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Optical Heating and Temperature Determination of Core-
Shell Gold Nanoparticles and Single-Walled Carbon
Nanotube Microparticles

Alexey Yashchenok,* Admir Masic,* Dmitry Gorin, Olga Inozemtseva,
Bong Sup Shim, Nicholas Kotov, Andre Skirtach, and Helmuth Méhwald

The real-time temperature measurement of nanostructured materials is particularly
attractive in view of increasing needs of local temperature probing with high
sensitivity and resolution in nanoelectronics, integrated photonics, and biomedicine.
Light-induced heating and Raman scattering of single-walled carbon nanotubes with
adsorbed gold nanoparticles decorating silica microparticles are reported, by both
green and near IR lasers. The plasmonic shell is used as nanoheater, while the single-
walled carbon nanotubes are Raman active and serve as a thermometer. Stokes and
Anti-Stokes Raman spectra of single-walled carbon nanotubes serve to estimate the
effective light-induced temperature rise on the metal nanoparticles. The temperature
rise is constant with time, indicating stability of the adsorption density. The effective
temperatures derived from Stokes and Anti-Stokes intensities are correlated with
those measured in a heating stage. The resolution of the thermal experiments in our
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study was found to be 5-40 K.
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1. Introduction

Heat generation in plasmonic structures by light irradia-
tion represents an upcoming field of research termed ther-
moplasmonics.I'l Heating plasmonic nanomaterials has
been realized in a number of applications including pho-
tothermal cancer therapy,?l remote release of molecules
from polymeric and natural carriers,? bioimaging,*l pat-
terning,%] cell manipulation,[%! optoporation”! and optoflu-
idics.[¥! From both fundamental point of view and further
applications in such areas as micro- and nanoelectronics,
integrated photonics and biomedicine the determination of
the local temperature increase in nanostructured systems is
an indispensable challenge.l’] In the last two decades a set
of approaches have been demonstrated to measure the local
temperature rise in plasmonic nanostructures ranging from
tip-based measurements to a number of optical assessments
on the basis of simultaneous heating and temperature meas-
urement.['% In spite of recent achievements in the nanother-
mometry further improvements toward enhanced sensitivity
and resolution are required. Optics based methods for
determination of the local temperature rise in nanostruc-
tured materials are of particular interest, since they can be
less invasive, in particularly for biomedicine, more sensitive
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and open capabilities of three-dimensional temperature
measurements.

A method for measuring the temperature and quantita-
tive investigation of the influence of absorption, size, and
surface density of gold nanoparticles within polyelectrolyte
microcapsules has been developed recently.['!] Takami et al.
applied the black body radiation from irradiated nanoparti-
cles to evaluate the temperature through the Stefan-Boltz-
mann law, assuming that the emission is independent of the
observed wavelength, but this method requires very high
temperature increases and is not very sensitive.'2J A number
of systems integrating heaters and thermometers have been
recently reported for the local temperature measurement
with high thermal resolution. Debasu and co-workers applied
(Gd,Yb,Er),0; luminescence nanorods as thermometers,
while gold nanoparticles attached to nanorod surfaces were
used as heaters.[’] They showed the temperature assessment
with high resolution of 0.3-2.0 K and of 4-13 K from the
Boltzmann distribution and from Planck's law, respectively.
The potential of using this luminescence nanothermometer
at physiological conditions in the biologically friendly spec-
tral window was also demonstrated. The local temperature of
single 40 nm gold nanoparticles and lithographically prepared
nanodots and nanowires was determined by a photolumi-
nescent thin film of Er** doped Al ,Ga0.oN excited with a
continuous wave laser.l'*] This approach is based on a temper-
ature image of the optically excited gold nanostructures from
the relative peak intensities from Er;, photoluminescence. In
the work of Rocha and co-authors neodymium-doped LaF;
core/shell nanoparticles were offered as promising lumines-
cence nanothermometers for subtissue thermal probing. They
applied gold nanorods as nanoheaters while the temperature
was measured by the Nd**: LaF; nanoparticles.'”]

