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I. Introduction

Due to their unique chemical, optical and electronic proper-

ties, which differ from the properties of the metal both in

the macroscopic state and as individual atoms,1, 2 the gold-

based nanostructures find application in different fields of

modern chemistry, technology and material science,3 in the

development of optical,1, 4 ± 6 nanoelectronic 7 ± 9 and pho-

tonic 10, 11 devices, chemical and biological sensors 12 ± 14 and

catalysts.14, 15 In addition, the nanoparticles (NP) can be

used in medicine (for drug delivery 16 and as the markers in

clinical diagnostics 17, 18) and also as the colouring agents

that change the reflection and absorption properties of

coloured glass.19

The main problem in the preparation of metal nano-

dispersions is that nanoparticles are unstable in solutions

and tend to form large aggregates. To obtain stable nano-

particles of definite size and shape in the form of colloidal

solutions, the presence of stabilizing agents that adsorb on

the particle surface thus preventing further association is

required.1, 20, 21

As such stabilizers, different sulfur-containing organic

substances (thiols, sulfides, disulfides, thiourea derivatives,

xanthates, dithiocarbamates, etc.) are often used.1, 2, 20, 22 ± 26

For functionalization and stabilization of gold nanopar-

ticles, compounds of other classes such as amines, thiocya-

nates, carboxylates, etc. can be employed. Polypyridine

compounds, especially terpyridines and bipyridines, were

also used in the modification of gold nanoparticles.1, 15, 27

Modifying gold nanoparticles with various organic

ligands makes it possible to impart the desired properties

to them. At present, the attention is focused on ligands

containing a functional group (fluorophore, chromophore,

receptor or electrochemically active group) bound to a

sulfur-containing group through a linker.15, 28

The targeted and controlled synthesis of ensembles

based on metal nanoparticles with a definite size, shape

and degree of aggregation is a challenge of modern nano-

chemistry. Such ensembles can form as a result of synthesis

of complex compounds of metal cations with ligands

attached to the nanoparticle surface and containing termi-

nal donor groups. Modification of nanoparticles with metal

complexes gives rise to new properties: optical, chemical,

electrochemical or catalytic properties. These nanoparticles

may serve for the design of new functional hybrid materials

and supramolecular structures.29, 30

To date, two reviews were devoted to gold nanoparticles

modified with coordination compounds and their use in

sensor-based diagnostics and catalysis.31, 32 However, both

reviews are small in volume and in the number of cited

publications.

The present review generalizes the data on the synthesis

and practical use of gold nanoparticles bearing metal ions

coordinated on their surface to the terminal donor groups

of organic ligands that stabilize the NP. The methods of

synthesis of these ligands are surveyed as well and the

methods of their immobilization on the nanoparticle surface

and the interaction of modified gold nanoparticles with

metal ions. The information is grouped according to the
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application fields of these nanoparticles and corresponding

nanomaterials. Insofar as the determination of the size, the

chemical composition and the structure of NP and mole-

cules on their surface is a separate and often difficult task,

Section III presents a concise list of physicochemical meth-

ods conventionally used to elucidate the structures of nano-

particles.

II. Methods of synthesis of gold nanoparticles

The use of metal nanoparticles in the development of

optical and nanoelectronic devices, chemical and biological

sensors, catalysts, etc. requires new methods for synthesiz-

ing monodisperse nanoparticles with the controlled size and

shape, because these parameter determine many physical

and chemical characteristics of synthesized materials.3, 33

As was mentioned in the Introduction, sulfur-containing

organic compounds are used most often as the stabilizers of

gold nanoparticles. It deserves note that there is still no

general agreement on the mechanism of interaction of thiols

with the gold surface. At present, most researchers believe

that this interaction is accompanied by the S7H bond

cleavage in the thiol molecule and the resulting alkanethio-

late becomes bound to the metal surface. The reaction on

the NP surface can be considered as the oxidative addition

of a thiol to the gold surface with the reductive elimination

of hydrogen.34, 35

RSH+(Au0)n RS7Au+(Au0)n71+
1

2
H2 .

For monolayers, the formation of a thiolate on the gold

surface was confirmed by FT IR spectroscopy and FT mass

spectrometry. It was found 34 that the thiolate ± gold bond

in very strong with the energy of *40 kcal mol71.

Molecular hydrogen is apparently evolved when the

process is carried out in vacuum, as confirmed by the

corresponding calculations.36 However, for thiolate layers

formed in solution in the presence of oxygen, the eliminated

hydrogen atoms can transform into water molecules.37

At the same time, according to the data of Nuzzo

et al.,38 methanethiol is adsorbed on the gold surface in

vacuum without S7H bond dissociation. Brust and co-

workers 39 noted that the adsorption of thiols on gold can

proceed by different mechanisms depending on whether

there exists a sufficiently easy way of hydrogen removal.

Moreover, according to these authors, in the thiol layer, a

hydrogen atom that remains bonded to sulfur can hardly be

distinguished from a hydrogen atom adsorbed on the gold

surface.

The introduction of functional groups capable of poly-

merization or groups capable of forming three-dimensional

hydrogen bonds on the surface (e.g., amine derivatives of

thiols) into alkanethiols as well as the formation of mono-

layers on substrates made of copper or silver atoms electro-

chemically deposited on the gold surface under

`underpotential' conditions enhances the stability of the

resulting monolayer.40

The adsorption of disulfides on the gold surface is

accompanied by the S7S bond cleavage to afford gold

thiolate, like the reaction with thiols.34, 41 Moreover, mixed

monolayers are formed for asymmetric dialkyl disulfides.41

RS7SR+(Au0)n (RS7 Au+)2(Au0)n72 .

The adsorption of dimethyl sulfide on the gold surface

was studied.38 It was found that the resulting layer has a

high thermal stability, particularly, the desorption peak

maximum is at the temperature of >170 8C. At the same

time, a secondary-ion mass spectrometric study has shown

that the adsorption of dialkyl sulfides on the gold surface

proceeds without the C7S bond dissociation.42

Currenlty, in the quest for stabilizers of gold nano-

particles, the researchers' attention is focused on thiols

and disulfides containing additional functional groups. Of

considerable interest are gold nanoparticles stabilized by

organic ligands containing additional donor groups; these

allow the synthesis of nanoparticles modified by metal

complex compounds.43 However, the direct reaction

between the reactive molecular fragment and the gold NP

surface is undesirable because this can lead to the loss of

activity of the adsorbed compound (blocking of the active

functional group) or even to irreversible aggregation of

nanoparticles.1, 28, 44

The simplest and most widely used approach to the

synthesis of gold nanoparticles is the reduction of HAuCl4
in solution in the presence of stabilizing ligands. Reduction

both in aqueous solutions and in organic solvents has been

reported.1 The reducing agents used include hydrogen,45

sodium borohydride,46 or, more rarely, aminoboranes

(Me2NHBH3),47 aluminium hydrides, superhydride (LiEt3
BH),48 hexadecylaniline,49 hypophosphites, formalde-

hyde,50 N,N-dimethylformamide,51 citric 52 and ascorbic

acids,53 hydroxylamine.54 The reduction can also proceed

under the action of glucose formed upon the saccharose

hydrolysis.55

The strong reducing agents (for example, aluminium

hydrides and borohydrides) quickly reduce noble metal

ions; hence, they can be used only if the reaction medium

contains efficient surface stabilizers preventing the coarsen-

ing of particles. Carboxylic acids (citric, tartaric, ascorbic)

and their salts are weak reducing agents which slowly

reduce noble metal ions. The advantage of these reducing

agents consists of the possibility of finely tuning the size and

the composition of the nanoparticles formed.

One of the first and most convenient methods of syn-

thesis of nanoparticles in aqueous solutions is the method

proposed by Turkevich 56 in which sodium citrate is used as

the reducing agent.{

The size of nanoparticles formed in this reaction can be

controlled by varying the reactant ratio. With the decrease

in the citrate content in solution, nanoparticles of the larger

diameter are formed. In this case, citrate ions serve as a

stabilizing agent that easily forms a negatively charged

nHAuCl4 + m

7
O

O

7O

7O

O

OH

O

(Aun)3m+

npAu-citrate

m

7
O

O

7O

7O

O

OH

O

{From hereon, the homoligand gold NP with simple ligands are desig-

nated by conventional terms, for instance, npAu-citrate, npAu-SC5H11,

etc. For intricate ligands and heteroligand gold NP, the numbers are used:

npAu-1, npAu-2, etc.
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coating on the nanoparticle surface thus inducing the

electrostatic repulsion and preventing the interaction of

nanoparticles.56

A classical way of synthesizing gold nanoparticles in

organic solvents is the method proposed by Brust, Schiffrin

and co-workers.57, 58 They were the first to use the well

known ability of tetraalkylammonium halides to carry

metal ions from the aqueous phase to the organic phase in

the synthesis of gold nanoparticles in nonaqueous media.

This method includes the transfer of tetrachloroaurate from

an aqueous solution to an organic solvent (e.g., toluene, tol)

followed by the reduction of the gold salt by sodium

borohydride in the presence of alkanethiols as the stabil-

izers.

AuClÿ4 (aq)+ (n-C8H17)4N+ (tol)

(n-C8H17)4N+AuClÿ4 (tol),

mAuClÿ4 (tol)+ n (n-C12H25)SH (tol)+3m e7

4mCl7 (aq)+ (Aum)(n-C12H25SH)n (tol).

This method allows one to synthesize virtually mono-

disperse nanoparticles stable in solution. As in the Turke-

vich method, the nanoparticle size depends on the ligand-to-

tetrachloroaurate concentration ratio; the higher this ratio,

the smaller the diameter of particles formed. The reactant

supply rate and the temperature also affect the nanoparticle

size. Thus the fast supply of the reducing agent and cooling

of the reaction mixture provided NP with the diameter of

*2 nm.57, 58 Based on X-ray photoelectron spectroscopy

(XPS) data, it was concluded 58 that gold atoms in nano-

particles are in the Au0 state. This is why the thiol

adsorption was assumed to involve no S7H bond cleavage,

as reflected in the equation of this reaction.

