
Analyst

PAPER

Pu
bl

is
he

d 
on

 0
1 

Ju
ly

 2
01

4.
 D

ow
nl

oa
de

d 
on

 1
0/

25
/2

02
5 

3:
19

:4
0 

A
M

. 

View Article Online
View Journal  | View Issue
A rapid method t
aInstitute of Materials Research and Eng

Technology and Research), 3 Research Link

imre.a-star.edu.sg; freepf@imre.a-star.edu.s
bDepartment of Biochemistry, Institute of In

Liverpool L69 7ZB, UK

† Electronic supplementary information (
and HR-TEM images. A table of extincti
nanoparticles for calculating nanop
10.1039/c4an00978a

Cite this: Analyst, 2014, 139, 4855

Received 29th May 2014
Accepted 1st July 2014

DOI: 10.1039/c4an00978a

www.rsc.org/analyst

This journal is © The Royal Society of C
o estimate the concentration of
citrate capped silver nanoparticles from UV-visible
light spectra†

D. Paramelle,a A. Sadovoy,*a S. Gorelik,a P. Free,*a J. Hobleya and D. G. Fernigb

We present a generalized table of extinction coefficient data for silver nanoparticles from 8 to 100 nm. This

table allows for easy and quick estimation of the concentration and size of modified and mono-dispersed

silver nanoparticles from their optical spectra. We obtained data by determining the silver content of citrate-

stabilised silver nanoparticles using sodium cyanide to dissolve the nanoparticles, and measuring solution

conductivity with a pH meter and a cyanide-ion selective electrode. The quantification of the silver ion

concentration enabled the calculation of extinction coefficients. Experimentally calculated extinction

coefficients, in the current work, are in good agreement with collated literature values measured by

different authors with non-standardized methodology and each for a limited range of particle size. They

are also in good agreement with our theoretical calculations using Mie theory. Thus, we provide a highly

standardized and comprehensive tabulated reference data-set.
Introduction

The popularity of noble metal nanoparticles as sensors is in part
due to their highly sensitive colorimetric properties. The red or
yellow colour of gold or silver nanoparticles, respectively, is
obvious to the naked eye, even at picomolar concentrations. The
aggregation assay of gold nanoparticles, whereby the nano-
particles interact with each other when a designed sensor
interaction is introduced, is seen as a red to purple colour
change in the nanoparticle solution.1,2 The strong colour iden-
tity of gold and silver nanoparticles results from their strong
absorption and scattering of light. Silver nanoparticles are both
visually and spectroscopically detectable at lower concentration
than gold nanoparticles and there are several studies that
demonstrate the facile use of silver nanoparticles as biosen-
sors.3–12 Their application as colorimetric biosensors is intrin-
sically linked to particle size, extinction efficiency, and
concentration. However, unfortunately, a simply and quick way
to estimate these three parameters does not exist. Recently
tabulated data for determining the concentration of uncoated
spherical gold nanoparticles in water from UV-vis spectra in a
wide range of sizes were published.13 This data have provided a
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valuable reference source in the eld of gold nanoparticles.
With such a table for silver nanoparticles it would be easy to
calculate the concentration. Despite some reports existing for
extinction coefficients of silver nanoparticles,14–18 there is clearly
a need for a comprehensive table of data that will allow many
scientists to use silver nanoparticles easily in quantitative
experiments.

Current methods to determine the concentration of metal
nanoparticles require knowing the nanoparticle size (typically
by transmission electron microscopy – TEM) and knowing the
amount of metal atoms in the colloidal sample. This latter step
oen requires using specialized, very expensive and time
consuming equipment, such as asymmetric ow eld fraction-
ation or inductively coupled plasma mass spectroscopy,19–23

which is destructive to the sample. In contrast, rapid optical
methods for determining the concentration of nanoparticles, if
available, could be performed routinely at each step of sample
preparation. This would allow, for instance, the monitoring of
passivation,24–26 as well as the degradation of a sample of
nanoparticles over time through aggregation. The potential of
an optical quantication method is demonstrated by the great
popularity of the data published for gold nanoparticles with, to
date, greater than 300 citations.13

