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Abstract

The formation of gold nanoparticles (GNPs) within mesoporous silica matrices by means of
irradiation techniques is reported. The xerogels were impregnated with solutions of two different
gold precursors: (Ph;P)AuCl for Au(I) and ["BusyN]JAuCly for Au(Ill). The irradiations were
performed with two continuous wave laser sources (266 and 532 nm), with a femtosecond pulsed
laser (800 nm), and with a mercury vapour lamp emitting in the UV region. It has been shown that
no reducing agent was ever required to obtain GNP formation. XRD data exhibited the typical
patterns of fcc gold, except for two cases involving the Au(I)-doped matrices, where a preferential
crystallographic orientation was observed. Excluding the case of the UV irradiations performed on
Au(Ill)-doped samples, we always obtained the formation of roughly spherical and well dispersed
GNPs of relatively small size (6-60 nm). The gold-reduction mechanisms proposed depend on the
chosen irradiation technique. Moreover, when laser sources are employed, GNP formation can be
selectively limited to the irradiated areas, thus making it possible to obtain reproducible patterns of

GNPs.
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1. Introduction

The interest of the scientific community in gold nanoparticles (GNPs) has grown steadily over the
last three decades, because of applications in numerous fields such as catalysis,1 bio-sensing,2
optics™* and medicine.” Many fascinating possibilities are related to the Localized Surface Plasmon
resonance (LSPR), which gives rise first to intense and tuneable extinction bands in the visible or
NIR,® and secondly to a dramatic increase in signals obtained from near-by molecules using Raman,
infrared, and fluorescence spectroscopies.””

When embedded in transparent solid matrices, the nonlinear optical properties of GNPs make
them attractive for optical telecommunications, computing and information processing.lo_13 Even
though a large number of synthetic routes have been developed to obtain dispersed GNPs in the
liquid phase with controlled sizes and shapes, their inclusion in solid host matrices is not at all a
trivial task. One possible approach to obtain GNP-composite materials is the straightforward
reaction in the liquid phase between a properly chosen gold precursor and a chemically active
support."*!'> A second possibility is to soak a porous material in the gold precursor and obtain GNP

1817 51 photochemical methods.'®

formation in a subsequent step by means of chemical reduction

Space-localization of nanocrystals formation in silica matrices is desirable for certain
applications such as tuneable optical filters."” In effect, it is a tailor-made fashion of inducing
localized refractive index changes via the optical nonlinearities of the GNPs. Such localized particle
growth can be attained by using laser irradiation with the adapted precursors in the matrix.
Concerning this laser-irradiation technique, most of the previous studies have employed Au(Ill)
precursors'*?® and in particular tetrachloroauric acid.'”'7*'** For example, we have recently
reported that femtosecond laser irradiation of mesoporous silica matrices doped with HAuCly gives
rise to the formation of GNPs, but only in the presence of a reducing agent.22 However, the presence
of these chemical species can be detrimental to the optical properties of the final material.

The main objective of the present study was to find conditions for a simple, straightforward

method to generate stable localized nanoparticles without the need of additives, even in a
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femtosecond irradiation regime. As irradiation techniques allow a spatial control of GNP growth,
four different irradiation sources were used (lasers emitting at 266, 532 and 800 nm and a UV lamp)
to irradiate silicate matrices doped with either Au(I) or Au(Ill) precursors. Finally, a more
fundamental aim was to elucidate the gold reduction mechanisms that allow the formation of the
GNPs and also to study the influence of the two precursors on the structural properties of the

particles.

2. Experimental

2.1 Sample preparation

Matrices. Monolithic mesoporous silica hosts were prepared via a base-catalysed sol-gel route at
50°C and then calcined at 850°C as previously described.” Isothermal nitrogen sorption
measurements, interpreted using the BJH model, showed that these silica xerogels possess an
average pore-size distribution of 5.5 nm, a specific surface area of 360 ng'l and a total pore
volume of 0.49 cm’ g'l. The nitrogen adsorption-desorption isotherm profiles are consistent with
cylindrically-shaped pores, with a random space-distribution and a certain pore interconnectivity.
These properties are important, as the small pores can prevent nanoparticle-clustering and
interconnecting pores favour distribution of dopant species. Finally, a high surface area can be
advantageous in the case of catalytic applications.

