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Abstract

Two SiO,—Au nanoparticles were prepared. Silicon dioxide (SiO,) structures with average size of 143 and 90 nm were synthe-
sized using the sol-gel method. Gold (Au) nanoparticles of ~5 nm were deposited using the deposition—precipitation process
on each dielectric platform. The concentration of silanol groups of SiO, spheres was obtained. The size and form of SiO,, Au
and SiO,—Au nanoparticles were evaluated by transmission electron microscopy (TEM). The TEM micrographs confirmed
the size and spherical form for SiO, and Au nanoparticles with high monodispersity, the decoration of SiO, spheres with
metallic nanoparticles was also confirmed. The reflectance spectrum revealed a decreased of reflectivity around 516 nm for
Si0,—Au structures, the decrease of reflectance was associated with the presence of gold nanoparticles on dielectric spheres.
The SiO,—Au structures (at different mass 0.1-0.6 mg/ml) were dispersed in deionized water. Thermal diffusivity of SiO,—Au
particles in water was studied using the thermal lens (TL) spectroscopy. The results revealed an increase in thermal diffusivity
as the SiO,—Au concentration was increased. The thermal property was independent on the size of the SiO, spheres used.
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1 Introduction was used [3], thus SiO, (220 nm) decorated with silver nano-

particles (10-50 nm) were prepared.

Nowadays, the nanostructures formed of a platform of SiO,
and metal nanoparticles over surface are materials that are
attracting interest of recent research, because they provide
stability, without aggregation. The SiO, is a cheap and abun-
dant material in nature, SiO, nanospheres are synthesized
easily with high monodispersity [1], versatile to bond with
other materials. SiO, of 385 nm decorated with Ag nano-
particles (5—10 nm) was prepared by Chen et al. [2] using
seed-mediated growth process. Recently, the strategy of
electrostatic attraction between [Ag(NH;),]* ions with the
hydroxyl (-OH™) groups on the surface of silica particles

> Angel Netzahual Lopantzi
lopantzi_@hotmail.com

Unidad Profesional Interdisciplinaria en Ingenieria Y
Tecnologias Avanzadas-Instituto Politécnico Nacional,
, Av. Instituto Politécnico Nacional No. 2580, Col.
Barrio La Laguna Ticoman, Del. Gustavo A. Madero,
C.P. 07340 México, D.F., México

Instituto Politécnico Nacional-CIBA. Ex-Hacienda San Juan
Molino Carretera Estatal Tecuexcomac-Tepetitla, Km 1.5,
Tlaxcala, C.P. 90700 México, México

The synthesis of SiO, decorated with Au nanoparticles
was reported using several routes, by immersion [4] and
evaporation method [5]. Sputtering deposition and dewet-
ting process for synthesis of SiO, nanowires decorated with
gold nanoparticles were used by Ruffino and Grimaldi in
2013 [6]. The one-step synthesis using irradiation electron
technique was reported, the process involved prepares a
precursor solution of HAuCl,e3H,0O-PVP-containing SiO,
spheres with average size ~240 nm, and the irradiation of
6 MeV electrons at 1.5x 10" e~/cm? [7]. On the other hand,
chemical route was used, with the anchored amino groups in
the surface of SiO, structures to bond metallic species [8].

The application of the SiO, structures decorated with gold
nanoparticles is wide, since it has been used as carriers DNA
[9]. It also served as a biosensor device, because antibodies
of bovine serum albumin (anti-BSA) were immobilized in
Si0,—Au structure [10]. In addition, the SiO,—Au structure
showed an enhancement of light absorption around to the
frequency of surface plasmon resonance (SRP) of metallic
nanoparticles [5]. Phantagare and coworkers [7] prepared
surface-enhanced Raman scattering (SERS) substrate-based
3 nm Au nanoparticles embedded on SiO, spheres (240 nm),
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the authors detect concentration limit~ 1078 M of thiaben-
dazole, crystal violet and 4-aminophenol. The SiO, and Au
structures separated was also reported, Kim and cowork-
ers reported that SiO, nanoparticles to dose of 200 pg/ml
was compatible in NIH/3T3 cells [11], gold nanoparticles
(35 nm) amplified the light scattering in cancer oral cell
lines [12]. Au nanoparticles with average size =5 nm poly-
mer coated (polyethylene glycol) were synthesized [13],
the metallic particles showed biocompatibility in murine
monocytic macrophages. Also, the Au nanostructures have
photodynamic or photothermal therapy applications; using
an appropriate wavelength lasers, the light is converted to
heat [14, 15], the heat is released to environment. The rate of
heat transfer is related to thermal diffusivity parameter, for
this thermal parameter in SiO, spheres values of 15x 107
cm?/s [16] and gold nanoparticles 26 x 10~ cm?/s [17] was
reported.