Here, we present a table of generalized data for silver
nanoparticles, generated with a parallel control experiment for
gold nanoparticles for reference. To obtain these data we
develop a method to determine the amount of silver or gold ion
content from citrate-coated nanoparticle solutions dissolved
with sodium cyanide. The consumption of cyanide is measured
by recording the change in conductance of the solution using a
pH meter and a cyanide-ion selective electrode. Silver
Analyst, 2014, 139, 4855–4861 | 4855
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Scheme 1 Calculation of the silver nanoparticle concentration. The
extinction coefficient of citrate-coated nanoparticles can be calcu-
lated using Table S1† and the diameter of the nanoparticles estimated
by lmax or by TEM.
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nanoparticles are dissolved to form the expected [NaAgCN2]
complex. The method developed was also veried on the refer-
ence control gold nanoparticles. From the known absorbance of
solutions of silver nanoparticles of different sizes (as deter-
mined by high-resolution (HR) TEM), extinction coefficients
were derived at the maximum absorbance in the UV-vis
spectrum for citrate-stabilized spherical silver nanoparticles
(Scheme 1).

These data were comparable with data found in the litera-
ture. Extinction coefficients were calculated independently
using Mie theory and correlate well with the experimental data.
Thus, our approach provides a rapid means to estimate the size,
concentration, and molar decadic extinction coefficient of
spherical silver nanoparticles using a generalized table.

Experimental
Safety note

The use of cyanide salts must be done under alkaline condi-
tions, using a 0.1 M NaOH solution, for instance, in order to
avoid the production of highly toxic HCN gas.

Materials

Citrate-coated colloidal silver nanoparticles were purchased
from nanoComposix Inc. (CA, USA). Sodium hydroxide, sodium
cyanide, nitric acid and sulphuric acid were obtained from
Sigma Aldrich Pte Ltd (Singapore). All reagents were used as
supplied. Nanosep 30 kDa lters were purchased from VWR Pte
Ltd (Pall Inc, USA).

Titration of sodium cyanide standard

Ten dilutions of sodium cyanide (nal concentration between 0.1
mM and 1 mM in steps of 0.1 mM) in 0.1 M NaOH solution were
prepared freshly on each day of experimentation. For each
sample, free cyanide ion content was measured using an OR
Ionplus Sure-Flow cyanide ion selective electrode and an Orion 5
Star pH meter (Thermo Fisher Scientic, Singapore). Electrode
potential recordings were taken once the electrode potential value
stabilized. A sodium cyanide calibration curve (Fig. S1†) was
obtained from which tting to the Nernst equation allowed the
free cyanide ion content to be calculated. The cyanide ion selec-
tive electrode does not detect gold or silver complexed cyanide.27
4856 | Analyst, 2014, 139, 4855–4861
UV-visible spectroscopy

UV-visible spectra were recorded at room temperature using a
Molecular Probes (Oregon, USA) Spectramax 384-well spec-
trometer, using a 1 cm path length quartz cuvette, and a xed
slit width of 2 nm. The spectrometer was calibrated daily using
the machine's ‘Auto-Calibrate’ air calibration. Baseline cali-
bration to zero can be performed at 1000 nm if baseline dri is
observed, however we did not do this correction as all spectra
satisfactory approximated to zero at 1000 nm. Comparative
standard spectra were recorded using a Shimadzu UV-3600 (2
nm slit width) and an Ocean Optics USB-4000 with 1.5 nm per
pixel resolution (Fig. S15†). Using the same spectrometer and
quartz cuvette is recommended.
Determination of nanoparticle absorbance of cyanide-treated
stock