Raman thermal microspectrometry is another tool that
has been used to measure temperature rise in microstruc-
tures with integrated lasers with high thermal and spatial res-
olution.[') The Raman thermal approach
offers also the temperature assessment
in nanoscale materials by measuring
Stokes and Anti-Stokes Raman intensi-
ties. Recently this technique has been
applied for the temperature rise in carbon
materials such as single-walled carbon
nanotubes, active carbon and graphite
upon illumination by laser light.'”] The
electron-phonon scattering as a function
of temperature of Joule-heated photons
on graphene with high energy electrons
has been studied with a spatial resolu-
tion of 400 nm['8] Brown and co-workers
have found that semiconductor or metallic
single-walled carbon nanotubes can be
excited selectively with a certain laser
energy.['”] In situ measurements of Raman
spectra and the temperature were accom-
plished for single-walled carbon nano-
tubes, and reversible structural changes
have been shown by micro-Raman spec-
trometry.?”l Non-destructive manner and
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real-time signal acquisition are advantages of micro-Raman
spectroscopy for assessment of the local temperature rise in
nanostructured materials.

In this work we constructed a microprobe made of silica
microparticles surrounded by a thin nanostructured shell.
A net of single-walled carbon nanotubes (SWCNT) around
silica microparticles was decorated with gold nanoparticles
by the layer-by-layer technique. Here gold nanoparticles
serve as nanoheaters, while single-walled carbon nanotubes
are used as thermometers. Gold nanoparticles are excited
either at 532 nm or at 785 nm with a continuous wave laser
to induce a temperature rise in the nanoscale shell. The tem-
perature is assessed with the same laser through in situ meas-
urement of the Anti-Stokes and the Stokes Raman spectra.
Laser light induced heating of gold nanoparticles shifts the
G-phonon band of SWCNT due to the proximity of gold
nanoparticles and carbon nanotubes. The derived effective
temperature from measurements of Stokes and Anti-Stokes
intensities is correlated to that of obtained by electric heating.
The resolutions of thermal Raman measurements obtained in
this study are of 5-40 K.

2. Results and Discussion

To construct the temperature sensor single-walled carbon
nanotubes decorated with gold nanoparticles around silica
microparticles were deposited by the layer-by-layer method.
Our characterization of the engineered microstructures by
TEM revealed that electroless plating completed the shell
coating with tiny intersections (Figure 1b). This structure
could not be achieved by the adsorption of gold nanoparti-
cles (Figure 1la). We believe that such junctions are similar
to those of a hot spot which usually refers to gold dimers or
aggregated gold nanoparticles.?!] The ability of these micro-
particles to generate high Raman scattering, that is surface
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Figure1. TEMimages of microcapsules containing several layers of polyelectrolytes terminated
with single-walled carbon nanotubes subsequently decorated with gold nanoparticles (PSTA
sample) (a); and those afterthe electroless plating (PSTAS) (b). Silica microparticles were used
as a template for microcapsules fabrication. UV-vis absorption spectra of the polyelectrolyte
films with single-walled carbon nanotubes (line 1), gold nanoparticle suspension (line 2);
single-walled carbon nanotubes decorated with gold nanoparticles by electroless plating
(line 3) (3). The concentrations for deposition were used similar to those adsorbed on colloidal
probes. The scale bars on the TEM images are 2 pm.
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Figure 2. Raman spectra of shells surrounding the silica microparticles: PST (black curve); PSTA (blue curve); PSTAS (red curve). The spectra were
acquired with 532 nm wavelength of the laser operating at 4mW (12.7-10* W-cm™2) through 100x objectives, integration time 5 sec (left-hand
side). Optical image (b) and Raman image (d) of beads after chemical growth and analysis of the Raman image using the intensity of G-band
1400-1660 cm™! (c) and shift of the G peak (e). The scale bars on all images correspond to 2 um.

enhanced Raman scattering (SERS), has been shown in our
previous study.[?2]

