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The size and concentration of silver nanoparticles suspended in water can be easily
determined from their extinction spectra. This is due to the strong correlation of the
localized surface plasmon resonances which are excited by electromagnetic radiation
inside nanoparticles with size and shape of metal nanoparticles. Calibration curve
obtained from Mie theory calculations for silver nanoparticles suspended in water is
presented. A comparison with published experimental data is also discussed.
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1. INTRODUCTION

Growing interest in the physical properties of metal nanoparticles observed
over the last decades caused by their wide potential applications in modern
science and technology. These applications embrace single molecule surface
enhanced Raman scattering [1], nonlinear optics [2], and photovoltaics [3].
The unique optical properties of noble metal nanoparticles, especially gold
and silver make them an appealing platform for biosensing [4] and fluore-
scence-based biochips [5]. Recently, a colorimetric method with gold nano-
particles in DNA-dispersed solution, in which the plasmon absorption band
of gold nanoparticles determined DNA hybridization, has been reported [6].
For most biomedical applications it is essential to determine the size and
concentration of the nanoparticles dispersed in a carrying substance. Direct
measurement of the nanoparticles size using TEM is expensive and time-con-
suming although it provides high accuracy in particle sizing. The methods
based on dynamic light scattering are widely used but they are limited by a
model of Brownian motion for spherical particles. At the same time there is
no well-developed technique for concentration measurements of nanoparticles.
In every-day laboratory practice it is desired to have low-cost, simple and
fast method for the determination of nanoparticle size and concentration.
Since the optical properties of metal nanoparticles are governed by its size
and shape as well as the dielectric function of the particle and surrounding
medium it is highly expected to use optical spectroscopy as an express tool
for monitoring the particles size and concentration.

N. Khlebtsov in his thorough paper considered the correlations between
particle size and their spectral properties based on published experimental
data and his own T-matrix simulations [7]. He presented calibration curves
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to determine the size and concentration of gold nanoparticles from the
extinction spectra. It should be mentioned here that most papers considering
analytical tools for the characterization of metal nanoparticle suspensions
are mainly devoted to gold nanoparticles. This is due to low chemical acti-
vity of gold metal and well-developed nanoparticle synthesis technique. Among
noble metals silver possesses the highest interband threshold that amounts
3,9 eV, while for Au and Cu it occurred at 2,4 and 2,1 eV respectively [8].
Thus, contribution of free electrons dominates in the optical response of
silver nanoparticles. It means that the excitations in Ag nanoparticles have
lower damping rates in compare to other noble metals, which makes them
more favorable for photonic applications. Despite vast of works on physical
properties and synthesis of silver nanoparticles there is lack of papers
focusing on the experimental determination of size and concentration from
their optical spectra. Systematic optical studies of Ag NPs ranging in size
from 20 to 200 nm were performed by Chumanov and co-workers [9]. Here,
we compare published experimental data on spectral properties of Ag nano-
particles depending on size and concentration with Mie theory simulations.

2. THEORETICAL CONSIDERATIONS

Optical response of metal nanoparticles results from the excitation of the
conduction electrons coupled to the electromagnetic field. These modes are
non-propagating and thus are termed Localized Surface Plasmon Resonances
(LSPR). On the other hand, LSPR arise naturally from the scattering prob-
lem of a small, sub-wavelength conductive nanoparticle in an oscillating electro-
magnetic field. Surprisingly enough, a complete theory of the scattering and
absorption of electromagnetic radiation by a sphere developed by G. Mie in
1908 does not use the notion of surface plasmons, but completely describes
the distribution of electromagnetic radiation in far-field. Nowadays that
theory is widely used and is treated in a variety of books.

According to Mie theory the extinction, scattering, and absorption cross-
sections of spherical particles of arbitrary size can be calculated by series
expansion of the internal and scattered fields into a set of partial waves
described by vector harmonics:

C.t = Wﬁl (2L +1)Re {|aL| + b }
2
Cou =WL§1(2L+ 1) (|aL| + b )
Cabs = Cext - Csca (1)
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where m =n/n,, n and n, are the complex refractive index of the nano-
particle and real refractive index of the surrounding medium respectively, k
is the wave vector, x = |E|R is the size parameter, y;, & are Riccati-Bessel
cylindrical functions. The prime indicates differentiation with respect to the
argument. The summation index L gives the order of the partial wave, L =1
corresponds to dipole fields, L = 2 to quadrupole, L = 3 to octupole fields
and so on. From the analysis of Eq. (1) follows that spectral position of
plasmon resonance strongly depends on the size of a particle. Namely, Mie
theory predicts a shift of LSPR towards longer wavelength with increasing
the diameter of a particle. The red shift is a consequence of retardation ef-
fect when particle dimensions become comparable with the wavelength of light.