Colloidal gold or silver nanoparticles of different volumes
(between 5–18 mL per sample) were concentrated to 1.2 mL
volume by centrifugation for 90 min at a speed that was
appropriate to soly pellet the nanoparticles. For example, 40
nm and 50 nm gold or silver nanoparticles were centrifuged at
1000 rcf, whereas 10 nm gold or silver nanoparticles were
centrifuged at 15 000 rcf. One mL was used for cyanide treat-
ment, while 200 mL of these nanoparticles were used for
absorbance measurements. UV-visible spectroscopy was per-
formed between 320 nm and 1000 nm (450–750 nm for gold) at
an appropriate dilution whereby the absorbance at the lmax was
between 0.3 and 0.4 (silver nanoparticles # 50 nm) or lower
than 0.3 (silver nanoparticles > 50 nm). For gold nanoparticles
an absorbance below 0.7 at 450 nm was used. The sample blank
was obtained from this solution by ltering the nanoparticles
using NanoSep 30 kDa cutoff lters.
HR-TEM of silver nanoparticles

Silver nanoparticles were concentrated by ultraltration of stock
solutions with Nanosep 30 kDa lters. Concentrated solutions
were deposited on Ultrathin Carbon (<3 nm) on Carbon Holey
support lm TEM grids (400 mesh, Pelco International, USA).
Silver nanoparticles were analysed with a Philips CM300 high
resolution analytical TEM/STEM. Obtained images were not
digitally modied, such as, for example, to remove the carbon
grids. Measurements of the metal core of the nanoparticles of
different sizes were done with different magnications to
provide similar resolution, i.e., ratio of the size of the pixel and
the diameter of the nanoparticle was kept constant. In general,
this ratio was kept to 15, providing consistent accuracy of the
metal core size measurement. The size determination of the
metal core of nanoparticles and their circularity was carried out
using ImageJ v1.47e soware using a macro ‘Particle Size
Analyzer’. Data were expressed as %volume:

%VtotD ¼ (n � D3/
P

n � Di3) � 100

where D is the diameter of the nanoparticles, %VtotD is the
percentage volume total of the nanoparticles with a diameter D,
This journal is © The Royal Society of Chemistry 2014
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and n is the TEM number count. The mean diameter of the
metal core was estimated by log-normal distribution.

Dissolving nanoparticles with sodium cyanide

A 50 mL ask and stirrer bar were cleaned with aqua regia and
washed with copious amounts of water and dried. Two mL of
10mM sodium cyanide in 0.1M sodium hydroxide was added to
the 50 mL ask and stirred rapidly at 1000 rpm. One mL of
concentrated nanoparticles was added slowly dropwise to the
stirred sodium cyanide solution. If a brief colour change
occurred, the next drop was not added until the solution
returned colourless. Aer addition, the solution was contin-
ually stirred for a further 10 min. The stirring rate was
decreased to 200 rpm, and 27 mL of 0.1 M NaOH was added.
Aer a minute of mixing, the stirring was stopped, the cyanide
ion selective electrode was placed in the solution and an
electrode potential reading was taken. Four more electrode
potential measurements were taken at total volumes of 35 mL,
40 mL, 45 mL and 50 mL (by addition of further volumes of
0.1 M NaOH). A population standard deviation from the
calculated cyanide concentration of less than 10% (gold) or
12% (silver) was acceptable for nanoparticle concentration
analysis.

Simulation of silver nanoparticle extinction

Simulations were performed by modication of the FORTRAN
77 code reported by Haiss et al.,13 originally published by Boh-
ren and Huffman.28

Results and discussion
Dening the problem involving the calculation of silver
nanoparticle concentrations

The optical properties of silver nanoparticles can change
depending on the size,16,29 shape,30–32 composition,15 and
surface capping3,4,33–36 used to form monolayers around the
nanoparticles. Within this manuscript we measured the HR-
TEM and lmax values of a series of commercially purchased
citrate-capped silver nanoparticles, and compared these data
with those obtained from the manufacturer (Table S2†). With
the best efforts of ourselves and the manufacturer, it is clear
from Table S2† that deviations in the data for the HR-TEM
diameter and lmax do occur. This will inevitably lead to variance
in the calculation of the nanoparticle concentration.11 We felt
that a standardized set of parameters, such as an extinction
coefficient or the lmax value for a size of the nanoparticle, would
allow the user to interpret their data to calculate nanoparticle
concentrations using our standardised table data (Table S1†).
Here we present our own quantication method for deter-
mining the nanoparticle concentration, and compare with
literature and simulation data.

