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The introduction of 1, a thiol presenting a terpyridine ligand, on the surface of weakly stabilized

nanoparticles leads, at high concentration of this capping agent, to the aggregation of the gold

clusters. This behaviour is due to the weak, but not negligible interaction of the terpyridine

moiety with the metal surface, an interaction that becomes relevant at high concentrations of 1 on

the surface, when several units can cooperate in interlinking the nanoparticles. To avoid this

effect, we have investigated the complexation of zinc by the terpyridine derivative bound to gold

nanoclusters, in excess of metal ion and in the presence of coordinating anions, as a powerful tool

for the stabilization of gold nanoparticles. In this context, anions, such as bromide, showed to

play an important role in this processes; the use of anions containing desired functions can than

be a very versatile strategy to obtain new enriched nanoparticles.

Introduction

The research on gold nanoparticles is, at present, one of the

most fertile topics in chemistry and in life and material

sciences. This is mostly due to the versatility of these systems;

the properties of gold nanoparticles, in fact, can be tuned in a

huge range thanks to the combination of their particular and

unusual optical and electronic characteristics1 with the func-

tionalities that is possible to introduce on their surface.2 All

these possibilities open up new intriguing perspectives in the

design of functional nanosystems with promising applications

in the fields of diagnostics, electronics and optics.3

The stability of gold nanoparticles is typically ensured by

capping agents that strongly bind to their surfaces via a

gold–thiol bond,2,4 thus preventing their irreversible aggrega-

tion.5 Other capping materials like oxoanions, amine or

thiocyanate have also been used for nanoparticles functiona-

lization, solubilization, and stabilization.2,6 Also polypyri-

dines, in particular terpyridine, have showed to be suitable

units for anchoring fullerene to gold nanoparticles.7 It is

important to stress that the variety of possible binding units

makes the chemistry of gold nanoparticles extremely versatile,

provided that all possible processes could be carefully con-

trolled. Molecules conceived for gold nanoparticles functio-

nalization, in fact, usually contain an active part (a

fluorophore, a receptor or an electro-active moiety) tailed with

a thiolic group. This last part is of course the one designed for

the binding to the gold nucleus, while a direct interaction of

the active unit to the gold surface is usually undesirable since it

may cause the loss of its specific function, cross-linking, or

even irreversible aggregation of the nanoparticles. Although

cross linking has been recently exploited as an ingenious

strategy for sensing or for the preparation of nanostrucured

materials,2,3,8 it is often necessary to have a stable, not

aggregated, dispersion of nanoparticles. In this paper, we

present a detailed study about the use of compound 1, which

presents both a thiol and a terpyridine unit, as a capping agent

for gold nanoclusters. The organization of 1 on gold flat

macroscopic surfaces has been already investigated;9 however,

its behaviour on nanoparticles’ surface is of special interest. In

particular, we show in which conditions 1 causes aggregation

of the nanoparticles and how it is possible to avoid this

process. It is to note that, as we revised the present article,

Zhang et al. presented, on the contrary, the possibility to form

large 3D and highly dispersed spherical assemblies among

nanoparticles using a very similar terpyridine containing thiol

as capping agent.10

Our approach to the problem is based on the high sensitivity

offered by fluorescence spectroscopy,11 and it takes advantage
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from the results described in a previous work12 where we

showed how it is possible to control the gradual coverage of

preformed TOAB (tetraoctylammounium bromide) stabilized

nanoparticles in solution adding defined amounts of a thiol

functionalized with the pyrene chromophore. The assembly of

the capping layer could be followed in real time even in very

dilute solutions via fluorescence spectroscopy, in fact, it is

usually possible to distinguish between the bound and un-

bound fluorophores even at the subnanomolar level. In this

way, because of the high dilution, also species that typically

cause irreversible aggregation processes can still be character-

ized. Hence it becomes possible to obtain quantitative infor-

mation about stability in solution that could not be gained

otherwise. We would like to stress that the purpose of this

work is not merely to prepare nanoparticles bearing the

1 molecules on the surfaces which could be done via a thiol

exchange procedure,2,8c,13 but to understand and control the

different interactions of the thiol group and the terpyridine

moiety with the gold nanoparticles and to control in this way

the aggregation of nanoparticles.

