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ABSTRACT

The use of biomolecules as capping and reducing agents in the synthesis of metallic
nanoparticles constitutes a promising framework to achieve desired functional properties
with minimal toxicity. The system’s complexity and the large number of variables
involved represent a challenge for theoretical and experimental investigations to
devise precise synthesis protocols. In the center of this dissertation, we use L-
asparagine (Asn), an amino acid building block of large biomolecular systems, to
synthesize gold nanoparticles (AuNPs) in an aqueous solution at controlled pH.
The use of Asn offers a primary system that allows us to understand the role
of biomolecules in synthesizing metallic nanoparticles. Our results indicate that
AuNPs synthesized in acidic (pH 6) and basic (pH 9) environments present somewhat
different morphologies. We examine these AuNPs via Raman scattering experiments
and classical molecular dynamics simulations of zwitterionic and anionic Asn states
adsorbing on (111)-, (100)-, (110)-, and (311)-oriented gold surfaces. A combined
analysis infers that the underlying mechanism controlling AuNPs geometry correlates
with amine’s preferential adsorption over ammonium groups, enhanced upon increasing
pH. Water molecules strongly interact with the gold face-centered-cubic lattice and
create traps that prevent the Asn from diffusing on the more open surfaces. Our
simulations expose that Asn (both zwitterionic and anionic) adsorption on gold (111)
is essentially different from adsorption on more open surfaces. These results indicate
that pH is a relevant parameter in green-synthesis protocols that can control the
nanoparticle’s geometry and pave the way to computational studies exploring the
effect of water monolayers on the adsorption of small molecules on wet gold surfaces.
Additionally, The use of amino acids as capping and reducing agents in the synthesis

of metallic nanoparticles constitutes a promising framework to achieve desired functional



xvil
properties with minimal toxicity. In the second part of this dissertation, we use L-
Asparagine (Asn) to synthesize gold nanoparticles (AuNPs) in an aqueous solution
at controlled pH. Our results indicate that size, shape, and localized surface plasmon
resonance (LSPR) characteristics strongly depend on the Asn pH values of pH 6 and
8. The particle size obtained for pH 6 is 1849 nm, while the particle size for pH 8 is
8625 nm. The electron cooling dynamics of the LSPR were examined by transient
absorption spectroscopy (fs-TA), and the results show that the pH 8 sample exhibits
slightly slower electron cooling. We discuss these results in the context of our earlier
findings regarding the pH-dependent amino acid-binding at the Au surface. The
LSPR stability and the high reproducibility of the AuNPs-Asn complex suggest that
AuNPs synthesized can be a potential candidate for biocompatible applications with

plasmonic structures, such as bioimaging.



Chapter 1

Introduction






Nanoscale noble metals, especially gold nanoparticles (AuNPs), have been extensively
studied over the past few decades. Faraday, in 1857, studied the agents used to
reduce gold to attain AuNPs and their optical properties [3]. Since then, AuNPs
and other metal nanoparticles have been investigated in detail for their excellent
optical properties [1]. An outstanding example is the attractive and mysterious
Lycurgus cup. In the 4th-century, the cup was designed using gold and silver
powders [5]. The cup emits different colors depending on the side and angle of
illumination [0]. It appeared red when lit from behind and green when lit from in
front (Figurel.l). This mystery could only be understood in 1991 with the use of
atomic force microscopy [0,7]. The dichroism effect was due to the presence of silver
and gold nanoparticles dispersed in the glass matrix. The green color was attributed
to light scattered by the silver NPs ((66.2%)) of size > 40nm, and the red color was

due to gold (31.2%) and copper (2.6%) NPs [0, 8].



Figure 1.1: The Lycurgus cup cage cup was made during the Roman Empire in the
4th-century CE by the dichroic glass. The glass appears green when illuminated
from the outside (left side) and purple-red when illuminated from the inside (right
side). Figure extracted from https://en.wikipedia.org/wiki/Lycurgus Cup

The optical properties of AuNPs depends strongly on their size and morphological
properties [9]. Varying these parameters has paved the way for their applications in
diverse areas [10]. Gold nanoparticles have found applications in surface enhanced
Raman spectroscopy [! 1, 12], biological labeling [13], and catalysis [11-16].

Properties of gold bulk substances with particle sizes bigger than micrometer size
have been studied for years by solid-state physicists and material scientists [17].
Additionally, clusters of gold materials relative to just a few atoms of size in the sub-

nanometric scale have been studied for the past decades as they possess extraordinary
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properties relative to their bulk equivalents [18]. These "nanomaterials” are defined
as "a collection of atoms that forms a defined structure with dimensions between
1-100 nm (see Figurel.2) [19]. This thesis focuses on AuNPs which have gained a
unique position due to their extraordinary optical properties and very high chemical

stability as compared to other materials such as silver or magnesium [20-23].
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Figure 1.2: schematic representation of nanometer scale in comparison with other
objects. svg Wikipedia diagram, modification—nanotechnology https://commons.
wikimedia.org/wiki/File:Biological and_technological scales_compared-en.svg

In colloidal metal NPs dispersed in solvent, the color of the liquid is influenced
by the particle shape and size [24,25]. Figure 1.3 shows a clear example of this
relationship: a change in the shape or size of the particles gives rise to a change in

the color of the colloidal solution. [1].
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Figure 1.3: Shape variation in a collection of colloidal AuNPs as a function of color.
The lower part shows the topological condition obtained by the scaling law. Figure
extracted from Edgar Gonzdlez et. al.-2011 [1] and [2]

The question arises: where does the color of a colloidal solution of AuNPs come
from? The answer lies in the plasmonic effect. When the AuNPs interact with
external photons, which can be considered an external electromagnetic field, the
electrons of the AulNPs localized in the d-orbitals undergo an interesting effect
[26]. They all oscillate coherently according to the electromagnetic field oscillation,
which is known as the plasmonic effect. Figurel.4 shows a schematic description
of the electron oscillation (plasmonic effect) as a AuNP interacts with an external

electromagnetic field.
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Figure 1.4: Schematic describing the LSPR concept in AuNPs. a.) In step 1, the
electrons are in the steady-state before interacting with an external electromagnetic
field E(Z,t). b.) In step 2, the first interaction of the electromagnetic field with
the AuNP appears. A polarization effect creates in AuNP where electrons on the
d-orbitals move opposite to the incited electric field, and the ions move along with
the direction of the electric field.c.) In step 3, the electrons moved in the opposite
direction of step 2, and a stationary electric field E(Z) appeared in the particle. d.)
In step 4, during the interaction between the external field E(f, t) ~ hw and the
stationary internal field E (Z), the LSPR effect adopts a dipole distribution with a
frequency w, (purple lines).

In addition to colloidal AuNPs, plasmonic effects are also observed in Au thin films
and even in bulk Au. In bulk Au (r > 100 nm), interaction with an electromagnetic
field leads to stationary oscillation modes in the Au. In Au thin films, the plasmon
effect emerges as a propagating oscillation at the interface between metal and dielectric
material. [1]. Figurel.5 illustrates the different cases of plasmonic effects depending

on the material size.



Gold
Nanoparticle

Bulk Material hw

o

ne?

w
W

Figure 1.5: Schematic representation of the plasmon effect in bulk Au (r > 100 nm),
Au thin film, and AuNPs. a. Bulk plasmons emerge when the wavelength of radiation
is similar to the size of the material (r A); in this case, excitation leads to stationary
oscillations with different modes w;,. b. In thin films, the plasmonic effect emerges
as a propagating oscillation at the interface between metal and dielectric material
(r > A). c. In AuNPs, the plasmon describes a resonance process between electrons
localized in the d-orbitals and the frequency of the external radiation.(r < \)

For the plasmon effect in colloidal gold nanoparticles, the resonance process described

7

by the electrons is named Localized Surface Plasmon Resonance (LSPR) [27]. Using
Maxwell’s equations, it is possible to find the LSPR field distribution around and
inside an AuNP when the particle interacts with an external electromagnetic field
E (Z,t), which creates a polarization effect in AuNPs where electrons move opposite
to the direction of the incident electric field. The ions move along with the direction

of the electric field, which means

3¢

2 3eg
€1+ 2¢e9

E, =F _
! 0 81+282n

(cos(0)n, — sin(f)ng) = Ey - (1.1)

€1 —e9 a3

E2 = E() (COS(Q)DT — sz’n(&)ng) + mﬁ

Ey (cos(0)n, + sin(6)ny) (1.2)

Equation 1.1 describes the LSPR field distribution inside the particles. It is possible

to observe (Ej) since it is a constant field and only depends on the dielectric function



of the AuNP. ¢; and €y are the real and imaginary parts of this dielectric function,
respectively. n, is the direction of the field. However, the field outside of the AuNP
(Equation 1.2) shows a different distribution. It consists of a superposition of the
applied field and a dipole located at the AuNP center. It is possible to rewrite

equationl.2 using the dipole moment p:

3nn-p)—p 1l

E, =E 1.3
2 o+ dmeoe,, T3 (1.3)

where the dipole moment p is defined as
p = 4mepema’ S E, (1.4)

€+ 2¢,,

Equations 1.3 and 1.4 shows that the external field induces a dipole moment inside
the AuNP with a magnitude proportional to |Eg|. A graphical description of the
LSPR field distribution inside and outside of AuNP is shown in figure 1.6.
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Figure 1.6: Graphic of the dipole distribution acquired by the LSPR field outside
and inside of AuNP. Equationsl.1 and 1.2 were used to plot the field distribution,
and the Wolfram Mathematica interface was used to plot the results.

In terms of AuNPs’ optical properties, the polarizability « is another crucial

variable in the plasmonic effect, which is defined as

P = coemaEy (1.5)

a = drad - (1.6)
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This result shows that the LSPR distribution depends on both the dielectric
properties of the AuNP as well as the dielectric parameters of the medium surrounding
the AuNP. These variables must be considered when developing gold nanoparticle
synthetic procedures, as the final environment (solvent, ligands) will impact the

optical properties of the resulting AuNPs.

The chemical synthesis of AuNPs combines a gold source, typically HAuCl, -
3H,0 (Tetrachloroauric(Il)-acid trihydrate 99%), a reducing agent, and a stabilizing
agent. There are many possible ways to vary and tune the synthetic procedure in

order to achieve, for example, particular particle size or shape.