Quantication of dissolved noble metal nanoparticles with
cyanide

The noble metal cyanide process is a major method for
commercial extraction of silver or gold compounds from true
This journal is © The Royal Society of Chemistry 2014
ores.37 The formation of highly water-soluble potassium dicya-
noargentate(I) [KAg(CN)2] or potassium dicyanoaurate(I)
[KAu(CN)2] (or equivalent sodium salts) is one of the steps in
this process and involves the treatment of processed ores with
aqueous potassium cyanide. The formation of insoluble silver
cyanide(I) and gold cyanide(I) salts is also a part of the process,
but these are dissolved well by aqueous potassium cyanide to
form the dicyano salts.37 Our hypothesis for the dissolution of
noble metal nanoparticles by alkaline-metal cyanide salts was
that, under favourable conditions, the formation of dicyano
compounds [xAgCN2] or [xAuCN2] (x ¼ Na or K) goes to
completion, to yield a stoichiometric ratio of cyanide complex to
noble metal of 2 : 1. To test this hypothesis, changes in the
concentration of cyanide ions remaining aer dissolving noble
metal nanoparticles were measured with a highly sensitive
cyanide ion-selective electrode. This allowed the determination
of the amount of cyanide before and aer adding nanoparticles,
from a known stock concentration. Gold nanoparticles were
chosen as the reference control, because the molar concentra-
tion is quantiable from UV-visible absorbance spectra using
published extinction coefficient data.13 This allowed indepen-
dent calculation of the expected cyanide to gold ratio. An
important safety note is that cyanide salts must be used under
alkaline conditions, using a 0.1 M NaOH solution for instance,
in order to avoid the production of highly toxic HCN gas.

Several parameters were required in order to calculate
changes in cyanide ion concentration upon dissolving the gold
nanoparticles. To obtain a standard curve for CN� vs. electrode
potential, electrode potentials were recorded for a set of sodium
cyanide concentrations in the range of use for the dissolution
experiment (0–1 mM), using a cyanide ion-selective electrode at
room temperature. The data tted well to the Nernst equation
(Fig. S1†). Samples of citrate-stabilized gold nanoparticles for
dissolution by cyanide were prepared by concentrating stock
nanoparticles by centrifugation. UV-visible spectra of re-diluted
samples in water showed no change in the particle spectra,
suggesting that the concentrated sample remained stable
against aggregation (data not shown). The nanoparticles were
dissolved with sodium cyanide and diluted, so that electrode
potential readings would t into the standard curve range. The
absorbance at 450 nm of a known dilution of the stock solutions
allowed for the determination of the molar concentration of
concentrated gold nanoparticles using data provided by
Haiss et al.13

By considering the molar concentration of nanoparticles,
volume, mass (ESI Denition S1†) and mean consumption of
cyanide ions from ve dilution measurements, the ratio of CN�

to gold was calculated for several different sizes of gold nano-
particles (Fig. 1). The average of these data points is a ratio of
1.91 � 0.16, which equates to approximately 95% of the total
gold content forming the dicyano gold salt [NaAu(CN)2]. Note
that monomeric or chains of gold–cyanide complexes38 would
have a molar ratio of �1. All data recorded for this procedure
before optimization of the conditions had a ratio of 1.94 � 0.16
(Fig. S2†). Larger nanoparticles have values closer to 2.0 (Fig. 1).
This correlates well with observations, as solutions of smaller
nanoparticles had a fast, short lived (<1 s) colour change to
Analyst, 2014, 139, 4855–4861 | 4857
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Fig. 1 Molar ratio of consumed sodium cyanide to gold for dissolved
gold nanoparticles with mean sizes ranging from 9.4 nm to 52.7 nm.
Data are themean and standard deviation from three separate samples
of different concentrations of nanoparticles.
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purple before becoming colourless, possibly due to brief
aggregation of the smaller nanoparticles.
Using the cyanide method to calculate the extinction
coefficient of silver nanoparticles

