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Abstract. Coalescence (or Growth) of tiny particles to larger particles has been
an exciting and practical research topic in nanotechnology. This study deals with
development of gold particles at varying precursor concentration in a custom-
built setup. Under the tuned ratio of bipolar pulse OFF to ON time, tiny particles
of different sizes and shapes develop depending on the amount of gold precursor.
When compact monolayer assembly is formed on solution surface, nano energy
in packet shapes bind gold atoms in own shape. Between 0.07 mM to 0.90 mM
precursor concentration, tiny particles develop in both triangular and non-
triangular shapes. Tiny particles of triangular shape develop in a large number at
precursor concentration 0.30 mM and 0.60 mM. Hence, nanoparticles and
particles also developed in different geometrical shapes. Such tiny particles pack
due to the exerted force in immersing format, where made structures of smooth
elements assemble to develop nanoparticles and particles of different shapes.
Tiny particles of non-geometrical shapes do not assemble at a common point and
their assembling develops a nanoparticle or particle of distorted or spherical
shape. This occurs mainly when precursor concentration is 0.05 mM and 1.20
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mM. At 50 sccm Argon flow rate, nanoparticles and particles develop in the same
shapes as in case of 100 sccm. For different precursor concentrations, different
colors of solutions indicate different features of nanoparticles and particles. This
study clarifies the necessary concentration of precursor to develop colloids of

different sizes.
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1. Introduction

Developing different shapes and structures of colloids while processing for a certain
strategy may be (is) the origin of a widespread phenomenon. The particles of controlled
shape can be the strong candidates for significant applications. This is because of a great
challenge to develop anisotropic particles. To assemble tiny-sized particles precisely is a
goal for developing advanced functional materials. Metallic colloids having different
shapes under different processing conditions may reveal the unexplored factors of their
developments. When a tiny-sized particle develops by atom-to-atom amalgamation,
attained dynamics of atoms can be the sole cause. For controlling (electronic) structure
of atoms (configuring into tiny-shaped particles), in terms of their less or more
elongation, in the course of developing shape (feature) of their large-sized particle, a
tuned amount of forced energy (travelled photons) and forcing energy electrons (or
electrons carrying photons) entering to solution is found to be another cause. Electron
dynamics in amalgamated atoms of a certain behaviour may regulate the morphology
and structure of their bigger size. However, this (electron dynamics) cannot be the case
with those atoms which bind into a tiny particle due to their certain transition state as
they should deal with infinitesimal displacement of electrons. Here, prior to binding
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atoms under supplied packets of nano energy, they amalgamated through their attained
dynamics. On amalgamation and at first stage, atoms should configure into monolayer
(not mono layer) assembly on electronically flat solution surface. On electronically flat
solution surface and at second stage, from that monolayer assembly, few atoms should
crop (isolate) on binding by packet of nano energy. As a result, a tiny particle (cluster of
few atoms) should develop which can be referred a tiny-shaped particle. Because, it is in
the same geometry (shape) as packet of nano energy. The tiny-shaped particles should
be in their mono layers (not monolayers). It is expected that under variable amount of
precursor concentration and Argon gas flow rate, an overall picture related to size, shape
and structure of particles may be depicted.

As a matter of fact, transition state of an atom and electron dynamics of an atom are
two different scenarios. In the first case, electrons should be mainly recognized to take
infinitesimal displacements under varying forced energy in their atom when remaining
within the occupied states (clamped energy knots). In the latter case, electrons should be
mainly recognized to leave occupied states under suitable force or energy prior to
reinstate states. The latter case is mainly related to the outer rings of atoms.

Several approaches have been explored in the literature to synthesize colloidal tiny-
sized particles and large-sized particles, where citrate reduction method is one of the
most widely adopted procedures [1]. Development of large-sized particles on likely
coalescence of tiny-sized particles has been the subject of several studies [2-12]. Metal
clusters behave like simple chemical compounds and could find applications in
catalysis, sensors and molecular electronics [2]. Discrete features of nanocrystals and
their tendency to extend into superlattices suggest ways and means for the design and
fabrication of advanced materials with controlled characteristics [3]. An ordered array of
nanoparticles instead of agglomeration might present new properties different from the

individual particles [4]. Coalescence of nanocrystals into extended shapes has appeared
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to be a realistic goal [5]. Self-assembly means to design specific structure, which cannot
be achieved alternatively [6]. Potential long-term use of nanoparticle technology is to
develop small electronic devices [7]. Assembling of nanoparticles may be an initial
effort towards the selective positioning and patterning in a large area [8]. Organization
of nanometre sized building blocks into specific structures to construct functional
materials and devices is one of the current challenges [9]. On assembling nanocrystals
into useful structures, ‘atoms and molecules’ will be treated as materials of tomorrow
[10]. Precise control on the assemblies of nanoparticles enables the synthesis of complex
shapes and provides pathways to fabricate new materials and devices [11]. Coalescing
nanocrystals into long-range crystals allow one to develop materials with endless
selections [12]. The existing mechanistic interpretations are insufficient to explain
several observations [13]. More work is required to develop in-depth understanding of
metallic colloids [14, 15].