Gold precursors. The preparation of triphenylphosphine gold chloride (Ph3;P)AuCl, and
tetrabutylammonium tetrachloroaurate ["BusN]JAuCls, followed published procedures®*® (see
Supporting Information).

Impregnation of silica matrices. The mesoporous silica hosts were immersed for 4 hours at room
temperature in a 0.02 M dichloromethane (DCM) solution of the chosen gold precursor. All
impregnations were carried out in the dark. The samples were then dried in an oven at 50°C.

2.2 Irradiation techniques
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Femtosecond irradiations were carried out using a Ti: sapphire oscillator, coupled with a
regenerative amplifier producing 120 fs pulses at A = 800 nm at a 1 kHz repetition rate. The
resulting spot, with an estimated size of 2 um, was obtained by focusing the beam within the silica
matrix using a x10 microscope objective (numerical aperture NA = 0.25). The samples impregnated
with the Au(l) precursor were irradiated at the following beam powers (measured at the exit of the
objective): 60, 30 and 20 mW. As the Au(Ill) precursor is a less stable species, the samples
impregnated with this compound were irradiated at 30, 15 and 10 mW. The irradiations at 532 nm
were performed with the beam of a doubled Nd:YAG laser, focused with a x50 Long Working
Distance microscope objective (NA = 0.5). The laser-beam diameter was estimated to be 0.9 um
and the beam power impinging on the sample was 48 mW. This setup was coupled with a Raman
spectrometer. Laser irradiations in the UV region were performed with a continuous wave (CW)
solid state laser operating at A = 266 nm. A x80 microscope objective with a numerical aperture of
0.55 was used to focus the beam on the samples. The spot diameter was estimated to be 1.7 um and
the power of the beam was 9.6 mW. In all cases of laser irradiation, the sample was fixed on a
platform with micro XYZ adjustments, making it possible to create reproducible microarrays of
GNPs within the sample. The UV lamp irradiations were performed with a high-pressure, quartz-
sheathed mercury vapour lamp (Helios Italquartz UV12F). The lamp functioned at 125 W and was
equipped with a water-cooling system. The emission spectrum of the lamp provided by the
manufacturer shows that several emission lines are present in the UV region, the most intense of
which fall at about 315 and 365 nm. The samples were fixed on the water-cooled jacket, between
the cathode and the anode of the UV lamp, where the most intense radiation was expected. The
irradiations lasted 10 minutes.

2.3 Sample washing and subsequent heat-treatments

After irradiation, the porous nature of these matrices made it possible to evacuate the non-reduced
precursor by redissolving it in a fresh solvent. For thermal stability studies, some of the irradiated

samples were placed overnight in DCM in a Soxhlet extractor. No cracking or loss of transparency
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of the matrices was observed after washing. Once the residual precursors were evacuated from the
silica host, the stability of the irradiation-induced GNPs was studied via subsequent heat-treatments.
For this procedure, a heating rate of 200°C/h was used and the samples were maintained for one
hour at a temperature between 200 and 600°C.

2.4 Characterization of the samples

Optical absorption spectra were recorded at room temperature using a Perkin-Elmer Lambda 19
UV-vis-IR double-beam spectrometer. X-ray diffraction (XRD) patterns were collected with Cu Ka.
radiation by means of an X'Pert PANalytical diffractometer equipped with a fast X'Celerator
detector. Data collections were carried out counting 500 s each 0.066° (20) for diagnostic purposes
and counting 3000 s each 0.033° (20) to perform crystal-size (CS) measurements. The line

broadening of the (111) reflections was used to evaluate the width of the crystal domains (t111)

along the diagonal of the gold fcc cell. The values of 1117 were calculated from the FWHM ()
using the Scherrer equation.”’” TEM images were taken with a Philips CM30 microscope operating
at 300 kV. In the case of the presence of nanoparticles, the irradiated surface was scratched and the
resulting powder was ground in order to obtain a sufficiently small grain size. This fine powder was
first deposited on a 200 mesh copper grid covered with a thin carbon membrane, and then metalized
with a vaporized carbon layer. Raman micro-spectroscopy measurements were collected using a

Horiba Jobin Yvon LabRam HR spectrometer operating at A = 532 nm.