This thesis describes the synthesis and characterization of colloidal AuNPs derived
by a novel route, based on utilizing the amino acid Asparagine as both a reducing and
stabilizing agent. This approach offers the possibility to simplify AuNP synthesis
by using a single reducing and stabilizing agent as well as to create nanoparticles
with biologically friendly ligands [28]. Computational, spectroscopic, and structural
characterization methods are used to show how the synthetic conditions influence
the resulting shape and LSPR effects in the AuNPs.

This document is organized as follows: Chapter 2 discusses the materials used to
carry out the synthesis and describes the method established to synthesize the
particles. Chapter 3 describes the characterization techniques used to study the
shape of particles obtained, the optical properties in the steady-state, and the LSPR
dynamics, along with the interaction between the amino acid Asparagine and the
AuNPs. Chapter 4 explains the simulation techniques used to study the influence

of the Asparagine (Asn) over the AuNPs shape. Chapter 5, shows the synthesis of
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Asn-AuNPs at varying pH. Raman spectroscopy and molecular dynamics simulations
are used to reveal the origin of pH dependent AuNP geometry. Finally, in Chapter
6, we characterize the photophysical dynamics of the Asn-AuNPs using transient

absorption spectroscopy.



Chapter 2

Materials and Methods used to
synthesize gold nanoparticles

13
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2.1 Synthesis of gold nanoparticles

The synthesis of AuNPs has been carried out through both top-down and bottom-up
approaches to create diverse species in terms of shape, size, and embendding [29].The
top down-approach reduces a bulk material to a nanometer scale using physical
and chemical processses, while the bottom-up approach utilizes precursors such as

metallic salts, which nucleate and grow to form nanostructures [30)].

Chemical routes are the most commonly adopted route to synthesize colloid gold
nanoparticles. The reducing agents initiate the nucleation process for the growth of
nanoparticles by reducing the gold precursor to gold zero (Au"). In some cases, a heat
treatment is added to those routes. Four variables are essential to synthesize colloid
gold nanoparticles: the material of particles, in this case, gold, the particle size, the
embedding, and the particle shape. Figure 2.1 shows a schematic representation of

those variables.
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Figure 2.1: Schematic representation of four variables that control the synthesis of
colloidal gold nanoparticles. In this thesis, the selected material was gold.

2.2 Synthesis of gold nanoparticles in solution by
heat treatment

As mentioned before, the synthesis of AuNPs is based on the reduction of gold salt
to gold zero (Au®). The Turkevich method is one of the most widely used procedures

for this approach [31].

In this method, the gold(III) chloride trihydrate (HAuCly - 3H20) solution is
brought to a boil, and the trisodium citrate dihydrate (Na3CsH507) is then added
while the mixture is vigorously stirred. After a few minutes the solution turns from

yellow to red in color. This red color indicates the successful formation of AuNPs [32].

(e.g, antibody, peptide, aptamer)
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The synthesis of colloidal gold nanoparticles undergoes three steps;

(1) reduction, using a reducing agent like borohydrides, aminoboranes, formaldehyde,
hydrazine, hydroxylamine, polyols, citric and oxalic acids, sugars, hydrogen peroxide,

carbon monoxide, sulfites, hydrogen or acetylene.

(2) stabilization, using a specific agents like trisodium citrate dihydrate, sulfur
ligands, phosphorus ligands, oxygen-based ligands, nitrogen-based ligands, dendrimers,

polymers or surfactants for instance cetyltrimethylammonium bromide (CTAB).

(3) aggregation control, a stabilizing agent is added to the solution. Figure 2.2

shows a schematic representation of a typical gold reduction process, Au® — Au®.
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Figure 2.2: shows a schematic representation of colloid gold nanoparticles’ typical
synthesis. The schematic is based on the Turkevich method.

This thesis builds upon the same basic scheme. We synthesized colloidal AuNPs
using gold(III) chloride trihydrate as a precursor and we employed the amino acid

Asparagine (Asn) as both reducing and stabilizing agent.

2.3 Can amino acids be used to synthesize gold
nanoparticles?

Amino acids are present in all of human activity. They are part of the basic structure
of the DNA. If these elements are so crucial, the fundamental question is, what are

amino acids? The amino acids are organic compounds that are constituted by the
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union of a unit of an amine functional group and a unit of a carboxyl functional

group, as shown in the figure2.3.

\\\'_[ - // |
| Acid
Amine group
group

Figure 2.3: The fundamental components amino acids, shown here for Asaparagine

Figure 2.4 shows the 20 naturally occurring amino acids which make up proteins
(in eurkaryotes), grouped according to their side chains and with their associated

pKa values.
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Figure 2.4: Schematic representation regarding to standard 20 amino acids. A.
Amino acids with electrically charged side chains. B. Amino acids with polar
uncharged side chains. C. Special case . and D. Amino acids with hydrophobic side
chain.Image modified from https://commons.wikimedia.org/wiki/File:Amino_ Acids.
svg

Amino acids have been used to synthesize gold nanoparticles, acting as both
reducing and capping agents [33,31]. These results indicate that the type of amino

acid and experimental conditions determine the AuNPs quality. For example, changes


https://commons.wikimedia.org/wiki/File:Amino_Acids.svg
https://commons.wikimedia.org/wiki/File:Amino_Acids.svg
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in histidine concentration and pH facilitate adequate control of the size and particle
shape [33]. By contrast, synthesis with L-Asparagine (Asn) produces monodisperse
AuNPs, and Asn concentration variation does not induce changes in the AuNPs’
color, size, or shape [35]. Alternatively, the pH of the amino acid solution is essential
to control the reducing capabilities of the AuNPs [36,37]. This fact prompts the
question as to whether pH can be used as an adjustable parameter to control AuNPs
geometry. We explored this question and find that the pH can be used to tune AuNP

geometry due to the change in binding functionality of the amino acid (Chapter 5).






Chapter 3

Characterisation techniques
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3.1 Transmission electron microscopy/morphological
properties of AuNPs

Transmission Electron Microscopy (TEM) is an experimental technique commonly
used in physics, chemistry, and material science. TEM allows magnified images of
samples at or below atomic resolution. This is achieved by hitting the sample with a
beam of electrons, applying the wave-particle duality of electrons base on de Broglie’s

relation [38].

h
A= (3.1)

It indicates that when the beams are used to impact the sample, the electrons
acquire momentum p. A represents wavelength, and h is Plack’s constant [39]. TEM
characterization yields sample information related to size, distribution, morphology,
and crystal structure [10]. Figure 3.1 shows a typical result of a micrograph image
of colloidal gold nanoparticles obtained by a TEM. These results belong to a batch
of colloidal gold nanoparticles synthesized in current research.

Figure 3.1 shows the same sample imaged with four different size resolutions.
Figures 3.1a and b yield information about the average size and distribution of the
particles. The average size is obtained using a count of approximately 600 particles
over a minimum of of two separate TEM micrographs (see Chapter 5). Figure 3.1c
shows a 10 nm resolution, which allows us to calculate the size of the particle as
well as the angles between the particle edges. Figure 3.1d is a high-resolution TEM
(HR-TEM), which can be used to resolve the crystallographic plane orientation of

the particle.
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crystallographic
plane orientation

Figure 3.1: Typical result of a micrograph image of colloidal gold nanoparticles
obtained by a TEM
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3.2 UV-Vis Absorption Spectroscopy and Transient
Absorption Spectroscopy (TA)/ Optical properties
of nanoparticles

3.2.1 UV-Vis absorption spectroscopy

Ultraviolet and visible (UV/Vis) absorption spectroscopy measures the attenuation
of electromagnetic radiation by an absorbing substance ! [11], where the photon
impacts the target sample with energy defined as hv [12]. The energy of a molecule
is given by a sum of the translational, rotational, vibrational, and electronic energies.
In the UV-VIS spectral region, the energy levels correspond to electron density
distributions (orbitals). [12]. In this UV-Vis range, the photon-matter interaction
cause a change in polarization in the electron density of the sample, and this interaction

is based on the Bohr-Einstein relationship,

A(E) = Ey — B, = hv (3.2)

This relationship links the discrete energy states E; with the electromagnetic
radiation frequency v. The relationship between the absorption at particular energies
can be depicted in various units. Table 3.1 shows the value at 550nm, which is the

reported position of the plasmonic absorption band for a 20 nm AuNP [43].

!Spectrometry refers to making quantitative measurements and spectroscopy is used when
recording spectra over a range of wavelengths. In practice, the two terms are used interchangeably.
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Table 3.1: Energy, frequency and wavelength units for the position of the plasmonic
absorption band for a 20 nm AuNP [13]

wavelength A nm 550
frequency v=c/A Hz 5.45X10™"
photon energy  E; = hv J 3.61X1071
wave number k= XA"1! cm™! 18181
electron energy U = hv/e eV 2.25

Figure 3.2 shows an example of the UV-vis absorption spectrum of 18 nm diameter
AuNPs dispersed in water, from which a few important features can be distinguished.
First, the fingerprint of Rayleigh scattering, composed of a region of high scattering
at a low wavelength and a region of low scattering at a high wavelength. Also, it
is possible to recognize a high absorption peak around 520nm, which corresponds
to the Localized Surface Plasmon Resonance (LSPR). The LSPR exclusively occurs
in colloidal metal nanoparticles. The absorption is in the region of 520 nm (green
region). This is the reason for the red color of these gold nanoparticles, as Figure

3.2 shows.
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Figure 3.2: UV-Vis Absorption spectrum of colloid gold nanoparticles dissolved in
water with a size of about 18nm.

Additionally, by the absorption spectrum it is possible to extract information
about the chemical media around the particles, the particle size, and the particle
shape. Those variables influence the AuNP absorption spectrum profile. Figure 3.3
shows three examples. In the first case, Figure 3.3a shows the same colloidal gold
nanoparticles sample in five different media with different refractive indexes (g). The

extinction cross section C,,;, which is related to the absorption by

Cea:t = C’Abs + Osct (33)

where Cl is the scattering cross section, shows a redshift as the value of refractive

indexes € changes. This indicates that chemical media around the particles influences
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the LSPR [11]. The inset graphic in Figure 3.3a tracks the change in C.,; as the

value of the refractive index changes.
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Figure 3.3: (a.) LSPR shift of colloidal gold nanoparticles in different refractive
indexes €. (b.) Change in the Full Width at Half Maximum (FWHM) of the
absorption band due to the change of particle size. (c.) inverse relation of FWHM
and particle size r. (d.) Creation of two absorption bands in optical spectra of gold
nanorods due to the influence of shape over the LSPR.

However, if the particle is fixed to a single refractive index but the particle size
changes, the full width at half maximum (FWHM) of the absorption band changes
(Figure 3.3b) . In this case, the FWHM change is inversely proportional to the

particle size (Figure3.3c). This change is given by



30

F:a+§, (3.4)

where I' = FWHM, and a and b are related to the refractive index of bulk gold [1].

