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ABSTRACT Linear and nonlinear (NL) optical properties of sil-
ver colloids stabilized with poly(N-vinylpyrrolidone) (PVP) in
water, acetone, methanol, and ethylene glycol were studied.
Images obtained by transmission electron microscopy reveal
narrow size distributions of silver nanoparticles (NPs) with
diameters centered at ~ 6.3 nm (aqueous colloid) and in the
4.3-4.9 nm range for the other colloids. The behavior of the
surface plasmon resonance band associated with the NPs was
monitored through the linear absorption spectrum, and its de-
pendence on the linear refraction index and the electric dipole
moment (EDM) of the solvent molecules was analyzed. The
phenomenological parameter, A, obtained from the linear ab-
sorption spectra, includes contributions due to the surface ef-
fects and the solvent. The third order susceptibility of the colloid
was measured using the Z-scan technique at 532 nm, and the
NL optical susceptibility of the NPs was determined using the
Maxwell-Garnett model. The results indicate that the NL re-
sponse of the colloids is largely influenced by the molecules
adsorbed on the NPs surfaces and the EDM of the solvent
molecules.

PACS 42.65.-k; 42.65.An; 73.20.Mf; 78.67.-n; 78.67.Bf;
82.70.Dd

1 Introduction

Metallic nanoparticles (NPs) present a surface
plasmon resonance (SPR) wavelength and lineshape that de-
pends upon their size and shape, and the medium they are
embedded in [1-6]. This sensitivity with respect to the sur-
rounding medium allows for the development of SPR sens-
ing devices for measurements of physical quantities, and
chemical- and bio-sensing [7].

Normally, the NPs environment in colloidal systems is
composed of the solvent and stabilizing agents adsorbed on
the NPs surface to avoid aggregation. The solvent and the sta-
bilizing agent may change the optical properties of the NPs in
different ways. In the case of stabilizing agents, the adsorbed
molecules (AM) may cover the NPs as a shell, changing the
NPs dielectric function, ey, (1) = &, (A) +ig) (1), where A is
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the light wavelength. However, changes in the dielectric func-
tion of the solvent, e (1), modify the SPR condition that cor-
responds to &, (Asp) +2 Re en(Asp) = 0, where Agp is the SPR
wavelength [1, 2].

Many authors studied metallic colloids prepared chem-
ically or by laser ablation in different solvents [§—14], by
analyzing the effect of particle geometry and the contribu-
tions of the AM to the linear optical properties [15, 16]. The
dependence of the nonlinear (NL) properties was studied as
a function of the NPs shape [17-19] and size [20,21]. Re-
cently, the influence of AM on the third-order susceptibility
of the NPs, X,(r? ), was studied for the first time [22]. The NPs
were capped with sodium citrate, poly(N-vinylpyrrolidone)
(PVP) and polyvinyl alcohol (PVA), and the NL experiments
revealed that | XIS )| changes by more than 100% for the dif-
ferent stabilizing agents. However, the influence of the host
has not been studied in detail. In particular the contribution of
the electric dipole moment (EDM) of the solvent molecules
was not considered in the majority of the papers. In fact
the EDM may change the electron density on the NPs sur-
face, and therefore their dielectric response can be largely
modified [14].

In this work we investigated the influence of the linear
refractive index and the EDM of the solvent on the opti-
cal properties of colloidal silver. Samples containing silver
NPs stabilized with PVP in different media (water, acetone,
methanol and ethylene glycol) were prepared and character-
ized by linear absorption spectroscopy, transmission electron
microscopy and by an NL optical technique. The effective
third-order susceptibility, ng) , was measured for all colloids
and the results were used to determine the NL susceptibility of
the NPs. The calculations of XIS ) were made using the general-
ized Maxwell-Garnet model [23] and the results are discussed
considering the solvent influence on the NL response. The
present results show that besides the influence of the stabi-
lizing agents on the susceptibility of the NPs, as previously
reported in [22], the refractive index and the EDM of the sol-
vent molecules also affect very much of the value of XIS ),

2 Experimental details

Colloids stabilized with PVP were prepared
as follows: a 1.4 ml portion of AgNO3 in methanol (4.71 x
102 mol1~") was mixed with 0.25 g of PVP and 0.011 g of
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sodium borohydride (NaBH,) in 250 ml of each solvent (wa-
ter, acetone, methanol and ethylene glycol). In all cases the
final solution was stirred and boiled for 1 h to decompose any
excess NaBHy. Colloids obtained by this method have a broad
NPs size distribution.

