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Abstract Gold nanoparticles (NPs) with a size close

to 1.5 nm, coated with organic ligands bearing Si(OEt)3

groups, were synthesized and used to obtain self-

standing films by a sol–gel process catalyzed by formic

acid. Using FESEM images, FTIR, and UV–visible

spectra, it was observed that very small gold NPs self-

assembled by Si–O–Si covalent bonds forming cross-

linked clusters with sizes up to about 50 nm in which

NPs preserve their individuality. The possibility of

fixing very small gold NPs in a crosslinked film opens a

variety of potential applications based on the specific

properties of small-size particles. As an example, we

illustrated the way in which one can take advantage of

the low melting temperature of these NPs to generate

tiny gold crystals partially embedded at the surface, a

process that might be used for the development of

catalysts or sensors. Besides, the shift and change in the

intensity of the plasmon band produced by heating to

100 �C may be employed to develop an irreversible

sensor of undesirable temperature excursions during the

life-time of a specific product.
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Introduction

Films formed by the self-assembly of metal nanopar-

ticles (NPs) have deserved widespread interest due to

their potential applications in several fields such as

nanoelectronics, plasmonics, and sensors (Hu et al.

2005; Ghosh and Pal 2007; Kinge et al. 2008; Ofir

et al. 2008; Prasad et al. 2008; Ko et al. 2008; Xiong

and Busnaina 2008; Lim and Zhong 2009; Wang et al.

2010). In particular, the collective surface plasmon

band of gold NP films and their use as substrates for

surface-enhanced vibrational spectroscopy has been

analyzed in recent articles and reviews (Ko et al. 2008;

Yamada and Nishihara 2004; Fan and Brolo 2008;

Baia et al. 2009; Rajesh et al. 2010).

Different methods of NPs assembly during film

formation have been explored. These include the

simple drying-mediated assembly and the chemically

assisted assembly exploiting covalent and non-cova-

lent interactions of the organic ligands stabilizing the

metal NPs, with a large variety of crosslinkers and

chemical templates (Huo and Worden 2007; Kinge

et al. 2008; Selvam et al. 2011). In most of these

studies, the starting NPs had dimensions in the range

of several nanometers to tenths of nanometers. The

self-assembly of small metallic NPs with sizes in the

range of 1–2 nm has received considerably less

attention possibly due to the intrinsic instability of

NPs of this size to most processing conditions.

However, films formed by the self-assembly of small

metallic NPs might generate new applications based
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on their specific properties. For example, the low

melting temperature of small NPs might be used to

generate small metallic crystals by a coalescence

process induced by heating to low temperatures. This

might be useful for applications in catalysis and

sensors.

In this study, we report the synthesis of 1.5-nm

gold NPs functionalized with triethoxysilane

Si(OEt)3 groups and their crosslinking by a sol–gel

process at room temperature leading to self-standing

films. The synthesis of gold NPs functionalized with

silanol or alkoxysilane groups has been described in

the literature (Liz-Marzán et al. 1996; Buining et al.

1997; Schulzendorf et al. 2011). They were used as

precursors of either gold–silica core–shell NPs

where the silica acts as an optically transparent

and chemically inert coating stabilizing the gold

core (Liz-Marzán et al. 1996; Schulzendorf et al.

2011) or of amine-functionalized NPs by reaction

with (3-aminopropyl)triethoxysilane (Buining et al.

1997).

In our case, crosslinked films containing 1.5-nm

gold NPs were produced by the hydrolysis and

condensation of the Si(OEt) groups in dimethyl-

formamide (DMF), adding an aqueous solution of

formic acid. This acid participates in the reaction

both as a catalyst and as a reactant forming

Si(OOCH) intermediates that generate Si–O–Si

bonds by reaction with Si(OEt) groups (Sharp

1994; Eisenberg et al. 2002). However, as most acid

catalysts, it promotes a fast hydrolysis of Si(OEt) to

SiOH groups followed by a slow polycondensation

process. In this way, the self-assembly of gold NPs

took place at a very slow rate both by covalent

bonding and by solvent evaporation at room tem-

perature. The nanostructuration of the resulting film

was analyzed as well as the effect of temperature on

the evolution of its structure.