3. Results and discussion
3.1 Light-induced formation of GNPs

The results obtained with irradiations of samples containing the Au(I) and Au(IIl) precursors are

summarized in Table 1.
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Table 1 Effect of various irradiations of gels loaded with Au(IIl) and Au(I) precursors

LSPR wavelength (nm) | XRD average CS (nm)

Irradiation Au (1) Au (IT) Au (1) Au (I1T) Advantages

Blackening of

UV lamp 520 7.5 24 Fast, Low cost

the surface

Blackening of . .
266 nm 530 & 27 o) 2D GNPs arrays possible. High
the surface spatial resolution
532 nm 538 532 14 20 2D QNPS arrays possible.
Widespread equipment
800 nm 517 530 30 14 3D GNPs arrays possible. Not

limited to transparent materials

For both precursors, gold reduction was always observed, regardless of the type of irradiation
employed. The ruby-red colour characteristic of small GNPs was always detected after irradiation,
except in the cases of the Au(Ill)-doped samples which blackened on the surface when exposed to
UV light. The darkening of the surface could arise from the formation of relatively large GNP
aggregates, which are known to cause a broadening and a red-shift of the LSPR band.”® As a
consequence, for these samples, the LSPR peak position could not be determined as the very strong
light absorption by the irradiated area led to saturation of the detector. In all other cases, the UV-
visible absorption spectra showed a single LSPR absorption band centred between 517 and 538 nm.
These spectra are characteristic of relatively small (diameters < 50 nm), non-aggregated spherical
GNPs dispersed in a silicate dielectric medium.”~° Important to note is that in no case was the
addition of a reducing agent required to obtain GNP formation. In Fig. 1, which presents results
obtained with the Au(I) precursor, it is possible to observe that when UV irradiation is used, the
absorbance of the LSPR band is lower than in the cases of irradiations at 532 or 800 nm. This weak
absorbance level is due to the fact that the matrix itself is a strong absorber at short wavelengths and
thus GNPs are formed only in the first few pm of the surface. Very similar results were obtained for

samples doped with the Au(IIl) precursor.
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Au ()

Absorbance

800 nm 120 mW,|

Before irradiatit)%

4(I)0 5(|)0 ' 6(|)0 l 7(I)0 ' 860
Wavelength / nm
Fig. 1 Absorption spectra of the Au(I)-doped samples before and after irradiation with different

light sources.

3.2 Structural and morphological study of GNPs

In all samples, the XRD patterns exhibited reflections typical of crystalline fcc gold, with intensity
ratios of the reflections characteristic of a random distribution of the crystal domains. However, in
the case of the Au(l)-doped samples irradiated at 266 and 800 nm, the (111) reflection was much
stronger than the others, suggesting that the GNPs were formed with a preferential crystallographic
orientation. An example is shown in Fig. 2, where a comparison is made of the characteristic XRD
patterns obtained for Au(Ill)- and Au(I)-doped samples irradiated with a femtosecond laser at 800
nm. The respective normalized intensities of (111), (200), (220), (311) reflections, which are 1, 1/2,
1/3, 1/3 for the Au(Ill)-doped sample, become about 2.3, 1/2, 1/3, 1/3 for the Au(I)-doped one.
These results suggest the presence of an excess of (111) planes oriented parallel to the measuring
plane, i.e. the main plane of the sample (see sketch 1 in SI). To confirm this hypothesis, a portion of
the GNP layer of a Au(l)-doped sample irradiated with a femtosecond laser at 800 nm, was

manually detached from the matrix with a silica-glass tool (so as to avoid contamination) and
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ground. The peak intensities observed in the resulting XRD pattern indicate that grinding removes

the preferential (111) plane orientation caused by the femtosecond irradiation.

(111)

(200)

Intensity / A.U.

40 50 60 70 80
2 theta/°

Fig. 2 XRD patterns of a) Au(Ill), b) and c) Au(l) doped samples after irradiation with a
femtosecond 800 nm laser. The pattern c) is obtained from a removed portion of the matrix

containing the GNP layer, which was ground manually.

This interpretation was confirmed by repeating the femtosecond experiment using three different
laser powers. With the Au(I)-doped samples, irradiations at 20, 30 and 60 mW all yielded peaks of
the (111) reflections which were much stronger in intensity and narrower in width than the
reflections from the other planes (See Fig. 1S). On the other hand, irradiation of the Au(Ill)-doped
samples with the three beam powers (10, 15 and 30 mW) never showed GNPs growing with a

preferential crystallographic orientation.