In a third case, we see how the change in particle shape leads to a change in the
absorption profile (Figure 3.3d).In this case, the particle is a rod where the electron
localized in the d-band can oscillate with the external field by transverse mode or
longitudinal mode [14], as Figure 3.3d shows. These modes are represented in two
absorption bands corresponding to the LSPR [15].
The variables of shape, size, and chemical media can therefore influence the optical
properties of colloidal gold nanoparticles. This behavior is shown and further examined

in Chapters 5 and 6.

3.2.2 Transient Absorption Spectroscopy (TA)

This section presents the basic concept and experimental setup of transient absorption
spectroscopy, which is used to measured the electron dynamics of LSPR in colloidal

gold nanoparticles over the picoseconds time range.
What does Transient Absorption Spectroscopy measure?

Femtosecond transient absorption spectroscopy (fs-TA) measures ultrafast photoinduced
processes that occur in the sample’s excited electronic states. Pulsed photons with
a specific energy are used to excite a group of electrons from the ground state to the
excited state. These photons are called the pump pulse. The probe pulse sets the
spectral sweep range (UV, VIS, or IR), and should be sent through the sample with

a delay time 7 relative to the pump pulse. Therefore, the difference between the
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excited state absorption spectrum and the fundamental state absorption spectrum

will be obtained. This generates the spectrum denoted by the function AA.

AA(N) = —1og(I(A) pumped/ T (N) unpumped) (3.5)

Information contained in the AA function

Once the pump and probe are aligned on the sample, the delay time 7 between the
pump and probe is varied so that the AA spectrum adopts the configuration of a
two-variable function, where time 7 and wavelength A are the variables (AA(7,\)).
The function AA(7, \) contains information related to the photoexcited dynamics
on the sample.

For example, this experiment can yield information regarding dynamics of solvated

chemical species [10], excited-state energy migration [17], scattering of photoexcited
charge carriers [18], electron transfer [19], isomerization [50],inter-system crossing
[01], and many more [52]. This type of photoexcited dynamics is extracted from

the spectra of the function AA(7, \). The contributions that are extracted from the

AA(T, \) spectrum are listed as follows:
1. ground-state bleach.
2. stimulated emission.
3. excited-state absorption.
4. product absorption.

Each of the contributions in a TA excitation process listed above can be identified
in a typical TA spectrum; Figure 3.4 shows a schematic representation of these

dynamic contributions.
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Figure 3.4: Schematic representation of photoexcited dynamics in TA. Left,
molecular energy diagram and possible electron stated in a TA process; Excited-
State Absorption (ESA), Ground State Absorption (GSB), and Stimulate Emission
(SE). Right, schematic representation of a typical TA spectrum in different intervals
delay time.

Ground-state bleach

The ground-state bleach is the contribution where the electrons in the ground state
energy are promoted to the excited states. In this case, the number of occupied states
are reduced in the ground state energy levels by the external incident of the pump
pulse. Consequently, when the system is excited, the population of the occupied
ground states is smaller than the population of the occupied ground states when the
system is not excited. The difference is illustrated in Figure 3.4 by the emergence of

a negative contribution on the AA(7, A) spectrum.
Stimulated emission

In a two-level system, the Einstein coefficients (A2, Ag1) are defined as equal; which
leads to an energy release by the emission of a second photon when the system decay

from the excited state to the ground state due to probe pulse action (see Figure
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3.5). This is known as stimulated emission, which increases the light intensity;

consequently, a negative signal in the spectrum is observed (see spectrum Figure

3.4).
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Figure 3.5: schematic representation of stimulated emission in a system of two levels.

3.2.3 Excited-State Absorption

Once the system is excited by the pump, it is possible to promote the occupied
excited states to higher excited states. This occurs when the system absorbs the
specific wavelengths of the probe pulse that allow for these optical transitions. These
transitions are positive in the AA(7, A) spectrum, and when it does not overlap with
the GSB/SE, can be a useful signature to study the dynamics of the excited state

(see Figure 3.4).

Transient Absorption Spectroscopy and LSPR dynamics in colloidal gold
nanoparticles

The previous sections discussed the plasmon effect on gold nanoparticles and its

strong dependence on shape, size, and chemical media around the particle. The
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plasmon effect has two essential properties:

1. Capture far-field radiation and concentrate it below the diffraction limit?.

2. produce strong near-fields that result in extreme field enhancements [53].

However, the plasmon effect has a finite lifetime, which is in the range of 10 ps [54].
Even though the plasmon lifetime seems minuscule, it is sufficient time to generate
different processes in the dynamic states of the electrons The plasmon lifetime
can be fragmented in the subsequent consecutive processes: plasmon resonance,
non-thermal electron distribution, hot electron distribution, and finally vibrational

resonance [55]. Figure 6.6 shows the sequence of plasmon lifetime and approximate

time scales.

2diffraction limit d = W)\ine = ﬁ, NA as numerical aperture
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Figure 3.6: Diagram of the lifetime of a plasmon, denoting the sequence decay
mechanisms with approximate time scales.

It is essential to emphasize that the time scales noted in Figure 3.6. should
not be assumed as exact. For example, in some small particles it was found that
the heat is transferred to the bath before the electron-phonon coupling process is

complete [55-57].
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Before photo excitation (equilibrium), the electrons satisfy the Fermi-Dirac distribution
[58].  However, after the electrons absorb a energy value of hAwy (eV), only the
electrons with energy less/or equal to fuwy (eV), are excited from below the Fermi
level to electronic levels up to fuvy (V) above the Fermi level [58,59]. Consequently,
the electron distribution in this state does not satisfy a Fermi-Dirac distribution,

and they will adopt a non-thermal distribution [55], as Figure 3.7 shows.
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Figure 3.7: The upper panel represents a gold electronic configuration.
This representation was adapted from https://www.webelements.com/gold /atoms.
html. The lower panel shows a schematic representation of electron distribution, in a
gold nanoparticle, after photoexcitation. In the time zero, all electron states below
the Fermi energy are occupied. After the particle interacts with the external photon,
and the plasmon effect appears. As a result, some electrons are promoted to a higher
energy level above the Fermi level, and the initial electron distribution changes. The
maximal energy is equal to the excitation energy (as an example, in this case, it is 2.33
eV ). The electron distribution adopted for the electron gas is designated non-thermal
electron distribution, which relaxes (or thermalizes) by electron-electron interaction.
In the next moment, the cooling of the electron gas is reached by electron-phonon
coupling and phonon-phonon interactions. Conclusively, the electronic distribution
returns to the starting configuration. More details can be found in S. Link and M.
A. El-Sayed, from which the information and illustration were adapted.
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Additionally, the plasmon can decay via two pathways: radiatively by emitting a

photon, or non-radiatively by generating electron-hole pairs [60], as Figure 3.8 shows.

N\
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Radiative by emitting Non-Radiative by generating
a photon an electron-hole pairs
Elastic and inelastic scattering Absorption/ increase heat

Figure 3.8: schematic representation of the decay plasmon process. Radiative by
emitting a photon or Non-radiative by generating electron-hole pairs

The non-radiative plasmon decay causes a temperature increase in the nanoparticle
environment and excitations of the hot electrons. The electrons are promoted to
higher energy levels from the d-band to energy levels above the Fermi level, by
intraband transitions [61]. This requires photons with an energy equal or greater
than 2.4eV [62]. The electron transition by non-radiative decay is shown in Figure
3.9. TA spectroscopy allows us to monitor these various plasmon decay processes.

The details regarding the experimental setup are shown in the next section.
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Figure 3.9: Schematic representation of plasmon decay process. Radiative by
emitting a photon or Non-radiative by generating electron-hole pairs

Basic principles of TA setup

TA spectroscopy bases its operation on synchronizing two photon groups in order
to monitor the induced absorption in the test sample; the photons are named pump
pulses and broadband probe pulses. In a general case, light is the fundamental
element in the induced absorption process [03]. The photons (light) have three
parameters, namely, energy, polarization, and intensity; these parameters will be
tuned precisely to induce various nonequilibrium phenomena in the sample by an
electron-photon interaction. Examples are resonant excitation of quasiparticles as

plasmons or light-matter interaction [63].
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Figure 3.10 shows the schematic overview of the transient absorption setup used in
this research. For our experiment, the laser amplifier (PHAROS) pulse duration is
200 fs and the effective repetition rate is 1 kHz (1030 nm output wavelength). The
output of the PHAROS was split into two arms. 80% of the PHAROS output
is sent to an optical parametric amplifier (ORPHEUS) for to generate tunable
photon energies that are utilized as the pump pulses to photoexcite the sample.
The remaining 20% of the PHAROS output are sent through an optical delay stage
and a white light continuum generator section to create the probe pulses. The pump
and probe are focused at the sample in the same face of the 2 mm quartz cuvette
(front path), and the probe beam is further directed into the detector. A half-wave
plate is used to set the polarization of the pump beam at magic angle relative to
the probe beam. The synchronisation of the pump on and pump off conditions is

modulated by an optical chopper in the pump path.
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Figure 3.10: Schematic representation of the optical layout of transient absorption

spectroscopy setup used in this research.
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Optical Parametric Amplifier

The optical parametric amplifier (OPA) is an optical setup that converts the fundamental
laser wavelength (from PHAROS) into variable wavelengths through a standard
parametric amplification process. The OPA system used in this research is named
ORPHEUS. The ORPHEUS operation is based on the OPA process, where a photon
with a fundamental frequency (wp) is converted into two photons with lower frequency.
The first one is named signal (ws), and the second one is idler(w;). Therefore, it is

possible to define the OPA process as wy = w, + wj.

