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ABSTRACT
Theoretical prediction of the unusual optical properties shown by the gold (Au) nanomaterials
remains challenging. Based on this fact, some colloidal Au nanoparticles (AuNPs) were prepared
in ethanol and demonized water using the versatile pulse laser ablation in liquid (PLAL) method
and characterized. The pulsed laser irradiation energy-dependent optical absorbance and mor-
phology of these AuNPs were determined. Analytical Mie–Gans scattering model was applied
to interpret the experimentally observed absorption spectra of these colloidal AuNPs. In addi-
tion, the AuNPs size and shape-dependent absorbance were predicted accurately by fitting the
recorded spectra with the analytical model simulation. The results revealed that the dielectric
function of the AuNPs played a considerable role to realize the best fit of the experimental
absorption data. The average sizes of the AuNPs predicted by the proposed analytical model
were tallied well with the experimentally measured ones. It is found that an accuracy of more
than 8% on the particle size between experimental and predicted data. It is established that
the modified Mie–Gans scattering model can provide a better understanding of the distinct
absorption attributes of the colloidal AuNPs synthesized by the PLAL method in various liquid
media.

Highlights

• Some AuNPs were prepared in ethanol and deionized water using the PLAL method.
• The morphology and absorbance of the produced AuNPs were determined.
• Absorption and scattering traits of these NPs were explained via the modified Mie–Gans

model.
• Proposed AuNPs with distinct optical traits may be beneficial for practical applications.
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1. Introduction

In recent times, intensive studies have been conducted
to customize the morphology, structures, chemical,
optical and physical properties of gold nanoparticles
(AuNPs) desired for varied applications [1]. Particularly,
the phenomena related to the localized surface plas-
mon resonance (LSPR) of the AuNPs received renewed
interest owing to their usefulness in sundry practi-
cal applications including the surface-enhanced Raman
scattering (SERS) [2,3], all-optical switches [4], biomed-
ical diagnoses and imaging [5], nanomedicine, ther-
apeutic drugs, and cancer treatment [6]. Repeated
research revealed that the LSPR characteristics of the
AuNPs can be tuned by controlling their morphology
(shape, size, and geometry), compositions, and surface
fictionalizations.

Over the years, different theories and models have
been utilized to calculate the optical properties of the

AuNPs [7–9] in which the most common one is the
Mie theory [10]. Mie scattering (also known as the Mie
theory or non-molecular scattering) is essentially an
analytical solution of Maxwell’s equations wherein the
electromagnetic radiation is scattered elastically by the
particles having diameters close to or larger than
the incident light wavelength. According to this theory,
the AuNP-mediated LSPR effect strongly depends on its
size and shape. Thus, the LSPR wavelength of the Au
nanostructures can be tuned by customizing the sizes
and shapes of the AuNPs via the synthesis procedures.
To achieve this goal, numerous fabrication methods of
the Au nanostructures have been developed [10–12].

To synthesize high-quality Au nanocolloids various
novel methods have been developed [12–15]. Gener-
ally, the physical, biological and chemical techniques
are used to prepare AuNPs and others [16]. Cur-
rently, numerous studies have focused on improving
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the speed, non-toxicity, safety, cost and environmental
friendliness of the nanoparticles produced by these
methods. Nonetheless, these techniques have several
limitations related to the difficulty in controlling the
morphologies of the NPs (sizes and shapes), sustainabil-
ity, reproducibility, separation of the NPs, and surface
functionalization [13]. To overcome these shortcom-
ings, optical methods for synthesizing various types
of organic and inorganic NPs emerged as the promis-
ing route. The optical techniques are preferred owing
to their accuracy in adjusting the processing param-
eters, eco-friendliness, simplicity, cost-effectiveness,
high yield, scalability, tunable morphology, non-
requirement of extra chemicals, and the ability to
produce contaminant free nanoparticles with desired
properties [17]. Due to this reason, we used the pulsed
laser ablation in liquid (PLAL) method due to its sim-
plicity and low cost has been used to produce ultrafine
colloidal AuNPs with outstanding purity, high stability
and unique surface chemistry.

In order to determine the optical absorption prop-
erty of the AuNPs the ultraviolet–visible (UV-Vis) spec-
troscopy is used widely. The UV-Vis spectral analyses
allow one to estimate the sizes, concentrations, and
degree of aggregations of the prepared AuNPs in the
colloidal suspension. Mie theory with the proper mod-
ification of the metallic NPs size-dependent dielectric
constant and physicochemical properties of the growth
environments can be used to interpret the measured
absorption spectrum of the AuNPs. Many researchers
have highlighted the issues involving the predictability
and interpretations of the AuNPs size-dependent SPR
absorption spectral peak positions [10,12,18].