Preferred orientation has been reported for GNPs formed on an organic monolayer or within

Au-containing membranes via other synthetic procedures.'**'>* In one case, the (111) preferred
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growth of GNPs was observed in mesoporous silica films® after Hy-reduction of Au’" ions. These
authors suggested that the anisotropic orientation of the Au nanoparticles resulted from the
formation of arrays of several Au domains located along oriented mesopores. However, in our
work, no such organization linking crystal domains could be detected in TEM images and the pore
channels of bulk xerogels where the GNPs have been precipitated are randomly distributed. Hence,
our experimental data suggest a growth in the preferred direction perpendicular to (111) planes,
possibly due to a photo-chemical reduction of the Au(I) precursor, as will be discussed in section
3.3. To the best of our knowledge, the present work is the first in which preferred (111) orientation

is obtained inside bulk inorganic matrices with non-structured pores.

The effect of the gold precursor and of the different kinds of irradiations on the size of the
synthesized GNPs was investigated by means of XRD and TEM. An experimental estimation of the
crystal or domain size in a direction perpendicular to a crystal plane (111) was obtained using the
Scherrer equation and the width of the (111) peak.27 This particular direction has been chosen for
the CS calculation because it corresponds to the most intense reflection in the oriented samples, as
explained above. Comparison of columns 4 and 5 of Table 1 shows that the kind of irradiation
employed does not seem to produce a significant difference in the size of the GNPs obtained with
the Au(Ill)-doped samples, for which the average size is almost always in the range 20 nm.
However, for the Au(I)-doped samples, the GNP size varies from 7.5 nm when the nanoparticles are
formed via 10 min exposure to a UV lamp, to 30 nm, about four times larger, when the samples are
irradiated with the 800 nm pulsed laser at 20 mW.

Finally, the effect of the laser power affects the Au(I)- and the Au(Ill)-doped samples
differently. While the Au(Ill)-doped samples irradiated with the 800 nm pulsed laser at 30, 15 and
10 mW showed virtually no variation in average GNP size, for the Au(I)-doped samples, an
increase of the laser beam power resulted in an increase of the average CS (30, 34 and 37 nm for 20,

30 and 60 mW, respectively). These observations suggest that the use of the Au(I) precursor makes

10
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it possible to adjust the size of the GNPs obtained, either by choosing the type of irradiation, or by
varying the laser intensity.

TEM analyses revealed other differences between the two precursors. Fig. 3 presents images
obtained for the Au(Ill)- and Au(I)-doped samples after irradiation with the 800 nm pulsed laser at
30 and 60 mW, respectively. For the Au(Ill)-doped samples, the imaging shows the presence of
“spheroidal” gold nanocrystals with a relatively broad size distribution (6-60 nm). However, closer
observations of some of the larger “particles” show some irregular shapes (see Fig. 3b), which were

never found for the Au(I) precursor.

0 nm

11
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Fig. 3 a) TEM images of Au(Ill)-doped sample after femtosecond irradiation showing GNPs in the
6-60 nm size range. b) Enlarged view of the same Au(Ill)-doped sample showing irregular shaped
GNPs. c) TEM image of the Au(I)-doped sample after femtosecond irradiation, showing GNPs of
sizes inferior to 20 nm. d) Enlarged view of a nanoparticle showing (111) planes in the Au(I)-doped

sample.

Fig. 3c shows some of the relatively small, spherically shaped GNPs obtained with the Au(I)
precursor. In this case, there is a rather narrow size distribution and the particles are well dispersed
in the matrix with no apparent aggregation. High resolution TEM images exhibit lattice planes of
the gold structure (Fig. 3d). In the portion of the sample analysed by TEM, these particles are
generally smaller than the estimates from XRD data. Fukuoka et al observed similar results with

GNPs in hexagonal mesoporous silica films.*

3.3 Gold reduction mechanism

The irradiations performed with the UV lamp on the Au(Ill)- and Au(I)-doped samples led to very
different results (Fig. 4). As reported in Table I and as can be seen from Figs. 4a and 5a, UV
exposure of the sample doped with the yellow Au(Ill) precursor caused a darkening of the surface
and a discoloration of the matrix under the darkened layer. The newly formed colourless layer
started to disappear a few hours after the irradiation and turned totally black overnight (Fig. 5b). On
the other hand, the UV lamp-irradiation on the initially colourless Au(I)-doped sample led to a
pinkish coloration of the very first few um of the surface (Fig. 4b), leaving the rest of the matrix

unchanged.