There are two main methods for the preparation of gold

nanoparticles modified with complex ligands. One of them

is based on the ligand-exchange reaction between the nano-

particles stabilized with a non-functionalized alkanethiol

(e.g., dodecanethiol) and a new ligand.59 The second

method consists of modifying the already adsorbed ligand

which contains structural fragments necessary for its further

transformations.57, 60

Yet another method of synthesis of gold nanoparticles is

their growth on the nuclei. In this case, the precursor ions

are reduced on the surface of preliminarily prepared nano-

particle nuclei. Weak reducing agents are preferred, for

instance, hydroxylamine, ascorbic acid, etc. The latter

agents should reduce the precursor ions only on the surface

of nuclei without forming new nucleation sites.53

A new combined two-step method of synthesis of gold

nanoparticles of the desired size (5 ± 110 nm) was pro-

posed 61 which involved the use of UV irradiation and the

particle growth from nuclei. In the first stage, under the

action of UV radiation, spherical nanoparticles (nuclei)

with the size of 5 ± 20 nm depending on the concentration

ratio between HAuCl4 and the stabilizing agent (polyoxy-

ethylene isooctylphenyl ether) were formed. The nanopar-

ticle formation took several minutes in air at room

temperature. Then, new portions of tetrachloroaurate and

the reducing agent (e.g ., ascorbic acid) were added to the

system. Nanoparticles of the larger size (25 ± 110 nm) were

formed in several minutes. This method affords gold nano-

particles of a definite size quickly and with good reprodu-

cibility.61

III. Methods of investigation and elucidation of the
nanoparticle structure

Elucidation of the size, the chemical composition and the

structure of NP and the molecules on their surface is a

rather complicated problem, which is usually solved by

using a combination of physicochemical analytical methods

both conventional and specific.

The most information-rich and widely accepted methods

used for finding the structure of modified nanoparticles and

also of metal complexes attached to their surface are trans-

mission electron microscopy (TEM), scanning electron

microscopy (SEM), atomic-force microscopy (AFM), scan-

ning tunnelling microscopy (STM), UV-Vis electronic spec-

troscopy, different versions of IR spectroscopy and Raman

spectroscopy, dynamic light scattering (DLS), electrochem-

istry, X-ray diffraction (XRD), small-angle X-ray scattering

(SAXS), X-ray photoelectron spectroscopy, fluorescence

analysis, mass spectrometry, NMR spectroscopy, elemental

analysis, phase-contrast microscopy (PCM) and thermog-

ravimetry.

Among the methods used in determination of the size of

gold nanoparticles synthesized in solution, electronic spec-

troscopy is the simplest, fastest and the most convenient

method. Solutions of gold nanoparticles exhibit an intense

absorption band at *520 nm, the so-called surface plasmon

resonance (SPR) band, the appearance of which is associ-

ated with collective oscillations of conduction electrons in

the near-surface layer of nanoparticles. The position and the

intensity of the SPR band depend on the size and shape of

particles, the extent of their interaction, the dielectric

properties of the medium, etc. With the increase in the

nanoparticle size, the SPR band shifts to longer wavelengths

which is associated with mutual interference of plasmon

levels for neighbouring NP and points to gradual aggrega-

tion. Thus, variations of the position and the intensity of the

SPR band serves as evidence for changes in the nanoparticle

structure.62 ± 64

The size of synthesized nanoparticles is usually inde-

pendently determined by the TEM method.1, 62

Among the most comprehensive methods for determi-

nation of the structure of molecules on the surface of

modified nanoparticles, the Raman spectroscopy deserves

special mention. For gold nanoparticles modified with

either individual organic ligands or coordination com-

pounds, the surface Raman scattering is markedly

enhanced. This effect is called surface-enhanced Raman

scattering (SERS) and occurs for molecules adsorbed on

the nanoparticle surface.62

So far, there is no agreement on the mechanisms of

surface enhancement; however, the majority of scientists

assume that the predominant contribution is due to the

local enhancement of the electric field near a rough metal

surface exposed to the light resonant with the localized

surface plasmons.65, 66 In this case, the characteristic sizes of

particles (surface irregularities) should be much smaller

than the incident light wavelength. The degree of enhance-

ment depends strongly on the size and shape of nano-

particles, their orientation and aggregation. For molecules

that form chemical bonds with the surface, the chemical

mechanism of enhancement is possible, which is associated

with the temporary transition of electrons from the Fermi

level of the metal to the vacant molecular orbital of the

adsorbate.67

Gold nanoparticles modified with coordination compounds of metals: synthesis and application 67



It is well known that the SERS effect exhibited by

nanoparticles of gold, silver or copper may serve as an

extremely sensitive analytical signal.68 In recent years, the

SERS method was used in solving various microanalytical

problems as an exceptionally potent and advanced instru-

mental analytical method that provides high resolution,

allows one to acquire large body of information and

makes it possible to determine ultralow amounts of the

analyte down to individual molecules.69, 70

IV. Synthesis and application of gold nanoparticles
with metal complexes attached to the surface

1. Synthesis of gold nanoparticles modified with metal ions
For gold nanoparticles stabilized with ligands containing

additional chelating groups, the interaction with metal ions

is another way to prevent the nanoparticle aggregation.

Complexation blocks the chelating fragment in the mole-

cule thus preventing the irreversible aggregation of nano-

particles.30, 43

The stabilization of nanoparticles modified with a ter-

pyridine derivative due to the formation of a complex with

Zn2+ was described.28 As the ligand, thiol 1 was used,

which was synthesized as follows:

Gold nanoparticles were synthesized by the Brust

method, i.e., by the reduction of chloroauric acid with

sodium borohydride in the presence of tetraoctylammonium

bromide.57 The stabilized nanoparticles were made to react

with thiol 1.

The addition of ligand 1 in a low concentration (up to

261076 mol litre71) to a solution of nanoparticles results

in an increase in SPR band intensity and its shift to longer

wavelengths (from 520 to 580 nm), which points to the

formation of small aggregates. With the increase in the

ligand concentration (up to 3.061076 mol litre71), strong

aggregation occurs; for thiol concentrations above the

critical value (3.561076 mol litre71), very quick irreversi-

ble aggregation of particles and their almost immediate

precipitation occurred.28 This was explained by the fact

that thiol 1 can serve as a cross-linking agent, being capable

of coordinating to nanoparticles not only with its sulfur

atom but also with the nitrogen atoms of its terpyridine

ring. This initiates fast aggregation of NP in the presence of

thiol in sufficient concentrations.

The resulting gold nanoparticles were studied in their

complexation with Zn2+ ions. With the addition of zinc

salts, an intense band at 465 nm typical of [L .ZnBr2]

complexes (L is a neutral ligand) appeared in the fluores-

cence spectra. This suggests that in this case, anions play an

important role in stabilization of nanoparticles: the forma-

tion of the neutral complex [L .ZnBr2] prevents the possible

aggregation of nanoparticles via the formation of

[2 L .Zn]2+ complexes. Thus, in this case, the formation of

a coordination compound on the surface of NP prevents the

irreversible aggregation of NP.

The use of complexation for synthesizing ensembles of

nanoparticles of definite sizes and shapes was demon-

strated.30 As the ligand, terpyridine derivative 2 was syn-

thesized

In the targeted synthesis of gold nanoparticles, com-

pound 2 was made to react with KAuCl4 in ethanol, which

was followed by reduction with NaBH4. This led to the

formation of large aggregates, as indicated by the results of

TEM and electronic spectroscopy studies (in the electronic

spectrum, a wide band at 615 nm was observed). However,

the aggregation was irreversible as evidenced by the

formation of free monodisperse nanoparticles (diame-

ter <3 nm) upon the addition of DMF to the solution.71

The effect of the nature of added metal ions on the

properties of formed complex ensembles (Scheme 1) was

studied.30 It was found that for alkali metal ions (Na+, K+)

as the complexing agents, strong aggregation occurred due

to the weak coordination interactions between the terpyr-

idine fragments of the ligand and the alkali metal ions to

afford aggregates comprising large numbers of fine nano-

particles measuring 1.6� 0.2 nm.

The introduction of Co2+ ions, which can form stable

1 : 2 complexes with terpyridine ligands,72, 73 afforded small

spherical aggregates with the diameter of 100 ± 200 nm.

Thus, by varying the nature of metal centre, one can

obtain complicated three-dimensional nanostructures of

different size. It deserves mention that in this example, the

aggregation ± disaggregation is also reversible, which opens

up the possibility of transforming one three-dimensional

structure into another.

Gold nanoparticles modified with terpyridine deriva-

tives were also studied.74 Their interaction with FeII, ZnII,

CuI and AgI ions was considered. Thiols 3a ± c containing

SMe

O

+ 2

N
Me

O

NH4OAc

ButOK

SMe

N

NN

KSEt, DMF

D

SH

N

NN 1

Me

O

+ 2

N
Me

O

1) NaOH

2) NH4OAc, AcOH

D

Me

N

NN

NBS

CCl4

N

NN

1) (NH2)2CS,

NaOH
2) HCl

N

NN 2

NBS is N-bromosuccinimide.

SHBr
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terpyridine groups were synthesized based on substituted

4-pyridone and bromoacetates.

The starting gold nanoparticles measuring 2.0 nm and

stabilized with pentanethiol (npAu-SC5H11) were synthe-

sized according to the Brust method.58 Nanoparticles modi-

fied with octanethiol (npAu-SC8H17), undecanethiol (npAu-

SC11H23) and also nanoparticles npAu-1a ± c containing

terpyridine fragments on their surface were synthesized by

the method of ligand exchange 75 with the use of corre-

sponding thiols and terpyridine derivatives 3a ± c

(Scheme 2).{

The reaction between the terpyridine fragments attached

to the nanoparticle surface and the metal ions leads to some

aggregation of nanoparticles. In the case of Fe(H2O)6(BF4)2
at a low concentration of FeII ions, no apparent aggregation

of nanoparticles was observed, i.e., small soluble aggregates

were formed. With the increase in FeII concentration, the

aggregate size increased and their precipitation at high FeII

concentrations was observed. According to the data of

phase contrast microscopy, the resulting aggregates had a

porous structure with a lot of voids and cavities. Additional

experiments have shown that in the absence of FeII ions or

on the addition of FeII ions to gold nanoparticles unmodi-

fied with the terpyridine ligand, no aggregation occurred.

Similar aggregates were prepared based on AgI, ZnII and

CuI salts. For AgI and CuI, more compact aggregates

containing smaller numbers of cavities than the aggregates

based on FeII and ZnII were formed. The explanation lies in

the fact that more stable six-coordinate complexes of FeII or

ZnII ions are formed quickly and virtually irreversibly to

afford structures with higher porosity. On the other hand,

the less stable four-coordinate complexes of AgI and CuI

afford denser aggregates as a result of thermodynamically

controlled aggregation. Aggregates based on AgI, CuI and,

to the lesser extent, ZnII can be destroyed by the addition of

a large excess of the original terpyridine-containing ligand,

which confirms the reversibility of complexation in these

cases.