According to Bohren and Huffman, the theory of Mie
scattering provides the best explanations regarding the
absorption traits of the noble metal NPs (especially Au
and Ag) [11]. Based on Bohren and Huffman’s algorithm
[11], the detailed computation of the scattering coeffi-
cients and cross-sections of the metallic NPs were car-
ried out. Amendola and Meneghetti [18] improved the
Bohren and Huffman’s algorithm based on the Mie and
Gans model to fit the experimentally observed absorp-
tion spectra of the AuNPs wherein the mean size of
the NPs were accurately predicted by calibrating the
damping frequency (�) of the LSPRmodes [18]. Despite
many theoretical efforts, a comprehensive theory and
model to explain the experimentally observed optical
characteristics of AuNPs have been deficient [18,19].
Most of the existing models and approaches are not
accurate and reliable enough to predict the AuNPsmor-
phologydependenceof the LSPRpeakpositionwherein
the NPs shape and sizes are influenced by various pro-
cessing parameters, dielectric environments [2], phys-
ical/chemical interaction on the NPs surface/interface,
presence of charges on the NPs surface, interparticle
separation, and aggregations.

One of the most significant factors that affect the
theoretical prediction of the plasmonic properties of

AuNP is its dielectric function. The prediction of the
plasmonic properties of free-electron metals in general
and AuNPs in particular is based on the experimentally
measured dielectric function by Johnson and Christy
[20] or theoretically calculated one using the Drude
model [11]. In fact, the Drude model does not consider
the inter-band transitions that are present in the noble
metals and their alloys. Consequently, the optical prop-
erties of the noble metals predicted using the Drude
model reveal appreciable deviation from the experi-
mentally measured ones. Conversely, for the majority
of the practical materials, the interpolated experimen-
tal results are utilized for different kinds of calculations.
Nevertheless, diverse computational algorithms for the
evaluations of the optical properties of noble metals
require some precise analytical descriptions or expres-
sions of the frequency-dependent dielectric functions
(ε(ω)). On top, the analytical representations often
provide an in-depth knowledge of various conditions
wherein the inherent parameters of themetallic system
may be modified by external perturbation or stimula-
tions. A recent study showed that the dielectric func-
tion of the nanoscale metallic structures is dominated
by their inter- and intra-band effects [2,21]. However,
the theoretical explanation regarding the effects of the
complex dielectric function of the AuNPs on their opti-
cal absorbance and scattering characteristics has been
lacking.

In thiswork, theMie–Gans (MG) analyticalmodelwas
modified by implementing the size-dependent com-
plex dielectric function of the AuNPs. The size distri-
bution of the AuNPs was considered to be Gaussian
with an appropriate standard deviation. In addition,
the inter-band transitions of AuNPs with various sizes
were fitted to the experimentally obtained NPs. These
colloidal AuNPs were grown in deionized water (DIW)
and ethanol media using the pulse laser ablation in liq-
uid (PLAL) method and characterized thoroughly via
diverse analytical tools. First, the dependence of the
optical absorbance andmorphology of these AuNPs on
the pulsed laser irradiation energy and solvent types
were evaluated. Next, the analytical Mie–Gans scat-
tering model was used to explain the experimentally
obtained colloidal AuNPs size-dependent absorption
spectra. Matlab program was used to fit the analyti-
cal model-simulated AuNPs size and shape-dependent
absorption spectra with experimentally recorded ones.
The AuNPs morphology and nature of the solvent were
found toplay a significant role in the dielectric functions
and absorption properties of the AuNPs.

2. Experimental

2.1. Synthesis of AuNPs

Figure 1 displays the experimental arrangement of the
PLAL technique used to produce the colloidal AuNPs.
In this procedure, a pulsed Nd:YAG (neodymium-
doped yttrium aluminium garnet; Nd:Y3Al5O12) laser
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Figure 1. Illustration of the PLAL method setup for AuNPs
preparation.