Attempts have also been made to synthesize different anisotropic particles and
distorted particles in different employed plasma solution processes [16-23], where four
main strategies have remained in utilization i.e., DC plasma discharge in contact with
the liquid, DC glow discharge plasma in contact with the liquid, pulse plasma discharge
inside the liquid, and gas-liquid interface discharge. Quite a few reaction mechanisms
proposed by different groups are to be the most probable underlying mechanisms such
as plasma electrons [17], hydrogen peroxide [16, 17], aqueous electrons [19] and
hydrogen radicals in liquid [20]. Gold nanoplates and nanorods have been synthesized
on the surface of solution while sphere-shaped particles inside the solution [20]. Again,
probing matter at a length scale comparable to the subwavelength of light can deliver
phenomenal optical properties [24, 25] and different phase-controlled syntheses give an
improved catalytic activity of metallic nanostructures as compared to bulk ones [26, 27].

Different tiny-sized particles of gold having different attained dynamics of their
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amalgamation were discussed [28]. On splitting of inert gas atoms under the excessive
field (population of photons having characteristics of current per unit area or volume),
photons having characteristics of current enter to air/medium (open medium) by
reducing their impact and become obvious to visualize the light glow [29]; when
photons having characteristic of current continuously propagate through inter-state
electron gaps of atoms of a suitable wire, they work as photonic current. Photons
generated by the uninterrupted inter-state electron dynamics of a natural state silicon
atom have their characteristics of current and energy which are being transported from
one point to another through their involved force [30]. The amalgamated atoms bind
under generated energy of the targeted atom while executing confined inter-state
electron dynamics [31]. A separate study has discussed the mechanism of development
of a triangle-shaped gold tiny particle and conversion of atoms of arrays into structures
of smooth elements [32]; a difference between monolayer and mono layer is also
discussed in that study. Carbon atoms of different states bind into grains or crystallites
depending on the localized process conditions [33, 34]. Different tiny-sized particles and
large-sized particles while processing gold precursor, silver precursor and their binary
composition were discussed, where processing of gold solution resulted in anisotropic
particles [35]. Morphology and structure of gold particles were controlled under the
varying conditions of the process while employing the pulse-based electron-photon/
solution interface process [36]. While considering formation of tiny particles and their
extended shapes, origin of physics and chemistry of materials was discussed [37]. Gold
particles of unprecedented features developed while setting the optimized condition of
the process [38]. The origin of different atoms belonging to gas and solid states along
with transitional behaviours was discussed [39]. Depending on the nature of atoms of

tiny-sized particles, their use can be disadvantageous as well [40].



Some details on concentration as a factor for gold nanoparticles synthesis have been
discussed by the other group [16, 17]. In the molar concentration of gold precursor upto
1.0 mM, the size of gold nanoparticles were tuned in the range of few nanometres to
several hundred nanometres [17]. The investigations of Patel et al. [17] concluded that
hydrogen per oxide worked as the reducing agent, where gold ions converted into gold
atoms. The underlying mechanism of growth of nanoparticles and particles presented in
this study have never been reported before.

In the previous published work [36], the core idea was to control the shape of tiny
particle, nanoparticle and particle through varying the bipolar pulse ON/OFF time and
there was also the influence of pulse polarity. However, this study deeply inspires
toward the role of precursor concentration in the development of tiny particle,
nanoparticle and particle. The present study describes how to develop gold tiny-sized
particles and their different shaped large-sized particles while varying the concentration
of gold precursor. We briefly discussed the role of varying precursor concentration
under fixed process parameters while developing particles of different shapes in custom-

built pulse-based electron-photon/solution interface process.

2. Experimental details
Solid powder of HAuCl, was purchased from Alfa Aesar to obtain the aqueous solution
of different molar concentrations. In brief, agueous solution of one-gram HAuCl;.3H,0
and ~100 ml DI water was prepared in a glass bottle. This was followed by the
preparation of several different molar concentrations by dissolving that amount (of
prepared mixture of precursor) in DI water. The total quantity of the solution for each
experiment was ~100 ml. Schematic diagram of the setup is shown in Figure 1.

A copper capillary (electron-photon source) with internal diameter ~3 mm
(thickness: ~1.5 mm) was used to maintain the flow of Argon gas. At the bottom of tube,

atoms of flowing Argon gas split by propagating photons having characteristic of
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current. A graphite rod (energy source) with a width of ~1 cm was immersed into the
solution known as anode. The distance between copper capillary bottom and solution
surface was ~5 mm and was kept constant in all experiments. Distance between graphite

rod and copper capillary was set ~4 cm in each experiment.
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Figure 1. Schematic diagram of pulse-based electron-photon/solution interface process.

Bipolar pulse of fixed ON/OFF time was being controlled by the pulse DC power
controller (SPIK2000A-20, MELEC GmbH; Germany). Input DC power was provided
by SPIK2000A-20. Symmetric-bipolar mode of pulse power controller was employed,
and equal time periods of pulses were set to, = 10 psec and to = 10 psec. The input
power slightly fluctuated initially. Fluctuation of input power was the maximum at the
start of the process, dropped to nearly half in a second and remained almost stable in the
remaining period. The splitting of inert gas atoms was automatically adjusted at the
outer end forming the light glow. The light glow formed by the combined population of
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travelling photons and splitted electrons (and electron streams) carrying photons at the
bottom of copper capillary. The stable value of the voltage was 32 volts, where current
reading was noted 1.3 amp. The power was enhanced ~40 times under the application of
step-up transformer. The variation of input power was noticed within 1%.