The photochemical properties of gold nanoparticles

modified with a FeII terpyridine complex were studied.76

Ligand 3c was synthesized through the alkylation of 4-pyri-

done with 11-bromoundecanethiol (Scheme 3). Gold nano-

O

N

NN
H

K2CO3, KI, Me2CO

AcS Br
n

O

N

NN

SAcn

NaOMe

THF, MeOH

O

N
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SHn
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n=3 (a), 6 (b), 9 (c).
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N

N

Mn+

N

N

NH2CS SAu Au
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N

N

N

n

n

Scheme 2

{Nanoparticles were uniformly covered on all sides with the adsorbed

ligands; however, to save room, hereafter we show only several ligands.
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particles with the average size from 3 to 5 nm were synthe-

sized by the Brust method with the use of a mixture of

dodecanethiol and the [Fe(3c)2]Cl2 complex as the stabiliz-

ing additives.

It was shown that the photochemical excitation of

npAu-2 gives long-lived intermediates as a result of electron

transfer from the excited iron complexes to a nanoparticle.

For these intermediates, absorption signals in the UV and

visible regions were detected. Such systems can be used in

the development of photocatalysts of hydrogen generation

on water decomposition.

The controlled stabilization and flocculation of nano-

particles under the action of 2-(pyrazin-2-yl)ethanethiol and

its complexes with pentacyanoferrate(II) were described.65

Sodium citrate-stabilized nanoparticles were synthesized by

the method of Turkevich 56 and then they were made to

react with a FeII 2-(pyrazin-2-yl)ethanethiol complex. This

yielded a solution of stable fine nanoparticles non-suscep-

tible to further aggregation.

The reaction of pyridine-2- and pyridine-4-thiols with

gold nanoparticles was reported;61 studying the products by

means of IR spectroscopy demonstrated considerable differ-

ence in their aggregation behaviours. The use of pyridine-2-

thiol led to the formation of stable nanoparticles, whereas

the addition of pyridine-4-thiol resulted most often in the

aggregation of particles, which was associated with the

ligand interaction with neighbouring nanoparticles via the

nitrogen atom of the pyridine ring.61

Complexes of pyridine-2- and pyridine-4-thiol (2PyT and

4PyT) with pentacyanoferrate(II) ions ([Fe(CN)5]37) were

described.43 The formation of [Fe(CN)5PyT]37 complexes

was observed; however, for pyridine-2-thiol, the iron ions

were coordinated to the sulfur atom, whereas for pyridine-

4-thiol, their coordination was to the nitrogen atom.

When these complexes were adsorbed on the nanopar-

ticle surface, the aggregation occurred only for the highly

labile 2PyT complex, namely, [Fe(CN)5(2 PyT)]37. The

latter can be considered as a carrier of pyridine-2-thiol

molecules to the nanoparticle surface, which, in turn,

initiates the aggregation. The adsorption of the FeII com-

plex with 4PyT led to stabilization of nanoparticles due to

the formation of strong coordination bonds between the

nitrogen atoms of pyridine fragments and FeII, as a result of

which a negatively charged layer was formed on the NP

surface.

An approach based on the coordination interactions

between imidazole fragments and a CoII complex with

Na,Na-bis(oxycarbonylmethyl)-L-lysine (aminoalkylnitrilo-

triacetate) (4) was used 77 in the development of bimetallic

structures involving gold and silver nanoparticles. Silver

nanoparticles stabilized with thioctic acid (5) and modified

with complex 4 were synthesized. Their synthesis was

similar to the Brust synthesis of gold nanoparticles, namely,

they were prepared by the reduction of silver nitrate with

sodium borohydride (in the presence of tetradecylammo-

nium bromide as the phase transfer catalyst), followed by a

reaction between the resulting nanoparticles and thioctic

acid (5) (Scheme 4). In the course of this reaction, the

disulfide fragment of thioctic acid was split to afford two

Ag7S bonds. Thioctic acid-modified silver nanoparticles

were introduced into the amidation reaction with cobalt(II)

aminonitrilotriacetate in the presence of N-hydroxysuccin-

N

N SH
Na3[Fe(CN)5NH3] . 3H2O

N

N

SH

Fe

CN

NC

NC

CN

N

N

Fe

NC

NC

NC
3Na+

3Na+

CN
CN

CN

37 37

npAu-citrate

S

Au

O

N

NN

SH

Fe

HS

NN

N

O

9

9

2 Cl7

2 Cl7

H

O

N

NN

Br(CH2)11SH

K2CO3, MeCN

3c

O

N

NN

SH

FeCl3

EtOH, CH2Cl2

9

HAuCl4, TOAB

n-C12H25SH, NaBH4,

PhMe7H2O

2+

Au

S

S

S O

Me

Me

N

NN

Fe

NN

N
O SH

2+

npAu-2

TOAB is tetraoctylammonium bromide.

10

10

9

9

Scheme 3

70 E K Beloglazkina, A GMajouga, R B Romashkina, N V Zyk, N S Zefirov



imide and 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide

as the activating agents. Furthermore, gold nanoparticles

modified with mixed monolayers of thioctic acid (5) and

1-(11-mercaptoundecyl)imidazole (6) were prepared. These

nanoparticles were synthesized by the Turkevich method by

the reactoin of citrate-stabilized gold nanoparticles (meas-

uring 13� 1 nm) with the corresponding sulfur-containing

derivatives in the presence of sodium hydroxide. For high

concentrations of imidazole derivative 6, the nanoparticles

proved to be unstable and precipitated. Furthermore, the

reaction of CoII complex-modified silver nanoparticles with

gold nanoparticles containing free imidazole fragments on

their surface afforded a mixed bimetallic structure in which,

according to TEM studies, the coarse gold nanoparticles

were surrounded by finer silver NP.

Bimetallic structures were formed due to the specific

binding of imidazole fragments localized on the gold nano-

particle surface to the CoII complexes immobilized on the

silver nanoparticle surface and having vacant coordination

positions originally occupied by water molecules. No aggre-

gation occurred when silver nanoparticles modified by only

thioctic acid interacted with gold nanoparticles containing

imidazole groups. Nor the aggregation occurred when Ag

nanoparticles modified with CoII complexes interacted with

Au nanoparticles modified by only thioctic acid (containing

no imidazole fragments).

Approaches to the synthesis of gold nanoparticles modi-

fied with bis[13-(4-pyridyl)tridecyl] disulfide (7) by the Brust

methods were discussed.78 A mixture of ligand 7 with

dodecanethiol in the 2 : 1 ratio was used, the average size

of resulting particles was 2.2 nm, according to the TEM

data.

Comparing the IR spectra of individual ligand 7 and

gold nanoparticles modified with this ligand demonstrates

that nitrogen atoms are not involved in the ligand adsorp-

tion on the nanoparticle surface, because the overall spec-

trum in the range of 3500 ± 1400 nm experienced virtually

no changes upon adsorption. The IR spectra of both ligand

7 and gold nanoparticles modified with this ligand (pressed

as KBr pellets) demonstrated C=N bands at 1602 and

1604 cm71, respectively.

The complexation between CuII or CoII ions and gold

nanoparticles modified with disulfide 7 was studied.78

According to the TEM data, the reaction with an excessive

amount of the Cu(ClO4)2 . 6H2O solution in the toluene ±

acetonitrile mixture afforded spherical aggregates with the

average size of 100 nm. Under analogous conditions, the

reaction of nanoparticles with Co(ClO4)2 . 6H2O also

afforded coarse aggregates which, however, had an irregular

shape. This difference is probably due to the different

coordinating ability of pyridyl-containing ligands with
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respect to different transition metal ions. The aggregation

of gold nanoparticles modified with ligand 7, which pro-

ceeded in the presence of copper(II) perchlorate, was addi-

tionally confirmed by UV-Vis spectroscopic data. The

electronic spectrum of a solution of modified gold nano-

particles demonstrated a characteristic SPR band at

512 nm. With the addition of a solution of

Cu(ClO4)2 . 6H2O in an acetonitrile ± toluene mixture, the

SPR band broadened and shifted to longer wavelengths,

which confirms the formation of coarser aggregates.

2. Sensors based on modified gold nanoparticles
The existing literature contains examples of design of highly

sensitive and selective sensor systems based on self-

assembled thiol monolayers on the gold surface.12 There

is information on the use of modified electrodes in the

determination of metal ions (Cu2+, Cr3+, Na+, K+, Ba2+,

etc.),79, 80 anions (Cl7, Br7, NOÿ3 , SO2ÿ
4 , H2PO

ÿ
4 , ClOÿ4 ,

PFÿ6 , etc.),80, 81 and low-molecular-weight compounds.82

A topical trend in this field is the development of similar

systems based on gold nanoparticles modified with ligand

monolayers. Particularly, the use of gold NP stabilized with

sulfur-containing organic compounds comprising various

functional terminal groups in the determination of DNA

molecules, proteins and peptides was described 83 as well as

the use of gold NP modified with DNA molecules in the

targeted sequencing of oligonucleotides.84, 85 Gold nano-

particles are attractive objects for grafting various markers,

for instance, chromophore and fluorescence groups, to their

surface, which open up the possibility of using the nano-

particles as chemical and biological sensors.86, 87

Insofar as solutions of gold nanoparticles show an

intense SPR band in the visible region and this band has a

sufficiently high molar absorption coefficient and is sensi-

tive to changes in the ligand coating of NP, these solutions

can be used as highly sensitive sensors in the determination

of solution components by optical methods.63, 64

Upon the adsorption of fluorescent ligands on the sur-

face of gold nanoparticles, the fluorescence is quenched,

which also opens up the possibility of using modified nano-

particles as highly sensitive sensors.87

A promising trend in this field is adsorption, on the

nanoparticle surface, of the ligands containing donor

groups capable of interacting with different metal ions to

afford complex compounds; this serves as an analytical

signal in the determination of these ions.

A porphyrin derivative containing disulfide groups and

its complex with zinc were synthesized.88 The complex was

adsorbed on the surface of gold NP, which were tested as

the optical sensors for determination of inorganic anions.

Porphyrin derivative 8 was synthesized from 5,10,15,20-tet-

rakis(2-aminophenyl)porphyrin (9) and thioctic acid

(Scheme 5).

Complexes of ligand 8 with Zn(OAc)2 were prepared.

Gold nanoparticles modified with the Zn2+ complex were

synthesized by the Brust method, where a mixture of

dodecanethiol and the synthesized complex served as the

stabilizer. According to the TEM and elemental analysis

data, the average number of molecules of the porphyrin

derivative per nanoparticle varied from 30 to 80 depending

on the NP size (3 ± 4 nm).

Further, the same authors studied the interaction

between the zinc porphyrin-modified nanoparticles and

various anions (Cl7, Br7, I7, NOÿ3 , H2PO
ÿ
4 , ClO

ÿ
4 ). Bind-

ing of anions was due to their interaction with zinc as Lewis

acids and also due to hydrogen bonding with the ligand

amide groups. The strongest interaction was observed for

Cl7 and H2PO
ÿ
4 anions. The main drawback of the pro-

posed method is associated with the fact that it can be

applied only to determination of anions in non-aqueous

media (in methylene chloride or DMSO). This prevents the

use of thus modified nanoparticles as sensors for anions in

biological fluids.