Subsequently, 1 ml of each colloid prepared was ablated
using the second harmonic from a Q-switched Nd: YAG laser
(532nm, 10 Hz, 8 ns) for 30 min. Laser ablation of NPs in
colloids prepared by chemical synthesis has been studied by
different authors and the procedure of [25-27] was properly
adapted in the present case to achieve nearly the same average
particle size with narrow distribution for the samples synthe-
sized in different liquids. The shape and size of the silver NPs
in the laser-ablated colloids were determined using a trans-
mission electron microscope operating at 80 kV. NPs with
a narrow size distribution were observed in all samples at the
end of the ablation process.

Absorption spectra from 200 to 700 nm were recorded
using a diode array spectrophotometer with the colloid con-
tained inside a 5 mm thick quartz cell. The spectra did not
change during the observation period of about one month in-
dicating that the colloids have large stability.

The NL experiments were performed with the second har-
monic beam (at 532 nm) obtained using a Q-switched and
mode-locked Nd: YAG laser and a KTP crystal. Single pulses
of 80 ps at 6 Hz and peak intensity of 0.9 GW/cm? were se-
lected using a pulse picker system. The signals were recorded
using a boxcar connected to a computer.

3 Results and discussion

Figure 1 shows a representative micrograph of the
laser-ablated colloid and the corresponding NPs size distribu-
tion. The solid line is a log-normal distribution which gives
the average diameter of ~ 4.9 &= 1.2 nm for NPs in methanol.
Similar result was obtained for acetone while the average
diameter was 4.3 2.5 nmin ethylene glycoland 6.3 2.7 nm
for NPs in water.

The absorbance spectra of the silver colloids are shown
in Fig. 2. In general, the changes in the SPR wavelength and
lineshape can be ascribed to size and shape of the NPs, and
the host characteristics. A red shift of Agp is observed when
the linear refractive index of the host is increased. The shape
of the NPs changes the resonance condition to & (Asp) +
&Reen(Asp) =0, where & depends on the geometry of the
NPs. For example, & = 2 for spherical NPs, and £ =~ 16 for el-
lipsoidal NPs with an aspect ratio of 5 : 1 [28]. In the present
case the NPs are considered spherical. The changes of the
NPs dielectric constant due to the NPs size can be modeled as
em(A) = &l pu M) +1{e], pui ) + (@) /@) (Avg/R)}, where
vr is the Fermi velocity, wp is the plasma frequency, R is
the particle radius, and A is a phenomenological parameter
that has physical origin in the scattering of electrons with
the NPs walls [29]. The molecules chemically bounded to
the NPs’ surface change their dielectric constant; this effect
may be considered using a core-shell model [19]. However,
as the thickness of the shell and its dielectric constant are un-
known, the corrections in the dielectric constant of the NPs
are considered using the A-parameter. When surface effects
are not taken into account A = 1 but the presence of ad-
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FIGURE 1 TEM images (a) and NPs size distribution (b) of silver NPs in

methanol. The average size of 4.9+ 1.2 nm was obtained by adjusting a log-
normal curve to the histogram

sorbed molecules on the NPs surface may change A by a large
amount. For example A can be a complex number where the
imaginary (Im A) and real (Re A) parts are associated with the
shift and the broadening in the SPR, respectively.

In order to characterize the contribution of the environ-
ment and NPs size, a theoretical SPR lineshape was calculated
using the Mie theory [1, 2]. The extinction coefficient of the
colloid can be written as

18nf p e ()
e P I PN P NI A

where f is the filling fraction (the fraction of the total vol-
ume occupied by the NPs). But, in order to compare o with
the experimental results, the phenomenological parameter A
is introduced in the expression of ¢p, () as indicated above.
Fitting equation (1) for o and e, ()), using the bulk silver
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FIGURE 2 Absorbance spectra of the laser ablated silver colloids stabilized
with PVP. Sample thickness: 5 mm
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FIGURE 3 Absorption coefficient and lineshape of the surface plasmon
resonance for silver NPs in (a) ethylene glycol, (b) water and (¢) methanol.
The points are the fitting results using (1). It was observed that changes of A
by 10% does not affect the agreement with the experiment

parameters [30], we determined A and f for each sample.
Different values of A were obtained, indicating that surface
effects contribute in different ways in each colloid. The analy-
sis was performed for all samples that have linear refractive
index, EDM, SPR wavelength, f and A as given in Table 1.
The value of f was confirmed with the stoichiometric analysis
of the solution assuming that all silver ions were reduced.
Figure 3 shows the best fit of the SPR lineshape for silver
NPs in ethylene glycol, water and methanol. The fitting pa-
rameters are the real and the imaginary parts of A that varies
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FIGURE 4 Surface plasmon resonance wavelength as a function of the lin-
ear refraction index. Open circles were calculated using bulk values for the
dielectric function of silver, neglecting surface effects. Open squares corres-
pond to A =1 and open triangles were obtained using the corresponding
values ofA indicated in Table 1. The solid squares refer to the experimental
results