Temperature of the solution was recorded with laser-controlled temperature meter
(CENTER, 350 Series). In each experiment, temperature was measured at the start
(~20°C), middle (~27°C) and at the end (~37°C) of the process with £ 1°C accuracy.
Different molar concentrations were prepared (~0.05 mM, ~0.10 mM, ~0.30 mM, ~0.60
mM, ~0.90 mM and ~1.20 mM), where duration of the process was set 10 minutes in
each experiment. Total Argon gas flow rate was determined to be 100 sccm, which was
maintained by mass flow controller passing through the copper capillary for ignition.
Different molar concentrations were also prepared (~0.07 mM, ~0.10 mM, ~0.30 mM
and ~0.60 mM) at 50 sccm Argon gas flow rate, where other parameters were kept the
same as in case of processing solutions at 100 sccm Argon gas flow rate.

Copper grid covered by carbon film was used and samples were prepared by dip-
casting. Samples were placed into Photoplate degasser (JEOL EM-DSC30) for ~24
hours to eliminate moisture. Bright field transmission microscope (BF-TM) and high-
resolution transmission microscope (HR-TM) images were taken by the application of
microscope known as HR-TEM (JEOL JEM2100F; operated at 200 kV). Selected area
photon reflection (SAPR) patterns known as SAED patterns were also taken by HR-TM.

3. Results and discussion

At precursor concentration 0.05 mM, sphere-shaped and less distorted nanoparticles
developed as shown by different BF-TM images (a-d) in Figure 2. Nanoparticles appear
to have developed due to the coalescences of very small tiny particles. They hardly show

any features of geometrical shapes, where they appeal to distorted nanoparticles mainly.
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Figure 2. (a-d) BF-TM images of nanoparticles showing various less distorted shapes,
precursor concentration 0.05 mM and Argon gas flow rate 100 sccm.

Although, at very low precursor concentration, the colloidal entities (nanoparticles)
are smaller in size to tiny-sized particles developed for higher concentration of gold
precursor, but they developed on the coalescences of tiny-sized particles having atoms in
a few numbers. So, that is why, they are also called nanoparticles. Nanoparticles are at
second place in developed colloidal entities as particles. Both nanoparticle and particle,
in any shape, are not the first-hand developed colloidal entities. Generally, on the
approximate scale of length when a side length is around 100 nm, it is considered a
nanoparticle and when it is greater, it is considered a particle. An anisotropic particle has

structure different to that of the distorted one.
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In case of precursor concentration 0.05 mM, the average size of nanoparticle is
between 20 to 25 nm. This indicates that tiny-sized particles developed in the formation
of such nanoparticles only constituted a few gold atoms. But, on increasing the precursor
concentration from 0.05 mM to 0.10 mM, the average size of particles also grew larger,
where many of them developed in geometrical shapes as shown by BF-TM images in

Figure 3 (a-c).
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Figure 3. BF-TM images of nanoparticles showing both geometrical and distorted
shapes; precursor concentration 0.10 mM and Argon flow rate 100 sccm.
The number of amalgamating atoms per unit area has increased. So, the size of tiny
particle has also increased. Here, tiny particles also developed in triangular shape in

quite a large number. Hence, their assembling under the certain mechanism also resulted
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in the development of geometric-shaped nanoparticles.

At precursor concentration 0.30 mM, the average size of particles having different
geometrical shapes is increased further. The BF-TM images of triangle-, hexagon-,
isosceles trapezoid-, rhombus-, pentagon-, rod- and bar-shaped particles are shown in
Figure 4 (a) & (b). The particles show high aspect ratios and their increase in size is
related to increase in size of tiny particles. As the size of tiny particles having triangular
shape is increased further, the assembling results in the development of both

nanoparticles and particles.
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Figure 4. (a) & (b) BF-TM images of nanoparticles and particles developed in various
geometrical shapes and distorted shapes; precursor concentration 0.30 mM and Argon
gas flow rate 100 sccm.

Several high aspect ratio shapes are shown by BF-TM images in Figures 5 (a-i). Each
image shows a unique geometrical shape of the particle. In Figure 5 (g), difference in the
lengths of sides of particles (triangle and hexagon-shaped particles) is within the margin
of an atom or few atoms. This indicates that tiny particles of same size were packed.
These particles developed by the assembling (packing) of tiny-shaped particles to all
sides at uniform rate. In some cases, the particles bind via their sides (Figure 5h), and, in

other cases, they are overlaid by one another (Figure 5i), but they are related to distorted
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particles. SAPR patterns of particles in Figure 5 (a-f) are shown in Figure S1 (A-F).
These show ordered structures of the one-dimensional (1D) shapes in case of rod like

particles and multi-dimensional (MD) shapes in case of triangle/hexagon like particles.
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Figure 5. (a-1) BF-TM images of particles showing both geometrical shapes and

distorted shapes; precursor concentration 0.60 mM and Argon gas flow rate 100 sccm.
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For precursor concentration 0.90 mM, particles of different geometrical shapes are
shown by BF-TM images in Figure 6 (a-h), which indicate the similar features as in case
of particles (and nanoparticles) developed at precursor concentrations 0.10 mM, 0.30
mM and 0.60 mM. However, particles developed at 0.90 mM possess a low aspect ratio

also. In Figure S2 (A-F), SAPR patterns also show ordered structures of the particles.
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Figure 6. (a-h) BF-TM images of particles showing both geometrical and distorted

shapes; precursor concentration 0.90 mM and Argon flow rate 100 sccm.