The use of modified gold nanoparticles in the fluorimet-

ric and colorimetric determination of CuII ions was

described.87 This method is based on the changes in the

efficiency of photoluminescence quenching of chromo-

phore-containing ligands in the presence of gold nano-

particles and CuII ions. The model system contained

chromophore groups (pyridine) connected to the nanopar-

ticle surface by weak coordination N7Au bonds. As the

ligand, bis[N-(2,6-diisopropylphenyl)imide] of 1,7-bis(4-
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pyridyloxy)perylene-3,4,9,10-tetracarboxylic acid (10) was

synthesized by the reaction of bisimide 11 with 4-hydroxy-

pyridine in the presence of potassium carbonate in dioxane

and also 18-crown-6 as the phase transfer catalyst.

Modified gold nanoparticles were synthesized by the

reduction of chloroauric acid with tetrabutylammonium

borohydride in the presence of dodecylamine as the stabil-

izer and subsequent substitution of the desired ligand for

dodecylamine. According to TEM data, the average size of

nanoparticles non-modified with bisimide was 3 nm. Upon

the modification, the nanoparticles aggregated due to weak

coordination interactions between the pyridine nitrogen

atoms and gold atoms of the neighbouring nanoparticles

to induce quenching of fluorescence of chromophore

groups. With the introduction of a stronger complexing

agent (CuII ions), the N7Au bonds dissociate, the ligands

are desorbed from the gold surface to give complexes

between the ligand under study and CuII ions in the

solution. This is accompanied by the appearance of a

spectral band typical of the complex of bisimide 10 with

CuII.

In systems of this type, the colorimetric determination of

CuII ions is possible, because the formation of copper

complexes with bisimide 10 is accompanied by liberation

of individual nanoparticles and the appearance of the SPR

band at 515 nm in absorption spectra, which is typical of

unmodified NP. In the process, the solution changes its

colour from purple to orange. Furthermore, the selectivity

of the reaction of synthesized ligand 10 with CuII ions was

studied. No fluorescence signal was observed in the presence

of Li+, Na+, K+, Ca2+, Ag+ or Al3+ ions; upon the

addition of Cu2+, the signal intensity was 2 ± 3 times higher

than after the introduction of Co2+, Ni2+, Fe3+ or Zn2+.

The possibility of using crown ether-functionalized

nanoparticles in the selective determination of K+ ions in

aqueous solutions was reported.89 Chromoionophore sen-

sors were considered as the most important class of ion-

selective compounds back at the time of Pedersen, Lene and

Cram works (see a review 90). Gold nanoparticles modified

with thiol 12a-containing terminal crown-ether groups

(15-crown-5) and their interaction with potassium ions was

studied.89 Ligand 12a was synthesized as follows:

Modification of gold nanoparticles was carried out by

the Turkevich method. It is noteworthy that these nano-

particles proved to be insensitive to Na+ ions present in

solution (from sodium citrate). Nor any analytical signal

was observed upon the addition of excess Na+, although it

is well known that molecules of 15-crown-5 preferentially

form complexes with Na+ ions.

Upon the addition of potassium ions to a solution of

modified nanoparticles, the NP aggregated due to the

formation of sandwich complexes containing 15-crown-5

and K+ ions in the 2 : 1 ratio. The solution immediately

changed its colour from red to blue. This phenomenon was

observed even in the presence of an excess of Na+ ions,

although 18-crown-6 is regarded as the most suitable

reagent for complexation with potassium ions. To com-

pletely eliminate the possibility that Na+ ions are respon-

sible for the formation of aggregates and colour changes,

experiments using lithium salts instead of sodium salts were

carried out. All the effects observed earlier were retained.

Hence, the described method of K+ ion recognition is

selective with respect to many other ions such as Na+,

Li+, Cs+, NH�4 , Mg2+, Ca2+ and allows for detection of

potassium ions starting from the concentration of

7.6 mmol litre71 for the nanoparticle concentration of

7.1 nmol litre71.

For the development of nanoparticle-based sensors, the

ligands containing photoactive groups were also used for

nanoparticle modification. For example, complexes of

organic ligands with lanthanides can serve as luminophores.

The 1 : 1 complex of ligand 13 based on diethylenetriamine-
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pentacarboxylic acid with EuIII was synthesized.91 Ligand

13 was prepared by the condensation of 4-aminobenzene-

thiol with diethyltriaminepentacarboxylic bisanhydride.

The EuIII complex was prepared by the reaction of

ligand 13 with EuCl3 . 6H2O. The addition of a solution of

this complex to a solution of NP stabilized with citrate ions

(the NP average diameter was 10 ± 15 nm) produced modi-

fied monodisperse spherical particles without any aggrega-

tion.91

Interesting photochemical properties were exhibited by

nanoparticles modified with luminophore groups.91, 92 In

particular, in certain cases, photoactive groups were

observed to retain their luminescence properties after the

ligand adsorption on the NP.92

As a model compound for studying photochemical

properties, the ruthenium complex [Ru(bipy)3]
2+ (bipy is

2,20-bipyridine) was chosen.92 The photochemical and pho-

tophysical properties of polypyridine compounds and their

complexes (including complexes with ruthenium) attract

special attention because compounds of this class can be

used in solar energy utilization systems.93 Tris(bipyridine)

ruthenium complexes sitting on the nanoparticle surface

were synthesized according to Scheme 6.

According to the results of TEM, the average number of

[Ru(bipy)3]
2� chromophore molecules on a single npAu-3

particle is 145. The synthesized NP were studied by the

method of nanosecond laser flash photolysis, which dem-

onstrated the possibility of charge transfer over the NP

surface. Presumably, the [Ru(bipy)3]
3� and [Ru(bipy)3]

�

complexes were formed on the nanoparticle surface as a

result of electron transfer between the excited and ground-

state [Ru(bipy)3]
2� molecules. Such NP can be used in

photocatalysis and also as chemical and biological sen-

sors.92

In the field of sensor-based diagnostics and molecular

recognition, the effect of considerable enhancement of

Raman scattering by gold nanoparticles modified with

organic ligands, the so-called SERS effect (see Section III),

has been developed in recent years.

Lately, strong surface enhancement of Raman scattering

has been found for gold nanoparticles modified with triazi-

netrithiol,94 considerable changes being induced by the

interaction of these nanoparticles with transition metal

ions. It is known that the SERS effect exhibited by gold,

silver and copper nanoparticles can serve as an extremely

sensitive analytical signal.68

One of the first examples of the use of SERS effect in the

determination of metal ions on their interaction with gold

nanoparticles was described by Kim et al.,63 who used this

method to determine mercury, lead and cadmium ions.

Gold nanoparticles (measuring 13.6� 0.6 nm) modified

with 11-mercaptoundecanoic acid were synthesized.

The addition of heavy metal salts (HgII, PbII, CdII) to a

solution of these nanoparticles results in their aggregation

and a long-wavelength shift of the SPR band. The solution
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colour changes from pink to blue. In this case, the aggrega-

tion is reversible so that the addition of EDTA to the

aggregated nanoparticles results in the recovery of the

original non-coordinated gold NP. For a common colori-

metric determination with the use of synthesized nano-

particles, the detection limits of metal ions are rather high,

for instance, 400 mmol litre71 for PbII ions. It was assumed

that the detection limit can be somewhat lowered down by

decreasing the number of chelating fragments capable of

binding to the metal on the nanoparticle surface. This can

be achieved by synthesizing coarser nanoparticles. A more

efficient method consists in the adsorption of ligands

capable of specific and selective binding to certain metal

ions on the gold surface.

Considerably lower detection limits were observed for

the use of the gold nanoparticles for determining metal ions

on the basis of the highly sensitive SERS effect. For

instance, the detection limit for PbII ions was

25 mmol litre71. The solution did not change its colour in

the process, which pointed to a higher sensitivity of this

analysis as compared with the spectrophotometric method.

Using the Turkevich method, the gold nanoparticles

modified with 1,3,5-triazine-2,4,6-trithiol (14) were synthe-

sized.94 Although the ligand molecule had three SH groups

and three nitrogen atoms capable of binding to the gold

surface by covalent and coordination bonds, respectively,

no substantial aggregation of nanoparticles was observed as

evidenced by the results of electronic spectroscopy and

dynamic light scattering studies. However, the Raman

spectra indicated that the ligand was bound to the gold

surface by two sulfur atoms and a nitrogen atom of the

heterocyclic ring. The third sulfur atom and two nitrogen

atoms remained free and could interact with transition

metal ions.

Nanoparticles modified with ligand 14 were studied in

the complexation with HgII and CdII ions, because triazine-

thiol fragments often prove to be capable of selective

interaction with heavy metal ions.

According to the results of Raman spectroscopy, HgII

ions are coordinated to the sulfur atom in the ligand; in

addition, the triazine ring is also involved in the complex

formation. The CdII ions are bound to the sulfur atom much

more weakly. Hence, cadmium ions preferentially interact

with the nitrogen atom of the triazine ring. This is why gold

nanoparticles modified with ligand 14 can be used as

selective and sufficiently sensitive sensors for determination

of mercury and cadmium ions.

The use of gold nanoparticles modified with 5,50-dithio-
bis(2-nitrobenzoic acid) in the selective determination of

CrIII ions in aqueous solutions was described.95 These

nanoparticles were synthesized by the method of Turkevich

from sodium citrate-stabilized NP with the average size of

13 nm.

The effect of solution pH on the properties of synthe-

sized nanodispersions was investigated. For pH>6.0, the

solutions of modified nanoparticles were stable for a long

time (over a week). For pH<5.0, their gradual aggregation

was observed, as evidenced by the long-wavelength shift of

the SPR band. According to TEM data, in the presence of

CrIII ions, coarse aggregates were formed as a result of

coordination interactions between the ligands adsorbed on

the nanoparticle surface and CrIII ions. For other metal ions

such as PbII, AlIII, FeII, HgII, CoII, NiII, CuII, KI, CdII,

MgII, CaII, ZnII, MnII, FeIII, virtually no SPR band shift

was observed. Thus, the synthesized gold nanoparticles can

be used as highly sensitive sensors in the determination of

CrIII in solutions in the presence of other metals.

