interaction that governs the packing of
the organic layer is between the pyrene moieties. Be-
cause of the short chain length, the chain�chain inter-
action is small and the molecules arrange themselves to

Figure 1. Corrected fluorescence spectra upon excitation at
340 nm of 4 (SA) and 6 (ST) before (���) and after (O)
binding to gold nanoparticles.

Figure 2. Corrected excitation spectra at 420 nm of 4 (SA)
and 6 (ST) before (���) and after (O) binding to gold
nanoparticles.

Figure 3. Absorption spectra of 4 (SA) and 6 (ST) and after
binding to gold nanoparticles (O). Dashed lines represent
the spectra calculated in the case of no interaction.

TABLE 1. Effect of the Binding to Gold NP on the
Fluorescence Properties

compound chain binding group shifta quenchinga

Ab C1 -NH2 red No
4 (SA) C4 -NH2 red No
6 (ST) C4 -SH red No
C (LT)c C11 -SH blue Yes

aAfter binding to gold NP with respect to the free ligands. bData from ref 8. cData
from ref 8.
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maximize pyrene�pyrene interactions.12 When the
chains elongate, the chain�chain interactions become
more important and the molecules arrange themselves
accordingly.

The difference in tilt angle of the two types of chains
has an important consequence: for the short C4 chains,
the pyrene fluorophore is almost perpendicular to the
gold surface, see Figure 4, while for the longer C11
chains, pyrene lies flatter with respect to the metal
surface.

The electronic interactions between the gold core
and the pyrene layer are driven by their relative geo-
metrical arrangements and occur in two general ways.
The first is through the overlap of the wave functions of
the two fragments. The second is mediated by pertur-
bations, such as an electric field. An example of the
former is the charge transfer between metal and or-
ganic components, where the probability of the trans-
fer is proportional to the overlap of the electronic
clouds. An example of the latter is the effect of the elec-
tric field generated by the metal on the electronic states
of pyrene.

The flatter orientation of the molecule, as in the
case of C11, increases the probability of charge trans-
fer, which would be zero for a perpendicular standing
pyrene. Instead, the shorter distance between the fluo-
rophore and the gold atoms, as in the case of C4, per-

turbs the “symmetry-allowed” electronic states via
E� · �� where �� is the transition dipole moment be-
tween the states perturbed and E� is the electric field
generated by the metal core. In other systems, we
found that the electric field generated by gold can be
substantial and as large as 7 MV/cm.13

It is of interest to assess further the role of charge
transfer in the short- and the long-chain systems. High-
level quantum chemical calculations on the systems of
Figure 4 are not feasible because of their size. To obtain
a qualitative understanding, we decided to investigate,
using density functional theory calculations at the
B3LYP/6-31G* level, the effect on the ionization poten-
tial of the charges of the metal atoms that are present in
the vicinity of an individual fluorophore. In the ab-
sence of the charges, the calculated energy difference
between neutral and cationic pyrene is consistently
6.95 eV for the C4 and C11 systems. The charges of the
metal atoms, calculated by the model used to optimize
the geometries, are positive and must increase the ion-
ization potential. When they are added, it was found
that the ionization potential of pyrene grows to 18.66
eV for C4, while in the case of C11 it is 15.09 eV.

These values do not have a direct experimental
counterpart. However, they indicate that charge trans-
fer should be easier (and therefore there should be a
larger quenching) in the case of the C11 chain.

Figure 4. Top and side views of optimized monolayers: (a, b) the short C4 chain; (c, d) the long C11 chain. The alkane chain
is blue, and pyrene is green.
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Scheme 2 shows a model that summarizes the ob-

servations. For the longer chain, the metal core gener-

ates an electric field that affects the energy levels that

are accessible via the dipole moment transition of the

electric field of the light. For the shorter chain, the ori-

entation of the pyrenes lowers the charge transfer

states that are energetically accessible after electronic

excitation.