(Q-switch) was used to ablate the Au target immersed
in the liquid. The wavelength, pulse duration, and pulse
repetition rate of the laser were 1064 nm, 8 ns, and
1Hz, respectively. The laser pulse irradiation with vari-
ous ablation energies (96.6, 226, 286, and 318mJ) was
focused (with a spot size of 1.3mm) on the gold tar-
get using a lens of focal length 100mm. The dimen-
sion (length × breadth × thickness) of the Au target
was (20mm× 10mm× 2mm). The gold plate (target)
was first rinsed using ethanol followed by DIW to elim-
inate the contaminants present at the surface. Then,
the uncontaminated gold plate was dipped at the bot-
tom surface of a quartz cuvette (volumeof 27 cm3) filled
with 5mL of liquidmedium (DIW and ethanol). The sep-
aration between the rotational stage and pulsed laser
source was 70mm. During the laser ablation process,
the cuvettewas revolved gradually via a step-motor at a
fixed speed to obtain the homogeneous distribution of
the generated AuNPs. Such slow rotation of the cuvette
was automated to prevent the formation of craters on
the surface of the Au target by laser pulse irradiation.
The fluences of ablating laser pulse irradiation corre-
sponding to various intermediate laser ablation ener-
gies (LAE) of 96.6, 226, 286, and 318mJwere 7.28, 17.03,
21.55, and 23.96 J/cm2. A total of four colloidal AuNPs
samples were prepared in each liquid medium (ethanol
and DIW).

2.2. Characterizations of AuNPs

The optical absorption spectra of the prepared col-
loidal AuNPs suspension were measured using the
UV-Vis spectroscopy (Perkin-Elmer, Lambda 25) where
the samples were placed in the quartz cuvette with a
path length of 0.5 cm. The existence and morphology
of the colloidal AuNPs were imaged using a transmis-
sion electron microscope (TEM, JEOL JEM 2100 set at
theworkingaccelerating voltageof 200 kV). All the char-
acterizations of the samples were performed at room
temperature.

3. Theoretical formulation

3.1. Modification of theMie–Gans analytical
model

3.1.1. Inclusion of the dielectric function of AuNPs
The interaction of themetallic nanostructureswith their
surrounding environment is fundamentally significant
in determining the optical and transport properties
[2,18]. Currently, the determination of the frequency-
dependent refractive indices of the noble metallic
nanostructures generated wide interest in numerous
experimental and theoretical due to their ever-growing
applications [8]. The interactions of the incident electro-
magnetic wave of frequency (ω) and wave vector (k)
with the metallic nanostructures can be described by
the complex frequency-dependent dielectric function
(ε(ω)) of the medium. The expression for ε(ω) of the
metallic nanostructures can be written as the following
local function:

ε(ω) = n2(ω) = (n′(ω)+ in′′(ω))2 (1)

where i the imaginary number, n′(ω) and n′′(ω) are
the respective real and imaginary components of the
frequency-dependent refractive index of the metal-
lic nanostructure. The simple analytical formula for
the complex frequency-dependent dielectric function
(εD(ω)) of metals can be derived from the Drude-
Sommerfeld model. For the perfect metal (bulk), the
expression of ε(ω) supplemented by the relaxation rate
of electrons (γbulk) can be written as:

εD(ω) = ε∞ − ω2
P

ω2 + iωγbulk
(2)

where ε∞ includes the bound electrons’ contributions
to the polarizability, ωp is the plasma frequency (bulk)
and γbulk = vF

le
(with le as the mean free path and vF as

the Fermi velocity of the electrons) and in metal is pro-
portional to the rate of the reciprocal mean free time
between the collision of the electrons. For Au the value
of le = 42 nm [22].

Based on the metallic band structures, Rioux et al.
(2014) introduced a model to evaluate the influence of
themorphology (size and shape) on the complexdielec-
tric function of the nanometals [8]. Using this model,
the inter- and intra-band transitions were successfully
calculated at two critical points [2,8]. The inclusion of
these twocritical points in theDurdemodel enabled the
expression of ε(ω) taking the form:

ε(ω) = ε∞ − ω2
p

ω2 + iωγbulk
+ εcp1(ω)+ εcp2(ω) (3)

where εcp1(ω)and εcp2(ω)are the frequency-dependent
complex dielectric function of the nanometal at the two
critical points.
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3.1.2. Inclusion of various sizes of AuNPs
The optical absorption spectra of the spherical AuNPs
can be obtained using the Mie scattering theory [10],
solving Maxwell’s equations on the restricted geome-
tries mostly spherical ones [11]. The solution consists
of modes (l) of different orders starting from the low-
est dipolar (l = 1) to quadrupolar (l = 2) to higher order
multipoles. For the spherical particle of radius R, the
relation for the extinction (Cext) and scattering (Csca)
efficiency can be written as [22–25]:

Cext = 2
x2

∞∑
l=1

(2l + 1)Re(al + bl) (4)

and

Csca = 2
x2

∞∑
l=1

(2l + 1){|al|2 + |bl|2} (5)

Considering the extinction efficiency as the sum of
the absorption (Cabs) and scattering ones (Cext = Csca +
Cabs), the expression for Cabs can be written as [10,25]:

Cabs = 2
x2

∞∑
l=1

(2l + 1){Re(al)− |al|2 + Re(bl)− |bl|2}

(6)

The coefficients al and bl (calculated from the Ric-
cati–Bessel functions ψ and ξ ) are given by:

al = ψ ′
l(mx)ψl(x)− mψl(mx)ψ ′

l(x)

ψ ′
l(mx)ξl(x)− mψl(mx)ξ ′

l(x)
(7)

bl = mψ ′
l(mx)ψl(x)− ψl(mx)ψ ′

l(x)

mψ ′
l(mx)ξl(x)− ψl(mx)ξ ′

l(x)
(8)

ψl(x) =
√
π

2x
Jl+ 1

2
(x),

ξl(x) =
√
π

2x

[
Jl+ 1

2
(x)+ iYl+ 1

2
(x)

]
(9)

where Jl and Yl are the first and second order Bessel
functions, respectively. Here, x = 2π

√
εRλ−1, with λ is

the wavelength of the incident light beam and ζ is the
ratio of the refractive index of the nanoparticle to the
medium which is defined as:

ζ = np
nm

=
√
ε(ω)

εm
(10)

where ε(ω) = ε1(ω)+ iε2(ω) and εm is the dielectric
function of the surrounding medium [10,25].

The values of extinction, scattering, and absorp-
tion cross-sections can be obtained by multiplying the
corresponding equations (4)–(6) with the real area of
the spherical particle projected onto the plane per-
pendicular to the incident radiation wave vector. The
physical meaning of the extinction cross-section of the
metallic nanoparticles is the total region of the inci-
dent radiation that is eliminated (absorbed plus scat-
tered) by these nanoparticles. Likewise, the scattering

cross-section of the metallic nanoparticles is a measure
of the total area of the incident radiation that is scat-
tered from the incident light path by the nanoparticles.
Conversely, the absorption cross-section of themetallic
nanoparticles is a measure of the area of the incident
radiation that is engrossed by the nanoparticles [22].
Mie theory can accurately predict the multipolar mode-
dependent extinction (absorption and scattering) prop-
erties of the spherical nanoparticles [23]. For small
spherical nanoparticles with radius (r ∼ 10 nm) much
below the incident light wavelength an additional size-
dependent term must be added to the dielectric func-
tion (ε(ω, r)) for a better match of the experimentally
measured values. In fact, considering the effects of both
bulk and nanoscale effects, the size-dependent relax-
ation frequency (γ (r)) in terms of bulk metal value
(γbulk) can be written as [26,27]:

γ (r) = γbulk + C
vF
r

(11)

where C is a theoretical parameter. It is worth not-
ing that for the large particles (r > 20 nm) the complex
dielectric function in independent of their size. How-
ever, for the nanoscale particles, the size is considered
as an intrinsic factor that strongly influences the values
of ε(ω).

3.1.3. Inclusion of different shapes of AuNPs
Mie theory can be extended to calculate the optical
spectra of a collection of randomly orientated non-
spherical AuNPs with the aspect ratio of R. According
to Gans theory, the extinction coefficient (Cext) of N
particles having volume V can be evaluated within the
dipole approximation. Using the modified Mie–Gans
model, the expression of the scattering and absorption
cross-section for the non-spherical nanoparticles canbe
written as [11,25]:

Csca = 8π3V2ε2m

9λ4

3∑
i=1

1

P2j

(ε1 − εm)
2 + ε22(

ε1 + (1−Pj)εm
Pj

)2 + ε22

(12)

Cabs = 2πVε3/2m

3λ

3∑
i=1

1
P2j
ε2(

ε1 + (1−Pj)εm
Pj

)2 + ε22

(13)

where Pj represents the depolarization factors along the
major axis (a) and two minor axes (b and c) of the non-
spherical particles that can be calculated using:

Pa =
(
1 − e2

e2

)(
1
2e

ln
(
1 + e

1 − e

)
− 1

)
(14)

Pb = Pc = 1 − Pa
2

(15)

The shape factor (e) of the non-spherical nanoparti-
cles in terms of R can be written as [28,29]:

e =
√
1 −

(
b

a

)2

=
√
1 − 1

R2
(16)
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where the volume of the non-spherical particle is V =
4π/3 ab

2. By assuming the nanoparticle size distribution
(φ(a/b)) asGaussian [30]with the standard deviation of
σ , one achieves:

φ(a/b) = 1

σ
√
2π

e

[
− (a/b−1)2

2σ2

]
(17)

where a/b > 1 [18,30].
In this work, Equations (1)–(17) were used to inter-

pret the experimentally observedmorphology (size and
shape)-dependent optical properties of the AuNPs.