12
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= = —

Fig. 4 Effect of UV lamp irradiation on a) Au(Ill)- and b) Au(I)-doped samples.

Fig. 5 Au(Ill)-doped sample: a) immediately after UV irradiation b) 24 hours after UV irradiation.

The local discoloration of the Au(Ill)-doped sample was investigated by irradiating a freshly
prepared sample with the unfocused beam of a CW laser operating at 351 nm, which is
energetically close to the most intense emission line of the UV mercury vapour lamp. As it can be
seen from the results in Fig. 6, a significant reduction of the absorbance around 320 nm and in the
visible region was observed 10 minutes after the irradiation. A band in this region can be ascribed to
the Ligand-To-Metal Charge Transfer (LMCT) in the tetrachloroaurate ion.*® This band is clearly
observable at 321 nm in the spectra after irradiation and gradually increases in height with time, as a

broad LSPR peak centered at about 660 nm appears, causing the darkening of the irradiated area.

13
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Before
irradiation

5 days after
irradiation

1 h after

Absorbance

10 min afte

irradiation

Undoped silica matrix
. T

300 400 ' 500 ' 600
Wavelength / nm

Fig. 6 Absorption spectral evolution of an Au(Ill)-doped sample irradiated at 351 nm.

These results can be explained by a mechanism of intracomplex photoreduction which was
previously reported for HAuCl solutions under UV irradiation.*”’ It is generally accepted that the
first step is the absorption of UV radiation by the very broad LMCT band of the [AuCl,] ion,
forming an excited charge transfer state. When the electron is completely detached from the

chlorine, ion photodissociation occurs so that AuCls” and chlorine radical are formed:

h
AuCly, ——  AuCly + Cl* (1)
The Au(Il) intermediate is very unstable and, according to DFT calculations, is reduced by

disproportionation rather than by chlorine atom dissociation:*’

2AuCly; —  AuCl,” + AuCl; ()

During UV irradiation, the change in colour occurs because the Au(I) intermediate does not absorb

in the visible and near-UV regions.”*' At the same time, while [AuCl,] is consumed by reaction

14
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(1), the matrix becomes more and more transparent to the radiation at 351 nm, causing the
discoloration to proceed at deeper layers within the sample, as observable in Fig. 5a.
Once the irradiation is stopped, the disappearance in Fig. 5b of the colourless layer containing the

Au’ intermediate is explained as the product of a dismutation reaction occurring in two steps:*’

2[H]JAuCl, —» Au’+[H]JAuCl; + [H]CI (3a)
2[H]JAuCl; —— [H]AuCl, + [H]AuCl, (3b)

It should be noted that in our case, the hydrogen in the brackets of the equations above comes from
one of the alkyl chains of the ligand. Eventually, the Au’ which is formed aggregates into relatively
large nanoparticles having a very broad LSPR absorption band, which causes the observed
darkening of the surface. On the other hand, the appearance of AuCly explains the increase in
intensity of the absorption band around 320 nm. A photochemical gold-reduction mechanism can be
proposed also in the case of the UV irradiation of the Au(I)-doped samples. Indeed, GNPs were
formed when the Au(l)-doped samples were irradiated at 266 nm but not at 351 nm. This
observation can be explained by the fact that the LMCT band of (Ph;P)AuCl falls below 280 nm
(see Fig. 6S), and thus photolysis of the gold precursor cannot occur at 351 nm.

In the case of GNP formation under the irradiation at 532 nm, only a thermal reduction
mechanism can be proposed, as neither ["BusN]JAuCl, nor (Ph3P)AuCl exhibit a LMCT band in the
visible region (Figs. 6S and 7S). It should be noted that for both precursors, GNP formation
occurred only when a definite laser-beam-power threshold was reached. The threshold power was
estimated to be 4.8 mW and 48 mW for the Au(Ill)- and Au(I)-doped samples, respectively. For
powers close to the threshold, gold reduction was observed only after a certain induction time,
probably because time was required to reach the decomposition temperature of the precursors.