Two different processes take place when light travels through a suspen-
sion of small particles. They are absorption of light which leads to thermal
losses and scattering or re-radiation of the incident light. Total losses that
account for both components are termed the extinction of light. Optical
transmittance defined as the ratio of the transmitted light intensity to the
incident one is a usual measured quantity in most UV-vis spectroscopic
experiments. Sometimes it is convenient to plot transmittance in a semi-loga-
rithmic scale then the extinction would be a linear function of the optical
path and/or concentration of a solution. For an ensemble of N non-interac-
ting particles transmitted intensity follows Beer’s law I = Ipexp( — C.IN ),
where C,,; is the extinction cross-section of individual particle in em?, [ is
the path length in c¢cm, N is the particle concentration in ecm™3. Thus, the
extinction of a suspension of nanoparticles can be defined as

E = 0,4343C,,,IN. 2)

Hence, Mie theory provides a fundamental basis for the experimental
determination of the size and concentration of nanoparticles from their
extinction spectra.

3. RESULTS AND DISCUSSION

The calculations of the extinction cross sections of Ag nanoparticles where
performed according to the Eq. (1) with the use of modified version of Mie
solution code [10]. The dielectric functions of silver used in calculations
were taken from [11]. Fig. 1 depicts the position of the dipole plasmon reso-
nance as a function of particle diameter. The peak positions were determined
from the calculated extinction spectra for the set of spherical nanoparticles
of different size suspended in pure water (n = 1,33). The experimental data
from [9b, 12, 13] are also shown. One can see that experimental peak posi-
tions for nanoparticles of the same size are shifted to the longer wave-
lengths in compare to those obtained from calculations. The shift is more
notable for the particles smaller than 60 nm. The disagreements between
calculated and experimental data can be explained by deviations of the
particle shape from ideal sphere. Indeed, Mie theory deals with spherical
particles while the nanoparticle shape obtained by chemical synthesis is
rather polyhedral [9a, 12, 13]. Those shape deviations are more pronounced
for very small particles and diminish with increasing the particle size. The
influence of particle shape on their optical properties was studied in [14].
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Fig. 1 — Position of the LSPR peak as a function of particle diameter for Ag
nanoparticles in water. 1 — calculated data from Mie theory; 2, 3, 4 — experimental
data from Refs. 9b, 12, 13 respectively. Solid line represents polynomial fit to the
calculated data.

Decreasing of the nanoparticles size constrains the applicability of Mie
theory due to additional collisions of free electrons with the boundary of the
particle. As a result, dielectric function and plasmon peak positions for metal
nanoparticles differ from those for bulk metal. Usually, only the imaginary
part of the dielectric function is being modified to take into account size-
limiting effects. According to [15, 16] small-size regime should be consi-
dered for the particles less than 10 nm in diameter. To avoid size and shape
limitations several numerical methods have been developed. Discrete dipole
approximation (DDA) is one of the most frequently used so far. In this method
the particles of interest are divided into a cubic array of finite elements.
The response of the whole array of elementary dipoles to an applied electro-
magnetic field is then described by self-consistently determining the induced
dipole moment in each element, i.e. the dielectric properties of nanoparticle
is directly related to the polarizability of the individual element. Jensen et
al. have shown a good agreement of DDA and Mie theory results for silver
nanoparticles with diameters ranging from 40 to 200 nm [17].

Polydispersity of silver nanoparticle suspensions embarrasses precise
measurement of plasmon peak position introducing additional error to the
determination of the particle size from the extinction spectra. Another
plausible reason of the deviations of experimental data from calculated ones
is the presence of chemical reaction products used during silver nanoparticle
synthesis [12, 13]. The reaction products form a thin layer on the nano-
particles surface and can substantially alter their optical response.

Theoretical calibration curve is described by following empirical expression

d = /24,01 + 100(A,,, — 385) +4,9,

where d, A,.x are the nanoparticle diameter and the LSPR wavelength,
respectively, expressed in nanometers. From the discussion above follows
that the calibration can be successfully used for the determination of the
diameter of Ag nanoparticles in aqueous suspension when the latter exceeds
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60-70 nm. For smaller nanoparticles the calibration allows only rough esti-
mation of the particle diameter.

Evanoff and Chumanov developed a method to determine the concentration
of silver nanoparticles which they named as standard subtraction [9b]. The
method is based on the measurement of extinction spectra of Ag nano-
particle aqueous suspension prior and after the removal of a known number
of particles. Clean glass slides modified with poly(vinylpyridine) were used
to remove the particles from a suspension. The slides were immersed into a
measured volume of colloid and exposed about 70 hours with gentle stirring.
Due to the strong affinity of pyridyl group to metals the particles self-
assembled on the surface forming a single layer with an average interpar-
ticle distance of 200-300 nm [18]. Total number of particles self-assembled
on a glass surface was determined employing scanning electron microscopy.
Then the concentration of particles in a suspension was calculated from the
decrease of the extinction spectra. Extinction cross sections of individual
nanoparticles were determined using expression analogous to the Eq. (2).
Corresponding plot is shown in Fig. 2 along with the cross sections calcu-
lated from Mie theory.
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Fig. 2 — Extinction cross section of silver nanoparticles in water as a function of
particle diameter obtained from Mie theory simulations (1), experimental data from
Ref. 9b (2).