A new efficient method of protein immobilization on the

surface of gold nanoparticles due to coordination interac-

tions between complex 4 adsorbed on the nanoparticle

surface and histidine residues of proteins was proposed.96

The authors used horse-radish peroxidase and redoxin-

NADP+-reductase containing histidine residues introduced

by methods of genetic engineering. The initial gold nano-

particles with the average size of 2.9� 0.9 nm were synthe-

sized by the Brust method with thioctic acid (5) as the

stabilizing agent. The resulting nanoparticles were modified

with complex compound 4 by the amination reaction (as in

Ref. 77) (Scheme 7).

In complexes 4 adsorbed on the surface of gold nano-

particles, some donor groups can be substituted for the

water molecules that initially occupy two positions in the

metal coordination sphere. In the final stage of this work,

the synthesized nanoparticles were studied in the reaction

with modified proteins containing histidine residues. The

immobilization was shown to have virtually no effect on the

activity of proteins studied, i.e., the latter totally retained

their biological functions. Independent experiments with

the use of peroxidase without histidine fragments pointed

to the absence of its binding to the modified nanoparticles.

This confirms the fact that immobilization proceeds as a

result of coordination interactions rather than non-specific

adsorption of a protein on the gold surface due to electro-

static or hydrophobic interactions or hydrogen bonding.

The developed procedure was also successfully employed

for the surface immobilization of ferredoxin-NADP+-

reductase.

Darbha et al.97 proposed a new fast and highly sensitive

method for the determination of mercury ions in soil, water

and fish, which is based on the near-surface transfer of
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energy referred to as nanomaterial surface energy transfer

(NSET) in modified gold nanoparticles. The nanoparticle

surface acts as an electron acceptor and the organic ligand

acts as an electron donor, which allows using such systems

in the highly selective determination of metal ions. This is

based on quenching of the fluorescence of chromophores

upon the adsorption as a result of the energy or electron

transfer. Rhodamine B, which shows strong fluorescence

(the fluorescence quantum yield is 0.70) in aqueous solu-

tions was employed as the stabilizer of gold nanoparticles.

The modified gold particles were prepared by the Turkevich

method.

The adsorption of rhodamine B on the nanoparticle

surface totally quenches the fluorescence (static quenching)

due to the efficient nonradiative transfer of energy to the

nanoparticle surface. In the presence of HgII ions, rhod-

amine molecules are liberated from the surface of gold

nanoparticles, which is accompanied by the appearance of

an emission band in the fluorescence spectra. The 800-fold

increase in the fluorescence intensity was observed as soon

as several seconds after HgII ions in concentration of

130 ppb were added to the modified nanoparticles.

The described method makes it possible to determine

HgII ions in their solutions with the concentration down to

2 ppt, i.e., four orders of magnitude lower than their

maximum permissible concentration in drinking water. To

enhance the selectivity, gold nanoparticles were modified

with mercaptopropionic acid, homocystine (covalently

binds to the gold surface) and a specific chelating agent,

pyridine-2,6-dicarboxylic acid. In this version, the method

proved to be highly selective and made it possible to

determine HgII ions in the presence of alkali and alkaline

earth metal ions (Li+, Na+, K+, Mg2+, Ca2+) and also

heavy metal ions (Pb2+, Mn2+, Fe2+, Cu2+, Ni2+, Zn2+ ,

Cd2+) without loss of sensitivity.

A method of determination of HgII ions in aqueous

solutions based on non-linear-optical properties of gold

nanoparticles modified with mercaptopropionic acid (15)

and homocystine (16), was proposed.98 The modified nano-

particles were prepared by the Turkevich method from

citrate-stabilized NP with the diameter of 15 nm. The

system also contained pyridine-2,6-dicarboxylic acid as the

chelating agent by analogy to the method described in

Ref. 97.

The addition of HgII salts to the solution induces

pronounced aggregation of NP due to the coordination

interactions between the mercury ions and the chelating

ligands adsorbed on the nanoparticle surface. In the proc-

ess, the solution colour changes from red to blue. In this

case, visible changes in the solution colour occur only when

the HgII ion concentration of 10 ppm has been reached.

The selectivity of binding the synthesized NP to mercury

ions was additionally examined. Gold nanoparticles modi-

fied with only mercaptopropionic acid and homocystine

proved to weakly interact with FeII, MnII, ZnII, NiII, CrIII,

KI and SrII ions; noticeable interaction accompanied by the

SPR shift to longer wavelengths was observed in the

presence of HgII, PbII and CdII ions. When pyridine-2,6-

dicarboxylic acid was used as the chelating agent, the

method proved to be highly sensitive with respect to HgII

ions in the presence of alkali, alkaline earth (Li+, Na+, K+,

Mg2+, Ca2+) and heavy metal ions (Pb2+, Mn2+, Fe2+,

Cu2+, Ni2+, Zn2+, Cd2+).

Gold nanoparticles with the average size of 4 nm modi-

fied with complexes formed by a bipyridine derivative with

EuIII and TbIII were described;99 such particles can be used

as phosphorescent materials and sensors. Thiol-group-con-

taining 2,20-bipyridine derivative 17 was synthesized.

These modified gold nanoparticles were introduced into

complexation reactions with EuIII and TbIII ions. It is
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known that lanthanide ions are capable of long-term emis-

sion; however, they are characterized by low luminescence

quantum yields as a result of the low absorption coefficients

of ions, because the f ± f-transitions are forbidden. However,

phosphorescence of lanthanide ions can be considerably

enhanced upon the formation of coordination compounds

with organic ligands.

Among the most important advantages of the gold

nanoparticles synthesized in the study cited 99 is their high

absorption coefficient due to the presence of *340 mole-

cules of a bipyridine derivative on the surface of each

nanoparticle (as evidenced by TEM and electronic spectro-

scopy). The adsorbed ligands were shown to interact with

metal ions in the 3 : 1 ratio, the interaction involving ligands

adsorbed on different nanoparticles. The latter fact was

confirmed by TEM data. In the absence of lanthanide ions,

individual gold nanoparticles are randomly dispersed. At

the same time, in the presence of EuIII or TbIII ions,

aggregates are formed as a result of formation of complex

compounds adsorbed on the gold surface. Studying lumi-

nescent properties of these gold NP has shown that in the

presence of lanthanide ions, the emission intensity sharply

increases. A possible application of these systems based on

bipyridine complexes with lanthanide ions is their use as the

highly sensitive sensors for the ions of Group 2 metals

(Ca2+ and Mg2+) and transition metals (Cu2+, Zn2+,

Ni2+) in the presence of which the luminescence intensity

decreases due to the isomorphous displacement of EuIII ions

from the surface-adsorbed complexes. Moreover, for Group

2 and transition metals, the luminescence was observed to

considerably weaken, which is attributable to their stronger

binding ability as compared with EuIII ions. On the other

hand, in the presence of alkali metal ions (Na+, K+), no

changes were observed in the luminescence intensity.

Gold nanoparticles modified with lactose derivatives

were described and their interaction with calcium ions was

studied.100 For stabilizing gold nanoparticles, lactose deriv-

atives 18a ± d containing different-length oxyethylene

bridges that connect the thiol and the carbohydrate groups

were synthesized (Scheme 8). In control experiments, glu-

cose derivative 19 was used. The original gold nanoparticles

measuring 16.0� 1.5 nm were prepared by the Turkevich

method.

Upon the addition of Ca2+ ions to the gold nano-

particles modified by the lactose derivative, the aggregation

takes place, as evidenced by TEM and electronic spectro-

scopic studies. The aggregates can be destroyed by the

addition of EDTA to the solution; this gives the initial

monodisperse nanoparticles. This confirms that aggregation

proceeds due to interaction of Ca2+ ions with the carbohy-

drate residues rather than with the citrate anions also

present on the surface. With the increase in the Ca2+

concentration in solution, the degree of aggregation

increases. The degree of aggregation and the analytical

sensitivity with respect to Ca2+ ions were shown to depend

on the linker length. For the shortest linker (m=0, com-

pound 18a), the highest sensitivity with the minimum

detection limit (0.8 mmol litre71 Ca2+) was observed,

whereas for the maximum chain length (m=3), the detec-

tion limit was 10 ± 35 mmol litre71. Such nanomaterials can

find application in the detection of carbohydrate ± carbohy-

drate interactions in various biological objects.

A new highly sensitive colorimetric method of cysteine

determination with the use of gold nanoparticles was

reported.101 The method relies on the coordination inter-

action of cysteine molecules adsorbed on the gold surface

with CuII ions and also on the dependence of optical

properties of nanoparticles on their size and the distance

between them. Modified gold nanoparticles measuring

*13 nm were synthesized by the Turkevich method.

X = O-D-(GalAc4), X
0 = O-D-Gal (Gal is galactose residue);
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Solutions of cysteine and CuII salt were sequentially added

to sodium citrate-stabilized NP.

The aggregation of NP is due to the interaction of a

copper atom with carboxyl and amino groups of cysteine to

form complex compounds adsorbed on the gold surface.

Each CuII ion binds together two ligand molecules localized

on neighbouring nanoparticles. The system sensitivity

proved to be much lower when a pre-synthesized CuII

cysteine complex was added to the solution of gold nano-

particles. This was explained by the fact that aside from the

complexation of cysteine, the CuII ions can be involved in

the oxidation of the thiol moiety of the amino acid, which

affects their binding to gold nanoparticles. For the proce-

dure developed in the above studies, the cysteine detection

limit was 10 nmol litre71. This method is extremely selec-

tive with respect to other a-amino acids, glutathione,

thioglycolic acid and 2-mercaptoethanol.

Gold NP were modified with a 1,10-phenanthroline

derivative which can selectively interact with Li+ ions.102

The primarily prepared citrate-modified gold nanoparticles

measuring 4 nm were used as the nuclei for the subsequent

synthesis of nanoparticles with the size of 32 nm. The

nanoparticles measuring 4 and 32 nm were modified with

phenanthroline derivative 20 (Scheme 9).

The ligands present on the gold surface react with Li+

ions to form 2 : 1 metal complexes, and this leads to nano-

particle aggregation. The modified gold nanoparticles meas-

uring 4 nm were found to be more sensitive with respect to

lithium ions. Presumably, this is associated with their

relative surface areas. Assuming that in both cases the

ligands occupy the whole surface of a particle, the forma-

tion of complexes requires less Li+ ions for smaller particles

(4 nm) (surface area *50 nm2) than for 32 nm particles

(surface area *3200 nm2). In the study cited, the gold

nanoparticles modified with this ligand were shown to be

selective with respect to Li+ ions in the presence of small

amounts of K+ and Na+ ions.

A new method of synthesis of gold nanoparticles con-

taining crown-ether groups on their surfaces was pro-

posed.103 Modified nanoparticles were used as selective

sensors for K+ ions.