Raman spectra of these microparticles were measured
acquiring Stokes and Anti-Stokes intensities. Figure 2 shows
Raman spectra of three types of core-shell silica microparti-
cles. The G-band shift of single-walled carbon nanotubes to
lower frequency at a power density of 12.7-10* W-cm™ for the
particles after electroless plating is attributed to heating of
carbon nanotubes. A shift of about 16 cm™! was observed for
those microparticles, while other samples did not show any
changes of the G peak position in this power range (Table 1).
One observes also a broadening of the G-band for the sam-
ples after electroless plating at 4 mW (12.7-10* W-cm™) of
laser power. It is suggested that the broadening is due to a
planar distortion of the G-band. This was also observed at
lower intensities, however it is reversible only at a power
density up to 6.4-10* W-cm™? (Figure S1). As was men-
tioned above the electroless plating increases the amount
of gold nanoparticles on the surface of single-walled carbon
nanotubes, and at the same time the distance between gold
nanoparticles is reduced (Figure 1b). Obviously the heating
of carbon nanotubes under laser excitation would be more

pronounced for gold nanoshells, rather than for separated
gold nanoparticles. Raman imaging shows that the signal of
the G peak is uniformly distributed across the particle sur-
face indicating a regular distribution of nanotubes around
the silica beads (Figures 2c and 2d). Mapping of the Raman
intensity in the range of 1400-1660 cm™' demonstrates the
red shift of the G-band (Figure 2e).

In order to estimate the temperature induced by the
gold nanoshells upon laser illumination the Stokes and
Anti-Stokes Raman spectra were acquired. The Stokes and
Anti-Stokes intensities of the G peak as a function of laser
power are shown in Figure 3. Knowing the intensity ratio of
the Stokes and Anti-Stokes lines it is possible to calculate the
effective temperature (G-phonons occupation) by using the
following equation:

IA_(VHVG)“ Xp(

B Vo—VG

hvc
Is ’

“ksTc

(1)

where v, is the excitation frequency, v; the G-phonon fre-
quency, i and kg the Planck and Boltzmann constants,
respectively. In order to estimate the effective tempera-
ture the Stokes and Anti-Stokes spectra were fitted with

Table 1. The centre of the G-band of the Stokes (Gs) and Anti-Stokes (Gps) lines of the core-shell structures of Sample PST, Sample PSTA, Sample
PSTAS as a function of the laser power density. The effective temperature is estimated through the ratio of the Anti-Stokes and Stokes intensities.

Sample Sample PST Sample PSTA Sample PSTAS

Power density Gg Gps TIK] Gg Gps TIK] Gg Gps TIK]
[104W-cm™2

1.6 1592 - 1592 - 1592 - 298
3.2 1592 - 1592 - 1587 - 298
6.4 1592 - 1592 - 1583 1582 346
9.6 1592 - 1591 - 1579 1577 462
12.7 1592 - 1590 - 1575 1571 561
15.9 1592 - 1589 -

31.8 1592 - 1587 1586 348

47.8 1589 - 1580 1580 487

63.7 1588 1587 365

79.6 1587 1586 372
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Figure 3. Anti-Stokes and Stokes Raman spectra of the PSTAS silica beads at different powers of the green laser line. The spectra were acquired
with 532 nm wavelength of the laser operating at 4 mW (12.7-10* W-cm~2) through 100 x objectives, integration time 5 sec. The evaluated effective

temperature is indicated above the spectra taken at a certain laser power.

Lorentzians. The temperature is evaluated through calcula-
tion of the Stokes and Anti-Stokes intensity ratio according
to the above equation for the photon energy equal to 2.33 eV.
The results of the temperature determination are included
above each curve in Figure 3. One can see that an Anti-Stokes
line of gold nanoshells on carbon nanotubes is observed for
the laser power density starting from 6.4-10* W-cm™, which
corresponds to 346 K. Further increase of the laser power to
4 mW (12.7-10* W-cm™) raises the temperature to 561 K.
On the other hand, the absence of Anti-Stokes lines for
beads with only carbon nanotubes indicates that laser light
does not induce local heating of SWCNT at lower laser
powers. Substantial changes of the Anti-Stokes intensity of
the G-band for those microparticles was observed only at
a power density of 63.7-10* W-cm™2. The effective tempera-
ture for the microprobe containing only carbon nanotubes
at this power level is about 343 K. This value corresponds
to an effective temperature, which was estimated for gold
nanoshells at a power density of 6.4-10* W-cm™. The derived
temperature is correlated with the data