The applications of the SiO, particles aforementioned are
highly dependent on the physicochemical properties. For this
reason, in this work, SiO, decorated with Au nanostructures
was prepared using two different sizes of dielectric platform.
Also, the thermal diffusivity of SiO,—Au was studied using
thermal lens spectroscopy.

2 Experimental
2.1 Sample preparation

The reagents used for the preparation of the SiO,—Au
spheres were tetraethyl orthosilicate (TEOS, 99%), ammo-
nium hydroxide (NH,OH, 28-30% as ammonia NH;,),
(3-aminopropyl) triethoxysilane (APTES), tetrachloro-
auric acid (HAuCl,+3H,0, 99.99%), sodium borohydride
(NaBH, 98%) and sodium citrate dihydrate [OHC (COONa)
(CH,»COONa),+2H,0, 99%]. All were acquired from Sigma
Aldrich. Methanol (CH;0H 99%), ethanol (C,H;OH 99%)
and sodium hydroxide (NaOH 99%) were obtained from the
chemical company J.T. Baker. All chemicals were of analyti-
cal grade and used without further purification. Deionized
water was employed for preparing the solutions (Millipore
system with resistivity 18.2 M Q cm).

2.1.1 Synthesis of SiO, and SiO,—Au structures

Two different sizes of SiO, spherical structures were pre-
pared using the Stober method 1968 [1]. The method con-
sists in the hydrolysis and condensation of TEOS with
ammonium hydroxide as a catalyst agent and ethanol as
solvent. The SiO, spheres were synthetized employing the
TEOS as molecular precursor of SiO,. In an Erlenmeyer
flask (65x 110 mm), 60 ml of a solution containing etha-
nol (14.4 mol/1), TEOS (0.037 mol/l), water (5.9 mol/l) and
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ammonia (0.98 and 0.49 mol/l) were mixed. The solution
was subjected to vigorous agitation to overnight at 300 rpm
and room temperature. The resulting colloidal suspension
was washed by centrifugation (12,000 rpm for 15 min) and
rinsed with ethanol/water at a volumetric ratio 1/1, repeating
the process at least five times.

0.3 g of SiO, spheres (143 and 90 nm) dispersed in 1 ml
deionized water were surface functionalized with -NH,
amino groups, the decoration of SiO, spheres with Au nano-
particles was made according to Kah et al. [8]. Briefly, 10 ml
of a gold precursor solution containing HAuCl, and NaOH
to concentrations of 6.35 and 0.1 mol/l, respectively, was
prepared; the last solution was mixed with 0.25 ml of the
solution of amino-functionalized SiO, spheres. The mixture
was then heated at 70 “C for 30 min under vigorous stirring
to the homogeneous deposition of gold hydroxide Au(OH)™;
on the surface of SiO, spheres. The product was washed by
centrifugation at 8,000 rpm and dried at 60 ‘C. 0.015 g of
Si0,—Au(OH); were dissolved in 20 ml of water and mixed
with 10.5 ml of NaBH, (6.6 mol/l) and 5.25 ml of sodium
citrate (10 mol/l) to reduce Au(OH); in Au® over SiO, [18].
The samples were washed by centrifugation 8,000 rpm/h,
rinsed with deionized water at least five times and dried at
60 °C. All process was repeated for each size of SiO,.

3 Characterization

Spectroscopic and microscopic techniques were used for
the morphological characterization of SiO, and SiO,—Au
nanostructures. UV-Vis spectroscopy (spectrophotometer
Genesys 10S, Thermo cientific) measurements were made
on samples dispersed in water. Reflectance spectroscopy by
UV-Vis—NIR (Cary 5000) through the diffuse reflectance
technique, the samples were characterized in powder. For
FTIR measurements, the samples were characterized in the
range of 400—4,000 cm™'. Transmission electron microscopy
(TEM, model JEOL JEM 1010) for TEM each of the col-
loidal samples was deposited on a copper grid (covered with
a FORMVAR film) until the solvent was evaporated at room
temperature. EDS (Energy Dispersive X-Ray Spectroscopy)
spectra of samples were obtained from SEM/EDS micro-
scope model JEOL JSM IT300.