At 1.20 mM, very large sized tiny particles are packed under the influence of forces
of uneven behaviors which results in the development of highly distorted particles as
shown by various BF-TM images in Figure 7 (b-j). Only the particle of hexagonal shape
shows anisotropy as shown in Figure 7 (a). This indicates its development at later stage
of the process. However, the elongation of atoms is not appeared to be uniform in case
of distorted particles shown in Figures 7 (c) and 7 (d). The very large-sized packed tiny
particles do not indicate the uniform elongation of their atoms as the shape of developed
particle is distorted which is shown in Figure 7 (d). A flower like shape of distorted
particle is shown in Figure 7 (e) and several particles of identical features are shown in
Figure 7 (i). In Figure 7 (e), an average size of tiny particle is 50 nm, which causes
development of highly distorted particles. SAPR patterns of particles (shown in Figure
7a-d) are discussed in the section of supplementary materials (in Figure S3). Except for
the particle shown in Figure 7 (a, b), the structures of particles are completely in

disorderliness. However, the morphology of particle shown in Figure 7 (b) is rough.
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Figure 7. (a-]) BF-TM images of particles showing distorted particles (except in ‘a, b’);

precursor concentration 1.20 mM and Argon flow rate 100 sccm.

As long as atoms are bound to form first-hand cluster, molecule, nano crystal or tiny

particle, it is related to a tiny-sized particle. So, a first-hand union of atoms can be in a

less number or in a large number. This mainly depends on the initial used concentration

15



of the precursor. As an evidence, in Figure 7, the signs of coalesced tiny-sized particles
in developed particles are obvious, where the greater amount of initial concentration
(1.20 mM) of gold precursor was used. So, the developed first-hand tiny particles are in
their very large size. Because of their first-hand developing, they, therefore, are also
termed as tiny-sized particles. The average size of tiny particle reached the limit of 40
nm in the particle shown in Figure 7 (d) and 50 nm in the particle shown in Figure 7 (e).
However, these sizes are maximum for these tiny particles. They are related to tiny-sized
particles as well because of developing under the first-hand coalescences of atoms, but
in a large number. In addition to develop under the first-hand coalescences of atoms,
they have the scope of being self-driven in the available force to assemble (without loss
of time) to develop a nanoparticle or particle. But coalescences of such tiny-sized
particles developed nanoparticle or particle having distorted features of their shapes.
However, when the coalescence of such tiny-sized particles is in a less number, they
developed a nanoparticle of distorted shape and when the coalescence of such tiny-sized
particles is in a large number, they developed a particle of distorted shape.

The colors of processed solutions at different molarities of precursor concentration
are shown in Figure 8a (left to right: 0.05 mM, 0.10 mM, 0.30 mM, 0.60 mM, 0.90 mM
and 1.20 mM). Besides 100 sccm, solutions were also processed at 50 sccm Argon gas
flow rate and their colors are shown in Figure 8b (left to right: 0.07 mM, 0.10 mM, 0.30
mM and 0.60 mM). A different color of each solution is related to the overall size and
shape of particles along with their quantity. Appearance of distinctive color of a
colloidal solution processed at different molar concentration is related to the scheme of
inter-state electron gaps of elongated atoms processed by structures of smooth elements
of different shapes particles and the number of their overall quantity. These require

further investigations at a large scale.
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Figure 8a. Different color of solutions processed under different molar concentration of
precursor (0.05 mM, 0.10 mM, 0.30 mM, 0.60 mM, 0.90 mM and 1.20 mM, left to

right) and Argon flow rate 100 sccm.
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Figure 8b. Different color of solutions processed under different molar concentration of
precursor (0.07 mM, 0.10 mM, 0.30 mM and 0.60 mM, left to right) and Argon flow
rate 50 sccm.

The BF-TM images of nanoparticles and particles developed for various
concentrations when Argon gas flow rate was 50 sccm are shown in Figures S4-S7.
Distorted particles as well as anisotropic particles developed at 50 sccm show identical

features to the ones developed at 100 sccm. The nanoparticles and particles developed at
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different concentrations of gold solution when processed at 50 sccm Argon gas flow rate
retain their shapes as in case of nanoparticles and particles developed at 100 sccm Argon
gas flow rate. Many of the nanoparticles developed in the form of geometrical shapes at
precursor concentration 0.07 mM as shown in Figure S4 (a-c), in different BF-TM
Images.

The number of nanoparticles and particles having geometrical shapes is further
increased at precursor concentration 0.10 mM. As shown in Figure S5 (a-d), there are
many nanoparticles and particles which developed in geometrical shapes. Nanoparticles
of very small size and very large size are found in a large number as shown in Figure S5
(a) and Figure S5 (c).

The size of nanoparticles and particles is increased further when higher concentration
of gold solution is processed, where both anisotropic and distorted particles developed
as shown in Figure S6 (a-c). Distorted nanoparticles and particles are assembled to an
anisotropic particle to fill the vacant space through available forces as shown in Figure
S6 (a). Both distorted nanoparticles and particles are assembled also to fill their vacant
regions due to the uneven behaviors of forces as shown in Figure S6 (c).

Different BF-TM images of nanoparticles and particles developed at 50 sccm Argon
gas flow rate when the precursor concentration was 0.60 mM as shown in Figure S7.
Some of the nanoparticles and particles developed having precision of an atom in their
sides, or a few atoms, for example, a triangle-shaped particle shown in Figure S7 (g).
The different hexagon-shaped nanoparticles (or particles) shown in Figure S7 (c) also
indicate the lengths of their sides in highly controlled precision.