The addition of potassium ions to a NP solution gives

coarser aggregates due to the coordination interaction of

crown-ether moieties on the nanoparticle surface with K+

ions to form sandwich complexes with the ratio ligand :me-

tal= 2 : 1. It was mentioned that such complexes may

incorporate crown-ether moieties of ligands adsorbed on

either one nanoparticle or on different nanoparticles. Gold

nanoparticles modified with crown ether derivatives are

highly sensitive with respect to K+ ions; the selective

determination of K+ in the presence of other cations such

as Na+, Li+, Cs+, Rb+, NH�4 , Mg2+ and Ca2+ is possible.

The detection limit of potassium ions was shown to be

0.05 ± 0.95 mmol litre71.

Gold nanoparticles modified with alkanethiols contain-

ing ferrocene moieties are described.104 The synthesized

nanoparticles were tested as the redox sensors for oxoan-

ions. The development of new sensors for anions is a topical

research area because many inorganic anions play an

important role in biological and biochemical processes.

Sensors for anions often represent redox systems usually

based on ferrocene derivatives.105, 106

Ligands based on thiols containing terminal ferrocene-

carboxamide moieties with methylene chain-linkers of dif-

ferent length were synthesized.104 To study how the

stereoelectronic properties affect the oxoanion recognition,

ligands in which the unsubstituted cyclopentadienyl ring

(Cp) was replaced by completely methylated (Z5-C5Me5 ,

Cp*) or monosubstituted (Z5-C5H4Ac) rings were also

synthesized. The target gold NP npAu-4a ± d were synthe-
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sized by the ligand exchange with dodecanethiol-stabilized

nanoparticles prepared by the Brust method (the size

2.0 nm).

Depending on the linker length and the dodecanethiol to

ligand ratio, gold nanoparticles with various ratios of

dodecanethiol and ferrocene derivatives on the surface

were formed. These nanoparticles were studied by cyclic

voltammetry (CV) on a platinum electrode. As expected, the

voltammograms demonstrated a single reversible wave of

ferrocene oxidation with the shape dependent of the nature

of ferrocene complex. Upon the addition of tetrabutylam-

monium dihydrogenhosphate to the solution, the voltam-

mogram demonstrated a new electrochemically less rever-

sible (with partial adsorption) wave at a less positive

potential (220� 20 mV) as compared with original nano-

particles. The intensity of this new wave increased with the

increase in the anion concentration. The initial wave dis-

appeared upon the addition of 1 equivalent of the anion. Its

shift depended on neither the ligand concentration on the

nanoparticle surface nor the chain length; however, it

decreased upon replacement of one Cp ring by the Cp*

moiety and increased upon its replacement by Z5-C5H4Ac.

This pointed to the important role of the hydrogen bond

formed between an amide NH group and the terminal

oxygen atom in the oxoanion. The addition of tetrabutyl-

ammonium hydrogensulfate to a solution of modified gold

nanoparticles resulted in the wave being shifted (30 mV)

from its initial position. This makes it possible to use these

modified NP in the determination of HSOÿ4 ions in solution.

Moreover, a possibility of selective determination of H2PO
ÿ
4

ions in the presence of both Bun
4NHSO4 and Bun

4NCl was

demonstrated.

Yet another example of the use of ferrocene derivatives

adsorbed on the gold surface in the determination of

H2PO
ÿ
4 and HSOÿ4 anions and also of adenosine 50-triphos-

phate anion (ATP27) was described.107 Tri- and nonaferro-

cenyl-containing dendrimers with terminal thiol groups

containing linkers of different nature were synthesized;

these ligands were used in the synthesis of modified gold

nanoparticles npAu-5a ± d.

The following two approaches to the synthesis of modi-

fied gold nanoparticles were used: the method of ligand

exchange with dodecanethiol-modified gold nanoparticles

(for triferrocenyl-containing dendrimers) and the direct

synthesis of nanoparticles by the Brust method with the

use of ready ligands as the stabilizers (for nonaferrocenyl-

containing dendrimers). The scope of application of the first

approach is limited by the size of dendrimers used in

modification. Thus the introduction of model nonaallyl

derivative 21 into the ligand-exchange reaction led to the

adsorption of a very small number of dendrimer molecules

on the gold surface (less that one molecule per particle).

Hence, to obtain such NP, the direct Brust method

(using dodecanethiol ± dendrimer mixture in different

ratios) was employed. According to TEM results, the

average size of the thus synthesized nanoparticles was

2.9 nm.

Using CV, it was shown that nanoparticles npAu-5c,d

modified with dendrimers containing nine ferrocenyl frag-

ments can selectively recognize anions such as H2PO
ÿ
4 and

ATP27 in solutions (a new wave appears in the CV curve at

the less positive potential). Such nanoparticles can be used

in titration of the mentioned anions owing to the shift that

appears in the voltammograms even in the presence of other

anions (Cl7 and HSOÿ4 ). Nanoparticles npAu-5b with

ferrocenylamide moieties can be used in the recognition

and titration of HSOÿ4 anions; this was also confirmed by

electrochemical studies. Furthermore, the synthesized den-

drimer gold nanoparticles can be used in the modification of

platinum electrodes through the formation of nanoparticle

films on the electrode surface. Moreover, the thus modified

platinum electrodes exhibited the sensor activity with

respect to H2PO
ÿ
4 , HSOÿ4 and ATP27 ions. After washing,

the electrode can be used again.

A more recent study 108 presents another example of the

synthesis of gold nanoparticles modified with derivatives of

the tetrahedral cluster [Fe(Z5-C5H5)(m3-CO)]4 (22) cova-

lently bound to the surface to be used as sensors for

H2PO
ÿ
4 and ATP27 oxoanions. Like ferrocene, cluster 22

is an example of a strong reducing system (Fe4/Fe
�
4 ) in

which a neutral cluster is oxidized to a cationic cluster, the

process being completely reversible and proceeding at

moderate potentials. In the non-adsorbed state, the amide-

containing derivative of complex 22 fails to recognize

oxoanions. The authors of the study cited have shown that

in the latter case, gold nanoparticles serve as templates for

self-assembling of nanostructured fragments. Such nano-

particles can recognize the anions mentioned above. The

thiol [Fe4(Z5-C5H5)3(m3-CO)4(Z5-C5H4C(O)NH(CH2)11SH]

(23) with the terminal metal complex group was synthe-

sized. The modified gold NP were synthesized by two
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methods, namely, the ligand exchange with undecanethiol-

stabilized nanoparticles and directly by the Brust method

with participation of ligand 23.

The resulting NP were studied by cyclic voltammetry

method. As compared with the aforementioned gold nano-

particles modified with dendrimer derivatives of ferrocene,

the redox recognition of anions with the use of the deriva-

tive of cluster 22 proceeds more easily; moreover, the shift

of the voltammogram wave for ATP27 anions was larger

than for H2PO
ÿ
4 anions (in contrast to the case of ferrocene-

based receptors).

3. The adsorption of modified gold nanoparticles on different
supports
The literature contains examples of the synthesis of films of

gold nanoparticles immobilized on various supports.109 ± 112

Particularly, to prepare such films, the formation of specific

hydrogen bonds between the ligands attached to the nano-

particle surface is used.109 Dendrimers based on nanopar-

ticles bonded via amino groups were synthesized.110 Gold

nanoparticles modified with appropriate ligands can be

used as the `initiators' of the formation of metal films and

aggregates of certain sizes and shapes.111, 113, 114

The chemical and thermal stability of hybrid nano-

particles and nanoparticle layers immobilized on a silicon

support and also their resistance to sonication were

studied.115 The preparation of multilayer `films' is based

on the formation of hydrogen bonds between ligands

adsorbed on the gold surface and containing carboxyl

groups and polymers containing terminal amine groups.

Moreover, films were synthesized by the reaction of CuII

ions with the carboxyl groups of 11-mercaptoundecanoic

acid adsorbed on the surface of nanoparticles.112, 115 The

electronic spectra of such films featured the broadening and

a considerable long-wavelength shift of the SPR band as

compared with the initial nanoparticles (>600 nm). The

sonication of such films induced only a small SPR shift

(<5 nm) and no changes in the band intensity, which points

to the absence of any morphological changes or aggregation

in the latter case.

Nanoparticles modified with thiols containing carboxyl

terminal groups can be used in the development of multi-

layer networks of nanoparticles due to formation of bridges

between carboxyl groups and metal ions, e.g., CuII (see

Refs 111 and 112). Such self-assembled films exhibit high

stability and can be studied by different methods, namely,

gravimetry (quartz crystal microbalance), spectroscopy,

conductivity measurements.112, 116 However, despite the

high stability of such films, there are limitation on their

use, e.g., in solutions, because the films are unstable in

strongly acidic media and cannot be studied by electro-

chemical methods if electrochemically active metal linkers

(e.g., CuII) have been used for their preparation.117

Keen attention is attracted to ligand-modified gold

nanoparticles that are capable of forming nanoscale net-

works on different supports due to formation of metal ±

ligand ±metal coordination bonds. A new method of net-

work formation from gold nanoparticles and complex com-

pounds adsorbed on the surface was described.118 As the

ligands, terpyridine compounds 3d ± f, 24 were synthesized.

Gold nanoparticles (average diameter 4.7� 1.1 nm)

were modified with terpyridine derivatives and then used

in the synthesis of monolayers by the Langmuir ± Blodgett

method on the surface of gold electrodes supported by

Si/SiO2 . The synthesized monolayers were studied in the

complexation with Fe(H2O)6(BF4)2 .

Based on electrochemical studies, the number of com-

plex molecules per unit surface area of the gold electrode

was calculated to be 3.7610711 mol cm72, i.e., >10 com-

plex molecules per nanoparticle.

The conductivity of all terpyridine derivatives was

calculated from the results of electrochemical studies. As
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expected, for conjugated thiophene ligand 24, the conduc-

tivity proved to be 4 ± 5 orders of magnitude higher than for

its non-conjugated analogues. The conductivity of layers

formed by ligands 3d ± f depended linearly on the methylene

chain length and decreased with its elongation. Thus, the

nature of the linker (conjugated or non-conjugated groups)

that connect the chelating fragment with the group bound

to the nanoparticle surface has the crucial effect on the

electrochemical properties of modified NP.

A method of preparation of nanoparticle films on the

gold surface by the formation of complex compounds

between CuII ions and terminal pyridine groups of thiols

adsorbed on the gold surface was proposed.119 As the

ligands, compounds 25, 26 were synthesized.

Modified nanoparticles were synthesized by ligand

exchange with octanethiol-stabilized nanoparticles prepared

by the Brust method. Nanoparticle layers adsorbed on the

gold electrode surface were formed due to coordination

bonding between the pyridine groups of the ligands and

CuII ions. This was accomplished by alternating immersion

of the tested plates into a Cu(NO3)2 solution containing the

modified nanoparticles. The monolayer formation was

reversible and the layers could be completely destroyed by

the introduction of EDTA into the system.