CONCLUSIONS
Investigation of the photophysical properties of

gold nanoparticles functionalized with “short” chain

compounds 4 and 6 showed, to our surprise, a counter-
intuitive enhancement of the fluorescence efficiency
of the pyrene moieties after their binding to the gold
core, while quenching was reported in the case of the
“long chain” derivative C and for other pyrene deriva-
tives.49 We have demonstrated here that the nature of
the group binding the fluorophore to the metal does
not influence the photophysics.

The origin of the effect is geometrical in nature but
is different from the celebrated odd– even effect well-
known for thiols on gold55–57 and is mainly caused by
the large van der Waals interaction energy between
pyrenes that competes with the chain�chain interac-
tion energy to create structures with different local
morphology.

Calculations and experiments suggest that the unex-
pected photophysical behavior is ultimately the result
of the flexible chains that effectively modulate the fluo-
rescence properties of the pyrene functionalized NPs
via the modification of the tilt angle and the subse-
quent change of the interactions between metal and
organic moiety. This promising mechanism has very re-
cently been discussed by McGuiness et al.58 and high-
lighted in a “perspective” contribution.59 In our opinion,
the appropriate selection of design motifs may be
tuned to obtain a variety of desired fluorescence
properties.

EXPERIMENTAL METHODS
All reagents were purchased from Sigma-Aldrich.
TOAB-stabilized gold nanoparticles were synthesized as al-

ready previously reported in ref 8.
Synthesis. The pyrene derivatives were obtained by mesylate

2 with nucleophilic substitution. Treating 2 with NaN3 in DMF af-
forded the azide 3 that was reduced by LiAlH4 to the correspond-
ing amine 4. Thioacetic pyrene ester 5 was prepared by nucleo-
philic displacement of the mesylate by KSCOCH3,60 and
successive hydrolysis by KOH in acetone/water afforded the
pyren-1-yl-butan-1-thiol 6.

2=-(4-Pyren-1-yl-butylamine), 4. To a two bottom necked flask,
4-pyren-1-yl-butanol (0.4 g, 1.5 mmol), CH2Cl2 (1.5 mL), and N,N=-
diisopropylethylamine (DIPEA; 0.46 mL, 2.6 mmol) were added
under nitrogen; then the resulting solution was cooled to 0 °C.
A solution of MsCl (0.155 mL, 2 mmol) in CH2Cl2 (1 mL) was
added dropwise, then the mixture was stirred at 0 °C for 3 h.
The mixture was quenched with ice/water, then was extracted
with CH2Cl2 (2 � 5 mL). The collected organic phases were dried
over Na2SO4 and concentrated under reduced pressure to give
an oil purified by chromatography (eluant cyclohexane/ethyl ac-
etate 1:1). The purified product 2was dissolved in anhydrous
DMF (9 mL); then NaN3 (0.66 g, mmol) was added. The reaction
mixture was stirred at RT for 24 h, then diluted with CH2Cl2 (20
mL) and quenched with water (5 mL). The organic phase was col-
lected, washed with water (2 � 4 mL) and brine, then concen-
trated under reduced pressure to give an oil and purified by flash
chromatography (eluant cyclohexane/acetate 9:1), giving 0.246
g yield of 3 in two steps, 55%. 1H NMR (CDCl3, 300 MHz) 	: 1.83–
1.76 (m, 2H); 1.99 –1.91 (m, 2H); 3.42–3.32 (m, 4H); 7.87 (d, 1H, J
� 7.8 Hz); 8.00 –7.96 (m, 3H); 8.20 – 8.11 (m, 4H); 8.27 (d, 1H, J �
9.3 Hz). 13C NMR (CDCl3, 75 MHz) 	: 136.1; 131.4; 130.9; 129.9;
128.6; 127.5; 127.4; 127.2; 126.7; 125.8; 125.1; 125.0; 124.9; 124.8;
124.7; 123.2; 51.36; 33.0; 28.9; 28.8.