Several different shapes of nanoparticles and particles are shown in Figure S8 (a).
HR-TM image of one vertex of a triangle-shaped nanoparticle encircled in Figure S8 (a)
was captured. The magnified view of that HR-TM image is shown in Figure S8 (b). In

this image, width of elongated atoms of each array made in a structure of smooth
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element is ~0.12 nm (but not = 0.12 nm). Nearly same is the case with their inter-
spacing distance (~0.12 nm (but not = 0.12 nm), which is also shown in Figure S8 (b).
Both width and inter-spacing distance are measured with original scale marker.

Nanoparticles and particles that developed at Argon gas flow rate of 50 sccm show
intensive contrast of dark color as compared to different featured nanoparticles and
particles synthesized at Argon gas flow rate of 100 sccm. This is more relevant to
elongation of atoms in different tiny-shaped particles developing nanoparticles and
particles of geometrical shapes. At Argon gas flow rate of 50 sccm, elongation rate of
gold atoms is slightly less (at sub-angstrom level) due to lower concentration of flowing
Argon gas. Therefore, splitted electron streams of flowing inert gas atoms (under lower
concentration) impinge on the underneath matter (gold atoms) at a lower rate. However,
due to the entrance of less population of photons and electron streams (resulted under
splitted flowing inert gas atoms) in the solution, the average size of nanoparticles and
particles also becomes smaller as compared to those developed at 100 sccm Argon gas
flow rate. Under different Argon gas flow rate, it is expected that inter-state electron
gaps of elongated atoms of structures of smooth elements of nanoparticles and particles
varies within sub-angstrom (< 0.10 A). This difference is because of more or less
elongations of the atoms of their structures of smooth elements. In addition to that,
anisotropic nanoparticles and particles developed at 100 sccm Argon gas flow rate can
have smaller circular shape of printed white spots of intensity in their SAPR patterns as
compared to anisotropic nanoparticles and particles developed at 50 sccm Argon gas
flow rate. Generally, nanoparticles and particles developed at 50 sccm Argon gas flow
rate have dark black texture of their surfaces in BF-TM images, whereas those
developed at 100 sccm show only black texture of their surfaces in BF-TM images.

It is observable in the BF-TM images of nanoparticles and particles developed at 50

sccm and 100 sccm Argon gas flow rate that they reveal not only a bit difference in size,
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but also in the solutions with different colors. So, by varying the inter-state electron gaps
of elongated gold atoms (or by atoms of other suitable elements), it is possible to report
the underlying science of different colors. However, many studies are required to
investigate the influence of different Argon flow rates on the structures and, ultimately,
on their shapes and sizes also. This will possibly depict the overall picture of splitting
light into different colors through different colloidal matters processed under different
conditions.

Packing trends of tiny-shaped particles can be depicted and drawn from their
differently developed anisotropic particles. Assembling angles can be extracted from the
distributed intensity spots in SAPR patterns of their particles.

On amalgamation of atoms at set precursor concentration, they developed in different
tiny-sized particles under the supply of packets of nano energy. At the lowest
concentration of precursor (0.05 mM), very few gold atoms were available at the
solution surface. However, the packet of each nano energy possesses the same size and
shape under set tuned ratio of pulse OFF to ON time as given in the section of
experimental details. The atoms underneath packets of nano energy are insufficient to
form their reasonable sizes. Their average size remained ~1.3 nm with no specific
geometry. Atoms of assembly do not form compact monolayer at air/solution interface.
Thus, at 0.05 mM (and when ratio of pulse OFF to ON time =1), atoms do not develop
tiny particles in a triangular shape (Figure 9a;) because atoms do not align in arrays of
their tiny clusters. Thus, they do not elongate for developing structures of smooth
elements as shown in Figure 9 (az). They are packed under the exertion of force in
uneven behavior. This results in the development of less distorted or sphere-shaped

nanoparticle as shown in Figure 9 (as).
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Figure 9. (a1) less disordered tiny particles, (a2) deformation of atoms of ‘less
disordered tiny particles’, (as) less distorted particle, (b1) moderately disordered tiny
particle, (b2) deformation of atoms of ‘moderately disordered tiny particle’, (bs) partially
distorted particle, (c;) highly disordered tiny particle, (c;) deformation of atoms of
‘highly disordered tiny particle’, (c3) highly distorted particle, (d) development of
particle in a triangular shape having the MD shape in the region of three dimensions and
(e) development of particle in a hexagonal shape having the MD shape in the region of
six dimensions.

At fixed bipolar pulse ON/OFF time while increasing the precursor concentration
from ~0.07 mM to ~0.90 mM, many tiny particles developed in a triangular shape. Their
size increased on increasing precursor concentration. However, for intermediate
precursor concentrations (~0.07 nm to ~0.90 mM), tiny-sized particles also developed in
a non-triangular shape in certain regions of the solution. They are termed as moderately
disordered tiny particles as shown in Figure 9 (b;). Such tiny particles do not deal with
packing under exertion of force in an even way. Thus, not all the atoms of such tiny
particle elongate uniformly. They are termed as moderately distorted tiny particles as
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sketched in Figure 9 (by). So, such tiny particles packed under exertion of force in an
uneven way. Their packing developed partially distorted nanoparticles and particles as
shown in Figure 9 (bs).