obtained for single-walled carbon nano- a
tubes illuminated with the 514 nm
laser in the work of Li.l'7l The tempera-
ture coefficient of the planar stretching
of the G-band (E,,) was derived to be
-4.5:1072 cm ™K™' (R? = 0.97). Interestingly
that probe can be heated by near infrared
light (785 nm) starting from 8 W/cm? of 300
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power density) transferred the temperature into the same
range as was obtained at the first cooling run (Figure 4b).
The next heating/cooling runs did not show significant hys-
teresis of the temperature for the same probe. For statis-
tical purposes, we repeated the same experiments for at
least ten microparticles and the similar behavior have been
found. Even the estimated temperature difference between
first heating and cooling runs was very similar for all micro-
probes. This fact could be due to defects and disorder (net-
work like structure) in the structure of single-walled carbon
nanotubes.['”l Another explanation of the hysteresis in the
first run could be explained by a change of the localized
surface plasmon resonance (LSPR) of gold nanoparticles
with increasing temperature.[’’] The temperature rise can
induce the bleaching of the LSPR because of the broad-
ening of the spectrum. This is due to an increase of electron-
phonon scattering at higher temperature.[*l We also assume
that 4-(dimethylamino)pyridine capped gold nanoparticles
and polystyrene sulfonate stabilized single walled carbon

incidence power. Figure 4 shows the tem- .

perature calculated from Stokes and Anti-
Stokes intensities as a function of laser

Power density (W/cm?)

25 35 45 5 15 25 35 45
Power density (W/cm®)

power density. As seen from Figure 4a,
the temperature at the microparticles
containing gold nanoshells increases with
the increase of laser power density. When
the laser power density is decreasing
back a difference in the temperature
has been observed. Interestingly the
second run (increasing/decreasing laser
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Figure 4. (a) Temperatures derived from measuring Stokes and Anti-Stokes intensities of
the microprobe “single-walled carbon nanotubes decorated with gold nanoparticles” after
electroless plating (filled squares and open circles), and those without plasmonic nanoshell
(filled triangles and open rhombohedra) as a function of laser power density. (b) Temperature
derived from Raman measurements of the microprobe single-walled carbon nanotubes
decorated with plasmonic nanoshell at first (filled squares and open circles) and second
runs (filled stars and open circles) respectively. Arrows indicate heating and cooling runs. The
Stokes and Anti-Stokes spectra were acquired with 785 nm wavelength of the laser operating
at 0.1 mW (0.3-10* W-cm~) through 100 X objectives, integration time 0.5 sec.
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nanotubes can induce hysteresis due to thermal isolation of
gold nanoparticles from the surrounding molecules. Laser
heating of gold nanoparticles can remove and/or photode-
compose 4-(dimethylamino)pyridine (meting point 110-113
°C) and polystyrene sulfonate (Tg = 152 °C) capped mole-
cules.[*’l The decomposition of capped molecules can reduce
the refractive index from ~1.39 (polysterene sulfonate) to
1.0 (air). As result, these changes in the refractive index can
significantly reduce the optical absorption of gold nanopar-
ticles.?l Also laser induced separation of gold nanoparti-
cles from capped molecules can lower the hysteresis due to
removal of thermal insulation caused by stabilizer molecules.

The temperature at the microparticles with only single-
walled carbon nanotubes is unchanged up to 32 W-cm™.
Above this power density the temperature is increasing to
463 K at 48 W-cm~2. However, this temperature is lower than
that at the same power density for the probe with plasmonic
shell. This observation indicates that heating induced by
laser light is mainly generate by gold nanoshells in selected
power densities (up to 32 W-cm™2) rather than by single-
walled carbon nanotubes. Time dependent temperature
measurements for two lasers with 532 and 785 nm excitation,
respectively, are presented in Figure 5. These data indicate
that the temperature at different power density remains
stable with time. Yet, the temperature obtained at 532 nm
can be achieved with a similar magnitude at 785 nm, but
at higher laser energies due to the lower absorption coeffi-
cient. Stability of the temperature in the entire time frame
would include that the adsorption is also stable and does not
change with time.