4. Results and discussion

4.1. Experimental absorption andmorphological
properties of AuNPs

Figure 2(a,b) shows theUV-Vis absorption spectra of the
colloidal AuNPs prepared in DIW and ethanol at differ-
ent pulse laser ablation energy (LAE), respectively. In
both cases, the SPR absorption peak position and spec-
tralwidthwere found tobe sensitive to the LAE (Tables 1
and 2). The peak absorbance (Figure 2(a)) was increased
accompanied by a blue shift from 524 to 521 nm with
the increase in the LAE from 96.6 to 318mJ, respec-
tively. These observations were attributed to the strong
quantum confinement effect (QCE) of the tiny AuNPs,
supporting the results obtained from the TEM image
analyses. In fact, the stronger QCE of the tinier AuNPs
led to an enhancement in the transition energy require-
ment from the ground to the excited level, thereby
causing a blue shift in the SPR peak absorbance. The
peak absorbances of the AuNPs prepared in ethanol
(Figure 2(b)) were enhanced accompanied by the blue
shifts (from 527 to 523 nm) with the increase in the LAE.

The observed differences in the absorption peak
intensities and blue shifts of the studied AuNPs clearly
indicated their sensitiveness on the changes in the
LAE and nature of the liquid media. It was inferred

Figure 2. The measured SPR absorbance of the AuNPs pro-
duced by PLAL method at different LAE in (a) DIW, (b) ethanol.

that the tinier NPs played the predominant role in the
UV-Vis absorption process at room temperature, con-
firming the strong QCE. These results were supported
by the observation made from the TEM image analy-
ses. In addition, the present results suggested that the
localized surface plasmon (LSP) modes were critically
sensitive to the morphologies (sizes, shapes, geome-
tries and symmetries) of the AuNPs and nature of
the liquid growth medium. The LSP resonance (LSPR)
occurred when the characteristic LSP frequency of the
metal NPs matched with the incident radiation fre-
quency [23]. The LSPR peak absorbance (a measure
of the absorption strength of the AuNPs) was indeed
determined by the NPs diameter which must be much
lower than the incident light wavelength. Clearly, the
SPR absorption peak positions and intensities of the
proposed AuNPs were determined by their morpholo-
gies (shapes and sizes). In short, the overall behaviour
in both cases revealed almost the same trend in the
absorption parameters, indicating the predominance of
the QCE. These findings are comparable with the other
state-of-the-art literature reports [14,18]. The colloidal

Table 1. Comparison of the experimental optical absorption properties of the AuNPs grown in DIW at various LAEs with the
Mie–Gans model simulation fit using the MATLAB program.

Sample Measured data fitting by Mie–Gans model Experimental data

LAE
(mJ)

Peak position
(nm)

D
(nm)

σ G
(nm)

FWHM
(nm)

Spherical
NPs (%)

Peak position
(nm)

D
(nm)

σ G
(nm)

FWHM
(nm)

96.6 522 12.953 0.903 2.125 87 524 30.112 9.421 17.150
226 523 17.893 1.065 2.509 84 523 24.981 11.739 52.428
286 522 16.117 1.333 3.139 67 522 17.516 5.982 8.889
318 521 6.874 1.707 2.608 88 521 7.516 4.007 7.459

Table 2. Comparison of the experimental absorption properties of the AuNPs grown in ethanol at various LAEs with the Mie–Gans
model simulation fit using the MATLAB program.

Sample Measured data fitting by Mie–Gans model Experimental data

LAE
(mJ)

Peak position
(nm)

D
(nm)

σ G
(nm)

FWHM
(nm)

Spherical
NPs (%)

Peak position
(nm)

D
(nm)

σ G
(nm)

FWHM
(nm)

96.6 527 2.71 1.332 3.136 86 527 3.25 0.369 0.869
226 525 3.76 1.324 3.118 65 526 3.87 1.189 2.801
286 527 3.85 1.227 2.918 66 525 4.75 1.256 2.959
318 524 4.84 1.112 2.618 62 523 4.68 1.944 4.578
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Figure 3. (a) TEM image of colloidal AuNPs produced in DIW at LAE of 318mJ (Inset: AuNPs size distribution), (b) FFT pattern of the
marked part of single AuNP (Inset: colour appearance of the colloidal AuNPs in the bottle), (c) HRTEM image, and (d) SLFP of the
selected NP.

AuNPs prepared in both DIW and ethanol at the LAE
of 318mJ revealed themaximum absorbance and were
thus selected as the optimum sample for the rest of the
analyses.