At 1.20 mM, precursor concentration is very large, and assembly developed on
solution surface does not deal with the ordering of gold atoms from the start of the
process. Due to the higher amount of gold atoms on solution surface, it resulted in the
development of an assembly of disorderliness instead of perfect monolayer. However,
the packets of nano energy owned their same size and shape as in case of processing
solutions of lower concentration. Therefore, at initial stage of the process, all the
developed tiny-sized particles are highly disordered as they are quite large. The highly
disordered tiny particles do not develop in a triangular shape. Hence, their structures do
not undertake arrays of atoms. A highly disordered tiny particle is shown in Figure 9
(c1), where groups of atoms (total atoms: 171) configured along different sides. Thus,
atoms of highly disordered tiny particle elongated and deformed along the different
orientations, where forces exerted along the poles of electrons in a highly uneven
manner. Deformation of atoms of ‘highly disordered tiny particle’ in different
orientations is shown in Figure 9 (c,). Such large-sized tiny particles do not pack under
the even exertion of force to electrons. The packing and assembling of such highly
distorted tiny particles developed a highly distorted particle as shown in Figure 9 (c3).

A ‘tiny particle’ is referred to a ‘tiny-sized particle’. A tiny particle of both small and
large size is a tiny-sized particle. However, in some sentences, it does not appeal to its
extracted meaning. So, to avoid any ambiguity, a ‘tiny-sized particle’ is used frequently
in its place. Nevertheless, when a tiny particle has very large size, it is a tiny particle of
very large size also and when a tiny particle has very small size, it is a tiny particle of
very small size also.

Particles of different geometrical shapes developed one at a time. They developed at
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the centre of light glow (common point) on solution surface in the course to maintain
their development procedure. The shape of particle depends on the number of packing of
tiny-shaped particles at one time arriving from certain regions (zones) of the solution
surface. Both the particles shown in Figure 9 (d) and (e) developed at the centre of light
glow. In both cases, packing of tiny-shaped particles remained uninterrupted to develop
structures of smooth elements in the hexagon and triangle-shaped particles. In the
triangle-shaped particle, the orientation of structures of smooth elements for each face is
made at ~120°. As shown in Figure 9 (d), each face of the particle having MD shape has
uniform placement of structures of smooth elements having their equal widths and inter-
spacing distances. This is the case in each composed mono layer of that particle. The
orientation of a structure of smooth element for each face is along the ~120° angle,
which is regular throughout. This particle forms three dimensions. In the hexagon-
shaped particle, the orientation of structures of smooth elements is framed for six
different faces. As shown in Figure 9 (e), each face of the particle of MD shape formed
its uniform placement of structures of smooth elements by means of required forced
exertions mainly in the surface format and partially in the space and grounded formats.
The orientation of a structure of smooth element for each face is along the ~60° angle,
which is regular throughout. That particle belonged to MD shape having its six
dimensions. Thus, the flat region of each face measures approximately one radian. Here,
the width of each structure of smooth element and inter-spacing distance also remained
approximately the same. Thickness of each structure of smooth element appeared to be
the same as that of the resultant width of each elongated gold atoms of array. Before
assembling tiny-shaped particles to nucleate and develop these particles of MD shapes
or 1D shapes, each tiny particle developed in the form of block of joined triangle-shaped
tiny particles under the bipolar pulse, where they separated under the exertion of force.

A detailed study on the separation of joined tiny-shaped particles is given elsewhere
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[33], where a structure of smooth element is formed on elongating and binding atoms of
array. A single elongated atom also represents a structure of smooth element. The shapes
of different anisotropic particles deal with their structures having smooth elements,
where they get formed by the more or less elongation of atoms [41]; in MD shapes,
atoms elongate more to form smooth elements and in 1D shapes, atoms elongate less to
form smooth elements. So, anisotropic nanoparticles and particles deal with structures of
smooth elements instead of structures of atoms. Therefore, mono layers of structures of
smooth elements form different orientated faces to develop nanoparticle or particle of
1D shape or MD shape. This is through the precise assembling of structures of smooth
elements belonging to different tiny particles of triangular shapes.

A structure of smooth element develops when transitional behavior atoms in array
remain bound while elongating at the same rate from both sides of centers under
exertion of force to their electrons along the opposite poles [31]. So, the structures of
smooth elements are mainly related to the tiny particles having their triangular shapes.
Elongation of single gold atom is discussed under the equal rate along the both sides
(poles) from its centre [28]. In the elongation of an atom, electrons of both sides from
their (atom) centre orientate from the lateral orientation to the adjacent orientation [36].

Under very high concentration of gold precursor (1.20 mM), average size of tiny
particles was 50 nm at the start of the process and on prolonging the process time, tiny
particles resulted in a decreased size as discussed elsewhere [28]. Therefore, the
anisotropic particle shown in Figure 7 (a) is due to the tiny particles of smaller size
developed at the later stage of the process. This indicates that, by increasing the process
duration, the favorable conditions prevail. The tiny non-triangular shape particles
changed into triangular shape under the favorable conditions of the process. Therefore,
initial concentration of precursor is not the only parameter controlling the size and shape

of tiny particles. Size and shape of tiny particles as well as of nanoparticles and particles
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depend on time to time change in the precursor concentration, too.

Simultaneous assembling of structures of smooth elements of two triangle-shaped
tiny particles at the centre of light glow from opposite sides is almost along the same
axis, so they developed a mono layer of developing particles of 1D shapes. A pentagon-
shaped particle and a hexagon-shaped particle are related to five dimensions and six
dimensions respectively. However, such dimensional shapes are not possible when gold
atoms result in the emergence of structure in the original format by executing confined
inter-state electron dynamics [31]. So, developing such types of large-shaped particles
showing anisotropy, which are also the part of extensive debate in the literature, is under
the development of tiny-shaped particles.