400¢

T(K)

750r

600

150
Time (sec)

Figure 5. Time dependent temperature of the PSTAS silica beads upon
illumination with a laser at 532 nm (a) and 785 nm (b). Each curve
refers to a mean effective temperature calculated in accordance with
Equation (1) (see in the text). The curves 1, 2, and 3 in (a) are taken
at power density of 3.2:10* W-cm™2, 6.4-10* W-cm~2, 9.6-10* W-cm~2
respectively. The curves 1, 2, 3 and 4 in (b) were obtained at a power
density 16-10% W-cm2, 24 10* W-cm~2, 32-10* W-cm™2, 40-10* W-cm™2,
The standard deviation for each power density is shown in the brackets.
Each curve was compressed for clarity.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

MoK

www.MatenaIsVlews.com

As has been shown earlier, the temperature change is
related to the heating rate per unit volume per unit time, the
thermal conductivity of the surrounding medium, the size of
absorbing centers, their specific heat capacity and thermal
conductivity.’’l The heating rate is proportional to the inci-
dent power density, absorption of heating centers and their
concentration.’”] The extinction coefficient of gold nano-
particles at the maximum adsorption is higher than that for
carbon nanotubes (Figure 1c). The specific heat capacity and
thermal conductivity for gold (129 J-kg 1K', 318 W-mK~'[282]
is lower than for carbon nanotubes (600 J kg !.K~1,[280]
950 W-mK~! along the axis of the nanotubel?*l. Taking into
account the extension coefficient, the heat capacity and the
thermal coefficient of gold nanoparticles and single-walled
carbon nanotubes one can conclude that the heating rate for
gold nanoparticles is higher than for carbon nanotubes. As
consequence gold nanoparticles are heated faster at selected
laser powers than SWCNT. In our experiments the laser spot
was found to be about 1 pm in diameter, while the micro-
particle diameter was 4.8 um. In this case heat is generated
only by those gold nanoparticles which are in the laser spot
and then due to the proximity between gold nanoparticles
and single-walled carbon nanotubes is propagated to carbon
nanotubes. Yet, most heat is generated from the “hot spot”
and then quickly propagates along the surface of gold nan-
oparticles and then to carbon nanotubes.[?! This points out
that we are measuring an average temperature at the surface
of gold nanoparticles. We also assume that the high surface
area of carbon nanotubes due to their network distribution
in the microparticle shell and higher thermal conductivity
of SNWCNT can lead to an increase of heat dissipation
upon laser irradiation. This we observed by irradiation of
polystyrene microparticles with the same shell composition
with the same laser light and power. The softening of the
polystyrene microparticles surrounded by the gold nanoshell
was observed at a laser power density 9.6:10* W-cm™ (A =
532 nm) which corresponds to 462 K (Figure 6). Partial
melting was also accomplished for this type of particles at
identical laser power at shorter exposure time (Figure 6d).
The polystyrene cores carrying only SWCNT or SWCNT
with less content of gold nanoparticles do not exhibit sof-
tening of the polystyrene due to the laser flux. The tem-
perature at which polystyrene was softened is lower than its
melting point (~240 °C), however it is above the glass transi-
tion temperature (~100 °C).[

In order to verify the temperature accuracy derived from
Raman spectra, heating experiments in a heating stage were per-
formed. A Linkam THMS600 heating stage is used to study the
temperature influence on the Raman spectra of single-walled
carbon nanotubes. These results are presented in Figure 7.
Figure 7a shows the temperature derived from Stokes and
Anti-Stokes lines induced by electric heating in a Linkam
THMS600 stage. The temperatures derived by Equation (1)
from the Raman spectra are mainly correlated with those
obtained with the heating stage (Figure 7a). The resolution of
the thermal measurements was found to be of 5-40 K for laser
heating of microparticles with a plasmonic nanostructured
shell. The large error bars can be explained by the difference
in heating of individual particles. The downshift of the G-band
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Figure 6. Optical images of polystyrene cores with the shell composition corresponding to PAS composition (a) and these microparticles after
laser illumination at a power density of 9.6-10% W-cm~2 (b). SEM images of complete softening of the particle irradiated in b (c), partial melting of
the irradiated particle (d). The arrows indicate the irradiated particles. The scale bars correspond to 3 um and 2 pm for optical and SEM images

respectively.

by laser heating is compatible to that measured by a heating
stage (Figure 7b). These changes of frequency of the G-band
are pointing out that laser light induces efficient heating of
microparticles with a plasmonic nanostructured shell.