Experimental

Materials

Tetraoctylammonium bromide (TOAB, Aldrich),

6-mercaptohexanol (MCH, 97 %, Aldrich), chloroau-

ric acid (HAuCl4, 99.9 %, Aldrich), NaBH4 ([96 %,

Fluka), and (3-isocyanatepropyl)triethoxysilane (IP-

TES[95 %, Fluka) were used as received.

Synthesis of gold NPs

Synthesis of OH-functionalized gold NPs

These NPs were prepared by a previously described

procedure (Tan et al. 2006) leading to NPs with an

average size close to 1.5 nm. In brief, aqueous

HAuCl4 (10 mL, 0.015 M) was mixed with 20 mL

toluene and 0.25 g TOAB. This two-phase mixture

was shaken for 30 min, thus transferring gold from

the aqueous to the organic phase. Then, 24 mg MCH

were added (molar ratio S/Au = 1.2) and the mixture

was stirred for another 20 min. Finally, 2 mL of a

freshly prepared 0.9 M aqueous NaBH4 solution

were added and the mixture was kept at 0 �C for 3 h.

OH-functionalized gold NPs were separated by

centrifugation and washed several times with water

and toluene. They were stored as stable dispersions

in DMF.

Synthesis of Si(OEt)3-functionalized gold NPs

They were prepared by reacting OH-functionalized

gold NPs with a slight excess of IPTES with respect to

OH groups, using a mixed solvent composed of

tetrahydrofuran (THF)/DMF (80:20 by volume).

Dibutyltin dilaurate (DBTDL) was used as a catalyst

in a 0.5 wt% with respect to IPTES. The reaction was

carried out at room temperature for 3 h. NPs were

precipitated and washed several times with cyclohex-

ane to remove residual IPTES. They were stored as

stable dispersions in DMF.

Film of gold NPs synthesized by a sol–gel process

An aqueous formic acid solution of pH *4 was

added to the dispersion of Si(OEt)3-functionalized

gold NPs in DMF, to obtain a molar ratio H2O/

(OEt) = 1. The solution was placed onto a glass

substrate for 3 days at room temperature, allowing a

very slow evaporation of volatiles, leading to a

crosslinked film of gold NPs.

Characterization techniques

Fourier-transformed infrared spectra (FTIR)

Fourier-transformed infrared spectra were recorded

with a Nicolet 6700 device, in the transmission
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mode, including samples in pellets of spectroscopic

grade KBr. Dispersions of OH-NPs or Si(OEt)3-NPs

in DMF were mixed with KBr and pellets were made

after evaporating the solvent. Crosslinked film was

crushed to powder and mixed with KBr to make a

pellet.

Thermogravimetric analysis

Thermogravimetric analysis was carried out using a

Shimadzu TGA-50H device. Sample masses of about

5 mg were placed into alumina pans. Runs were

performed at 10 �C/min, from 20 to 950 �C, under N2

or air.

X-ray diffraction (XRD) spectra

XRD spectra were recorded with an XPert Pro

PANalytical device, with the wavelength of CuKa
(1.5406 Å). Dispersions of OH-NPs in DMF were

casted onto a glass substrate to form a film by

evaporation. Crosslinked films were analyzed using

the same glass substrate used during the synthetic

process.

Transmission electron microscopy (TEM)

Transmission electron microscopy was carried out

using a Philips CM-12 device operated at an acceler-

ating voltage of 100 kV. Samples were prepared by

dropping 6 lL of the DMF dispersion of gold clusters

over a copper grid coated with formvar and a carbon

film.