The concentration of silanol groups was determined
through alkali neutralization method [19]. Briefly, in a flask,
0.2 g of sample was mixed with 50 ml (0.05 M) of solu-
tion of NaOH, the mixture was stirred for 12 h. The sam-
ple was centrifuged and 10 ml of supernatant was titrated
against 0.05 M of solution HCI, using 0.1% phenolphthalein
as indicator. The concentration of total hydroxyl groups (X
mmol/g) per unit grams of silica was estimated according to
the following formula:
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where A is the amount (ml) of HCI need for neutralization,
B refer to ml of HCI consumed in a blank. W is the mass of
sample, in this work 0.2 g was tested.

3.1 Thermallens

Thermal diffusivity values was obtained using thermal lens
technique. This technique involves the incidence of an exci-
tation laser with a Gaussian profile on the sample causing
the absorbed energy transformed into heat. In this case, a
temperature gradient is established, and a change of refrac-
tive index. When a second test laser is passed in the sam-
ple, an effect of focusing or defocusing of the light beam is
caused, this phenomenon produced is called thermal lens
[20, 21].

The mode-mismatched dual-beam experimental arrange-
ment of thermal lens spectrometry is observed in Fig. 1, the
sample was exposed to an excitation laser (Ar*—Xe), where
it generates a local temperature increase, also the probe
beam (He—Ne) passes through the sample propagating until
photodiode.

The experimental data were adjusted using the theoretical
Eq. (1) [22]:
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Fig. 1 Representation of the
experimental arrangement of
thermal lens spectroscopy in
mode-mismatched dual beam
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where I(7) is the time dependent of test beam to detector,
1(0) is the initial value of I(¢) for ¢ zero; € corresponds to
phase shift thermal induced of probe beam after passes
through sample; Z_ (12.89 cm) is the confocal distance of
probe beam; Z; (8 cm) belongs to distance of the sample
to the position of the minimum radius of the test beam; w,
and w), are the spot size of excitation laser and probe beam,
respectively, to the sample; k and D are the conductivity and
thermal diffusivity of sample; P, is the incident power; A, is
the optical absorption coefficient to wavelength of the exci-
tation laser A; Ap refers to beam-probe wavelength; /o is the
sample thickness; dn/dT is the refractive index-dependent
temperature of sample.

D=—% (6)

where ¢, is the characteristic thermal time constant with
D = k/(pc,), where p is the density and c, is the heat capac-
ity of the sample. The experimental value of the excitation
laser waist is w, =40 pm. Thus, adjusting the equation I(¢) to
the experimental data as a function-time is possible obtain
thermal diffusivity D (Eq. 5) from ¢, as adjustable parameter.
For thermal diffusivity measurements, SiO,—Au samples in
water were subjected in ultrasound to ensure redispersion
correct of particles.
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4 Results and discussion

The formation and size of SiO, structures were investigated
by TEM microscopy. Figure 2a, b shows the TEM micro-
graphs of SiO, particles formed using the sol-gel method
(1968). Structures well defined with spherical shape were
observed. Approximately, 60 particles were counted and
size distribution histograms were obtained. Insets of Fig. 2a,
b showed the average size were 143 and 90 nm employ-
ing ammonium hydroxide to concentrations of 0.98 and
0.49 mol/l, respectively. According to standard deviation of
the histograms, the samples synthesized have high monodis-
persity (6 <22%). The concentrations of catalyst employed
and average size of spheres obtained are consistent with
early reported by other authors [23, 24].
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The SiO, particles were characterized by EDS spectros-
copy. The elemental composition is shown in the Fig. 3a, b.
In both samples, the oxygen and silicon were recorded with-
out any contaminant. According to the elemental analysis,
the atomic percent of oxygen was higher in SiO, particles
90 nm (Fig. 3b) than silica spheres of 143 nm (Fig. 3a). The
observation can be justified as follows: the oxygen forms
siloxane (Si—O-Si) and silanol (Si—OH) bonds, but in small
silica particles, the —OH level is high reported by Nabeshi
et al. [25], for this reason, the SiO, of 90 nm recorded higher
oxygen content.