ORPHEUS bases its operation on a two-stage of the white-light continuum. In this
case, the wavelength tuning is set by automated translation and rotation stages on
several critical optical components. The basic configuration of the two-stage OPA

system is fragmented in 4 regions inside of ORPHEUS (Figure 3.11):

1. White light continuum generator
2. Second harmonic of the pump beam generator
3. First amplification stage (a non-collinear two pass pre-amplifier)

4. Second amplification stage (a collinear power amplifier)
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Therefore, it gives the possibility to tune the wavelength of the signal between
650-1010 nm and the idler between 1050-2500 nm. By the use of second harmonics
(SH), frequency hopping (FH), and difference-frequency generation (DFG) with the
signal and idler beams, it is possible to obtain a broad range of output wavelengths
from the OPA. A summary of output wavelengths and the interactions used to make

them is shown Table 3.2:

Table 3.2: Output wavelength interactions from the OPA

325-450 nm  SH of Signal
325-505 nm SH of Signal
525-650 nm  SH of Idler
600-700 nm  SH of Idler
210-252 nm FH of Signal
263-325 nm  FH of Idler

3.3 Raman Spectroscopy,/ Vibrational properties
of nanoparticles

In addition, to the optical absorption processes explained above, there are also
vibrational processes that can be activated by the incidence of monochromatic light
on materials (in this case, gold nanoparticles). These vibrational modes can be
detected using Raman spectroscopy [64]. This experimental technique has a theoretical

basis, which will be explained in this section.
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Classical theory of Raman scattering

While light interacts with a molecule, the electromagnetic field E(r, t) of the molecule
can be considered a constant [?]. Because the wavelength is much larger than the

system size, the field is defined as:

E = EyCos(2mupt) (3.6)

The interaction of the electric field with the molecule induces a dipole moment
in the molecule due to the charge distribution by the presence of E(r,t) [65]. The

dipole moment is written as follows,

P=aFE (3.7)

Where « is the polarisability of the system [65]. Combining equations 3.6 and 3.7

we find P be written as:

P = aEyCos(2muyt) (3.8)

Where 1y is the initial frequency [06]. Because the molecule does not prossess
symmetry, the dipole moment and the electric field will not have the same direction;
thus, the electronic cloud will be asymmetric, leading to defining the polarization as

a tensor; in cartesian coordinates, the polarization tensor is defined as:

P, 11 Q12 013 E,
Py = Qo1 Qg9 Q23 Ey (39)
P, Q31 Q32 Q33 E,
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The displacements r, concerning their equilibrium position, are considered harmonic

and are written in terms of

r = roCos(2my,t) (3.10)

Considering the low-frequency oscillations, the polarization can be expressed as a

Taylor series, that is:

alq) = ap+ v

T (3.11)

o

Rewriting equation 3.8 in terms of the equation 3.11, results in:

P = agEyCos(2mipt) + da| rEyCos(2myyt)Cos(2mvot) (3.12)
ar

T0

By combining the two terms of the second member of the above equation, we

obtain;

10
P = agEyCos(2mgt) + huind
2 ar

-rEy (Cos(Zﬂuét + 27wyt) + Cos(2myyt — 27r1/0t)>
T0

(3.13)

Finally, the following relationship is obtained:

10
P = Oé()EQCOS(QTH/ot) + __Oé
2 ar

rEp (COS(QW(V(; +10)t) + Cos (2 (v, — I/O)t)> (3.14)

The first term of this equation represents the Rayleigh scattering, the second term is
considered as the Anti-Stokes Raman scattering, and finally, the third term represents

the Stokes Raman scattering [67]. In addition, it is known that the dipole radiation
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intensity in the molecule is proportional to the second dipolar variation moment in

time, i.e.:

I~ (%27];) (3.15)

Conjugating the equations 3.14 and 3.15, the following relationship is obtained.

I, oc avjagly (3.16)

This term is the intensity of Rayleigh scattering.

o

I, o< (vp— ) <E )10 (3.17)

0

The equation 3.17 is the intensity of the Stokes-Raman scattering, and finally, it

is obtained:

a0
ITy_g x (V0+V)4<(9_j

)Io (3.18)

o

The term of the equation 3.18 represents the intensity of the Anti-Stokes Raman
scattering. In theoretical terms, as shown, it was found that the intensity of the
Stokes-Raman and Anti-Stokes Raman scattering has the same intensity, which is
not following the experimental measures. However, Quantum Mechanics predicts
that the Anti-Stokes Raman scattering has a lower intensity than the Stokes Raman

scattering intensity, in accordance with the experiment [05].
Cross section-Raman Scattering

It has been found, so far, that there is a strong dependence of the Stokes-Raman

signal on the wavelength radiation and polarizability [69]. However, the factor known
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as the cross-section o, has a significant influence on the Stokes-Raman scattering [64].
The cross-section is proportional to the probability of a photon interacting with a
molecule scattered with a Stokes-Raman scattering. By this term, it is possible to

relate the scattering intensity to the corresponding cross-section, i.e.

Isp = Iyo; Ddz (3.19)

In this relationship, D represents the number of molecules per cubic centimeter,
known as the numerical scattering density. While dz is the optical path length of the
radiation within the sample, in most cases referring to these types of scattering, this
radiation is a laser [70]. In addition to this, a functional form of the cross-section,

which does not depend on the scattering intensity, is defined as follows:
0 9j
7 (- )t (3:20)
Where (7 — v;)* is known as the wave numbers measured in ¢m~!. With this
definition, it is possible to write a relationship in terms of the phonons number per

time unit, that is:

P, = Pyo,;Ddz (3.21)

Where P, and P, are measured in photons per second [69].This relationship allows

finding the number of photons per second through:

P, = POU?DO(% — Dj>4DdZ (3.22)
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Quantum mechanics and Stokes-Raman scattering

The incidence of a photon on a molecule causes a transition to an excited or virtual
state of energy [71]. However, a virtual state is not a real energy state; thus, it
does not correspond to any possible state of rotation, vibration, or electronics in
the molecule [72]. Tt is considered a forbidden state in the quantum mechanics
context [73]. If the molecule were to acquire a virtual state, it would recombine to one
of the fundamental states by emitting a photon in the process [71]. Furthermore, in
this recombination process, there are three possibilities of recombination. It depends
on the relationship between the initial state energy and the final state energy. If the
initial state energy equals the final state energy, the dispersed photon will have the

same initial energy, known as Rayleigh scattering [75].

On the other hand, if the molecule recombines to a state of higher energy than the
initial one, the molecule acquires energy, and it will emit a photon. This process is
known as Anti-Stokes-Raman scattering, and finally, if the molecule acquires a state
of energy lower than the initial one, the molecule loses energy. This process is known

as Stokes Raman scattering [72]. See figure 3.12
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Figure 3.12: Diagram regarding recombination process by a molecule from a virtual
state.

These processes can be explained using perturbation theory [71,76], that is:
i(Bpn)t hdC,(t
Y Cylt)e F TV = ——,% (3.23)
i

At this point, the matrix is a disturbance process by which the transition from the
state p to n occurs. When the coefficients C), are known, it is possible to find the

second-order transition coefficients, written as;

i(Epn)t h dC2(t)
S Co(t)e 7 Vi = —;# (3.24)

Thus, the main coefficients will be written as follows:

Vi 1 — i(wpitw)t 1— i(wpi—w)t
Cy(t) = °f< ‘ -—° (3.25)

2ih Wpi +w Wpi — W

Thus, it is found that the probability of the Stokes Raman dispersion will be:
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Considering that w® = w — w;s, the probability of generating a Stokes-Raman

spread is

P,y (VJ;Vft(s.z?)

o w3 + w?)

Therefore, it is possible to reproduce polarizability as it was classically reproduced
and consistent with experimental effects obtained in Stokes-Raman intensities [72].
The consolidation of the Raman theory, whether classical or quantum mechanics,
allowed the consolidation of experimental processes and measurements that were
difficult to explain at the time [77]. This allows defining Raman spectroscopy, in a
first approach, as a technique that allows measuring molecules’ vibrations. Using the
Raman spectrum of these vibrations, it is possible to identify which of the chemical
bonds are present in a sample [72]. As secondary results of Raman scattering is the

existence of fluorescence in the measured spectrum is added as a difficulty; see figure

3.13.
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Figure 3.13: Elements that make the Raman spectrum difficult to read and decrease
signal intensity
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A complementary computational study was carried out to investigate the role of
the microscopic structure of the metal/aqueous environment interface in the final
shape of the synthesized gold nanoparticles. This chapter summarises the simulation
techniques used throughout this work, including molecular dynamics and density

functional theory, to motivate such a discussion.

4.1 Molecular Dynamics

Molecular dynamic (MD) simulations enable us to investigate the macroscopic behavior
of a physical system using the information obtained from its microscopic interactions.
Indeed, results from MD simulations can be used to understand and interpret experiments
and reproduce conditions that are difficult to access in the laboratory. In this work,
MD simulations were used to investigate the microscopic details of metal/solvent
environments to understand the origin of the asymmetric growth mechanism observed

in the synthesized gold nanoparticles. In particular, our simulations provide a
microscopic understanding of the role of L-asparagine in controlling the growth of

gold nanoparticles at different pH conditions.

Classical MD simulations integrate Newton’s equations of motions for a system
of N point-like atoms. Quantum mechanical effects are implicitly incorporated into
empirical or semi-empirical potential energies that account for bonded and non-
bonded interactions. The classical trajectories obtained with this procedure allow one
to compute thermodynamic properties via statistical mechanics principles [78, 79].

In this section, a brief introduction to MD simulations is presented.
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4.1.1 Equations of motion

The macroscopic state of a system of N particles is defined by the complete set of
positions {r;} and momenta {p;, = m;v;} with v; the instantaneous velocity of the

i-particle with mass m;. The Hamiltonian H of the system can be written as

2m7;

H{pihAra) = Y o U({r)), (4.1)

with U({r;}) the potential energy of the system [30] [31]. The force acting on the
k-particle due to the other particles present in the simulation is obtained from the

negative gradient of the potential energy, namely

In this respect, the problem reduces to integrate numerically Hamilton’s equations:

. _OH _p;i

o 4.
h op; mi’ ( 3)
and
. 0H oU
Pi = — or, = —ari =F;,, (4.4)

where A means the derivative of A with respect to time. In this work, equations
of motion have been integrated using the Verlet algorithm [78,81,82]. The Verlet
algorithm is derived by using a Taylor expansion on the position r; of a particle at

the time t + At. This is

vl A1) = 2m(8) — it — A + 2D AR oA, (4.5)

my;
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In this case, the estimated error in the new position is of order At*, with At the
time step for molecular dynamics simulation [78,80]. The Verlet algorithm does
not employ the velocity to compute the new position. However, the velocity of the
particle can be obtained from its position at the times ¢ and ¢ + At [78,30].

vi(t) = 5As + O(At?). (4.6)

Hence, the estimated error in the velocity is of order At?. At each time step, the
temperature, potential energy, and the total energy of the system are calculated.
The total energy should be conserved during the MD simulation [78,80]. Once
all calculations are completed, the old positions and velocities at time ¢ — At are
discarded. Thus, the new positions and velocities define the next starting point.
This process is repeated a given number of times until the desired simulation time

is reached [78,80].