3. Conclusion

The effective temperature of gold nanoparticle decorated
single-walled carbon nanotubes can be derived through
acquiring Anti-Stokes and Stokes Raman spectra. Surface
plasmons of gold nanoparticles excited with both green and
near IR lasers enhance the G-band of single-walled carbon
nanotubes. At certain laser energies gold nanoparticles dis-
sipate the heat into carbon nanotubes shifting the G-band.
The derived effective temperatures from measurements of
Stokes and Anti-Stokes intensities agree with those obtained
by electrical heating. The thermal accuracy obtained in this
study is 540 K. The thermal energy released from gold nano-
particles increases the temperature above the glass transition
temperature of polystyrene microparticles enabling softening
upon laser illumination. The temperature rise remains stable
with time indicating the stability of the adsorption. We envi-
sion that our work will help addressing some of the funda-
mental issues, e.g. spectral fluctuation (SERS blinking effect),
dynamic processes in molecular systems as well as applied
aspects like temperature assessment from micro- and nano-
structured systems, biological entities and photothermal
therapy.
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4. Experimental Section

Materials: A water suspension of silica microparticles (SiO,)
with average core diameter 4.48 + 0.15 um, polystyrene cores
(PS) having an average diameter 3.63 + 0.16 um was purchased
from Microparticles GmbH. Poly(sodium 4-styrenesulfonate) (PSS,
70 kDa) and poly(diallyldimethylammoniumchloride) (PDADMAC,
250-350 kDa), were purchased from Sigma-Aldrich. Sodium chlo-
ride (NaCl) and Potassium carbonate (K,CO;) were purchased
from Merck. L-ascorbic acid was purchased from Fluka. Positively
charged gold nanoparticles (AuNPs) stabilized with 4-(dimethyl-
amino)pyridine (DMAP) were prepared according to previously pub-
lished methods.13U Purified HiPco single-walled carbon nanotubes
(SWCNT) were purchased from Carbon Nanotechnologies Inc. The
surface of carbon nanotubes was functionalized by PSS molecules
(1000 kDa) according to previously published methods.?? In all
experiments ultra pure water with resistivity higher than 18.2MQ
c¢m was used.

LbL Functionalization of Silica Microparticles: First silica and
polystyrene microparticles were washed in pure water several
times in order to remove artifacts from their surface and to facili-
tate polyelectrolyte deposition. After washing, polyelectrolytes,
carbon nanotubes and gold nanoparticles were adsorbed via Layer-
by-Layer assembly on the surface of silica and polystyrene beads.
1.8 mL of water solution of PDADMAC (2 mg/mL in 0.5M NacCl) was
added to a silica and polystyrene particle suspension and shaken
for 15 min followed by three washing steps in deionized water.
Then the same volume of PSS (2 mg/mL in 0.5M NacCl) was added
to the particle suspension, incubated for 15 min and later washed
with water. The deposition of polyelectrolytes
was repeated several times resulting in a
composition of (PDADMAC/PSS);/PDADMAC.
As single-walled carbon nanotubes were sta-
bilized by PSS, they had a negative surface
charge (zeta-potential was measured to be
—64.1 £ 0.2 mV). The suspension of SWCNT
was diluted in pure water with a ratio 1/10
(v/v) and 1 mL was injected into the polyelec-
trolyte modified silica and polystyrene bead

350 400 450 500 300 400

Heating stage temperature (K)

Figure 7. (@) Temperatures calculated from Stokes and Anti-Stokes intensities of Raman
spectra obtained by electrical heating (open triangles). (b) Temperature dependence of the
frequencies of the G-band for a microprobe covered with single-walled carbon nanotubes
subsequently decorated gold nanoparticles by electroless plating heated by a 785 nm laser

(filled circles); and by a Linkam THMS600 stage (open triangles).

small 2015, 11, No. 11, 1320-1327

Temperature (K)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

suspension. Then the mixture was continu-
ously shaken for 15 min followed by washing
in water. The final step includes deposition of
gold nanoparticles. Positively charged gold
nanoparticles were directly adsorbed on the
surface of the SWCNT. The final composition
of the nanocomposite multilayered shell on

500

www.small-journal.com 1325



1326 www.small-journal.com

m full papers

the surface of silica and polystyrene microparticles is as follows:
(PDADMAC/PSS);/PDADMAC/SWCNT/AuNPs. A composition of
(PDADMAC/PSS);/PDADMAC/PSS/AuNPs) was analogously con-
structed around the silica and polystyrene microparticles.