The SiO, spheres were characterized by FTIR. The typi-
cal spectra IR of SiO, spheres are shown in the Fig. 4. The
IR peaks (455, 550, 800, 1080, and 1200 cm™ ) related with
vibrations of siloxane groups can be observed. The bands at
1640 and 3362 cm™! are associated to vibrations hydroxyl

e

® @ 0.5 pm

Fig.2 TEM micrographs of SiO, particles synthesized using a 0.98 and b 0.49 mol/l of catalyst. Insets: size distribution histograms
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Fig.3 EDS spectra of silica particles of a 143 nm and b 90 nm
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Fig.5 Deconvoluted IR absorption spectra of SiO2 spheres with an average size of a 143 nm and b 90 nm. The intense bands at 1077 and

947 cm™~! were used to calculate the ratio Ig; o si/Is; on

—OH groups. Finally, the IR band around 950 corresponds
to vibration of silanol groups [18].

The concentration of silanol groups can be estimated
using the bands 1080 cm~! and 950 cm™! related to silox-
ane and silanol groups, respectively [26]. In this work,
the deconvolution of the absorption spectra in the region
700-1300 cm™! was realized. In Fig. 5, five Gaussian sub-
bands (dot lines), the sum (dash lines), and the experimen-
tal spectra (gray line) of two samples are shown. The high
intense band around 1074 cm™! is related with the trans-
verse optical (TO) asymmetric stretching vibration of bond
Si—O-Si. The intensity of last band was compared with the
intensity of silanol band at 947 cm~". The results are shown
in Table 1, for SiO, of 143 nm, a ratio value (Ig;_o_gi/Isi_on)
of 16.4 was recorded, and for SiO, particles of 90 nm, an
intensity ratio of 13.5 was obtained. According to the litera-
ture [27], a lower value in the ratio Ig;_g_g;/Ig;_on, the con-
centration of silanol groups is high. Therefore, this suggests
that SiO, spheres of 90 nm containing higher concentration
of silanol groups than 143 nm.

Table 1 Ratio values I o g/ls; o of two different sizes of SiO,
spheres

Particle  Position Intensity Position Intensity Intensity ratio
size Si-OH  Si-OH  Si-O-Si Si-O-Si I o_gi/Ision
(nm)

143 947 1.68 1077 27.55 16.4

90 947 0.85 1074 11.48 135

The concentration of silanol groups was also determined
by alkaline neutralization method. A process drying during
2 h was carried out in the samples for eliminated adsorbed
—OH. The results were 0.40 and 0.44 mmol/g of silanol
groups for SiO, spheres of 143 and 90 nm, respectively, as
shown in Table 2. The silanol values were similar to that
reported by Rhaman et al.[28]. The lower Si—~OH concentra-
tion was recorded in dielectric spheres of 90 nm, the result
was according with FTIR spectrum analysis.

The SiO,—Au nanostructures were investigated by TEM
microscopy. In Fig. 6a, b, spherical gold nanoparticles
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Table 2 Concentration of

¢ . Particle ~ Concentration
silanol groups of two SiO, size (nm)  of silanol groups
samples (mmol/g)
Average Standard
deviation
143 0.40 0.006
90 0.44 0.005

deposited on surface SiO, at different sizes were observed.
Approximately, 30 gold nanoparticles on each dielectric
platform were counted and size distribution histograms were
obtained. The histograms of insets in the Fig. 6a, b revealed
an average size of 5.1 and 5.4 nm for gold nanoparticles
attached over SiO, spheres with size of 143 and 90 nm,
respectively, these values were similar to that reported by
Kah and coworkers [8]. The standard deviation of metallic
nanoparticles revealed a high monodispersity in the size dis-
tribution. The Au interparticle distance was estimated using
Image J software, the distances were from 3 to 10 nm for all
samples of SiO, decorated with Au nanoparticles. Therefore,
TEM micrographs proved gold nanoparticle immobilization
over Si0O, spheres, using chemical synthesis quickly and effi-
ciently in the setting of SiO, in-situ.