as0.19 <Re A < 0.45and 0.31 < Im A < 0.58. Good results
for the SPR lineshape were also obtained for the other sam-
ples. An analysis of the influence of the scattering parameter
A is presented in Fig. 4 where deviations from the experimen-
tal Asp under different assumptions are observed. The open
circles correspond to the Agp values calculated using the bulk
dielectric function of silver, em puk [30]. The influence of the
NPs size on Agp is illustrated by the open squares obtained as-
suming A = 1, neglecting the solvent effects and in this case
em > e v ~ 0. Surface effects were considered using the A
values given in Table 1, obtained from the best fit illustrated in
Fig. 3. The surface plasmon resonance condition, &, (Asp) +
2Reen(rgp) =0, is determined using &, (A) = sl’n’bulk(k)—
(Im A)(w;/@*)(vg/R). Deviations from the theoretical results
corresponding to &y, puik from the SPR wavelength are larger
for solvents with high EDM. This is observed for acetone
and ethylene glycol that correspond to |A| larger than for the
others solvents. These results indicate that solvents with high
EDM interact strongly with the electron distribution on the
NPs surface. Notice that ethylene glycol has a larger index
of refraction than acetone but the value of |A| for acetone is
larger by ~ 25%.

The third order susceptibilities of the colloids were de-
termined using the Z-scan technique [31]. For the NL meas-
urements the sample is mounted in a translation stage which

Host Index of  Electric dipole ~ SPR wavelength, f A |A]
refraction moment [D] Asp [nm] [x107°]

Methanol 1.326 1.70* 397 3.1 0.40—1i0.35 0.53

Water 1.333 1.85* 399 2.7 0.19—i0.45 049

Acetone 1.356 2.88%* 407 32 0.40—-10.55 0.68 TABLE 1 Linear index of refraction, electric

Ethylene glyCOl 1.431 2.28* 411 3.4 0.45—-10.31 0.55 dipole moment of the molecules, experimental
surface plasmon resonance (SPR) wavelength,

¥ see [38] Asp, NPs filling fraction, f, and scattering pa-

** see [39] rameter, A, used to fit the SPR lineshape
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moves along the beam propagation direction (Z axis). The 22
laser beam is focused with a 10 cm focal length lens. Prefo-
cal and postfocal positions correspond to negative and pos-
itive values of Z, respectively. The light beam crossing the
sample pass through an aperture of radius r, placed in the
far-field region, being detected by a photodiode connected
to a boxcar and a computer. To detect variations in the light
wavefront due to the NL refractive index, n,, the aperture
radius must be smaller than the beam waist w, in the aper-
ture position (closed-aperture scheme). The ratio between the
intensity transmitted through the aperture and the incident in-
tensity in the aperture is given by S = {1 —exp(—2r2/w?)}.
For the present work S = 0.02 was used. When the trans-
mitted light is unblocked (S = 1) the NL absorption coeffi-
cient, a2, is determined (open-aperture scheme). To compen- . . . .
sate for fluctuations in the laser intensity, a reference channel -10 -5 0 5 10
was used to improve the signal-noise ratio as originally in- a
troduced in [32]. Changes in the normalized transmittance,
AT, are proportional to the NL coefficients. For § < 1 we
have AT = 0.406kLeffn21 and for § = 1, AT = O(z]Leff/zl'S,
where k = 2 /A, Legr = [1 —exp(—aL)]/a, L is the sample
length and [ is the laser intensity.

The experiments were performed with colloids having
f varying from 2.7 x 107 to 3.4 x 107°. Figure 5 shows
the Z-scan traces for silver NPs in ethylene glycol, water
and methanol. The experiments were performed with a laser
wavelength off-resonance with the surface plasmon band.
Moreover, the laser repetition rate was very small (6 Hz) to
prevent the influence of thermal effects. The Z-scan measure-
ments were made in a single run. For each sample translation
of 0.3 mm the transmitted intensity averaging over 20 laser
shots using a boxcar integrator was measured. This corres-
ponds to 2000 measurements of intensity in a single run. Then, 0.95 ! R .
from the Z-scan profiles, n, and a; were calculated using the -10 -5 0 5 10

Normalized Transmittance
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S
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-._—-l—-_—*=—=_
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procedure of [31] and the results were used to determine b Z [mm]
2 FIGURE 5 Z-scan traces for silver NPs in acetone (open circles), water
Re [ (3)] o 450”00 n [mz /W] (open triangles) and methanol (open squares). (a) S =0.02 and (b) S =1.
Xetf | = 3 2 A shift was introduced in the curves baselines to prevent overlap among them
and

the colloid. It is well known that, depending on the sample

3) 28()?1(2)62 . 3 i di
]= constituents, x.; is affected in different ways. The results

Im| x5 | = ——ar [ m/W],
[Xetf 3 w /
where n is the linear refraction index, w is the laser frequency,

c is the speed of light in vacuum and &g is the vacuum per-

obtained for n,, oy and Xe(?f) are given in Table 2. Note that

Im x5} < Re x5} for all colloids studied.