The azide 3 (0.224 g, 0.75 mmol) was dissolved in THF (1.5
mL) and was added dropwise to a stirred solution of LiAlH4 (0.071

g, 1.9 mmol) in THF (2 mL). The mixture was warmed to RT, then
stirred for 3 h. The reaction was quenched with H2O (0.070 mL),
15% solution of NaOH (0.070 mL), and then water again (0.14
mL). The mixture was stirred until white salts were formed, then
filtered over a glass septum. The organic phase was acidified
with 1 N HCL to pH � 1; the THF was evaporated under reduced
pressure. The aqueous acid solution was extracted with ethyl ac-
etate; then the aqueous phase was basified to pH � 11 with a
NaOH, 5 M. The aqueous phase was extracted with diethyl ether
(3 � 5 mL), and the collected organic phases were dried over
Na2SO4 and evaporated under reduced pressure to give the
4-pyren-1-yl-butylamine as a pale yellow solid (0.150 mg, 69%
yield). 1H NMR (CDCl3, 300 MHz) 	: 1.83–1.76 (m, 2H); 2.05–1.91
(m, 4H); 3.42–3.32 (m, 4H); 7.87 (d, 1H, J � 7.8 Hz); 8.00 –7.96 (m,
3H); 8.20 – 8.11 (m, 4H); 8.27 (d, 1H, J � 9.3 Hz). 13C NMR (CDCl3,
75 MHz) 	: 136.8; 131.4; 130.9; 129.8; 128.6; 127.5; 127.2; 127.2;
126.5; 125.8; 125.1; 125.0; 124.8; 124.8; 124.6; 123.4; 42.16; 33.9;
33.4; 29.1.

Thioacetic Acid S-(4-Pyren-1-yl-butyl) Ester, 5. To a two bottom
necked flask 4-pyren-1-yl-butanol (0.4 g, 1.5 mmol), CH2Cl2 (1.5
mL), and DIPEA (0.46 mL, 2.6 mmol) were added under nitrogen;
then the resulting solution was cooled to 0 °C. A solution of
MsCl (0.155 mL, 2 mmol) in CH2Cl2 (1 mL) was added dropwise;
then the mixture was stirred at 0 °C for 3 h. The mixture was
quenched with ice/water, then was extracted with CH2Cl2 (2 �
5 mL). The collected organic phases were dried over Na2SO4 and
concentrated under reduced pressure to give an oil purified by
chromatography (eluant cyclohexane/ethyl acetate 1:1). The pu-
rified mesylate 2 (0.42 g, 1.2 mmol) was dissolved in DMF (2
mL); then potassium thioacetate (0.3 g, 3 mmol) was added at
room temperature. The mixture was stirred at RT for 4 h, diluted
with diethyl ether (5 mL), then quenched with water (5 mL).
The organic phase was separated, and the aqueous phase was
extracted with diethyl ether (3 � 5 mL). The collected organic
phases were reunited, dried over Na2SO4, and evaporated under
reduce pressure to afford the crude product purified by chroma-

Scheme 2. Schematic representation of the photophysical
processes involving the pyrene ligands. The free fluoro-
phores show the same behaviour independently on the
chain length and terminal group (a). In contrast, after bind-
ing to the nanoparticles, the energies of the fluorescent and
charge transfer states depend on the chain length: case (b)
is for the short chain (compounds 4 (SA), 6 (ST)); case (c) is
for the long chain (compound C (LT)).
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tography (cyclohexane/diethyl ether 8:2). The collected solid
was suspended in diethyl ether, stirred for 10 min, then filtered
over a glass septum. The pale yellow solid collected was washed
with cold diethyl ether to yield thioacetic acid S-(4-pyren-1-yl-
butyl) ester, 5, 0.150 g, 45% yield. 1H NMR (CDCl3, 200 MHz) 	:
1.81–1.76 (m, 2H); 1.99 –1.93 (m, 2H); 2.34 (s, 3H); 2.95 (t, 2H, J �
7.5 Hz); 3.35 (t, 2H, J � 7.5 Hz); 7.85 (d, 1H, J � 7.8 Hz); 8.20 – 8.25
(m, 8H). 13C NMR (CDCl3, 50 MHz) 	: 27.8; 28.8; 29.4; 30.6; 32.8;
123.16; 124.5; 124.6; 124.7; 124.8; 125.6; 126.4; 127.0; 127.1; 127.3;
128.4; 129.7; 130.7; 131.3; 134.4; 136.1; 195.7.