Figure 3(a) shows the TEM morphology of the opti-
mum colloidal AuNPs synthesized in DIW at LAE of
318mJ which was consisted of spherical NPs with
Gaussian size distribution (inset). The average size of
the AuNPs was approximately 7.52 nm. Figure 3(b–d)
illustrates the single nanoparticle’s Fast Fourier trans-
form (FFT) pattern, high-resolution TEM (HRTEM)micro-
graph, and single lattice fringe profile (SLFP) of the
selected portion of the NP (shown as a yellow rectan-
gle). The TEM and HRTEM micrograph confirmed the
nucleation of the spherical Au nanocrystallites with
well-defined morphologies (sizes and shapes), homo-
geneities, and narrow size distribution. The lattice spac-
ing of the Au nanocrystalline particles (the yellow rect-
angle in Figure 3(c)) was found to be 0.223 nm which
was also verified by the estimated value of the SLFP
(Figure 3(d)).

Figure 4(a) shows the TEM morphology of the opti-
mum colloidal AuNPs synthesized in ethanol at LAE of
318mJ which consisted of uniformly dispersed high
and dense spherical NPs with Gaussian size distribu-
tion (inset). The average size of the AuNPs was approx-
imately 4.68 nm which is much smaller than the one
grown in DIW, indicating the significant influence of

the growth medium. Figure 4(b–d) illustrates the sin-
gle nanoparticle’s Fast Fourier transform (FFT) pattern,
high-resolution TEM (HRTEM) micrograph, and single
lattice fringe profile (SLFP) of the selected portion of the
NP (shown as a yellow rectangle). The TEM and HRTEM
micrographs confirmed the nucleation of the spheri-
cal Au nanocrystallites with well-defined morphologies
(sizes and shapes), homogeneities, and narrow size dis-
tribution. The lattice spacing of the Au nanocrystalline
particles (the yellow rectangle in Figure 4(c)) was found
to be 0.227 nmwhichwas also verified by the estimated
value of the SLFP (Figure 4(d)).

The colloidal AuNPs produced in DIW revealed their
aggregation tendency and the formation of elongated
structures due to coalescence with the neighbouring
NPs. This tendency was mainly due to the broadening
in NPs size distribution grown at higher LAE. Nonethe-
less, this limitation can be surmounted by irradiating
the agglomerated colloidal AuNPs suspension to the
dispersed laser pulses for a few minutes [31]. In con-
trast, the colloidal AuNPs prepared in ethanol showed
a higher tendency to form smaller nanocrystallites with
narrower size distribution. Additionally, the aggrega-
tion tendency of the AuNPs produced in DIW was
removed by choosing ethanol as growth media. These
findings are consistent with the other state-of-the-art
literature reports [14,31,32]. Irrespective of the growth
medium, the TEM image analyses of the as-prepared
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Figure 4. (a) TEM image of colloidal AuNPs produced in ethanol at LAE of 318 mJ (Inset: AuNPs size distribution), (b) FFT pattern of
the marked part of single AuNP (Inset: colour appearance of the colloidal AuNPs in the bottle), (c) HRTEM image, and (d) SLFP of the
selected NP.

samples clearly showed thenucleationof the tiny spher-
ical AuNPswithwell-definedmorphologies (shapes and
sizes) and homogeneities and narrow size distributions
(Gaussian). Briefly, high LAE had a significant effect on
the morphology and size distribution of the AuNPs
grown in ethanol (Figure 4(a)) than in DIW, displaying
a tendency to form smaller NPs with higher density.

With the increase in the LAE, the AuNPs size was
reduced and density was improved which was mainly
due to the breakdown of the larger AuNPs into tinier
NPs. The decrease in the average NPs size can be due to
a lower ablation efficiency, wherein the capping effect
originated from the organic solvents could hamper the
coalescence of the smaller nanocrystallites. In fact, the
productivity of the AuNPs in the organic solvent was
comparable or even higher than the one obtained with
DIW. Therefore, it is likely that solvent molecules were
absorbed on the AuNPs surface and acted as the cap-
ping agents, thereby preventing the further growth of
the NPs. This in turn enabled to attain the thermal equi-
librium, thus leading to the development of smaller
AuNPs.

4.2. Experimental data fitting usingmodified
Mie–Gansmodel

The Mie–Gans equations were simulated to fit the
experimentally observed extinction spectral profile. The

MATLAB R2015b software (MathWorks) was used as
the high-level mathematical programming language to
simulate the analytical Mie–Gans model expressions.
The codes containing the fitting profile calculation was
based on the Equations (4)–(17). The parameter R is
replaced by two new important parameters namely the
centre of distribution (Rc) and its standard deviation
(σF). The values of these parameters were sufficient to
define the absorption spectral profile of the colloidal
AuNPs suspension prior to the estimation of the particle
dimensions and other optical properties. The dielectric
function of the AuNPs via a critical point method was
implemented into the MATLAB code.