Chemical Growth Procedure: In order to increase the concen-
tration of gold particles on the surface of carbon nanotubes elec-
troless plating via reduction of gold salt was employed. According
to the procedure described by T. Pham, the following solution was
prepared: 25 mg of K,CO; in 100 mL of deionized water was dis-
solved and stirred for 10 min.B3! Then 1.5 mL of a solution of 1%
HAuCl, was added and next stirred for 30 min. After that 0.2 mL of
modified silica microparticles were injected to a vigorously stirred
4 mL growth mediating solution, and 10 pL of a solution of 10%
L-ascorbic acid was added. Over the course of 30 sec, the solution
changed from colorless to pink/blue, which is characteristic of the
gold growth. After 2 min of the reaction the silica beads were thor-
oughly washed with water.

For the further experiments the obtained microparticles were
classified as follow:

PST — (PDADMAC/PSS),/PDADMAC/SWCNT;

PSTA — (PDADMAC/PSS);/PDADMAC/SWCNT/AuNPs;

PSTAS - (PDADMAC/PSS);/PDADMAC/SWCNT/AUNPs after
electroless plating;

PA — (PDADMAC/PSS);/PDADMAC/PSS/AuNPs);

PAS — (PDADMAC/PSS),/PDADMAC/PSS/AuNPs) after electro-
less plating.

Characterization: Scanning electron microscopy (SEM)
images were recorded by means of a Philips XL30 electron micro-
scope at an accelerating voltage of 3 kV. Field emission Environ-
mental Microscopy (ESEM) was performed with a high-resolution
low vacuum FElI Quanda 600 FEG instrument at an operating
voltage 30 kV with extended low-vacuum capabilities. Trans-
mission electron microscopy (TEM) images were obtained on a
ZeissEM912 Omega transmission electron microscope at an
operating voltage of 300 kV. Two Raman confocal microscopes
operating at two different laser frequencies were used. The first
system is a confocal Raman microscope (CRM200, WITec, Ulm,
Germany) equipped with a piezo-scanner (P-500, Physik Instru-
mente, Karlsruhe, Germany) and a diode-pumped 785 nm NIR
laser excitation (Toptica Photonics AG, Graefelfing, Germany).
The laser beam was focused through 100 x oil immersion (Nikon,
NA = 1.25) microscope objective. The spectra were acquired
with a thermoelectrically cooled CCD detector (DU401ABY,
Andor, UK) behind a grating (300 g mm™?) spectrograph (Acton,
Princeton Instruments Inc., Trenton, NJ, USA) with a spectral
resolution of 6 cm~!. The second system is a confocal Raman
microscope (alpha300, WiTec, Ulm, Germany) equipped with a
frequency doubled Nd:YAG laser (532 nm) laser excitation and
piezoscanner (P-500, Physik Instrumente, Karlsruhe, Germany).
The spectra were acquired with a thermoelectrically cooled CCD
detector (DU401A-BV, Andor, UK) placed behind the spectrom-
eter (UHTS 300; WITec, Ulm, Germany) with a spectral resolution
of 3 cm~1. The ScanCtrlSpectroscopyPlus software (version 1.38,
Witec) was used for measurement and WITec Project Plus (ver-
sion 2.02, Witec) for spectra processing. The laser power was
measured by a power meter (Newport — Optical Power Meter
1830-C) before the microscope objective. Laser power ranging
from 0.5 to 25 mW at the sample was focused into a spot size

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of 1-2 pum in diameter (100x objective NA 0.9), giving a power
density of 1.6-79.6-10* W-cm~2 at the sample.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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