4.1.2 Statistical ensembles

In some cases, the experiments use temperature and pressure as variables. That
means all pre-equilibration and final production in a simulation or experiment sample
the isothermal-isobaric (NPT) ensemble [78,80]. An NPT ensemble was used to carry
out the molecular dynamics simulations. The resulting behavior is shown and further
examined in the results of this thesis, Chapter 5. The volume V', in an NPT ensemble,

is a dynamic variable entering the equations of motion [78,30,81].



58
4.1.3 Interaction potentials

Typically, the total interaction potential is described by the sum of non-bonded and
bonded interactions. The non-bonded interactions are pair-additive! and centrosymmetric
[83]. They include the electrostatic interactions and the Lennard-Jones potential
[78,80]. The set of bonded and non-bonded interactions defines the force field [75].
There are numerous force fields, defined according to the system and the interaction
potentials parameters. The choice of the force field is based on reproducing target
properties of the system, namely density, structure factor, etc. A force field is
built up from two distinct components: (i) the equations used to generate the
potential energies and their derivatives, and (ii) the parameters included in this
set of equations.

In this work, the forcefield CGenFF? [31], implemented in GROMACS-963, was

used to carry out the simulations.

4.1.4 Cut-off scheme and treatment of long range interactions

As one increases the system size, computing pairwise interactions for all particles
present in the simulation becomes very expensive. For that reason, the evaluation of
pairwise interactions, U(r;;) is normally restricted to a local environment within a
cutoff radius? [78,30]. To avoid numerical problems associated with a discontinuous

potential, the Lennard-Jones potential is usually modified by a switch/shift function

IThe pair-additive approximation means that no polarization and charge transfer effects
are included, such as the solute polarization by solvent, variation of charge distributions with
conformational changes, etc.

2More details of the forcefield: http://mackerell.umaryland.edu/~kenno/cgenft/

3Details regards to GROMACS: http://manual.gromacs.org/current /indesx.html

4In theoretical physics, cutoff is an arbitrary maximal or minimal value of energy, momentum,
or length, used in order that objects with larger or smaller values than these physical quantities
are ignored in some calculation.


http://mackerell.umaryland.edu/~kenno/cgenff/
http://manual.gromacs.org/current/index.html
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that ensures that the energy smoothly goes to zero when approaching the cutoff

distance [78,80].

In computer simulations, one artificially considers infinite systems by introducing
periodic boundary conditions. Its use guarantees translational invariance that implies,
in the absence of external forces, the conservation of linear momentum [78,85]. In
the case of crystal systems, a translation operation is implemented in order to occupy

an infinity space by the unit cell, see figure 4.1.
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Figure 4.1:  Periodic boundary conditions in two dimensions. Image

extracted from http://manual.gromacs.org/documentation /2019 /reference-manual/
algorithms/periodic-boundary-conditions.html#equation-eqngridrc

This process naturally forms a convenient axis system for measuring the coordinates
of the N atoms. The number density in the central box, i.e. the entire system, is

conserved [78,80]. The periodic boundary conditions are combined with the minimum


http://manual.gromacs.org/documentation/2019/reference-manual/algorithms/periodic-boundary-conditions.html##equation-eqngridrc
http://manual.gromacs.org/documentation/2019/reference-manual/algorithms/periodic-boundary-conditions.html##equation-eqngridrc
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image convention, the nearest image of each particle is considered for short-range
non-bonded interaction terms [73, 30].

Finally, the long-range electrostatic interactions are calculated by lattice sum
methods that exploit the periodicity of the simulation box [78,80,81]. Electrostatic
interactions are commonly evaluated using a summation technique named the Particle
Mesh Ewald (PME). In practice, one divides the electrostatic interactions into two
contributions. The first one is short-range and is evaluated in real space. The second
one is long-range and is computed in Fourier space, and includes the interactions of

the respective charge with all its periodic images [78, 80].

4.1.5 Weighted Histogram Analysis Method

An essential result of this work is related to the computation of the affinity of the
amino acid to gold surfaces of different orientations in an aqueous environment. It is
paramount to compute the potentials of mean force as the amino acid is pulled out
from the surface. This pull is performed by applying a harmonic force to the amino
acid. The Weighted Histogram Analysis Method (WHAM) is a standard technique
used to compute the potential of mean force (PMF) from a set of umbrella sampling
simulations [36]. Kumar and coworkers developed the WHAM method for PMF

calculation in the 1990s [37].
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Figure 4.2: Schematic representation of Weighted Histogram Analysis Method.

Figure 4.2 shows a schematic representation of Weighted Histogram Analysis Method,
where N, represent the number of simulations. In each simulation N, the particle
(in this case the amino acid) is constrained at d§ distance from gold surface by a
harmonic potential with a constant K;. h; represent the histogram, divided in Ny,

bins, of distances d§ from all N, simulations.(Figure 4.2). The PMF is recovered
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after the acquisition of the histogram h; by the iterative solution of the following

equations:

_ vazbln gi_lhi(d)
S Nyg; texp[=B(V(d) — f;)]

P“(d) (4.7)

exp(—Bf;) = / d(d)exp[—B(V ()| P"(d) (48)

Where P*(d) is the probability to find the system at a distance d(d), ¢; is a
normalization factor, and g = 1/kgT. After the convergence of P“(d), the PMF

is calculated by

r(d)

A(d) = -7 'In Prldy)

(4.9)

4.2 Density Functional Theory (DFT)

Classical molecular dynamics cannot provide direct information related to the electronic
structure of the system. For this work, we require this information to compare with
Raman spectroscopy measurements performed on our samples. In this context, we
use density functional theory (DFT).

The Hamiltonian of a many-body system composed of M atoms and N electrons

can be reduced to (Born-Oppenheimer or adiabatic approximation)

H=T+V+U, (4.10)

with 7 the kinetic energy of the electrons, U their potential energy and V =

va v(r;) an external potential, usually determined by the interaction of the electrons

with the static nuclei.
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The energy of the system is a functional of the external potential v(r), namely
E = Efv(r)]. The electronic density, p(r), is given by the functional derivative of

the energy with respect to the external potential, i.e.

OF
= 4.11
plr) = 5o (a.11)
The Hohenberg-Kohn energy Fyk is defined as a functional of the density by using
a functional Legendre transform [38] with respect to E[v(r)]
Funclp() = Elo(w)] ~ [ dr plr) ofe). (4.12)

In general, we are interested in finding the ground state density and energy of the
system that correspond to the external potential v(r). We write the energy as a
functional of the density, E,[p(r)], which is interpreted as the energy cost necessary
to fix the system’s density under the influence of an external potential v(r). By using

the inverse transform, we obtain

Ey[p(r)] = Fax|p(r)] + / dr p(r) v(r). (4.13)
The idea now is to minimize this cost with respect to the density, namely, JE, /dp(r) =

0, thus

dp(r)
Therefore, the problem reduces to find Fyk and p(r) satisfying Eq. (4.14) that

= —u(r). (4.14)

automatically give the ground state energy of the system.
To find Fyk, it is convenient to investigate the non-interacting system & = 0 such

that the internal energy reduces to the kinetic energy. In this case, Fuk[p(r)]|y=0 =
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Fuilp(r)]. Hence, Fyk can be separated into noninteracting and interacting terms, i.

e.

Furclp(r)] = Fulp()] + Eulp(r)] + Exclp(r)] (4.15)

with the Hartree energy Ey given by

Eylp(r)] = %/dr /dr’%. (4.16)

The exchange-correlation energy FE,. accounts for energy contributions resulting
from the Pauli exclusion principle and electron-electron correlations due to long-
range electrostatic interactions. In practice, the functional form of the E,. term is
approximated using semi-analytical expressions [39].

Kohn-Sham equations allow us to compute Fy; exactly [90]. For a system of N
non-interacting electrons, there is an effective potential veg such that the solution of

the equation

(_%w ; ueff(r)) Uilr) = et (x) (4.17)

satisfies p(r) = SOV, ¢;(r). The kinetic energy is thus calculated as Fy[p(r)] =
SN €i— [ dr p(r) veg(r). This expression allows one to compute the effective potential,
By taking the functional derivative of Eq. (4.15) with respect to the density, and by

using that 0F/dp = —v, we obtain

Vet (r) = v(r) + %/dr”rp(_r/[)_/’ + 6%;[(/;(;)] : (4.18)

Equations (4.17) and (4.18) can be solved self-consistently. One starts by guessing

the electronic density p(r). Since we know the external potential v(r) and the
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approximation to Fy., Eq. (4.18) gives veg(r). This potential enters Kohn-Sham
equations (4.17) and a new density p(r) is obtained and used in Eq. (4.18) to compute
a new vUeg. Upon convergence, this procedure gives the ground state density and

energy of the interacting system.

4.2.1 DFT and Raman scattering

DFT is used to calculate Raman spectrum by computing force constants, the resulting
vibrational frequencies, and the intensities of the Raman profile. In this case,
the computed Raman spectrum was obtained from the simulation of an isolated
L-Asparagine molecule using the B3LY P/6 — 311 + +G(d, p) functional and the
iefpcm water solvent model. All calculations were performed using the Gaussian 09W
program package, with the default convergence criteria, and without any constraint
on the geometry. The obtained spectra has been labelled as DFT-L-Asparagine, pH

6 and DFT-Lasparagine, pH 9 (see chapter 5)
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5.1 Abstract

The use of biomolecules as capping and reducing agents in the synthesis of metallic
nanoparticles constitutes a promising framework to achieve desired functional properties
with minimal toxicity. The system’s complexity and the large number of variables
involved represent a challenge for theoretical and experimental investigations aiming
at devising precise synthesis protocols. In this work, we use L-asparagine (Asn),
an amino acid building block of large biomolecular systems, to synthesise gold
nanoparticles (AuNPs) in aqueous solution at controlled pH. The use of Asn offers a
primary system that allows us to understand the role of biomolecules in synthesising
metallic nanoparticles. Our results indicate that AuNPs synthesised in acidic (pH
6) and basic (pH 9) environments exhibit somewhat different morphologies. We
investigate these AuNPs via Raman scattering experiments and classical molecular
dynamics simulations of zwitterionic and anionic Asn states adsorbing on (111)-
, (100)-, (110)-, and (311)-oriented gold surfaces. A combined analysis suggests
that the underlying mechanism controlling AuNPs geometry correlates with amine’s
preferential adsorption over ammonium groups, enhanced upon increasing pH. Our
simulations reveal that Asn (both zwitterionic and anionic) adsorption on gold (111)
is essentially different from adsorption on more open surfaces. Water molecules
strongly interact with the gold face-centred-cubic lattice and create traps, on the
more open surfaces, that prevent the Asn from diffusing. These results indicate that
pH is a relevant parameter in green-synthesis protocols with the capability to control
the nanoparticle’s geometry, and pave the way to computational studies exploring
the effect of water monolayers on the adsorption of small molecules on wet gold

surfaces.
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5.2 Introduction

Gold nanoparticle (AuNP) systems exhibit high biocompatibility and unique optical
and catalytic properties, making them attractive for next-generation medical and
imaging applications [91, 92]. Incorporating AuNPs into technology depends on
successful size- and shape-engineering [93]. Previously, shape-control and synthesis
of anisotropic particles has been achieved by the addition of surfactant agents such
as hexadecyl(trimethyl)ammonium bromide (CTAB) [91]. However, these materials
result in AuNPs with higher toxicity due to CTAB and contaminant by-products,
limiting the widespread use of these AuNPs [95]. There is therefore significant
interest in developing alternative, less toxic synthetic routes to shape-controlled
AuNPs [90].