Pyren-1-yl-butan-1-thiol, 6. Solid KOH (0.2 g, 3.6 mmol) was dis-
solved in dry acetone (5 mL); then 5 (0.15 g, 0.49 mmol) and de-
gassed water (0.6 mL) were added, and the reaction mixture
was stirred under reflux conditions for 4 h. The reaction mixture
was cooled to room temperature; then 1 N HCl was added until
the pH was acid. The mixture was diluted with ether (10 mL) and
stirred, and the phases were separated. The aqueous phase was
extracted with ether (3 � 5 mL).The organic phases were re-
united, dried over Na2SO4, and then evaporated under reduced
pressure to give the crude mixture purified by chromatography
(cyclohexane/diethyl ether 8:2) (0.60 g, 42% yield). 1H NMR
(CDCl3, 200 MHz) 	: 1.85–1.77 (m, 2H); 2.08 –1.99 (m, 2H); 2.64 (t,
2H, J � 7.5 Hz); 2.7 (s, 1H), 3.41 (t, 2H, J � 7.5 Hz); 7.90 (d, 2H, J �
7.5 Hz); 8.06 – 8.03 (m, 2H); 8.21– 8.13 (m, 3H); 8.31 (d, 2H, J � 9
Hz). 13C NMR (CDCl3, 75 MHz) 	: 27.9; 29.4; 31.2; 33.1; 123.3; 124.6;
124.7; 124.8; 125.8; 126.5 (2C); 127.2; 127.5 (2C); 128.5; 129.7;
130.8; 131.4; 136.4 (2C).

Computational Procedures. The pyrene-terminated thiol chains
were described by a standard force field.61 Gold was described
by an embedded atom model called “glue model”.62

Metal�organic interactions are the sum of long-distance and
short-distance terms. The former are Coulomb interactions, with
charges calculated as a function of the interatomic distances by
the charge equilibration (QEq) scheme of Rappe and Goddard;63

the latter are described by the short-range Born�Mayer poten-
tial, which tunes the long-distance one, accounts for higher or-
der terms, and avoids nuclear fusion when charges interact at-
tractively. Some examples of applications of this model are (i) the
adsorption of alkanes and 1-alkenes on Au(111),64where the ad-
sorption energies of short chains, up to C10, were reproduced
with an average error of less than 1 kcal mol�1 and the unex-
pected transition to disorder occurring for the deposition of alkyl
chains between 18 and 26 carbon atoms was explained, (ii) the
apparent symmetry breaking of a macrocyle on the Au surface,65

(iii) the substitution kinetics of thiols on self-assembled
monolayers,41(iv) the existence of two surface reconstructions
for C60 adsorbed on Au(110),66 and (v) the mobility of DNA bases
on Au(111).67 The present model does not predefine the
gold�organic connectivity, and molecules are able to slide on
the surface. Some ab initio calculations of the total electronic en-
ergy were performed with the Gaussian03 suite of
programs.68

Photophysical Experiments. The luminescence spectra were re-
corded with an Edinburgh FLS920 equipped with a photomulti-
plier Hamamatsu R928P. A PCS900 PC card was used for the time
correlated single photon counting experiments. All the photo-
physical measurements were performed in aerated solutions.

The binding of the pyrene derivatives on the colloidal sur-
faces was monitored by fluorescence spectroscopy, as already re-
ported for compound C.42 In that case, in the same experimen-
tal conditions used here, there was a strong quenching of the
fluorescence of C upon binding to the gold nanoparticles. In the
fluorescence experiments, the concentration of the fluorophore
was kept largely below the saturation level in order to minimize
the fraction of unbound species and to avoid interfluorophore
interaction.42 For an easy interpretation of the fluorescence data,
the commercial compound 1-methyl-pyrene, D (not shown),
which does not bind to gold nanoparticles, was used as
reference.
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