Experimental

Synthesis of Gold nanoparticles

All the reagents and solvents were purchased by Sigma-

Aldrich and used without further purification. For the pre-

paration of the gold clusters we slightly modified the original

procedure proposed by Brust et al.4 Briefly 1 ml of a water

solution of HAuCl4 (1.3 � 10�2 M) was stirred together with

1 ml of toluene solution of TOAB (4.0 � 10�2 M). After 1 h,

the complete transfer of the [AuCl4]
� anion to the organic

phase was confirmed by colour changes of the two phases: the

initially yellow water solution became completely colourless,

while toluene turned to deep red. After separation of the two

phases, 1 ml of NaBH4 water solution (0.1 M) was stirred for

3 h together with the toluene solution containing the [AuCl4]
�

anion. After gold reduction a deeply purple solution of metal

nanoparticles resulted and their average diameter was mea-

sured by TEM. Compound 1 was available from previous

work.9

Spectroscopy

Absorption spectra were recorded on a Perkin-Elmer lambda

40 spectrophotometer.

Fluorescence spectra (450 W Xe lamp), excited state life-

times (pulsed laser at 406 nm), steady state and time resolved

anisotropy measurements were obtained with a modular UV-

vis-NIR spectrofluorimeter Edinburgh, equipped with single-

photon counting apparatus. Correction of fluorescence spectra

for taking into account the absorption of gold nanoparticles at

the excitation and emission wavelengths has been performed

as previously reported.14

Results and discussion

Nanoparticle experiments

The addition of increasing amounts of 1 to a 6 � 10�9 M

acetonitrile solution of TOAB stabilized gold nanoparticles

leads to the appearance, in the absorption spectrum, of

the band at 287 nm typical of the polypyridinic compound

(Fig. 1).

The presence of 1, on the other hand, causes only minor

changes on the absorbance of the plasmon resonance band of

the metal nanoparticles provided that its concentration is

sufficiently small (i.e., less than 2 � 10�6 M). A big red shift

and intensification of the plasmon resonance band is instead

observed in the presence of a higher concentration of 1.

Finally, after reaching a critical concentration of the capping

agent (3.5 � 10�6 M), the trend observed for the absorption in

the visible region is reversed and the intensity of the band

decreases. These changes are clearly visible in Fig. 1 and 2 and

can be easily followed by reporting the value of absorption at

600 nm as a function of the concentration of 1 as in Fig. 3,

where three distinct regions with different behaviours can be

clearly spotted. In the low concentration region (below 2 �
10�6 M, range I in Fig. 3) the perturbation of the plasmon

resonance band due to the addition of 1 is small, indicating a

low degree of aggregation of the colloids. In the medium

Fig. 1 Changes in the absorption spectrum of a 6 � 10�9 M

acetonitrile gold nanoparticles solution upon addition of 1 (between

0 and 3 � 10�6 M). See Scheme 2 for the meaning of I and II.

Fig. 2 Changes in the absorption spectrum of a 6 � 10�9 M

acetonitrile gold nanoparticles solution upon addition of 1 (between

3 � 10�6 M and 5 � 10�6 M). See Scheme 2 for the meaning of II

and III.
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concentration region (between 2 � 10�6 M and 3.0 � 10�6 M,

range II in Fig. 3) a strong aggregation causes a large increase

of the absorbance followed, at higher concentration (over 3.0

� 10�6 M, range III in Fig. 3) by the formation of big

aggregates that after several minutes precipitate from the

solution as a black powder.

The binding of the thiol 1 to the gold surface can also be

followed by detecting its fluorescence. The fluorescence of the

terpyridine is, in fact, dramatically quenched when bound to

the gold surface and only a very weak band is detected for

concentrations under the surface saturation level (below 3.5 �
10�6 M) while the fluorescence observed at higher concentra-

tions is mostly due to the presence of unbound 1 molecules.