UV–visible spectra

UV–visible spectra were recorded with an Agilent

8453 diode-array spectrophotometer at room temper-

ature. Solutions were placed in a 1 cm 9 1 cm

9 3 cm quartz cell and solid samples in a special

holder. Crosslinked film was supported on a glass

microscope slide to record its spectrum. The same

glass slide was used as a blank.

Field emission scanning electron microscopy

(FESEM)

FESEM Images of surfaces of crosslinked films were

obtained with a Zeiss Supra 40 device.

Results and discussion

Small gold NPs coated with MCH were synthesized by

the method reported by Tan et al. Reaction of these

OH-functionalized NPs with IPTES using DBTDL as

a catalyst allows obtaining Si(OEt)3-functionalized

gold NPs.

Figure 1 shows FTIR spectra of OH- and Si(OEt)3-

functionalized gold NPs. The OH-functionalized NPs

exhibit a broad band at about 3,360 cm-1 assigned to

H-bonded OH groups, a peak at 1,050 cm-1 produced

by the C–C–O asymmetric stretch of the primary

alcohol and characteristic peaks of CH2 groups at

2,924 and 2,852 cm-1. The characteristic band at

2,550 cm-1 due to S–H stretching is not present,

meaning that residual MCH was effectively removed

by washing and that sulfur atoms are bonded to surface

gold atoms.

The FTIR spectrum of Si(OEt)3-functionalized NPs

(Fig. 1b) shows characteristic bands of the organic

ligands produced by reaction of OH-functionalized

gold NPs with IPTES: –S(CH2)6–COO–NH–(CH2)3–

Si(OCH2CH3)3. These include the urethane peak at

1,633 cm-1, the Si–O–C asymmetric stretch band at

1,104 cm-1, and the Si-OEt band at 958 cm-1. The

absence of an isocyanate peak (2,270 cm-1) means that

residual IPTES was completely removed by washing

with cyclohexane. However, the conversion of OH to

urethane groups was not complete as revealed by the

shoulder at 1,050 cm-1 and the broad band at about

3,400 cm-1 assigned to both residual OH groups and

Fig. 1 FTIR spectra of (a) OH-functionalized and (b) Si(OEt)3-

functionalized gold NPs
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generated NH groups. The reaction conditions were

established by analyzing the room-temperature reaction

of stoichiometric amounts of IPTES and ethanol in a

THF/DMF 80:20 solution with different amounts of

DBTDL. The reduction in the intensity of the FTIR

absorption peak of NCO at 2,276 cm-1 was continu-

ously recorded. Using 0.5 wt% DBTDL with respect to

IPTES, a complete disappearance of this peak was

recorded after about 30-min reaction. A time period of

180 min was selected to carry on the reaction of a slight

IPTES excess with the OH-functionalized gold NPs.

The partial conversion obtained in our case must be

ascribed to the bulky Si(OEt)3 groups present at the end

of reacted chains. Once an OH group reacts, it imposes

steric restrictions on the access of IPTES to neighboring

chains and limits the attainable conversion.

The actual conversion of OH into urethane groups

may be estimated from TGA thermograms. The total

fractional mass loss gave reproducible values for runs

carried out in nitrogen or air for both types of

functionalized gold NPs. These values were

18.5 wt% for OH-functionalized gold NPs and

22.9 wt% for Si(OEt)3-functionalized NPs. Using the

molar masses of both organic ligands (133.23 and

380.60 Da, respectively) and comparing the expected

and actual mass increases, gives a 16.6 % conversion

of OH into urethane groups.

TEM images (Fig. 2a) show the presence of particles

with sizes lower than about 3 nm. However, a precise

determination of the average size could not be made by

this technique because of the presence of small clusters

of NPs formed during drying over the carbon film

(probably induced as a consequence of the strong

bonding between ligands). Close proximity of NPs

makes difficult to determine a precise characteristic size.