The SiO, spheres with size of 143 nm were used for
reflectance spectroscopy characterization. Figure 7 presents
reflectivity spectra in the 250-800 nm range of SiO, spheres
bare (spectrum a) and SiO, spheres decorated with~5 nm of
gold nanoparticles (spectrum b). Only for SiO, spheres, 60%

i
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Fig.7 Reflectance spectra for a 143 nm of SiO, spheres before and b
after of decorated with gold nanoparticles. Inset: is the inverse of the
reflectivity

of the reflectivity was recorded, i.e., is a highly reflective
material. After the decorated process, a change of reflectivity
in the SiO,—Au nanoparticles was recorded; in this case, a
decay of reflectance percent to 10% around of 516 nm, phe-
nomenon associated to the presence of gold nanoparticles on
Si0, spheres. Similar results to the observed by Covertino
et al. [5]. It is worth noting that the inverse of the reflectivity
spectrum (inset in the Fig. 7) had a behavior similar to the
extinction coefficient of only gold nanoparticles dispersed

o ©

Fequency (%)

w

o

Paricle size (nm)

100 nm

Fig.6 TEM micrographs of gold nanoparticles deposited on SiO, spheres a 143 and b 90 nm. Insets: size distribution histograms.
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Fig. 9 Thermal lens signal to SiO, decorated with gold nanoparticles using dielectric platform a 143 and b 90 nm

in water [5]. Therefore, the results confirmed the attachment
gold nanoparticles on SiO, spheres.

The SiO2—-Au nanostructures were dried to obtain pow-
der, then the powder was diluted in 1 ml of deionized water
at concentrations from 0.1 to 0.6 mg. Six different samples
for each size of SiO, were obtained, the samples were meas-
ured by spectroscopy UV-Vis. The results revealed absorp-
tion bands (Fig. 8a, b) to 520 and 523 nm for gold nanopar-
ticles with a size 5.1 and 5.4 nm, respectively. To larger size
of the particle, there will be a larger shift towards greater
wavelengths, these red shift phenomenon in the absorption is
consistent with other reports [7]. An increase of absorbance
was also recorded according to the mass of SiO, decorated
with gold nanoparticles, shown in Fig. 8.

Figure 9 shows typical spectra of thermal lens evolution
vs time of SiO,—Au structures dispersed in water at 0.1 mg
mass, the theoretical curve of the spectra was calculated with
Eq. 2 and fits experimental data appropriately, in addition,

Table3 TL parameters of SiO, decorated with gold nanoparticles
using SiO, of 143 nm

Concentration Thermal diffusivity of SiO,—Au size 143 nm

(mg/mb) D(x10%em¥s) 1, (x107%s)  O(x107)

0.1 15.57+0.22 3854005  1.39+0.03
02 17.5240.18 3414004 2014015
03 19.99+0.27 3024004  0.76+0.04
0.4 21.5040.50 2734003 1.67+0.06
05 23.99+0.24 2504002  121+0.13
0.6 25.87+0.46 2324004  1.074021

thermal time in which the thermal lens induced in the sam-
ple is recorded in milliseconds according to earlier reports
[29].

The thermal diffusivity values of SiO,—Au struc-
tures dispersed in water are observed in Tables 3 and

@ Springer



172 Page80of10

A. Netzahual Lopantzi et al.

Table4 TL parameters obtained for SiO,—Au nanostructures using a
platform of 90 nm

Concentration Thermal diffusivity of SiO,—Au size 90 nm
mg/ml

(mg/mb) D(x10™*em%s) 1, (x107%s)  O(x107?)
0.1 15.01+£0.18 4.01+0.05 5.62+1.27
0.2 17.06+0.21 3.51+£0.04 8.27+0.81
0.3 19.12+0.19 3.13+0.03 9.03+0.82
0.4 21.96+0.26 2.86+0.04 8.59+0.44
0.5 24.55+0.29 2.44+0.03 5.91+0.31
0.6 27.31+0.06 2.20+0.05 4.80+0.88