In an analogous experiment to that with gold nanoparticles,
citrate-stabilized spherical silver nanoparticles of different
sizes, from 8.4 nm to 95.3 nm diameter, were concentrated and
dissolved with cyanide. The mole consumption of silver (and
subsequently of silver nanoparticles) is calculated from the
known mole consumption of cyanide using a ratio of cyanide to
silver of 1.91, as experimentally determined for gold. The Beer–
Lambert law (A ¼ 3cd0) can then be used to calculate the molar
decadic extinction coefficient from samples of known absor-
bance. Fig. 2 shows the mean experimental data and compar-
ison with literature data. It is clear that our data t well with
those from the literature, however there is still some spread
Fig. 2 Comparison of molar decadic extinction coefficients at
absorbance at lmax of experimental and literature data. The mean
experimental data are plotted (black filled squares) with the x-error as
diameter S.D. (determined from TEM), and the y-error as the standard
error of data. Five different sets of literature data were included (all
non-filled shapes): ref. 1 from Yguerabide et al.,18 ref. 2 from Mulvaney
et al.,17 ref. 3 from Link et al.,15 ref. 4 fromNavarro et al.,14 and ref. 5 from
Evanoff et al.16

4858 | Analyst, 2014, 139, 4855–4861
across our own and literature data, highlighting the need for a
table of standardized extinction coefficient data for silver
nanoparticles.

To ensure no bias in size data from the centrifugally
concentrated samples, supernatants from centrifuged 10 nm
and 30 nm silver nanoparticles were tested by the cyanide
method to determine the silver content. Data comparing
cyanide levels before and aer addition of the supernatant
suggested only a few percentage higher cyanide content aer
addition of the supernatant (not shown). Within the overall
experimental error, we consider this to mean that there is a
negligible amount of silver in the supernatants under the
conditions we used for centrifugation. Moreover, the volume
contribution of the smaller nanoparticles is very low, further
validating the exclusion of small amounts of silver in the
supernatant if present (Fig. S3†).

A boundary condition for the use of this method does exist;
nanoparticles need to be fully dissolved by the use of sodium (or
potassium) cyanide at the mentioned concentration (although
higher concentrations could be used). This would certainly be
the case for nanoparticles coated with citrate or tannic acid, and
possibly polyvinylpyrolidine (although this has not been tested).
Although it was not required here, the use of elevated temper-
atures would help in the dissolution process. We utilise our
method with the very common citrate-capped nanoparticles.
However, for using this method for samples with a different
capping layer it would be important to achieve complete
dissolution of silver to ensure accurate extinction coefficient
estimation. It may, for example, prove more challenging with
peptidol/alkane thiol ethylene glycol capped nanoparticles.3
Silver nanoparticle size and absorbance spectra
characteristics

The spectra of silver nanoparticles are highly sensitive to
particle size (Fig. 3 and S4†). The extinction coefficient of light is
the net effect of scattering and absorption and describes the
effect of the interaction between radiation and the matter upon
Fig. 3 UV-visible spectra and example HR-TEM images of 19.0 nm
(solid line and upper image) and 74.8 nm (dashed line and lower image)
citrate-capped silver nanoparticles. Larger sized HR-TEM images and
histogram data are shown in Fig. S5b and S5j.†

This journal is © The Royal Society of Chemistry 2014
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which it impinges. In the case of silver nanoparticles, the
volumetric cross-section plays a larger role in changing the
spectra than for gold nanoparticles. This means that, for a
population containing equal concentrations of two sizes of
silver nanoparticles, the larger volume nanoparticles contribute
more to the spectra or extinction coefficient value. As the
diameter of nanoparticles is required for the calculations of
their extinction coefficient, we used a volume-weighted distri-
bution of diameter obtained by HR-TEM. The analysis of
volume-weighted distribution instead of number-weighted
distribution obtained by HR-TEM (Table S2†) gives a larger
mean nanoparticle diameter (Fig. S3†). Example HR-TEM
images for tested samples are shown in Fig. S5a–S5l.†