Protein- [97] and amino acid-based [98] synthesis protocols have been implemented
to control the shape and size of the resulting nanoparticles. The group of 20
proteinogenic a—amino acids found in eukaryotes have been used to synthesise
AuNPs, acting as both reducing and capping agents [33,31]. These results indicate
that the type of amino acid and experimental conditions determine the AuNPs
quality. For example, changes in histidine concentration and pH enables adequate
control of the size and particle shape [33]. By contrast, synthesis with L-Asparagine
(Asn) produces monodisperse AuNPs, and Asn concentration variation do not induce
changes in the AuNPs colour, size, or shape [35]. Alternatively, the pH of the amino
acid solution is essential to control the reducing and functionalisation capabilities in
AuNPs [36,37]. This fact prompts the question as to whether pH can be used as an

adjustable parameter to control AuNPs geometry.
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In addition to experimental characterisation techniques such as transmission electron
microscopy (TEM) [99], high-resolution transmission electron microscopy (HR-TEM) [100],
ultraviolet-visible spectroscopy (UV-vis spectroscopy) [101], and Raman Spectroscopy [102],
computational studies of AuNPs in chemical environments have been performed
to resolve the intricate interaction mechanisms occurring at the metal-environment
interface. These studies include ab initio density functional theory [103-105] and
classical molecular dynamics simulations [106—111]. The typical AuNPs size (ranging
from 2 to 10 nm), and the presence of solvent and surfactants, prevent the simulation
of systems of realistic size. In this context, the study of simplified models of these
systems provides valuable information on the metal surface, usually hidden by the
surfactant. Moreover, it helps to predict equilibrium structures based on simple
energetic arguments [104, 109, 110].

Here, we rely on a combined simulation-experimental approach to investigate the
role of acidic (pH 6) and basic (pH 9) pH conditions in the AuNPs synthesis using
Asn as both capping and reducing agent. This choice is motivated by the fact
that the acidic (basic) environment is the result of a high concentration of the
zwitterionic (anionic) Asn state. We expect that the two distinct chemical forms
exhibit different interactions with gold surfaces thus impacting the AuNPs obtained
at these pH conditions. In our experiments, we adjust the pH adding small volumes
of a stock solution of 100 mM sodium hydroxide. The explicitly treatment of pH in
molecular dynamics (MD) simulations, however, is not obvious and is the subject
of intense investigations [112]. Here, we do not attempt to adjust the pH of the
environment /solution in the simulations explicitly. Instead, we consider zwitterionic
and anionic states of Asn, whose excess in solution is related to acidic and basic

pH conditions, respectively. We thus compare the adsorption of both Asn states
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on (111), (100), (110) and (311) gold surfaces, prevalent in the obtained AuNPs,
focusing on the details of the interaction at the interface. Our molecular dynamics
simulations reveal that the adsorption of zwitterionic Asn on gold surfaces results
from a competing effect between the attraction to the amide group, in agreement
with ab initio simulations [103], and the slight repulsion of the ammonium group. By
contrast, in the anionic state, the ammonium group is replaced by an amine group,
and therefore Asn displays higher gold affinity. Raman spectra for Asn on gold at
pH 6 and pH 9 confirm this picture with the respective rise of -NH3 and decrease of
-NH, intensities for these groups at their characteristic frequencies.

Our MD simulations also provide qualitatively different pictures for the adsorption
on the considered gold orientations (crystalline planes). Asn lies essentially flat on
(111) and is free to diffuse, with adsorption dominated by the amide group. For the
remaining surfaces, the water molecules display a significant structuring, consistent
with the underlying fcc structure, close to the gold surface (between 3 and 6 A). This
structure creates energetically favourable locations for Asn on open gold surfaces that
prevent it from diffusing.

The chapter is organised as follows: In Section 5.3 we describe the synthesis
procedure, characterisation techniques and the computational approach. We present
our experimental and theoretical results in Section 5.4. Finally, we conclude in

Section 5.5.

5.3 Materials and Methods

All chemicals were of analytical grade and were used without further purification.
Gold(III) Chloride acid trihydrate (HAuCly -3H50) (99.9%) and Asn (L-Asparagine)
(98.0%) were purchased from Sigma-Aldrich. Sodium Hydroxide (NaOH, pastilles,
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from Molar) was used to adjust the pH. The water used in all experiments was
prepared using a Milli-Q Integral water purification system (EMD Millipore Direct
-Q® 3UV-R) and had a resistivity of 18.2.

Sample Preparation

100 of 100 Asn solution was prepared and separated into two vials of 6 solution.
Different ratios R = [NaOH]/[Asn| of 0.05 and 0.5, with an interval step of 0.05
were created to obtain a pH variation on each sample. The NaOH/Asn mixtures
(pH-adjusted Asn solution) were left, in closed vials, under constant stirring for 3
hours at room temperature and under ambient conditions to reach pH equilibrium,
as shown Figure 5.1. Then, 6 of the pH-adjusted Asn solution was added to 5
of a 1 fresh Gold(III) Chloride acid trihydrate (HAuCl, - 3H50) solution at room
temperature. The mixtures were immediately mixed and incubated at 80 for 40
using a hotplate. The samples were left to cool down at room temperature and
without external cooling source. Subsequently, the set of samples were centrifuged
at 1000 rpm, and the supernatant was extracted as the final product. Finally, we

chose two pH, one more acid (pH 6) and one more basic (pH 9), for our studies.
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Figure 5.1: Schematic representation of AuNPs synthesized by Asn as a reducing
agent. (a) In the first synthesis part, The Asn is first dissolved in water, and the
Asn pH is controlled by a molar ratio of NaOH vs. Asn. (b) In the second synthesis
part, Asn solutions are then mixed with HAuCly in varying ratios. The photograph
indicates the color difference between AuNP products synthesized at different pH.
The acidic solution at pH 6 appears red to the eye while the more basic solution at
pH 9 appears purple.
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Characterization

Particle size, morphologies, and interplanar spacing in AuNPs were studied using
a transmission electron microscope (TEM, JEOL JEM-2010) and high-resolution
(HR)-TEM (Tecnai F20 microscope with FEI, acceleration voltage 200) respectively.
Gatan Digital Micrograph software was used to analyse the HR-TEM micrographs.
Particle distribution and population were determined by ImageJ software with standard
plugins, included for ~100 particles per sample. The polydispersity (P) was estimated
as

P =2100%, (5.1)
S

with ¢ the standard deviation, 0 = FWHM/2, FWHM the full width at half
maximum of the total distribution, and s is the mean particle diameter (in nm).

The Crystallographic Toolbox (CrysTBox) software was used to interpret diffraction
patterns obtained from HR-TEM micrographs [ 13]. The vibrational mode of Asn
was characterised by Raman scattering. Raman spectra were acquired on a modular
multi-channel Raman spectrograph Jobin Yvon—Spex 270M in 90 scattering geometry
using a 532.15 line of a continuous-wave solid-state Nd-YAG laser for excitation,
as described in Refs [114, 115]. The power at the sample was 240(Supplementary
Figure 3 in the SI). Raman measurements were performed at room temperature-
controlled hermetical quartz cell (2). Spectra were acquired with 5 accumulation
time, 12 accumulations and 15 spectra per sample. Wavenumber scales were precisely
calibrated (£0.1) using the emission spectra of a neon glow lamp taken before
and after each Raman measurement. The Raman contribution from the water was

subtracted, and the spectra were corrected for the non-Raman background.
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5.3.1 Simulations

Figure 5.2: Simulation snapshots showing Asn on a) (111), b) (100) , ¢) (110), and
d) (311) gold surfaces. For the sake of clarity, water molecules are not shown.

We investigate the adsorption of Asn on (111), (100), (110) and (311) gold surfaces
(Figure 5.2) by first calculating the potential of mean force (PMF) resulting from
pulling the amino acid away from the surface and towards the bulk water. Gold
surfaces are oriented with normal vector parallel to the z-axis. Initially, we place the
Asn as close as possible to the gold surface, at a distance of ~0.3 nm. The simulation
boxes were filled with TIP3P water molecules [116]. The centre of mass (COM) of
Asn molecule was pulled out in the z direction and snapshots were collected each
0.1 nm in order to generate the starting configurations for the umbrella sampling
calculation. For each window, 9 ns of molecular dynamics simulation were performed
with the Asn centre of mass constrained using a harmonic potential with spring

constant of 1000 kJ mol~! nm—2.
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The PMF for each system was reconstructed using the weighted histogram analysis
method (WHAM) [117]. All simulations were carried out with GROMACS 5.1.2
[118,119], using CHARMM General Force Field for organic molecules [120, 121], for
both Asn states, and a polarisable force field for gold [122] .

a)
0

HoN

+H3N O'

Figure 5.3: Schematic representation of Asn in the zwitterionic (major species at
pH 6) (a) and anionic (major species at pH 9) (b) states.

In the experiment, different values of pH are associated to an excess in the concentration
of zwitterionic (acidic, pH 6) or anionic (basic, pH 9) states of Asn. We use a major
approximation to mimic these pH conditions by studying the adsorption of a single
Asn molecule in two states: zwitterionic and anionic (Figure 5.3). To evaluate the
adequacy of our approximation, we perform density functional theory simulations
for a single Asn molecule in the two charge states and compute their corresponding
Raman spectra (Supplementary Figure 4(a) in the SI). As expected, the spectrum
of the anionic state exhibits suppressed resonances related to vibrations of the -
NH; group. To a lesser degree, this effect is also apparent in the experimental
Raman spectra of Asn in bulk solution at both pH conditions (Figure 5.5(a)).
This correspondence suggests that the simplification of identifying molecular states

with pH conditions might be useful to approximate and investigate the complex
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experimental conditions, which are inaccessible to computer simulations that explicitly

include all the chemical species present in the system.