Fig. 4 clearly shows how the fluorescence intensity at 405 nm

has a large increase only after the complete coverage of the

nanoparticles surfaces, corresponding to the increase of the

concentration of the free fluorophores. Taking into account

the concentration of 1 at saturation (3.5 � 10�6 M) and the

mean radius of nanoparticles obtained from TEM experi-

ments, it is possible to calculate that the average surface area

occupied by each chromophore is 25 Å2. It is to note that this

value is comparable with those reported for similar thiolic

derivatives.13 The correlation between the absorption and

fluorescence signals can be examined in Fig. 3. As already

observed, the fluorescence data indicates that full coverage of

the available nanoparticles surfaces takes place for a 3.5 �
10�6 M concentration of 1. On the other hand, the changes in

absorbance show that aggregation of the nanoparticles starts

at a concentration around 2 � 10�6 M and that it becomes so

strong to cause a gradual disappearing of the plasmon reso-

nance band when a concentration 3 � 10�6 M is reached. It is

interesting to note that the two signals, namely the fluores-

cence intensity and the absorbance, allow us to follow the

binding and aggregation processes from the point of view of

the fluorophore and of the nanoparticles, respectively, con-

firming the richness of information obtainable via optical

investigation. In order to simplify the understanding of the

behaviour of the system discussed in this section, the species

present in solutions in the concentration ranges I, II and III of

Fig. 3 are represented in Scheme 2.

Summarizing, the attempt to cover the surface of the

nanoparticles with 1 causes their irreversible aggregation. This

is not surprising when the possible nature of 1 as a crosslinker

agent is considered and is in agreement with the failure of our

attempts to synthesize stable gold nanoparticles by reduction

of gold in the presence of 1 in the conditions proposed by

Brust and coworkers.4 What is surprising, on the contrary, is

that aggregation occurs only after a threshold concentration is

exceeded. This means that a stable solution of gold nanopar-

ticles having 1 molecules bound to the surface can be easily

prepared if the loading of organics is kept under the aggrega-

tion limit. A possible explanation of this peculiar behaviour is

that terpyridine moieties ‘diluted’ on the surface are ineffective

and that a critical local density of terpyridine units has to be

reached so that they can cooperate in cross linking the

nanoparticles.

Complexation experiments

The well known properties of terpyridine as metal chelators13

suggested a direct strategy for controlling the process: in

Fig. 3 Changes in the absorption and fluorescence intensity of a 6 �
10�9 M acetonitrile solution of gold nanoparticles upon addition of 1.

The concentration range I, II and III correspond to those described in

Scheme 2. Top: full circle and empty circles correspond to the absence

and the presence of zinc (2 � 10�4 M), respectively. Bottom: fluores-

cence intensity (lexc = 310 nm, lem = 405 nm) in the absence of zinc is

represented by the full triangles; fluorescence intensity (lexc = 310 nm,

lem = 500 nm) in the presence of zinc (2 � 10�4 M) is represented by

the empty triangles.

Fig. 4 Fluorescence spectra (lexc = 310 nm) of a 6 � 10�9 M

acetonitrile solution of gold nanoparticles upon addition of 1 (con-

centration between 0 and 5 � 10�6 M). See Scheme 2 for the meaning

of I and III.
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particular we though that ‘locking’ the coordinative site with a

suitable metal ion in appropriate experimental conditions

aggregation of the metal nanoparticles could be completely

avoided. In particular, it was shown by the group of Rotello

and, very recently, by the one of Li that the use of Fe2+, Zn2+,

Co2+, Ag+, and Cu+ can lead to large assemblies of nano-

particles derivatized with terpyridine ligands. We choose to

work with Zn2+ ions, whose coordination with terpyridine

derivatives has been widely investigated,15 because they are

known to adopt also coordination numbers lower than 6.16

For this reason, we started to study the coordination ability of

1 towards this metal ions in different experimental conditions.

In particular, we started following the spectrophotometric

and fluorimetric titrations of 1 with zinc triflate in order to

look at the stoichiometry and the photophysical properties of

its zinc complexes. Compound 1 presents in acetonitrile solu-

tion a strong absorption band at 287 nm with a molar

absorbivity e = 37 000 M�1 cm�1 (Fig. 5a). The fluorescence

spectrum (Fig. 5c) shows a band with maximum at 405 nm,

and excited state lifetime of 1.5 ns. Upon addition of Zn2+ the

absorption and fluorescence bands of 1 shift to longer wave-

lengths (Fig. 6 and 7) indicating the formation of both

[1 �Zn]2+ and [12 �Zn]2+ complexes, according to eqn (1)

and (2).