4. It is worth mentioned that the values are an aver-
age of 10 measures for each sample. The thermal dif-
fusivity results registered an increase according to
the concentration of SiO,—Au nanostructures from
15.57+0.22x 10~ t0 25.87 +0.46 X 10~ cm?/s for 143 nm
of Si0,. The thermal diffusivity from 15.01 +0.18x 10~ to
27.30+0.18 x 10~* cm?/s for 90 nm of SiO, was recorded.
The adjustable parameters 6 and ¢, obtained from the best fit
of Eq. (2) to TL experimental data are also shown. The SiO,
decorated with gold nanoparticle structures synthesized in
this work recorded higher thermal diffusivity values than
separated structures; i.e., only SiO, spheres (of 300 nm) dis-
persed in deionized water to 0.37 mg/ml with thermal value
of 14.96x 10~* cm?/s [19]. On the other hand, at 0.1 mg
gold nanoparticles (=16 nm) dispersed in 1 ml of deionized
water recorded a thermal diffusivity of 14.96x 10 cm?/s
[30], in this work at same concentration (0.1 mg/ml), the
SiO,~Au was recorded 15.57 x 107* cm?/s. Thus, thermal
diffusivity values of SiO,—Au in water provide a high heat
transfer to surrounding environment. It is well documented
that SiO,—Au nanostructures have been not only used as
gene carrier or biosensors [9, 10], but also can be used as
material thermal delivery in thermal therapy against cancer
cell.

It was shown that the gold nanoparticles anchored over
SiO, spheres change optic properties of dielectric plat-
form, for example, a decrease in reflectance and increased
absorbance associated to surface plasmon resonant showed
in Figs. 7 and 8, similar results to reported by Covertino
et al. [5]. In SiO, decorated with Au nanoparticles, an
improvement in light absorption was recorded, associated
to the presence of gold nanoparticles on SiO, structures, the
improvement was not registered in SiO, without decorated.
The enhanced light absorption is because the light inside
each SiO,—Au structure is trapped, i.e., light trapping, this
optic phenomenon was schematized by Netzahual Lopantzi
et al. [18]. The heat transfer to water was measured by ther-
mal diffusivity using thermal lens spectroscopy. According
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to Tables 3 and 4, thermal diffusivity values were similar
between SiO,—Au structures using different dielectric plat-
form. A possible explanation of this thermal observation
between the SiO,—Au nanostructures is described below.
The chemical characterization by EDS, FTIR and alkaline
neutralization helped to know contained of silanol groups
in each SiO, sphere. The silanol groups is very important,
because they are responsible for attaching amino groups and
incorporation of metals. In this work, the silanol concen-
tration was 0.40 and 0.44 mmol/g for SiO, spheres of 143
and 90 nm, respectively. Despite this difference in silanol
groups, this suggests that the two silica particles have the
approximately the same capacity to attach gold nanoparticles
and thermal diffusivity values similar. Moreover, the size,
shape and interparticle distance of Au nanoparticles on silica
particles were almost the same. Therefore, the thermal diffu-
sivity values between two SiO,—Au were similar. According
to results reported by Rhaman et al. [31], both SiO, parti-
cles (143 and 90 nm) has approximately 11 —OH groups
per nm?. The thermal results also revealed an increase of
thermal diffusivity according to concentration of SiO,—Au
was increased. This is because thermal diffusivity depends
on factors as size and concentration of the gold nanoparticles
due to the surface-to-volume ratio [32, 33].

5 Conclusion

The SiO, spheres with a controlled size (143 and 90 nm)
were synthesized, these dielectric structures served as plat-
form to anchored gold nanoparticles confirmed by TEM,
UV-Vis and reflectance spectroscopy. The thermal dif-
fusivity values were independent of size of SiO, sphere
employed. Because the silanol groups, size and distance
between gold nanoparticles, in the two different SiO, plat-
forms are almost the same. The thermal results revealed
an increase of thermal diffusivity as the concentration of
SiO,—Au was increased. The SiO,—Au structures dispersed
in water offer a higher value in thermal diffusivity than sepa-
rated structures, i.e., only SiO, spheres or gold nanoparticles
dispersed in water with equivalent sizes at similar concen-
trations, the combination of dielectric and metallic materi-
als increased heat transfer to environment, in this case, the
water measured by thermal lens spectroscopy. The SiO,—Au
nanostructures synthesized in this work have potential appli-
cations as SERS substrate, as carrier administration targeted
system, according to the interparticle separation, there is
sufficient space for the Au nanoparticle functionalization
with target molecules. Finally, in thermal area, SiO,—Au
nanoparticles could be used in the photodynamic treatment
against cancer cells.
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