5.4 Results and Discussion

5.4.1 Experiments

Morphological characterisation

TEM images (Figure 5.4) show AuNPs (at 200 nm resolution) obtained by reacting
gold(I1I) (HAuCl, - 3H,0O) with Asn at acidic (pH 6, Figure 5.4(a)) and basic (pH
9, Figure 5.4(b)) conditions. These images show that both reaction conditions
yield non-spherical particles with increasingly amorphous shapes apparent at pH
9 (See also Figures 3 and 4 in the SI). The average particle size was determined
by analyzing twenty TEM micrographs and a minimum of 56 particles per sample
(Supplementary Figures S1 and S2 show a gallery of TEM micrographs used in the
calculation of the particle size distribution), and using standard imaging protocols
with the ImageJ software package. The results from the particle size analysis are
given in the histograms depicted in Figure 5.4(c) (pH 6) and Figure 5.4(d) (pH 9).
A Gaussian fit to the size distribution shows that the pH 6 reaction conditions yield
particles of 18 4+ 12 nm diameter, while the pH 9 reaction condition resulted in
larger particles of 43 4+ 27 nm diameter. The polydispersities for each sample set
were similar, calculated as 67% for pH 6 and 64% for pH 9. These results indicate
that, on average, the pH 6 particles are approximately 25 nm smaller in diameter

than the pH 9 particles.



30

00| C £ —Fit ] d ——Fit
500 {400

) 3
S 400 s=18 nm $ 3004
= c=12nm 3 s=43nm
@ 300+ Polydispersity 67% | © ©=27nm
[ C i ity 64% 1
200 Polydispersity 64%
1001 100+
- Ho, . . : T T 01— ! -
0 20 40 60 80 100 120 140 0 50 100 150
Diameter (nm) Diameter (nm)

-— -—

5 g —vrHe| 5

‘© ‘©

< <

o o

8 0,02 8

% a1 11,3 1.3.3) %

= 0,04y 2,2,4) e

— —

=z 1| [ | 1] p=d 11 1| [ ] I

T T T T T L LA B LR B

10 12 2 4 8 10 12 14

6 8 6

g [1/nm] g [1/nm]
Figure 5.4: Morphological characterization with electron microscopy shows different
size and shape distributions emerge when AuNPs are synthesized with Asn at pH 6
vs pH 9. (a) Electron microscopy image at 200nm of AuNPs at pH 6. (b) Electron
microscopy image 200nm of AuNPs at pH 9. (c) Histogram of the gold nanoparticle
size distribution at pH 6 with a frequency over 600 counts. (d) Histogram of the gold
nanoparticle size distribution at pH 9 with a frequency over 550 counts. (e) electron
diffraction pattern of AuNPs at pH 6. (f) electron diffraction pattern of AuNPs at
pH 9.(g) electron diffraction profile of image (e) at pH 6. (h) electron diffraction
profile of image (f) at pH 9. In both cases, the electron diffraction pattern showed
the (111), (200), (220), and (311) reflections of gold in a typical fcc structure.
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The electron diffraction pattern from the TEM measurements are shown in Figure
5.4(e-f), and the corresponding electron diffraction profiles of Figure 5.4(e-f) are
shown in Figure 5.4(g-h) for pH 6 and 9 respectively. The primary diffraction peaks
correspond to (111), (200), (220), and (311) reflections, which are characteristic
of the gold fcc structure [123].The relative intensities of the diffraction peaks vary
between the two sample sets, suggesting a difference in the particle shape.

The surface structure of the particles were further analyzed using high-resolution
TEM (Supplementary Figure 4 and 5). For the pH 6 samples, two well-resolved (222)-
type crystallographic planes were detected (measured D-spacing of about 1.16 A and
1.14 A, as shown in Supplementary Figure 3c), which run perpendicular to the
sidewalls of the structure. The same process was used in the sample at pH 9, but
in this case, was not apparent to identify crystalline orientations on the particle
surface. Only one vertex selected shows (111)-type crystallographic planes (measured
D-spacing of about 2.35 A, as shown in Supplementary Figure 4c), which like the
previous case run perpendicular to the sidewalls of the structure. The high-resolution
TEM images at 10 nm showed differences in particle surface geometry between the
two cases (Supplementary Figure 3(b) and Figure 4(b)). In the case of pH 6, it was
possible to identify four triangular partitions on the particle surface with angles of
114.5, 87.3, 63.1, and 28.2 (Supplementary Figure 3(b)). In comparison, with the
particles at pH 9, it was not possible to identify partitions on the particle surface.
The pH 9 sample could not be similarly fit further indicating highly homogeneous
surface structure.

The morphological characterization indicates that the pH 6 samples are on average
smaller and more homogeneous in surface geometry than the pH 9 samples.

Earlier work in the literature has shown that when Asn is used as a reducing
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agent to produce AuNPs, the size, color, and shape do not depend on the reactant
concentrations [35]. Our results here demonstrate that when the reaction pH is used
as a tuning parameter, it is possible to modify the critical properties of size, color,

and shape.
Vibrational spectroscopic characterisation

Figure 5.5 shows the measured Raman spectra of the AuNPs, along with two solutions
of Asn in water, at pH 6 and 9, for reference. Figure 5.5(a) shows the normalised
Raman spectra of the reference solutions in the frequency region of 3001750, along
with mode assignments. The mode v(CO3) shows the highest intensity for both
solutions. In the frequency region of 7001000, the Asn solution at pH 9 shows
a decrease in the intensity of the modes compared to the Asn solution at pH 6
(Figure 5.5(a)). Relevant shifts of the peaks in the spectra were not detected.
Figure 5.5(b) shows a comparison of the normalised Raman spectra for the Asn
solution in water at pH 6 and the AuNps/Asn sample at pH 6. The sample AuNps/Asn
at pH 6 presents a peak at 400, which is associated to a torsion of -NHJ group
(7(NHZ)). The mode 7(NHJ ) was not detected on the solution of Asn in water. In
the region of 987 the stretching mode of v(CC) underwent an increase in intensity
compared to the spectrum of the solution of Asn in water. Figure 5.5(c) shows the
comparison of the solution of Asn in water at pH 9 and the sample of AuNPs/Asn
at pH 9. In this case, the spectrum of the AuNPs/Asn sample at pH 9 lacks the
peak corresponding to the torsion mode of the -NHy group at 522. Figure 5.5(d)
compares the Raman spectra of the samples AuNps/Asn at pH 6 and AuNps/Asn
at pH 9. The main differences are the presence of the modes 7(NHJ) and v(CC) in

the sample AuNPs/Asn at pH 6 compared to the sample at pH 9, and a peak shift
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towards higher energies in the region of 1125, associated with out-of-plane bending

mode of v(NH,) group for the sample with lower pH.
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Figure 5.5: Experimental Raman spectra at pH 6 and 9 for the samples of
AuNPs/Asn. (a) Raman spectrum of Asn at pH 6 and 9. (b) Raman spectra of Asn
at pH 6AuNps/Asn at pH 6. (¢) Raman spectra of Asn at pH 9 and AuNps/Asn at
pH 9. (d) Raman spectra of AuNps/Asn at pH 6 and pH 9.

A summary of the assignment of the Raman peaks for Asn in the frequency region

of 3001750 is shown in Table 5.1.
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Table 5.1: Frequency modes of Asn and assignments in the region of [range-phrase=—
srange-units=single|3001750. Abbreviations indicate: s = strong, m = medium, w =
weak, v = very, sh = shoulder, sc = scissoring,r = rocking, wag = wagging, tw =
twisting, v = stretching, 6 = bending, v = out-of-plane bending, 7 = torsion, s =
symmetric, a = antisymmetric

Frequency () Assignments Reference
364 §(CCC);0(CC™ N);7(CC) [124]
400 7(NH;) [125]
455
522 7(NH,) [126]
608 6(NHJ) + 6;(CONH,) [124]
700
776
802 0,(CHa)/ 64 (NHa) [127-129]
825 7(COy) [124]
836 7(NH,) [126]
865 r(CHa) [125]
834 6,(CHy) [128]
928 r(NHz) [129]
987 v(CC) [127]
1077 v(CN) [124]
1125 7(NHs) [124]
1231 Otw(CH2) /0yag(CHy) [125]
1266 w(CHy) [125]
1329 d(CH) [129]
1357 d(CH) 6,(CH) [127]
1404 d(CN) AIIT [129]
1617 (5(NH+) amide II [127]
1680 §(NHJ) [129]
2129
2940 vus(CHy) [126]
3195
3233 water [124]

3428 water [124]
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5.4.2 Simulations
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Figure 5.6: Potential of mean force obtained by pulling the centre of mass of Asn
in zwitterionic (left) and anionic (right) states from (100)-, (110)-, (111)- and (311)-
oriented gold surfaces. We identify the zwitterionic and anionic states with pH 6
and pH 9, respectively.

We investigate the adsorption mechanism of Asn on gold surfaces with orientations
corresponding to the planes (111), (100), (110) and (311), which are those that most
commonly appear in the experimental TEM spectra. We compute the potential of
mean force to quantify the affinity of the Asn with these surfaces. In Figure 5.6 we
present free energy profiles resulting from pulling Asn in the zwitterionic and anionic
states which we associate to the two experimental conditions, namely pH 6 and pH
9, respectively. For all the considered surfaces, it is apparent that the anionic Asn
tends to bind more strongly to the gold surfaces. It is also clear that close to the
surface (~0.35 nm) the binding strength follows the trend (311) < (110) ~ (100) <
(111) for the zwitterionic Asn. For the anionic state, the trend changes to (111) ~
(100) < (311) < (110), where the PMF for (111) gains 2.9 kJ mol~ 1 upon increasing
pH.
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(111) (100) (110) @311)
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Figure 5.7: Projection, parallel to the surface, of the density of the oxygen atoms in
water at a distance from the surface between 0.30;0.60. In all cases, the Asn is in
the equilibrium position corresponding to the given surface (between 0.3;0.4).