1 + Zn2+ 2 [1 �Zn]2+ (1)

[1 �Zn]2+ + 1 2 [12 �Zn]2+ (2)

Scheme 2 Schematic representation of the interaction of 1 with gold nanoparticles: I corresponds to low concentration of 1 (roughly less than
50% of surface coverage). II is the medium concentration regime (between 50 and 100% of surface coverage). III corresponds to an excess of 1. The
pictures above the roman numbers describe the aggregation observed in the absence of zinc. The pictures below the numbers are relative to the
presence of zinc. In the case of II the saturated (100% coverage) nanoparticles are represented. In both cases (with and without zinc) strong
quenching of the fluorescence of 1 is observed in cases I and II and strong fluorescence coming from unbound molecules (or complexes) in the of
case III.

Fig. 5 Curves a and b are the absorption spectra of 1 and of its zinc

complex [1 �Zn]2+, respectively. Lines c and d are the fluorescence

spectra (lexc = 310 nm) of 1 and [1 �Zn]2+, respectively. Fluorescence

spectrum e was recorded for a 1 � 10�6 M acetonitrile solution of 1 in

the presence of TOAB (6 � 10�4 M) and zinc triflate (2 � 10�4 M).

Fig. 6 Changes in the absorption spectrum of a 5 � 10�5 M

acetonitrile solution of 1 during titration with zinc triflate. The last

spectrum corresponds to the addition of 1.5 equivalents of zinc.

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007 New J. Chem., 2007, 31, 102–108 | 105
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This is not an unexpected result, since terpyridines are known

to bind efficiently zinc ions yielding fluorescent complexes.15

The spectra of the two species and their stability constants (log

b11 = 4.3 and log b21 = 7.9) could be obtained by the

elaboration of the data obtained from the titrations.17 Taking

into account the values of the stability constants it is easy to

calculate that a big excess of zinc ions is required in order to

have the almost exclusive formation of the [1 �Zn]2+ com-

plexes. This is very important to consider in performing the

experiments with nanoparticles where it is necessary to avoid

the formation of the [12 �Zn]2+ complexes that are known to

lead to nanoparticles cross linking.8,10 The experiments with

gold nanoparticles that will be discussed in the next section

have been therefore carried out in the presence of a large

excess of zinc: the maximum concentration of 1 is in fact 5 �
10�6 M while the concentration of zinc triflate is 2 � 10�4 M.

Fig. 5 shows the absorption (curve b) and fluorescence spectra

(curve d) of 1 in these experimental conditions (in the absence

of gold nanoparticles): on the basis of the above discussion

about the stability constants these spectra can be attributed to

the species [1 �Zn]2+. The effect of TOAB (6 � 10�4 M) on the

complexation was also examined since the nanoparticles solu-

tions contain this salt as a weak stabilizer. It is interesting to

note that in the presence of an excess of TOAB and other

bromide salts the fluorescence band of the resulting complex

(Fig. 1e) falls in between the ones observed for free 1 (Fig. 1c)

and for the complex in absence of bromide (Fig. 1d). We

explain this result with the formation of the neutral penta-

coordinated [1 �ZnBr2] complex, as previously observed for a

terpyridine derivative in the presence of acetate.18

Stabilization of the nanoparticles by zinc complexation

Carrying out the experiment with nanoparticles discussed in

the previous paragraph in the presence of zinc triflate in excess

(2 � 10�4 M), a negligible aggregation of the nanoparticles is

observed. As it can be seen from Fig. 8, in fact, the addition of

1 induces only a small change of the plasmon resonance band

of the nanoparticles, an expected change considering the

modification of the surface properties caused by the thiol

binding. The stabilizing effect of zinc ions is even more clear

in Fig. 4 where the changes in the absorption at 600 nm are

compared with those observed in the absence of the zinc salt:

no significant variations takes place in the ‘critical’ concentra-

tion regions II and III. This result suggests that in the presence

of an excess of zinc the terpyridine function is already involved

in metal complexation, a conclusion that can be confirmed by

combining the absorption and fluorescence data. Fig. 4 and 9

in fact clearly show that the fluorescence of 1 is strongly

quenched by the gold nanoparticles: such an efficient quench-

ing is not compatible in the experimental conditions with a

diffusional process and can occur only upon binding of the

fluorescent molecules to the gold. The complexation of zinc

ions, on the other hand, is revealed primarily by the presence

of the absorption band of the complex at 340 nm but also by

the spectral position of the residual fluorescence band (Fig. 9).