However, an estimation of the average size could be

made by comparing our experimental results with those

obtained by Tan et al. Their OH-functionalized gold

NPs, obtained under similar conditions than those used

in this study, had an average size of 1.5 nm (determined

by HRTEM) and a residual mass percentage (measured

by TGA) equal to 81 %. As in our case, the residual mass

percentage was 81.5 %; we might estimate that the

average size of our NPs was the same as that obtained by

Tan et al., within experimental error. An independent

estimation of the average size of gold NPs was obtained

from their XRD spectrum (Fig. 2b). The most intense

characteristic peak of face-centered cubic (fcc) gold

crystals at 2h = 38.25� is observed. The average size of

gold crystals was estimated from the Scherrer equation

(Langford and Wilson 1978):

D ¼ kk=Bcosh

where k = 0.94 is the Scherrer constant for spherical

crystals with cubic symmetry, k = 0.154 nm is the

wavelength of the CuKa X-ray radiation, and B is the

width at half height of the peak. This gave

D = 1.4 nm, in excellent agreement with the value

estimated from the residual mass fraction.

The UV–visible absorption spectrum of both OH-

and Si(OEt)3-functionalized gold NPs in DMF was the

same (Fig. 3). A very weak plasmon band centered at

about 520 nm is observed which is characteristic of

particles with sizes less than 2 nm (Alvarez et al.

1997). This corroborates that the size of NPs was not

affected by the reaction with IPTES.

Characterization of films of gold NPs synthesized

by a sol–gel process

The films were self-standing, black, and relatively

flexible and could be detached from the glass substrate

Fig. 2 a TEM images of

as-synthesized OH-NPs.

b XRD spectrum of OH-

functionalized gold NPs in

the range 2h = 25�–65�
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(Fig. 4). The FTIR spectrum of the film is shown in

Fig. 5. The strong band at 1,050 cm-1 with a shoulder

at higher frequencies is assigned to the Si–O–Si

antisymmetric stretching (still coupled to the COH

band). The Si-OEt band at 958 cm-1 disappeared

indicating that hydrolysis was complete. The presence

of a SiOH band at 904 cm-1 evidences that only a

partial condensation took place.

The fate of the individual gold NPs in the sol–gel

process may be evidenced by the evolution of the

plasmon band (Fig. 6). The small increase in intensity

and the location of the maximum at about 530 nm

reveals that gold NPs were self-assembled but kept

their individual size. Ability of the process to preserve

size and individuality of gold NPs is important in the

efficient transferring of new properties from a colloi-

dal medium to a final device.

FESEM images of the film surface are shown in

Fig. 7. The lower magnification (Fig. 7a) evidences

the presence of irregular domains containing clusters

Fig. 3 UV–visible absorption spectrum of OH-functionalized

and Si(OEt)3-functionalized gold NPs in DMF

Fig. 4 Photographs of self-standing film formed by crosslinking the Si(OEt)3-functionalized gold NPs by a sol–gel process

Fig. 5 FTIR spectrum of the film formed by crosslinking the

Si(OEt)3-functionalized gold NPs

Fig. 6 UV–visible absorption spectrum of the film formed by

crosslinking the Si(OEt)3-functionalized gold NPs
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of NPs with sizes in the range of 50 nm. The higher

magnification (Fig. 7b) focusing on an area that looks

smooth in Fig. 7a, shows the presence of clusters of

NPs with sizes smaller than 20 nm everywhere in the

observation field. It may be inferred that the covalent

bonding produced by the sol–gel reaction in the DMF

solution led to the generation of clusters with a broad

distribution of sizes. These clusters were generated by

the covalent bonding of 1.5-nm gold NPs through

multiple Si–O–Si bonds. The distribution of sizes

arises from a conventional nucleation–growth–coa-

lescence process. At advanced times, solvent evapo-

ration generated the agglomeration of the already

existing clusters (those with largest size), forming the

irregular domains observed in Fig. 7a. The drying-

mediated assembly of clusters is produced by the

relatively weak attraction force between nanocrystals

that gains importance when the solvent is slowly

evaporated (Kinge et al. 2008; Denkov et al. 1993;

Kralchevsky and Nagayama 1994; Ohara et al. 1995;

Motte et al. 1997; Harfenist et al. 1997; Gelbart et al.