The approximate percentage of anisotropic and distorted shapes developed at
different molar concentrations of gold is represented in a chart form as shown in Figure
10. As shown in Figure 10, at intermediate range of precursor concentration, many
particles developed in geometrical shapes. They are approximately more than 50% in
number as shown in Figure 10, which is not the case at very low and very high
concentrations of solution, where mainly distorted nanoparticles and particles developed
in a large number. However, for the precursor concentration 0.10 mM, approx. 25%
nanoparticles and for the precursor concentration 0.90 mM, approx. 35% particles
developed in geometrical shapes (in Figure 10). The average size of both nanoparticles
and particles having different features can be estimated from the side lengths of
nanoparticles and particles shown in their respective figures. For each processed
concentration of gold precursor, side lengths of the resultant nanoparticles and particles
are labelled in their respective images.

In the relevant Figures shown here, data from some BF-TM images might not
represent the whole nanoparticles and particles. Therefore, distribution of the whole

nanoparticles and particles for each concentration should be further investigated. In
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Figure 10, the presented distribution of nanoparticles and particles (of anisotropic and
distorted shapes) is based on the analysis of BF-TM images given in this work and allied
works of the authors [36-38]. The distribution does not infer the results of absorption or
Zeta potential analysis. It is possible to perform different statistical analyses of

nanoparticles and particles including standard deviation.
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Figure 10. Approx. %age of anisotropic and distorted shapes developed at different
concentrations of gold precursor while employing pulse-based electron-photon/solution
interface process when fixed duration in each process was 10 minutes and bipolar pulse

ON/OFF time was 10 psec.

The mechanism behind the particular morphology in various anisotropic
nanoparticles and particles remained the same with different precursor concentration.
The difference in size is observed only. The assembling orientations of structures of
smooth elements (of different-sized and triangle-shaped tiny particles) remained intact
in the course of developing particular morphology anisotropic nanoparticles and
particles. The attained orientations of packing of tiny-shaped particles for each face of

these nanoparticles and particles, which remained intact during their development, can
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be drawn by taking their centers as the reference points. Under normal conditions of
processing molar concentrations in pulse-based electron-photon/solution interface
process, these anisotropic nanoparticles and particles do not involve largely any sort of
interaction to alter the developed features of their morphology due to synchronization of
the process. However, distorted particles may introduce this factor.

Origin of atoms to be in gas and solid states along with their different transition states
has been discussed elsewhere [39]. As per the nature of atoms of tiny-sized particles,
they can be a defective nanomedicine instead of being an effective one [40]. Gold
shapes of one-dimension and multi-dimension clearly identify the role of forces at
ground surface (in surface format) [41]. Developing hard coating is nearly under the
switched force and energy behaviors of gas and solid atoms [42]. It has been pointed out
that upto certain numbers of atoms, tiny particles developed in hcp structures [43] and
tiny particle size upto a point shows metallic character [44]. It has been stated that
research efforts that are in progress should also consider the dynamics to explain
geometry and entropy in addition to structure [45]. Disordered jammed configuration is
not the only one in any known protocol, but there are also ordered metrics, which
characterize the order of packing [46]. A study on size-controlled gold nanoparticles
synthesized in photochemical process is discussed elsewhere [47]. A recent study shows
the exertion of force in amalgamation of nanoparticles and particles inside the solution
[48].

From the application point of view, nanoparticles and particles having distorted
shapes show potential in various catalytic applications, whereas those in anisotropic
shapes indicate a potential to be used in ultra-high speed devices along with applications
in diversified areas such as optics, medical and photonic devices, etc. Therefore,
anisotropic nanoparticles and particles of different features enroll their strong

applications for the areas, where highly controlled field is the requirement at significant
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diligent points. However, nanoparticles and particles of different distorted shapes reveal
their strong applications in various catalytic activities. Gold products in certain sizes and
shapes can be driven for different biological applications, and they can also have an

impactful societal role.

4. Conclusion

The development of tiny particles in different sizes depends on the initial amount of
precursor concentration. A certain amount of precursor concentration under the fixed
ratio of bipolar pulse OFF to ON time results in the development of many tiny particles
having a triangular shape. Increasing the molar concentration of gold precursor from
0.05 mM to 1.20 mM, average size of tiny particles also increases from 1.3 nm (approx.)
to 50 nm (approx.). At 0.05 mM, tiny-sized particles do not develop in a triangular
shape. Packing of such tiny particles results in the development of less distorted sphere-
shaped nanoparticles. At 0.07 to 0.90 mM, many tiny-sized particles develop in a
triangular shape, but they develop in maximum amount (number) at precursor
concentration 0.30 mM and 0.60 mM.

In custom-built pulse-based electron-photon/solution interface process, at suitable
precursor concentrations, the development of anisotropic gold nanoparticles and
particles is due to the packing of triangle-shaped tiny particles, where made structures of
smooth elements assembled at a common point under controlled orientations of
electrons available at tips. Development of distorted particles is under the coalescences
of non-triangular shape tiny particles, where they do not necessarily coalesce at a
common point. At 1.20 mM, many tiny particles develop in very large size but not in
triangular shape, so, as a result of their coalescences, distorted particles also develop.

The SAPR patterns of distorted particles show their structure in disorderliness.