The calculated absorption spectra were improved to
allow the shift in the simulated spectra for each data
value. This shift enabled to enhancement of the match
with the location of the experimental SPR peak intensity
(SPRMax). The initialization of the fitting simulationwas
acquired by estimating the initial average radius (r) by
matching the input spectral region around 450–600 nm
with the Mie model. Conversely, the initial contribu-
tion of the spheroidal shape particles and their distri-
butions were attained by matching the spectral region
beyond 600 nm using the Gans model. The validation
of the model expression was performed by fitting it to
the experimental spectrawhichwere roughly estimated
via a root sum of square’s analysis (RSS) for every 1 nm
wavelength interval (wavelength, x-axis) normalized at



8 H. A. ALLUHAYBI ET AL.

their SPRmaximum. Consequently, the present strategy
provided an in-depth understanding of the SPR absorp-
tion spectra of the colloidal AuNPs with more precise
fitting results. It is important to note that all the pre-
vious work used the RSS for every 5 nm wavelength
interval thus the fit was poor compared to our results
[10,18,30]. The nearer the RSS value to one (RSS ≈ 1),
the closer the regression line could approach all the
points on the experimental plot. The matching spec-
tra were optimized by varying the average radius with
r = 0.5 nm (0.5 < r < 50 nm), Gaussian size distribu-
tion with σ F = 0.1 (1 < σ F < 2.5), standard deviation
of the Gaussian distribution σG = 0.2 (0.5 < σG < 2.7),
and fraction of the spheroidal to spherical AuNPs of
f = 1% (40% < f < 100%). As aforementioned, the
Mie model considers the spherical AuNPs and is thus
incapable of reproducing the SPR absorption spectra

(for the wavelength more than 520 nm) of the col-
loidal suspension containing some significant fraction
of the non-spherical NPs. Conversely, the Mie–Gans
fitting renders a better match even at a wavelength
above 520 nm.

Figures 5 and 6 display the Mie–Gans model equa-
tions simulated optimum fitting of the experimental
absorption spectra of the colloidal AuNPs prepared
in DIW and ethanol at the LAE of 318mJ, respec-
tively. Figure 5(a) shows the fitting of the experi-
mental absorbance (black solid line) of the colloidal
AuNPs grown in DIW at LAE of 318mJ using theo-
retical Mie–Gans model-simulated absorption spectra
(red dotted line). Inset-a illustrates the corresponding
size distribution fitted to the normal distribution curve
(red line) with the fitting parameters of Rc = 3.5 nm,
σG = 1.7, spheres = 88%. Clearly, the theoretically

Figure 5. (a) Experimental absorption spectra (black solid line) of the AuNPs grown in DIW at the LAE of 318mJ fitted with the
Mie–Gans model-simulated spectra using MATLAB program (red dotted line) and (b) HRTEM image of the AuNPs. Inset-a and Inset-
b are the corresponding size distribution fitted to the normal distribution curve (red line). The fitting parameter for the theoretical
model are RC = 3.5 nm, σ G = 1.7, spheres = 88%.

Figure 6. (a) Experimental absorption spectra (black solid line) of the AuNPs grown in ethanol media at the LAE of 318 mJ fitted
with the Mie–Gans model-simulated spectra using MATLAB program (red dotted line) and (b) HRTEM image of the AuNPs. Inset-a
and Inset-b are the corresponding size distribution fitted to the normal distribution curve. The fitting parameter for the theoretical
model are RC = 2.5 nm, σ G = 1.94, spheres = 62%.
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(from Mie–Gans model) calculated absorption spectra
were well-fitted with the measured one, indicating the
validity of the proposed Mie–Gans model for inter-
preting the experimentally observed absorbance of the
PLAL-grown colloidal AuNPs. In addition, the obtained
slight departure (over estimation) of the model pre-
dicted spectral profile in the lower wavelength region
(300–450 nm) from the experimentally measured one
maybedue to the simplicityof themodel thatneeds fur-
ther improvement. Affandi et al. [30] producedAuNPs in
DIW using the PLAL technique and obtained compara-
ble absorbance to the present study. It is further argued
that the smaller particles were coalesced together to
form larger particles thereby resulting in the highly con-
centrated tiny AuNPs in the suspension. This disclosure
was reconfirmed from the HRTEM images (Figure 5(b))
of the colloidal AuNPs in DIW with the corresponding
size distribution (Inset-b) fitted with a normal distribu-
tion curve (red solid line). Table 1 compares the exper-
imental optical absorption properties of the AuNPs
grown in DIW at various LAEs with the one obtained
using the theoretical Mie–Gans model simulation fit.