1999; Gómez et al. 1999). At advanced stages of

solvent evaporation, the polycondensation process

continued producing the interconnection by covalent

bonding of clusters with different sizes. Therefore, the

final film is composed of interconnected clusters of

NPs with a broad distribution of sizes, with those of

largest size forming irregular agglomerations dis-

persed in the whole structure. But what is significant is

the fact that the individual 1.5-nm gold NPs kept their

individuality inside every crosslinked cluster, as

proved by the sensitivity of the nanostructure to an

annealing at 100 �C.

Annealing of films at 100 �C

In order to illustrate possible applications of these

films, we show structural changes produced by their

annealing during 4 h at 100 �C. Due to the low

melting point of small gold NPs, it was expected to

produce significant changes in the films as a result of

this process. It has been already demonstrated that a

controlled coalescence of small gold NPs can be

produced, both in solution and in solid systems, under

specific conditions of thermal treatment. This strategy

was proposed for producing monodisperse and highly

faceted NPs from solutions of preformed smaller

particles (Maye et al. 2000; Maye and Zhong 2000;

Zucchi et al. 2008). The coalescence process occurs by

thermally induced desorption of organic chains by

breaking of the S–Au bond. This is followed by

coalescence of the nude gold NPs and partial re-

adsorption of the organic chains reforming S–Au

bonds. A fraction of the organic groups ends as stable

disulfides. This process occurs easily in systems in

which very small NPs are in close contact, like in

concentrated colloidal dispersions (Maye et al. 2000;

Maye and Zhong 2000) or in self-assembled structures

stabilized in solid matrices (Zucchi et al. 2008). In our

case, films were characterized by regions exhibiting a

high concentration of covalently bonded small NPs.

This close proximity between particles could enable

the coalescence process, to give films characterized by

the presence of faceted gold crystals.

After heating, films acquired a reddish coloration

indicative of the presence of metallic gold and turned

less flexible than the starting films. As evidenced by

FESEM images (Fig. 8), the coalescence of 1.5-nm
Fig. 7 FESEM images of the film surface synthesized by the

sol–gel process at room temperature
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gold NPs produced polyhedral gold crystals partially

embedded in the film surface and with a broad range of

sizes, some of them attaining the micrometer range.

This might be of interest for the generation of catalytic

surfaces or of specific sensors.

The plasmon band was also affected by this

annealing process as shown in Fig. 9. A significant

increase in its intensity was observed with a shift of the

maximum to 555 nm. This is a clear indication of the

coalescence of gold clusters produced in the annealing

process. The shift and significant change in the

intensity of the plasmon band produced by heating to

100 �C may be employed to develop an irreversible

sensor of undesirable temperature excursions during

the life-time of a specific product.

Conclusions

Self-standing films produced by the covalent bonding

of 1.5-nm gold NPs through multiple Si–O–Si bonds,

were obtained by a sol–gel process carried out at room

temperature. The film structure was composed of

crosslinked clusters with sizes up to about 50 nm

interconnected through covalent bonds and containing

inside the individual 1.5-nm NPs. The drying-medi-

ated assembly produced dispersed irregular domains

containing aggregates of large-size clusters.

The possibility of fixing small gold NPs in a

crosslinked film opens a variety of potential applications

based on the specific properties of small-size particles.

As an example, we illustrated the way in which one can

take advantage of the low melting temperature of these

NPs to generate tiny gold crystals partially embedded at

the surface that might be used for the development of

specific catalysts or sensors. Besides, the shift and

significant change in the intensity of the plasmon band

produced by heating to 100 �C may be employed to

develop an irreversible sensor of undesirable tempera-

ture excursions during the life-time of a specific product.
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