28



At 0.05 mM precursor concentration, nanoparticles of very small size develop that
are termed as distorted or spherical shape nanoparticles. At 1.20 mM precursor
concentration, mainly distorted particles having very large size develop. Between 0.05
mM and 1.20 M precursor concentrations, distorted shapes of particles also develop with
the increase in size. Up to 0.20 mM precursor concentration, developed one- and multi-
dimensional shapes of gold are mainly related to nanoparticles. For 0.30 mM precursor
concentration, developed shapes of gold have size range both in nanoparticle and
particle. For precursor concentration greater than 0.30 mM, developed shapes have
mainly their size in the range of particle size. A tiny particle or tiny-sized particle is a
first-hand resulted colloidal entity, whereas, a nanoparticle or particle is a second place
resulted colloidal entity. A nanoparticle of any anisotropic shape is smaller in size than a
particle, which can have length of its side around 100 nm. A tiny particle can be bigger
in size than a nanoparticle where it develops at higher precursor concentration.
However, it does not develop at second place. So, to differentiate it from small-sized
tiny particle or nanoparticle, it can be termed as tiny particle of large size. To develop a
nanoparticle, coalescence of minimum two tiny particles is required.

The decreasing Argon gas flow rate from 100 sccm to 50 sccm does not alter the
morphology of nanoparticles and particles. However, change in Argon gas flow rate
influences the electronic structure of atoms forming structures of smooth elements
within sub-angstrom. Generally, at 50 sccm Argon gas flow rate, atoms configuring their
structures of smooth elements (to develop nanoparticles and particles of anisotropic
shapes) elongated less as compared to those developed at 100 sccm.

The color of solution for each processed molar concentration of gold changes due to
overall impact of the incident light. The modified inter-state electron gap of elongated
atoms forming structures of smooth elements in nanoparticles and particles of different

shapes is the main cause of distinctive color of light.
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Supplementary Materials

In Figure S1 (A-F), each SAPR pattern indicates the features of its associated
particle. Intensity spots in each pattern show high precision in terms of order, so in the
anisotropy of particles also. In the SAPR pattern when labeled distance is ~ 0.24 nm, it
forms a multi-dimensional (MD) shape of the particle. In the SAPR pattern when

labeled distance is ~ 0.27 nm, it forms a one-dimensional (1D) shape of the particle.

B 4.131/nm = 0.24 nm

4.131/nm = 0.24 nm
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4.131/nm = 0.24 nm

e
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Figure S1. (A-F) SAPR patterns of particles shown in Figure 5 (a-f).

SAPR patterns in Figure S2 (A-F) reveal the structures of particles (shown in Figure
6a-f) in regular order to the large extent. The two different labelled distances, in the case
of particles having MD shapes ~0.24 nm and in the case of particle having 1D shape
~0.27 nm, are discussed in a separate study [41]. In Figure S2 (C), SAPR pattern
indicates that spotted spots reflected at the front surfaces are at a certain pace, where
photons (and they are not electrons) reflected from the structures of smooth elements of
above positioned particle (hexagon-shaped particle) as well as the underneath one
(hexagon-shaped particle). In the latter case, photons reflected at the surface of
underlying structure while entering through the inter-spacing distance of structures of
smooth elements of above positioned particle. Each structure of smooth element in both
hexagon-shaped particles was related to the elongated atoms of an array belonging to a

tiny-shaped particle.
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Figure S2. (A-F) SAPR patterns of particles shown in Figure 6 (a-f).
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SAPR patterns shown in Figure S3 (A & B) show partially regular (ordered) and
partially irregular (disordered) structure of their particles. SAPR patterns of distorted
particles shown in Figure S3 (C & D) show highly irregular (disordered) structure. The
spots of photons in the patterns reflected at the surface of particles (shown in Figures 7a
& 7b) covering a few elongated atoms indicate uniform structural features (shown in
Figure S3A and Figure S3B). This is because of the selected area of each pattern in only
a few square nanometers. In Figure S3 (C) and Figure S3 (D), the structural features of
their distorted particles are shown in Figures 7 (c) and 7 (d), distribution of spotted

intensity of reflected photons at selected area is not in the repeating order.
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Figure S3. (A-D) SAPR patterns of particles shown in Figure 7 (a-d).

In SAPR patterns of particles, shapes other than rod or bar having distance between
parallel printed intensity spots of ~0.24 nm are labeled in Figures S1 (A-C), Figure S2
(B) and Figure S3 (A & B). On the other hand, the distance between parallelly printed
intensity spots (which are now intensity lines) in case of rod (or bar)-shaped particles is
~0.27 nm as shown in Figure S1 (F) and in Figure S2 (E). A separate study has
discussed the cause of printing intensity spots of reflected photons in the shape of lines

for particles of 1D shapes and in the shape of dots for particles of MD shapes [41].
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Figure S4. (a-c) BF-TM images of nanoparticles showing both geometrical and

distorted shapes; precursor concentration 0.07 mM and Argon flow rate 50 sccm.

Tttt

Figure S5. (a-d) BF-TM images of nanoparticles showing both geometrical and

distorted shapes; precursor concentration 0.10 mM and Argon flow rate 50 sccm.

37



113.70nm /
95.95nm \

200 nm 100 nm

3

200 nm

Figure S6. (a-c) BF-TM images of nanoparticles and particles showing both geometrical

and distorted shapes; precursor concentration 0.30 mM and Argon flow rate 50 sccm.
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Figure S7. (a-g) BF-TM images of particles showing both geometrical and distorted

shapes; precursor concentration 0.60 mM and Argon gas flow rate 50 sccm.

Figure S8. (a) BF-TM image of nanoparticles showing both geometrical and distorted
shapes and (b) magnified HR-TM image taken from the one vertex of encircled triangle
in ‘a’ shows nearly equal width of each structure of smooth element and inter-spacing

distance; precursor concentration 0.10 mM and Argon gas flow rate 50 sccm.
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