The authors of the study cited have also shown that the

use of ZnII, MnII and NiII salts as the complexing agents

failed to produce sequential adsorbed layers on the elec-

trode surface.

Films of nanoparticles modified with crown ether-based

ligands and their interaction with metal ions were

described.117 As the ligands for nanoparticle stabilization,

crown ether derivatives 12a ± d with different length of the

methylene chain connecting the ionophore groups with

sulfur-containing groups were synthesized (by the method

analogous to that proposed in Ref. 89).

The initial hexanethiol-stabilized nanoparticles were

prepared by the Brust method; the modified NP were

synthesized by the ligand exchange between the stabilized

nanoparticles and thiols 12a ± d. The resulting NP were

supported on glass and the thus modified plate was alter-

nately immersed into solutions of the metal salt and nano-

particles in order to form alternating layers as a result of the

gold ± thiol and metal ± crown ether interactions. The latter

led to the formation of sandwich complexes with the ratio

metal : ligand=1 : 2.117

It was shown that the introduction of complexing agents

other than alkali metal ions (for example, CuII) into the

system fails to produce analogous films, because due to

their smaller size, the copper ions cannot fill the crown-

ether cavity and form a complex compound. This result

confirms the hypothesis of the presence of crown ether ±

metal ion ± crown ether interactions in the film.

A ruthenium terpyridine complex adsorbed on gold

nanoparticles was synthesized.120 Its electrochemical prop-

erties and prospects of participation in ligand exchange

reactions were studied. In the first stage, ligands 3b and 27

were prepared.

Nanoparticles synthesized by the Brust method and

modified with a terpyridine derivative were introduced

into the reaction with Ru(tpy)Cl3 (tpy is 2,20:60,200-terpyr-
idine). This was accompanied by an increase in the nano-

particle size and their insignificant aggregation (the particle

size was 5.5� 1.0 nm). Then, the nanoparticles modified

with the adsorbed ruthenium complex were introduced into

the ligand-exchange reaction with N-(o-mercaptoalkyl)pyr-

role to afford new multifunctional gold nanoparticles which

contained free ligands (pyrrole derivatives capable of elec-

tropolymerization) and complexes (ruthenium with terpyr-

idine). Then, the electropolymerization of resulting NP was

carried out with the use of cyclic voltammetry; this was

accompanied by immobilization of gold nanoparticles on

the metal electrode surface. Such nanocomposite materials

are very promising for the development of sensors, catalysts

and in nanoelectronics.120

Yet another example of the formation of self-assembled

monolayers of ruthenium(II) terpyridine complex on the

surface of a gold electrode and gold nanoparticles was

described.121 Compound 3b was synthesized by the same

method as in the previous reference,120 which was followed

by the formation of a complex between the studied ligand

and RuII.
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This gave a dipolar derivative of terpyridine capable of

interacting with two different nanoparticles. Next, the

synthesized complex was adsorbed on the surfaces of a

gold electrode and gold nanoparticles; the possibility of

functionalizing a gold electrode by modified nanoparticles

was also investigated.

The monolayer of nanoparticles formed on the electrode

surface had a clearly pronounced morphology, consisted of

domains of different shape with sizes from 20 to 60 nm; the

average thickness of this layer was 2.401 nm. The layer was

homogeneous due to the presence of three-dimensional

clusters and their coexistence in different orientations.

Thus, the synthesized dipolar complex acted as a bifunc-

tional linker that could adsorb on the gold surface with one

end and on the nanoparticle surface with the other end.121

Gold nanoparticles were modified with a RuII tris(bi-

pyridine) complex.122 As the aurophilic group, the dithio-

carbamate group was chosen. The complex compound of

RuII with a dithiocarbamate derivative was synthesized

according to Scheme 10.

The synthesized tris(bipyridine) derivative was adsorbed

on the nanoparticles upon the reaction of neutral ZnII

dithiocarbamate complex 28 with tetrachloroaurate fol-

lowed by its reduction with NaBH4. The average diameter

of synthesized nanoparticles was 2.90 nm. Their lumines-

cence spectra demonstrated no emission bands typical of the

ruthenium tris(bipyridine) complex, because, as a rule, the

adsorption of compounds containing luminophore groups

on the nanoparticle surface quenches the luminescence.

4. Catalysts based of gold nanoparticles
The current laboratory and industrial practice widely uses

catalysts immobilized on different supports, for instance,

organic polymers,123 ± 125 activated carbon,126 inorganic

supports such as zeolites,127 silica gel,128 metal oxides.129

Catalysts supported on the nanoparticle surface combine

some advantages of both homogeneous and heterogeneous

catalytic systems. On the one hand, immobilization on inert

supports makes it possible to easily isolate the catalysts

from the reaction mixtures, recover and use again in several

cycles as in the traditional heterogeneous catalysts. On the

other hand, the use of homogeneous catalysts allows their

concentration to be maintained constant throughout the

volume of the reaction mixture.12

There are published data on the preparation of catalysts

based on self-assembled monolayers on the surface.130, 131

The immobilization of catalysts on the surface of gold

nanoparticles appears to be even more promising. The

synthesized particles should have sizes comparable with

certain biological molecules including proteins and nucleic

acids and also various cellular substructures. Hence, these
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systems are promising as regards their interaction with

biological molecules.14, 32

An early publication in this field 132 reports the synthesis

of gold nanoparticles modified with binuclear ruthenium

complexes with hexadiene derivatives, which proved to be

active in the norbornene polymerization. As the ligand for

modifying the gold surface, thiol 29 containing a hexadiene

moiety was used. Modified gold NP were prepared by the

Brust method and then introduced into the reaction with

RuCl3 . 5H2O aimed at the synthesis of a metal complex

catalyst adsorbed on the gold surface.

The data of NMR and IR spectroscopy indicate that

binuclear coordination compounds with the central metals

connected by chlorine bridges are formed on the NP sur-

face. Note that when this reaction is carried out in methyl-

ene chloride, these nanoparticles can be considered as a

heterogeneous catalyst. Moreover, such NP are well soluble

in acetone, which makes it possible to carry out the

polymerization under homogeneous conditions. It should

be emphasized that for a catalyst immobilized on the gold

surface, more catalytic cycles per unit time are possible than

for the ruthenium complex in solution. Probably, this is

associated with the fact that the orientation of the catalyst

on the surface may appear more favourable for its reaction

with the monomer and for the polymer chain propagation.

Catalysts based on a chiral complex of rhodium with

diphosphine immobilized on the gold NP surface are

described.133 Chiral bis(diphosphine) ligand 30 was synthe-

sized from 11,110-dithiobis(undecanoic acid).

Gold nanoparticles modified with ligand 30 were

obtained by the ligand exchange reaction with npAu-

SC8H17-n. As a result of their interaction with [Rh(cod)Cl]2
in the presence of TlBArF (cod is cycloocta-1,5-diene,

BArF= [B{C6H3(CF3)2-3,5}4]), mixed monolayers involv-

ing octanethiol molecules and adsorbed complex molecules

are formed on the NP surface (npAu-6).

In the hydrogenation of methyl a-acetamidocinnamate,

the npAu-6-based catalyst exhibits an activity comparable

with the activity of the analogous homogeneous catalyst

(the yields of the product were 98% and 99%, respectively);

moreover, with this catalyst immobilized on nanoparticles,

the enantioselectivity of this reaction is retained (93% ee).

Furthermore, NP could be easily removed from the reaction

sphere by filtration and utilized three more times without

any loss in enantioselectivity.

A new catalyst for the hydrolysis of phosphate diesters

and DNA was proposed.134 This catalyst was formed by the

adsorption of bis(6-amino-2-pyperidylmethyl)(8-mercap-

tooctyl)amine (31) on the surface of gold nanoparticles.

Gold nanoparticles were modified with mixed monolayers

formed by ligand 31 and thiol 32 containing three oxy-

ethylene units, which increased the solubility of nanopar-

ticles in water. The gold nanoparticles were prepared by the

Brust method in the presence of thiols 31 and 32 as the

stabilizing agents (Scheme 11).

The reaction of bis(p-nitrophenyl) phosphate with gold

nanoparticles modified with a zinc complex involved the

hydrolysis of phosphodiester bonds to give p-nitrophen-

oxide and p-nitrophenyl phosphate. The reactivity of the

complex adsorbed on the nanoparticle surface was higher as

compared with the analogous complex in solution for the

equal zinc ion concentrations. The hydrolysis on the surface

was most probably favoured by the fast formation of highly

reactive binuclear complexes. The interaction of the modi-

fied gold NP with DNA also involved the hydrolysis,

whereas in solution, a similar ZnII complex featured no

catalytic activity.

A two-step method of gold NP functionalization was

developed aimed at the synthesis of RuII complexes

adsorbed on the surface.135 To modify the surface, mercap-

topropionic acid covalently bonded to the NP surface was

made to react with dodecacarbonyltriruthenium

[Ru3(CO)12]. The initial gold nanoparticles stabilized with

sodium mercaptopropionate were synthesized by the Brust

method. Then, NP were successively treated with hydro-
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chloric acid and a solution of Ru3(CO)12 complex in

toluene.

The reaction of the Ru3(CO)12 complex with carboxyl

groups on the NP surface first led to the formation of the

dimeric complexes {Ru[S(CH2)2COO](CO)3}2 . In the

absence of other donor ligands, the terminal carbonyl

groups can be replaced by the neighbouring mercaptopro-

pionic acid molecules to afford symmetrical ruthenium

dicarbonyl carboxylate fragments. The primarily formed

dimeric complexes can also be linked in chains with repeat-

ing {Ru[S(CH2)2COO](CO)2}2 fragments due to elimination

of terminal carbonyl groups. Thus gold nanoparticles were

modified with ruthenium complexes that formed a coat of

ruthenium carbonyl carboxylate oligomers connected by the

Ru7O7Ru bridging groups. Such hybrid nanoparticles

are very promising for catalysis.

Gold nanoparticles functionalized with dihydroquini-

dine derivatives (npAu-7) that exhibited the catalytic activ-

ity in the Sharpless asymmetric dihydroxylation of aromatic

alkenes were described.136 The yields and the enantioselec-

tivity were comparable with those obtained in catalytic

reactions carried out in solution and with catalysts immo-

bilized on polymeric supports. First, alkanethiol 33 with

the terminal dihydroquinidine group was synthesized

(Scheme 12).

Next, the synthesized npAu-SC8H17 were introduced

into the ligand exchange reaction with thiol 33 in order to

synthesize the target nanoparticles npAu-7. The resulting

gold NP could catalyze asymmetric dihydroxylation of

trans-b-substituted styrenes under the action of the

OsO47K3Fe(CN)6 system. The corresponding diols were

synthesized in 72% to 83% yields and enantiomeric excess

of 79% to 90%.