As it is seen from the figure that experimental cross section almost
linearly depends on the particle diameter while the dependence obtained
from Mie theory consists of two parts. Calculated dependence changes its
slope at 60 nm which qualitatively corresponds to the experimental findings
of Evanoff and Chumanov [9a, b]. They observed a maximum on the
extinction efficiency curve for the nanoparticles of 50-60 nm in diameter.
This is the size when phase retardation significantly contributes to the
optical response of a nanoparticle and dominates over the increase of con-
duction electrons with increasing the particle size. Phase retardation results
in reducing of the effective number of electrons that participate in plasmon
resonance thus decreasing the incline of the extinction cross section curve.
Reynolds and Stilwell [19] have shown that the mean free path of electrons
in silver is about 52 nm which may also result in mentioned changes.
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4. CONCLUSIONS

In this paper, we have shown that optical spectroscopy provides a simple
analytical tool for the estimation of the size and concentration of silver
nanoparticle in aqueous suspension. Calibration curve for the LSPR position
and the extinction cross section vs. particle size are also presented along
with corresponding empirical expression. Deviation of the nanoparticle
shape from ideal sphere and extraneous chemicals on the nanoparticles
surface causes disagreements between experimental data and the results
obtained by Mie theory simulations. The disagreements become substantial
for the particles less than 60 nm in diameter allowing rough estimation of
size and concentration of Ag nanoparticles. Nevertheless, simplicity and
express character of the described method makes it useful in the laboratory
practice.

OIIIHKA PO3MIPY TA KOHIIEHTPAIIIT HAHOYACTHHOK CPIBJIA ¥
BOJHOMY 3ABHCI 31 CIIEKTPIB EKCTHHRIIII

C.3. Manunuu

ImcturyTr dismku manisnpoBiguukis im. B.€. Jlamkaprosa HAH Vkpainu,
npocu. Hayku, 41, 03028, Kuis, Ykpaina
E-mail: s.malynych@gmail.com

Pozmip ma KonueHmpayilo HAHOYACMUHOK cpibaa, 3asucaux Yy 600i, MOMCHA Je2ZKO
oyiHumu 3a ix cnexkmpamu excmunkyil. Ile moxicaueo 3a80saKU CULBHIL KOpeaauil
JAOKANI306AHUX TNOBEPXHEBUX NAA3MOHHUX Pe30HAHCi8, wWo 30ydxcyromeca Y
HAHOYACMUHKAX eJeKMPOMAZHIMHUM BUNPOMIHIOBAHHAM, 13 DPO3MIpOM ma @opmor
Memanesux HaHoiacmuHok. IIpedcmaeneno KanibpyeasrvHy Kpuey 0ni HAHOYACMUHOK
cpibaa y 800i, ompumany i3 po3paxyHkie 3zi0no 3 meopieto Mi. IIpogedero nopiHAHHA
3 0nyONiKOBAHUMU eKCnepuMeRMmAaLbHUMU OAHUMU.

Knwouoei cnosa: HAHOYACTUHEH CPIBJIA, I{OJIOT;ZZU, CIIEKTPH EKCTHHEKIJII,
JOKAJIISOBAHHH IIOBEPXHEBHH I1JIASMOHHHWH PE30OHAHC.

OIIEHKA PASMEPA W KOHITEHTPAITUN HAHOYACTHUIT CEPEBPA B BOJTHOI
B3BECH H3 CIIEKTPOB OKCTHHKIITNN

C.3. Manunuu

WNucturyT dusuxu nonynpoBoguukos um. B.E. Jlamkapesa HAH Vkpauntr,
npocn. Hayku, 41, 03028, Kues, YKkpauna
E-mail: s.malynych@gmail.com

Pasmep u KOHYeHmMPAUUI0O 636€UEHHbIX 6 600e HAHOLACTUY cepedpa MONCHO JezZKO
OYeHUMb U3 CNEeKMPO8 IKCMUHKYUU. OMO B03MOHCHO 01a200apA CUNbHOU KOPPeNAYUU
JOKAAUS0BAHHBLX NOBEPXHOCMHBLX NJAA3MOHHLLX PE30HAHCO8, 6030YH0AeMbLX INeKMPO-
MAZHUMHbLM  U3NYHeHUeM, C pa3mepom U (QOpMOl MemaiiuiecKux HAHOYACTUY,.
IIpedcmasnena KaaubpogouHas Kpueas OasL OUeHKU pasmepa HaHoOwacmuy cepedpa,
nonyveHHas u3 paciemos coziacHo meopuu Mu. IIposedeno cpasHnenue ¢ Ony6aUKO-
6AHHLIMU IKCNLEPUMEHMALbHIMU OAHHbLMU.

Kniwouesvie cnosa: HAHOYACTHIIBI CEPEBPA, ROJIJIOH]], CIIERTPbI
OKCTHHRIIHUH, JIOKAJTH30BAHHBIH ITIOBEPXHOCTHBIH IIJIABMOHHBIH
PE3OHAHC.
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