This phenomenon was investigated by recording Raman spectra during the irradiation. As

can be seen from Figs. 7 and 9S, at the very beginning of the irradiation, the spectra were
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characteristic of the non-irradiated doped matrices, with bands of the Au(l) precursor (999, 1028
and 1103 cm™) clearly recognizable on the background signal from the silica matrix. As soon as the
GNPs started to form, an increase of the background signal was observed, due to fluorescence. At
longer irradiation times, the bands of the precursor diminished in intensity while new spectral
features started to grow at 1350 and 1590 cm™. These bands are attributed to the formation of
amorphous carbon originating from the thermal decomposition of the precursors.42 The carbon is
also the cause of the strong fluorescence background. Similar results were obtained for the Au(IIl)-
doped samples. Hence, even though the local temperature increase was not measured, our data

support hypothesis of a thermal reduction mechanism.

625s
39.8s

WWM

171s

11.4s

Intensity

T G T P A [ L R . A (B2
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Wavenumber/ cm’!
Fig. 7 Evolution of the Raman spectra collected at different time intervals for the Au(I)-doped

sample (Laser power = 48 mW, Ay = 532 nm).

Finally, in the case of the pulsed femtosecond irradiation at 800 nm, the gold reduction is
likely to be mostly photo-chemical. In effect, even though there is no linear absorption from the
matrix or from the precursors, the very high peak intensities generated by a femtosecond pulsed
laser as that employed in our experiments can lead to multiphoton absorption phenomena.**** No

simple experiment can inform us about the order of this nonlinearity, but such effects are able to

16
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induce both thermal and photochemical gold reduction mechanisms, even though the latter is the
most likely to occur. Indeed, while a significant instantaneous and localized increase of temperature
cannot be excluded, due to multi-photon absorption in this ultra-short pulse regime, the low cadence
of the laser limits the average heating effects, which can be evaluated at a few degrees.*
Two-photon absorption is tantamount to one-photon absorption with the wavelength 400 nm,
whereas three-photon absorption corresponds to the energy of a photon at 266 nm. Hence, the
LMCT level can be excited by this way, leading to the photo-mechanisms previously exposed.
Moreover, some of our experimental results seem to corroborate this thesis. In this regard, it is
interesting to note that for the Au(I)-doped samples, the results obtained with the pulsed laser at 800
nm are surprisingly similar to what is observed in the case of the irradiation at 266 nm: in both
cases, XRD patterns revealed a much stronger intensity of the (111) reflection (see Figs. 2, 1S and
2S) and similar values of the average CS. When the GNPs were grown by the thermal
decomposition of the precursor, caused by irradiation at 532 nm, no such preferential orientation
was observed. Additionally, if the irradiations at 800 nm caused a reduction which was purely
thermal, it should also be possible to obtain GNPs when the matrices are impregnated with HAuCl,
alone. Our previously published results* show that this is not the case, even if the temperature of
decomposition of HAuCly in air (170°C)* is lower than that of either ["BusN]JAuCl, or (PhsP)AuCl

(see Figs. 11S and 125).

3.4 Localized formation of stable GNPs

A major difference between the irradiation performed with the UV lamp and the laser sources lies
in the ability to grow the GNPs in selected areas of the sample. Fig. 8 shows an example of the
microarrays of GNPs easily obtainable within the silica matrix when a laser source of irradiation is
employed. The spacing of the obtained lines and their final pattern can be changed without
difficulty, as the focused beam acts like the tip of a pencil causing GNP formation only in the

irradiated areas. As indicated in the last column of Table I, the irradiation at 266 nm made it

17
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possible to achieve the highest resolution in the micropatterning of the GNPs. This fact was due to
two phenomena: on one hand, due to minimal diffraction, smaller beam spots can be obtained at this
wavelength; on the other hand, the formation of GNPs outside of the irradiated area was minimized

probably because of the photochemical nature of the reduction mechanism.

-

Fig. 8. a) Au(I)-doped sample after irradiation with CW laser operating at 266 nm. b) close-up of

a).