Gold nanoparticles modified with disulfide derivatives

based on the BINOL ligand and its complexes with tita-

nium, which exhibited catalytic activity in the asymmetric
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alkylation of benzaldehydes under the action of Et2Zn, were

studied.137 Disulfides 34a ± c containing (R)-1,10-binaph-
thyldiol terminal groups with different lengths of the

methylene linker were prepared. Modified NP (npAu-

8a ± c) were synthesized by the Brust method (Scheme 13).

Nanoparticles npAu-8b served as the catalyst for alky-

lation. The yields of target products were 92%± 98%, the

enantiomeric excess was 72%± 86%, which is comparable

with the results for homogeneous catalysts containing the

same complex in solution (yield >95%, 90% ee). Gold

nanoparticles employed as the catalyst could be easily

isolated from solution and reused. In the latter case, the

yield of the product was 75% and the enantiomeric excess

was 62%.

The preparation of gold nanoparticles npAu-9 modified

with copper(II) complexes with chiral bisoxazoline deriva-

tives was described (Scheme 14). 138 The synthesized metal

complexes catalyzed the ene reaction, as shown for the

reaction of 2-phenylpropene with ethyl glyoxylate. More-

over, it was observed that the stability of npAu-9 nano-

particles modified with CuII bisoxazoline complexes

depended on the length of the methylene linker.

The yield of the product of the ene reaction catalyzed

with modified NP was 93%± 99%, the enantiomeric excess

was 85%± 86% depending on the stabilizing ligand and the

O

+ Et2Zn

npAu-8b (5%±10%),

Ti(OPri)4 (1 equiv.)

CH2Cl2,710 8C

OH

Et

H

n=4 (a), 5 (b), 6 (c).

MeO

MeO

1) (NH2)2CS

2) I2, NaOH,
H2O

DMSOEtO2C(CH2)n72C(O)Cl

AlCl3, CH2Cl2

MeO

MeO

OEt

OO

n72
1) CF3CO2H,

Et3SiH, CH2Cl2
2) LiAlH4, THF

3) PPh3, CBr4,
THF

MeO

MeO

Brn

MeO

MeO

S

2

BBr3,
CH2Cl2

2

HO

HO

Snn

HAuCl4, TOAB

NaBH4, PhMe7H2O

OH

OH

S

OH
OH

n
Au

npAu-8a ± c

34a ± c

S

n

Scheme 13

EtO OEt

O O

Me

1) KOH,
H2O7EtOH, D

2) SOCl2, D
Cl Cl

O O

Me

H2N
OH

Ph H

Et3N, CH2Cl2
N N

OH Me OH

Ph PhO O

H H

MsCl

Et3N, CH2Cl2

N

OO

N

Me

Ph Ph

1) BunLi, THF,778 8C

2) Br(CH2)nBr N

OO

N

Ph Ph

Me (CH2)nBr
1) KSAc, DMF

2) NaOH, MeOH

N

OO

N

Ph Ph

Me (CH2)nSH

npAu-SC6H13

N

OO

N

Ph Ph

MeS

n73

S

Me
5

5

S

Me

Au

npAu-9n=4, 6, 8, 10.

Scheme 14

Me

+ CHOCO2Et
npAu-97Cu(OTf)2 (each 10 mol.%)

CH2Cl2

CO2Et

OH

Gold nanoparticles modified with coordination compounds of metals: synthesis and application 85



length of the methylene linker; npAu-9 with n=4 proved to

be most efficient. The catalyst could be easily isolated from

solution and reused.

Chiral CoIII salen complexes adsorbed on the surface of

gold nanoparticles were synthesized.139 They were studied

as catalysts in the reaction of hydrolytic kinetic resolution

of oxiranes, a widely used method of synthesis of pure

optically active terminal epoxides. In the first stage, chiral

alkanethiol 35 containing a salen terminal group was

obtained (Scheme 15).

Gold NP modified with ligand 35 (npAu-10) were

synthesized by the ligand exchange method from octane-

thiol-stabilized nanoparticles pre-synthesized by the Brust

method. Their reaction with Co(OAc)2 . 4H2O followed by

oxidation in the presence of trifluoromethanesulfonic acid

produced active CoIII complexes immobilized on the surface

of nanoparticles. The efficiency of the npAu-10 catalyst in

the hydrolytic kinetic resolution of hexene 1-oxide was

compared with the efficiency of analogous non-adsorbed

catalysts 36a,b.

Nanoparticles npAu-10 exhibited very high catalytic

activity in the mentioned reaction and afforded complete

kinetic resolution with the enantiomeric purity of products

of >99.9% in the presence of 0.01 mol.% of the catalyst

within 5 h. Moreover, for the homogeneous analogues,

much longer reaction time (52 h for compound 36b) or a

higher catalyst concentration (0.1%, 24 h for compounds

36a,b) were required. The catalysts based on gold nano-

particles could be easily isolated from the reaction mixture

and reused. Moreover, the enantiomeric purity of products

remained at the former level at least in 7 repeated cycles.

Gold nanoparticles modified with ruthenium(II) com-

plexes capable of coordinating nitrogen(II) oxide were

studied.140 The gold nanoparticles npAu-11 and npAu-12

were synthesized by the Brust method in the presence of

cis-[RuCl(ABTh)(bipy)2]Cl and cis-[Ru(ABTh)(bipy)2.

.NO]Cl3, respectively (ABTh is 4-aminobenzenethiol).

According to TEM data, in both cases, nanoparticles of

virtually the same size and dispersivity (with the average

diameter 24.9� 2.2 nm) were synthesized. It is interesting

that upon illumination with visible light (430 nm), free NO

evolved from the npAu-12 complex. Hence, the ruthenium

complex-modified npAu-12 can find application as regula-

tors of the nitrogen monoxide concentration.

The synthesis of gold nanoparticles npAu-13 modified

with a phthalocyanine derivative (Scheme 16) to be used as
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the sensitizers was described.141 Particles npAu-13 gener-

ated singlet oxygen with a high quantum yield; however,

this required the presence of a phase transfer catalyst in the

reaction mixture. A zinc complex with phthalocyanine 37 in

which thiol is connected with the phthalocyanine moiety by

a polymethylene linker was synthesized. Gold nanoparticles

were synthesized by the Brust method; the average size of

npAu-13 was 2 ± 4 nm.

Nanoparticles npAu-13 are soluble in many polar sol-

vents such as ethanol, methanol, DMSO, in which the

original complex Zn-37 is insoluble. The electronic spec-

trum of modified gold nanoparticles has an absorption peak

at 695 nm, whereas the absorption peak of the non-

adsorbed complex is at 688 nm. This photosensitizer with

lmax= 695 nm is the best choice for the photodynamic

therapy of cancer as regards the depth of penetration of

the radiation into human skin.

Fluorescence spectra were recorded for free and

adsorbed complexes. For complex-modified gold nanopar-

ticles, no fluorescence quenching was observed

(lem=715 nm). For free and adsorbed complexes, the

quantum yields of singlet oxygen were determined. The

quantum yield was 0.45 for the free complex in toluene

and 056 for npAu-13. The higher quantum yield for nano-

particles was explained by the fact that in addition to the

phthalocyanine complex, the nanoparticle surface bore

TOAB molecules favourable for the oxygen generation.

Thus, modified nanoparticles npAu-13 can be used for the

transport of sensitizing agents in the photodynamic therapy

of cancer.

V. Conclusion

In the present review, we wished to draw attention to the

results of studies of metal nanoparticles, first of all, gold

nanoparticles with coordinated metal ions attached to their

surface. To become capable of binding metal cations, the

nanoparticles surface should be modified with sulfur-con-

taining organic ligands containing additional terminal

donor groups. The structures of such ligands are diversified,

varying from the simplest amines to macrocycles. In the

majority of cases, these are chelating ligands. Moreover, the

formation of coordination compounds attached to the NP

surface makes it possible to synthesize new materials, the

properties and the subsequent use of which are determined

by metals serving as complexing agents.

The most important applications of metal ion-modified

nanoparticles include the controlled aggregation, in partic-

ular, reversible aggregation, catalysis of various chemical

transformations, in particular, photo- and electroactive

processes, the development of highly sensitive and selective

sensor systems for cations, anions, low-molecular-mass

compounds and biological molecules, the preparation of

multilayer networks and films of nanoparticles aimed at the

synthesis of conducting materials.

Summarizing the experimental data accumulated to

date, the following structure ± property relationships can

be formulated for NP with the sulfur-containing ligands

and metal complexes attached to their surface.

1) The linker length affects the ligand ability to stabilize

gold NP. In general, for polymethylene linkers, the average

length of a chain of *6 ± 12 carbon atoms connecting a gold

NP and a sulfur atom is optimal. Thiols and disulfides with

shorter or longer linkers exhibit weaker stabilizing activity.

A similar dependence was also observed for the adsorption

of sulfur-containing compounds on a flat surface.34

2) The nature of the linker is also important, especially

for electrochemically active derivatives attached to the NP

surface. Of critical importance for the electrochemical

properties of NP is the type (conjugated or non-conjugated

system) of the linker connecting the cheating agent and the

group interacting with the nanoparticle surface. The con-

ductivity of ligands with polymethylene linkers depends

linearly on the chain length and decreases with its elonga-

tion.

3) For modifying the surface of gold nanoparticles,

attention is focused on ligands containing a functional

group (fluorophore, chromophore, receptor or electro-

chemically active group). However, this is often complicated

by the direct interaction of this functional group with the

nanoparticle surface, which can lead to undesired loss of

activity of the adsorbed compound or the aggregation of

NP. This problem can be solved by the preliminary prepa-

ration of a complex of the required ligand in which the

donor centres of its functional group are blocked or by

preparing modified NP by the ligand exchange.

4) As the complexing metals in the synthesis of coordi-

nation compounds with ligands attached to the gold NP

surface, transition metals are used more often than main

group metals. This is associated with the higher resistance of

transition metal complexes against aggregation.

(a) Zn(OAc)2 . 2H2O, n-C5H11OH, D; (b) HAuCl4, TOAB, NaBH4, PhMe7H2O.
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Recent yers have seen an increase in the number of

studies devoted to the synthesis of metal nanoparticles

modified with coordination compounds of metals, first of

all, transition metals. We believe that further increase in the

number of publications on this subject will be observed in

the near future with the stronger trend for convergence of

the fundamental studies on the synthesis of new modifying

agents and the practical studies on the use of nanoparticles

in the material science and chemical engineering.

This review was prepared with the financial support

from the Russian Foundation for Basic Research (Project

No. 10-03-00677).
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