In addition to the extinction coefficient being inuenced by
the size, the contribution of the scattering to the extinction
coefficient increases for larger silver nanoparticles. It is known
that light absorbance of silver nanoparticles determined from
the Beer–Lambert law is very accurate in diluted samples, where
the multiple light scattering effect is minimal. At 52 nm the
scattering and absorbance effects have similar contributions.16

To dene optimal concentrations of a sample at approximately
50 nm or lower, we did a series of absorption spectra
measurements with different dilutions of 45.9 nm silver nano-
particles and compared this with simulated absorbance
(Fig. S6†). An overlap of absorbance intensity for the maximum
peak was found between absorbances of 0.3 and 0.4. Therefore,
this range was chosen for absorbance measurements of silver
nanoparticle dilutions of size 50 nm or lower.

Larger nanoparticles have a more pronounced scattering
effect. Good linear tting of sample dilution vs. absorbance was
obtained below 0.3 of absorbance for larger nanoparticles
(Fig. S7†). Hence, absorbance values below 0.3 were chosen for
nanoparticles larger than 50 nm.‡Using 50 nm and 80 nm silver
nanoparticles, the spectrometer (Molecular Probes Spectramax
384) absorbance (below 0.3) was validated against two other
spectrometers; Shimadzu UV-3600 (2 nm slit width) and Ocean
Optics USB-4000 (no slit setting, but with a resolution of 1.5 nm
per pixel). Five different samples prepared on different days
gave an absorbance S.D. of 5.8%. Using the Spectramax 384 for
calibration of Methylene Blue in water gave a peak extinction
coefficient of (7.34 � 0.11) � 104 M�1 cm�1 from three separate
dilutions, comparable to the average values from a range of
literature reports.39–42
Fig. 4 Absorbance peaks for silver nanoparticles obtained experi-
Modelling extinction efficiency of silver nanoparticles

To support the experimental data for calculating the molar
decadic extinction coefficient (3) of silver nanoparticles
described in previous sections, we used algorithms published
by Haiss et al.13 to compute the extinction efficiency of
silver nanoparticles. The simulation of silver nanoparticles
has been dealt with in the literature, so for brevity is discussed
in the ESI as Denition S2.† In short, we used silver
dielectric data published by Palik43 and appropriate selection
‡ Zook et al.47 suggest that the integrated area is a more accurate assessment of
concentration than lmax. We discuss this in ESI Fig. S8.†

This journal is © The Royal Society of Chemistry 2014
of optical constants for the development of simulated
extinction data.

Comparison of experimental and simulated extinction
coefficient

Here, comparison of experimental data and manufacturer
supplied data of absorption peaks with simulated data by Mie
theory for silver nanoparticles from 5 nm to 100 nm is shown in
Fig. 4. Experimentally observed absorption peaks for particles in
the 20–100 nm range are in good correlation with the simula-
tion, though increasing the nanoparticle size gives a slight red
shi due to larger nanoparticles contributing more towards
absorbance and scattering (Fig. S13†). Also they are well inter-
polated with a quadratic function ¼ a + bx2 (a ¼ 397; b ¼ 9.58 �
10�3). Nanoparticles with diameters smaller than 20 nm have
lower absorption peaks than simulated, which has also been
demonstrated for gold nanoparticles.13

Fig. 5 shows the comparison of molar extinction coefficients
for various sizes of silver nanoparticles obtained experimen-
tally, determined from manufacturer supplied data, and simu-
lated data. The agreement between experiment and simulation
allows these data to be used to calculate the extinction coeffi-
cient for spherical citrate-stabilized silver nanoparticles over a
wide range of diameters (Table S1†). This enables ready calcu-
lation of the concentration of silver nanoparticles from absor-
bance data in a non-destructive way. Obtained data were
extrapolated in size ranges from 10 nm to 30 nm and from 30
nm to 100 nm by an exponential function y¼ y0 + A exp(Rx) (y0¼
�1.423 � 109, A ¼ 6.984 � 108 and R ¼ 0.104) and a linear
function y ¼ a + kx (a ¼ �4.709 � 1010 and k ¼ 2.017 � 109),
respectively.