The position of the fluorescence maximum at 465 nm, typical

of the [1 �ZnBr2] complex (Fig. 5), suggests also that the

presence of bromide anions, introduced during the colloids

Fig. 7 Changes in the fluorescence spectrum (lexc = 310 nm) of a 5 �
10�5 M acetonitrile solution of 1 during titration with zinc triflate. The

last spectrum corresponds to the addition of 1.5 equivalents of zinc.

Fig. 8 Changes in the absorption spectrum of a 6 � 10�9 M

acetonitrile solution of gold nanoparticles upon addition of 1 (con-

centration between 0 and 3 � 10�6 M) in the presence of zinc triflate

2 � 10�4 M. See Scheme 2 for the meaning of I and III.

Fig. 9 Fluorescence spectra (lexc = 310 nm) of a 6 � 10�9 M

acetonitrile solution of gold nanoparticles upon addition of 1 (con-

centration between 0 and 5 � 10�6 M) in the presence of zinc triflate

2 � 10�4 M. See Scheme 2 for the meaning of I and III.
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preparation, plays a fundamental role in the stabilization

effect, inducing an electric neutrality to the complex and

helping to avoid cross linking expected by the formation of

[12 �Zn]2+ complexes. From the TEM and titration data it has

been possible to calculate again an average surface area

occupied by each complex of 25 Å2.

It is interesting to note that, despite of their important

stabilizing effect, zinc ions do not alter the affinity of 1 for

gold nanoparticles. The fluorescence intensity curves of Fig. 4

that allow to follow the process of binding in the presence or in

the absence of zinc are in fact very similar to each other. Even

the average surface area occupied by the fluorophore, calcu-

lated by the surface saturation point, is the same whether the

terpyridine is complexed or not.

The data that we present here show a very interesting

feature of this system: while ligand 1 alone is not able to

stabilize the colloids, leading to their irreversible aggregation

when a critical surface concentration is reached, its zinc

complex in suitable conditions prevents this phenomenon.

This suggests that the complexation process can be exploited

also as a possible mean for nanoparticle stabilization.

Moreover, the possibility to change the coordinated anions,

using, for example, functionalized carboxylates,19 can afford

an additional and versatile tool to prepare nanostructures

having desired properties.

Together with the stability effect, it is also interesting to note

the photophysical behaviour of this system. This is in fact a

further example of fluorescence quenching near the surface of

gold nanoparticles. The investigation of the mechanism of this

process is beyond the purpose of this paper, but the fact that

also the metal complex with zinc of 1 is quenched by the

interaction with the gold nanoparticles suggests a process quite

independent from the electrochemical properties of the fluoro-

phore. Quenching via energy transfer seems than to be more

likely than electron transfer, especially if one considers that, in

the case of nanoparticles, this process is much less sensitive to

the energy of the excited state of the donor with respect to

molecular quenchers.20

We would like also to stress here that combined UV-vis and

fluorescence spectroscopy allow a detailed monitoring of the

‘state’ of each component of the system. The degree of

aggregation is revealed by the changes in the characteristic

plasmon resonance band of the colloids1,2 while the fraction of

1 molecules effectively bound to the gold can be measured by

fluorescence spectroscopy since the interaction with the nano-

particles dramatically quenches its fluorescence.

Conclusions

The results obtained allowed us to conclude that a low

concentration of 1 on the gold nanoparticles does not alter

their stability while, when a critical concentration value is

reached, aggregation takes place. This indicates that, while, as

expected, the binding of the thiol to the gold is strong and

almost quantitative even at very low concentrations, the

interaction with the terpyridine moiety is much weaker and

it becomes relevant only at higher concentrations when several

units can cooperate in interlinking the nanoparticles. We

demonstrated that complexation of zinc by terpyridine on

the surface of gold colloids is not only possible, but that it

also strongly contributes to stabilize, in suitable experimanetal

conditions, the nanoparticles in solutions. Anions, such as

bromide, showed to play an important role in this stabilization

processes. The growth of metal complexes on colloids surface

can be hence considered a new strategy for modifying the

surface of nanoparticles. A suitable choice of the anions could

also allow to design more versatile structures via the binding of

negatively charged substrates possessing desired chemical

functions.
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