Figure 6(a) shows the fitting of the experimental
absorbance (black solid line) of the colloidal AuNPs
grown in ethanol at LAE of 318mJ using theoreti-
cal Mie–Gans model-simulated absorption spectra (red
dotted line). The standard deviation and percentage
of colloidal non-spherical particles in the liquid media
were decidedby the preparationmethod. Yet again, the
theoretically calculated absorption spectra were well-
matched with the experimentally measured one, con-
firming the accuracy of the proposed Mie–Gans model
for predicting the absorbance of the prepared AuNPs.
Furthermore, the observed slight departure (underes-
timation) of the model-simulated spectra in the lower
wavelength region (300–450 nm) from the experimen-
tal one might be due to the simplicity of the Mie–Gans
model that requires more improvement. Inset-a shows
the corresponding size distribution fitted to the normal
distribution curve (red line) with the fitting parame-
ters ofRc = 2.5 nm,σG = 1.94, spheres = 62%. Present
results are in good agreement with the earlier report on
theAuNPs prepared in ethanol [18]. The colloidal AuNPs
grown in ethanol were much smaller than the one pro-
duced in DIW and well dispersed in the liquid medium
as verified from theHRTEM images (Figure 6(b))with the
corresponding size distribution (Inset-b) fitted with the
normal distribution curve (red solid line). Table 2 com-
pares the experimental optical absorption properties of
the colloidal AuNPs grown in ethanol at various LAEs
with the one obtained using the theoretical Mie–Gans
model simulation fit.

The comparison of the experimental optical absorp-
tion properties of the AuNPs grown in DIW and ethanol
with various LAEs (Tables 1 and 2) such as the peak
position, full width at half maximum (FWHM) andmean
crystallite size (D) estimated from the HRTEM with the
theoretical Mie–Gans model fit clearly indicated the

validity of the proposed model. The fitting parameters
were the averagediameter of theAuNPs (D) and its stan-
dard deviation (σ F) of the normal size distribution (His-
togram). In addition, the Mie–Gans fitting interval was
comparedwith theHRTEManalysis in termsof themean
diameter D and size distribution (shown in the Inset-a
of Figures 5 and 6) It is worth noting that for the first
time, we used the dielectric function of the pure AuNPs
and improved the theoretical fit remarkably. All other
earlier researchers [10,18] used the bulk Au experimen-
tally dataset and consequently, the predicted results
using their models revealed some departure from the
experimentally observed absorption spectra.

5. Conclusions

This paper evaluated both experimentally and theoret-
ically the absorption and scattering attributes of the
colloidal AuNPs prepared in DIW and ethanol at various
LAEs using the versatile PLAL technique. Four samples
in each liquid mediumwere synthesized and character-
ized. The LAE-dependent morphology and absorbance
of these AuNPs were determined to make contact with
the modified analytical Mie–Gans model. The experi-
mental data on the structural and optical properties
such as theNPs size,morphology, absorbance, SPRpeak
and so on were understood using the proposed the-
oretical model, where the accuracy of the theoretical
prediction depended on the fitting parameters selec-
tion. The experimental optical absorption spectra of
the obtained optimum colloidal AuNPs (prepared at
LAE of 318mJ) were well-fitted and predicted using
the analytical Mie–Gans model. This was achieved by
improving the well-established analytical model based
on the Mie theory where the critical point dielectric
function of the AuNPs instead of the commonly used
bulk Au dielectric function (obtained from the experi-
mental data) was incorporated in themodel for the first
time. This critical point dielectric function was highly
sensitive to the alteration in the inter-band and intra-
band transitions for the electronic band structure of the
AuNPs that was obtained theoretically without acquir-
ing the experimental data. Consequently, we achieved
a higher degree of accuracy in the theoretical fit to
the experimental absorption spectra of the AuNPs. In
addition, the MG model allowed the excellent fitting
of the experimental data for the multifunctional pure
(with respect to the surrounding environment param-
eter) tiny colloidal AuNPs produced in DIW and ethanol
via the PLAL strategy. On top, the proposed Mie–Gans
model could accurately estimate the AuNPs standard
deviation and size distribution using the Gaussian dis-
tribution, indicating its validity to interpret the experi-
mental SPR absorption properties of the AuNPs. It was
demonstrated that themodel fitting parameters can be
customized easily for other nanoparticles with the char-
acteristic SPRabsorption in theUV-Vis like silver, copper,
and noble metals alloys.
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