Looking again at the last column of Table I, another difference among the various irradiation
techniques is noted. When pulsed radiation at 800 nm is employed, the formation of GNPs is not
limited to the sample surface, but can also be induced in the bulk of the matrix. It is thus possible
with this technique, to grow GNPs selectively in 3D micro-patterns. Such a result was not obtained
for the irradiations at 266 or 532 nm, as in these cases the GNP formation was limited to the surface
of the matrix. Obviously, in the case of 266 nm irradiation, limitations arise from the strong
absorption displayed by the silica matrix and the gold precursor in this spectral region. However,
when irradiation at 532 nm is used, there is almost no absorption by the matrix. Hence, the
difficulty of penetrating must be due to scattering effects. Indeed, as light scattering processes
essentially vary with I/A*, the laser beam at 800 nm would converge to the focal point better than an

excitation at 532 nm.
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From an applicative point of view, the formation of GNPs, as well as their 2D and 3D
microarrays would be of little or no use if it were not possible to remove the gold precursors from
the host matrix. Indeed, the precursors within the porous silica samples are not thermally stable, and
their reduction at room temperature was observed in non-irradiated samples kept in the dark for 6
months. In this work, the precursors were eliminated by immersing the irradiated samples in a fresh
solvent solution. This process efficiently removes most of the precursor, as attested by the absence
of any further colouration after annealing. It was found that the resulting matrices can be re-
impregnated with a different solution. Hence, this technique provides a method to obtain a GNP-
containing mesoporous material, which can be employed as a host for further doping or deposition
processes.

Following the washing procedure, the thermal resistance of the deposited GNP microarrays
was tested. It was found that the GNP microarrays remained stable even at 600°C, with no sign of
GNP diffusion outside of the irradiated areas. As seen from the results in Fig. 9, a blue-shift and a
narrowing of the LSPR band is observed with increasing annealing temperatures for the Au(IIl)-
doped sample (Similar results were observed with the Au(I) precursor). Two hypotheses can be
advanced to explain this phenomenon: a reshaping of the GNPs or a change in the contact between

the pores and the nanoparticle surfaces.
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Fig. 9. Thermal variations of the absorption spectra of the sample impregnated with the Au(III)

precursor and irradiated at 532 nm.

For the first case, it is known that annealing leads to a thermally driven process that causes GNPs to
become more spherical and to increase the distance between them. Hence, this effect leads to a
more uniform distribution of the GNP size and consequently to a narrowing of the LSPR absorption
band. The increased inter-particle separation is supposed to be the origin of the observed blue-shift
in the absorption band.***” Secondly, it cannot be excluded that a concomitant rearrangement of the
silica matrix can occur during the annealing process. The consequent change in the pore-
nanoparticle surface contact would cause a change in the value of the dielectric constant
surrounding the GNPs, thus contributing further to an observed blue shift.

From these results, it is seen that a simple control of the annealing temperature makes it
possible to tailor the position of the LSPR band of synthesized GNPs. This tailoring allows a fine
tuning of the plasmonic effects, an aspect which could be useful for applications like biological

SENSors.
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4. Conclusions

We have shown that GNPs can be easily obtained within mesoporous silica matrices using light-
irradiation techniques. Our approach to form nanocrystals may share some similarities with recent
research on Metal-Organic Frameworks (MOFs) where metallic or semiconducting nanoparticles
could be created under the electron beam of a microscope, depending on the composition and
structure of the surrounding matrix*™. Whereas the e-beam technique is well-suited for nanoscale
high-resolution writing of very small nanoparticles in a porous medium, the laser-irradiation
method is devoted to the micron-scale localisation of various kinds of nanoparticles in largely
exposed areas. One advantage of the precursors investigated in this study is that no reducing agent
is required to form GNPs. The Au(l) precursor yields small and non-aggregated GNPs, even with
the irradiation of a simple UV lamp, thus making this photosynthetic route a possible fast and low-
cost method to obtain well dispersed GNPs. It seems that the use of Au(I) precursor can also be
preferred to control the particle size distribution. Laser irradiation techniques provide the additional
advantage of forming GNPs only in chosen irradiated areas. Consequently, very stable and
reproducible micropatterns of GNPs can be designed within such matrices. We have proposed two
mechanisms for gold reduction which depend on the irradiation technique used. Accordingly, the
process is predominantly photochemical under UV or fs pulsed radiation but is mainly thermal in

the case of laser excitation at 532 nm.

The porous nature of the matrices made it possible to remove the unreacted precursors after
irradiation. A simple washing procedure stabilizes the samples by preventing any further gold
reduction. Thus, these GNP porters are potentially attractive in a number of applications, such as
catalysis and sensoristics, as they can be re-impregnated repeatedly. Finally, annealing tests of the
washed GNP-containing matrices proved that for temperatures up to 600°C, almost no aggregation

or diffusion of GNPs occurs outside of the irradiated areas.
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