Our calculation of the nanoparticle size was we assume
correctly based upon the volume-weighted distribution of HR-
TEM nanoparticle sizes, and not number-weighted distribution.
We also calculated the size of nanoparticles and extinction
coefficients using HR-TEM number-weighted distribution (ESI
Fig. S14†) and found that there is only a small difference
between the data, but note that sizes lower than 20 nm would be
mentally (empty circles), manufacturer supplied information (black
triangles) and simulated (empty squares). The x-error is the S.D. of the
diameter.

Analyst, 2014, 139, 4855–4861 | 4859
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Fig. 5 Molar decadic extinction coefficient (3) for silver nanoparticles.
Data obtained experimentally (empty circles, selected points show the
x-error as size S.D. determined from HR-TEM), obtained from manu-
facturer supplied information (black triangle), and simulated data (grey
squares).
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more accurately represented if the TEM size is expressed as a
volume-weighted distribution. As some size histogram data
looked asymmetric (Fig. S5a–S5l†), the mean diameters of the
metal cores were estimated by a log-normal distribution. Esti-
mation by Gaussian t gave a smaller mean size difference of
less than 0.3% (less than 0.7% for 8.9 nm silver).

A summary of some of the accumulated approximated data
for spherical citrate-capped silver nanoparticles is shown in
Table 1, with a full table presented in Table S1.†

Real silver nanoparticles have a size distribution typically up
to �5%, and thus can have a lmax bias towards higher wave-
lengths due to larger nanoparticles contributing more towards
absorbance and scattering. This is demonstrated in Fig. S13,†
comparing simulated and experimental data of 75 nm spherical
citrate-capped silver nanoparticles. From the table data, 3 can
be used to calculate the particle molar concentration c in mole
per litre from the absorption A at the particles measured lmax,
using the Beer–Lambert law (c ¼ A/3d0).

It should be noted that in addition to the size, changing the
capping layer of silver nanoparticles will change their absor-
bance characteristics.3,4,44–46 Therefore, under these circum-
stances the quantication of silver should be repeated.
Table 1 Summary of the simulated data for lmax and molar extinction
coefficient of various sizes of citrate-capped silver nanoparticles

d/nm lmax/nm 3/M�1 cm�1 � 108

10 392.1 5.56
20 400.8 41.8
30 405.6 145
40 412.3 336
50 420.9 537
60 431.5 739
70 443.8 941
80 458.3 1142
90 474.6 1344
100 492.8 1546

4860 | Analyst, 2014, 139, 4855–4861
Alternatively, with care taken that the new capping layer does
not result in loss of nanoparticles or their agglomeration, the
absorbance spectrum of the capped nanoparticles can be
directly calibrated against that of the starting nanoparticles to
calculate a new extinction coefficient.
Conclusions

In this study, we provide useful information for all scientists
involved in the use of colloidal solutions of spherical silver
nanoparticles in the 8 to 100 nm size range and where the molar
concentration of nanoparticles is needed such as in quantitative
analysis. We rst demonstrated a new method for the calcula-
tion of extinction coefficients for spherical silver nanoparticles.
The method uses sodium cyanide to dissolve silver nano-
particles. Such treatment was expected to form divalent cyanide
noble metal complexes [NaXCN2] (X ¼ noble metal), and we
validated this against gold nanoparticles where extinction
coefficients are known.13 Obtained extinction coefficients for
silver nanoparticles were compared against the literature and
were shown to t well. Using simple Mie theory for spherical
silver nanoparticles, extinction coefficients were obtained and
found to be in excellent agreement with experimental data and
data provided by the nanoparticle manufacturer. Thus this
study allowed the preparation of a complete table of extinction
coefficient vs. nanoparticle size vs. theoretical nanoparticle lmax

wavelength. Importantly, this table provides a simple means for
the calculation of citrate-capped silver nanoparticle concentra-
tions of a wide range of sizes from their corresponding extinc-
tion coefficient. This is also applicable to the measurement of
the concentration of silver nanoparticles during the assembly of
new capping layers and their functionalization, either by
measuring the silver content directly or by measuring the
absorbance characteristics of the nanoparticles and calibrating
this to those of the starting material.
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