The generalized Maxwell-Garnett (MG) model [23]

mittivity. Negative values of n, (defocusing nonlinearity) and
positive values of «, (two-photon absorption) were obtained.
These parameters allow for the calculation of the NPs sus-
ceptibilities by considering an appropriate model to describe

was applied to determine the value of XIS) in the pres-
ence of each solvent. The MG model has been successfully

used for metallic colloids [21,33-35] and is appropriate

Host ns o Local field Re[x 71 Im[x 1 Re[x] Im[x 1)
(10~ em?/W]  [10710em/W]  factor, [y [107°m?/V?] [1072m?/V?] [107m?/V?] [107°m?/V?] [10715 m?/V?]
Methanol —1.61 2.02 0.862 —1.00 532 —4.89 3.63 6.09
Water -0.57 3.99 0.893 -0.36 10.6 -1.80 143 2.30
Acetone —2.47 1.10 0.989 -1.62 3.05 —4.58 3.55 5.80
Ethylene glycol -5.18 228 1.108 -3.76 6.99 —5.77 4.56 7.36

TABLE 2  Nonlinear parameters: X;gf) is the effective susceptibility; n, is the NL refractive index; o is the NL absorption coefficient; Xr(r13 ) is the NL

susceptibility of silver nanoparticles in different media, and 7 is the local field factor. The estimated error in the | X,(“S)l values is +15%
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to describe the present system. For composites, with di-
luted spherical inclusions dispersed in a uniform solvent
with f <« 1, we have: Xe(?f) = fnzlnlzxﬁ) +xl§3), where n =
3en(X) 4 [em(A) 4 2en(A)] is the local field factor inside the NPs
and Xlg ) is the NL susceptibility of the solvent. The model al-
lows, for example, to describe how the NL response can be
affected by interferences between the real and the imaginary
parts of the NL susceptibilities associated to the colloid con-
stituents, showing cancellation and sign reversal of n, [35]
and o, [34].

The values of || for all samples are indicated in Table 2
together with the parameters obtained from the present
NL measurements. The solvents used are transparent and
have negligible nonlinearity (2.5x 1072 m?/V? < x? <
1.5 x 1072 m?/V?) [36,37]. Therefore the important contri-
bution for x Sf) originates from the NL polarization induced in
the NPs.

From Table 2 one can see that the NL parameters for the
silver NPs in the aqueous colloid are in agreement with previ-
ous results [21,24], taking into account the average diameter
of the NPs in the experiments. However, disagreements with
predictions based on the models available in the literature
are observed. For example, according to [1], the SPR pos-
ition of identical NPs in colloids with the same &,(A) must
be the same and similar NL results would be expected for
colloids with approximate index of refraction such as ace-
tone, water and methanol. However, as can be seen, this is
not the case. Table 2 shows large variation of the | X,f )| values
from 2.30 x 1073 m?/V? to 6.09 x 10~15 m?/V2. The influ-
ence of the EDM has to be the reason for such large range
of values. However, a comparison between the results for
ethylene glycol and acetone shows an increase of | XIS )| al-
though the EDM of ethylene glycol is smaller than for ace-
tone. The influence of the EDM very much affects the elec-
tron density of states of the NPs. These results indicate that
it is important to take into account the different values of
the EDM of the molecules in the solvent. It is also import-
ant to recall that the local field factor, n, is dependent on
A through the NPs dielectric function. Note that the values
of |n| for all solvents increases with the increase of the re-
fraction indices. We also observe that the values of | X,f )I
are correlated with Re A. The correlation between the local
field factor n and the EDM of the molecules with Xéf ) de-
termines the nonlinearity of the composite in such way that
values of | Xéf)l differing by up to ~ 300% were obtained.
However, the details of the contribution due to electrons in
the NPs, the role of the dipolar layer due to AM and the
EDM of the solvent molecules cannot be completely under-
stood at the present time. The herein reported results indi-
cate clearly the need for corrections in published models
describing the nonlinearity of silver colloids that only take
into account the contribution of NPs carriers for the NL
susceptibility.

4 Summary

The linear and NL optical properties of silver
colloids prepared with different solvents were investigated.
Changes in the wavelength and lineshape of the SPR due to
the solvent were analyzed to determine the scattering parame-

ter, A. It was observed that solvents with molecules presenting
large electric dipole moment significantly change the linear
and NL response of the metallic colloid. In the linear case
the value of |A| changed by more than 35% for the various
solvents studied. Large variations of the silver NPs suscepti-
bility of ~ 300% were determined based on the generalized
Maxwell-Garnet model.
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