Anionic
(PH9)

To shed light on the specifics of the adsorption process, we first focus on the
minimum distance between the Asn centre of mass and the surface. These distances
are distributed between 0.3;0.4. In Figure 5.7 we show a projection of the density
of the water oxygens, parallel to the surface, taken over a production run of 9, and
at a distance between 0.30;0.60. The Asn centre of mass is constrained along the
z-direction and is free to move on the surface. From Figure 5.7, the voids present for
the two Asn states and the (100)-, (110)- and (311)-oriented surfaces indicate that
the Asn remains pinned on the surface and it does not diffuse during the simulated
timescale. By contrast, the amino acid freely diffuses on the (111)-oriented surface.
As presented in Figure 5.8, this effect is the result of the water ordering occurring
in close proximity to the gold surface, in close registry with the fcc lattice. For the
(111) case, this ordering is only observed for the first water layer (at ~ 0.3). For the
remaining surfaces, the effect is apparent up to distances between 0.6;0.9. Given the

polar character of the Asn, it is not surprising that it forms a rather stable hydrogen
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network with water molecules close to the gold surface. Furthermore, for (100), (110)
and (311) surfaces where the water structuring grows into the bulk, the hydrogen
network creates a pocket for the amino acid that hinders its surface diffusion. This

picture remains essentially the same for the two Asn states considered here.
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Figure 5.8: Simulation snapshot showing the top view of first and second layers of
water oxygen and the zwitterionic Asn on a) (111), b) (100) , ¢) (110), and d) (311)
gold surfaces. Key: Water oxygen atoms in red, gold atoms in yellow. Bonds were
designated with a cutoff of 3.7.
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The rather uniform (111) surface facilitates the adsorption of Asn as can be seen in
the PMF results. The amino acid lies essentially flat thus maximising its contact area
with the surface. Upon pulling away the amino acid, we observe that the resulting
PMF is somewhat barrierless, indicating that Asn is uniformly detaching from the
(111) surface. For the other surfaces, the various minima in the PMF are associated
to tilting angles between the amino acid and the surface, formed during the detaching
process.

When going from the zwitterionic to the anionic state, the -NH; group is replaced
with a -NHy group. This change does not significantly modify the adsorption on
the uniform (111) surface, as evidenced by the PMF (Figure 5.6). For the open
surfaces, this change in the charge of the amino acid results in an increase in the
amino acid/surface attraction due to the presence of two -NHy groups which bind
more favourably to gold. Figure 5.9 shows the distribution of distances of the amide
group (black line) and the ammonium/amine (blue line) for the surface orientations
considered and when the centre of mass of the Asn is at ~ 0.4 from the surface.
The wide distribution without a clear preferential binding between the two groups
is apparent for the (111) case. For the remaining surface orientations at acidic pH,
it is clear that the amide group has the tendency to stay closer to the surface. At
basic pH, both amine and amide groups are equally spaced from the surface. The
complex distributions observed for the (110) case are the result of the tendency for

Asn to align with the rows present on the surface.
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Figure 5.9: Distribution of distances of the ammonium/amine groups (blue lines) and
amide group (black line) when the COM is constrained at ~ 0.4 from the surface

These observations allows the interpretation of the Raman spectra presented in
Figure 5.5. At pH 6, panel (b), we observe that a peak at approximately 400 develops
in the presence of AuNPs. This frequency corresponds to the 7(NHJ ) mode. Upon
adsorption, the amine group, -NH,, binds to the surface while the ammonium group,
-NHZ, is free to move and vibrates at its characteristic frequency, thus generating
the peak in the spectra. At pH 9, panel (c), the amino acid is mostly present in
its anionic form with the ammonium replaced by an amine group. As shown in the
figure, the adsorption of these two -NH, groups on the gold surface suppress the

corresponding 7(NHy) mode at approximately 550.
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The molecular orientation also provides a possible interpretation of the diffraction
pattern and TEM measurements. The equilibrium shape of a metal NP corresponds
to the minimum surface area configuration that minimises the surface Gibbs free
energy. By combining extended Wulff construction [130] approaches with known
values of surface energies, it is possible to determine the NP final equilibrium shape |
In the case of Au surfaces in vacuum, there is an approximately linear relation

between surface energy, o, and number of broken bonds per unit area [109]

0 (5.2)

where 7 is a constant in units of energy-per-atom, N, the number of undercoordinated
atoms per unit cell, n; the number of Au broken bonds and S the area of the unit
cell. Ab initio calculations predict that the product ¢S gives energies per atom
equal to 55.6, 81.3 and 120.3 kJ mol™! for (111), (100) and (110) Au surfaces,
respectively [132]. Hence, the resulting AuNP equilibrium shape corresponds to
a truncated octahedron exhibiting mostly (111) and (100) facets. The effect of
including the interaction with a complex chemical environment is rationalised by
considering a net overall decrease in Au surface energy and a deviation from the
linear behaviour presented in Eq. (5.2) (with v — 0) [109]. This combined effect
leads to the stabilisation of multi-faceted NPs [110].

The results in Figure 5.6 indicate that the adsorption of a single Asn helps reducing
the energetic cost necessary for surface stabilisation by an amount between 28.7 and
45.8 kJ mol™! (See Table 5.4.2). In the zwitterionic state (Figure 5.6 left panel),
Asn interacts preferentially with the (111) surface with a free energy gain of 5.6 with

respect to the (110) surface.
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Table 5.2: Minimum energy values, and corresponding surface-Asn distances, of the
PMF curves presented in Figure 5.6.

Zwitterionic (pH 6) Anionic (pH 9)
Surface E (kJmol™' ) d (nm) E (kJ mol™!) d (nm)
111 -37.4 0.327 -40.3 0.330
100 -31.6 0.338 -40.3 0.332
110 -31.8 0.332 -45.8 0.339
311 -28.7 0.358 -41.0 0.355

This suggests that, upon Asn adsorption, the Au(111) facet is further stabilised
with respect to the other facets, leading to rather isotropic AuNPs whose shape
resembles the truncated octahedrons extensively discussed in the literature [133].
This prediction is consistent with HR-TEM and electron diffraction measurements
shown in Figure 5.4(e-f).

For the anionic state (Figure 5.6 right panel), the main difference with the previous
case is a general increase in Asn adsorption energy showing a reversal in the stabilisation
sequence (See Table 5.4.2). In this case the amino acid is more strongly bound to
the (110) surface (5.5 with respect to (111)). In the context of Eq. (5.2), these
conditions correspond to an overall stabilisation of Au surfaces, with an additional
decrease in surface energy differences between closed and open facets. As a result,
open facets are more likely to appear, which agrees with scattering data showing
higher population of (311) facets for basic than for acidic pH conditions (Figure
5.4(g-h)). This could also qualitatively explain the HR-TEM micrographs at pH 9
showing relatively amorphous AuNPs (Figure 5.4(b) and Figure 2 in the SI). We
emphasise here that the interaction with anionic Asn induces global stability and
near degeneracy of Au surfaces leading to changes in morphology and size of the

resulting NPs. Indeed, stabilisation of more open surfaces could also be the reason
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why we observe larger NPs at pH 9 (Figure 5.4(d)). Stable open surfaces occupy

larger surface areas that grow with the radius (square) of the NP.

5.5 Conclusions

The use of biomolecules to synthesise AuNPs combines functionality with maximum
biocompatibility. The complexity of the system and the large number of experimental
degrees of freedom requires the combination of simplified yet relevant computational
models and controlled experimental conditions. With this aim, we use a single amino
acid, Asn, to synthesise AuNPs in aqueous solution with controlled pH. We show
that the resulting size, and to some extent the morphology of the AulNPs, depends
on pH.

A combination of Raman scattering and molecular dynamics simulations of the
adsorption of zwitterionic and anionic Asn on (111)-, (100)-, (110)- and (311)-
oriented gold surfaces unveils a unique adsorption mechanism. Asn mainly binds to
gold surfaces via its amide group. Thus, the anionic state, the most probable state
at higher pH (9 in the experiments), exhibits stronger binding to gold surfaces than
the zwitterionic states, typical at acidic pH. In the latter, Asn preferentially adsorbs
on (111) whereas, in the former, Asn preferentially adsorbs on the more open (110)
and (311) surfaces. We use an argument based on surface energy considerations to
suggest that this difference in Asn adsorption qualitatively explains why the AuNPs
obtained at pH 9 are larger and somewhat amorphous when compared to the ones
obtained at pH 6.

Our simulation results also highlight the role of water monolayers, close to the
gold surface, in the adsorption of Asn. Water molecules on open gold surfaces order

following the gold fcc template. The water structuring creates traps for Asn that
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prevent it from diffusing on the surface. The underlying mechanism deserves further
examination; in particular, more simulations using amino acids with different water

affinities would be beneficial to understand this caging effect.
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6.1 Abstract

The use of amino acids as capping and reducing agents in the synthesis of metallic
nanoparticles constitutes a promising framework to achieve desired functional properties
with minimal toxicity. In this work, we use L-Asparagine (Asn) to synthesize gold
nanoparticles (AuNPs) in an aqueous solution at controlled pH. Our results indicate
that size, shape, and localized surface plasmon resonance (LSPR) characteristics
strongly depend on the Asn pH values of pH 6 and 8. The particle size obtained
for pH 6 is 1849 nm, while the particle size for pH 8 is 86425 nm. The electron
cooling dynamics of the LSPR was examined by transient absorption spectroscopy
(fs-TA), and the results show that the pH 8 sample exhibits slightly slower electron
cooling. We discuss these results in the context of our earlier findings regarding the
pH dependent amino acid binding at the Au surface. The LSPR stability and the
high reproducibility of AuNPs-Asn structure suggest that AuNPs obtained can be a
potential candidate for biocompatible applications with plasmonic structures, such

as bioimaging.

6.2 Introduction

Since Faraday, who for the first time had shown a synthesis method to obtained
aqueous dispersions of colloidal metal particles [3], gold nanoparticles (AuNPs) have
frequently been synthesized via chemical reduction [134]. The interest in AuNPs
synthesis has been largely due to the exceptional optical properties of AuNPs, such
as the localized surface plasmon resonance (LSPR) effect [1], which is generated
by collective excitations of the conduction electrons into AuNPs [135]. The LSPR

conditions, as plasmon distribution [136], absorption [137], or extinction coefficient
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[138] have a dependency over the chemical surface around AuNPs [139] and the
shape-size properties of AuNPs [140]. Additionally, the LSPR can capture far-
field radiation and concentrate it into subwavelength volume below the diffraction
limit [60,141]. This has become the LSPR effect in a fundamental parameter in novel
applications such as biosensing [112], photothermal cancer detection-therapy [143],
drug delivery [1411], or improved photovoltaic devices [115]. Although the LSPR can
produce the strong effects explained above, such as near-fields that result in extreme-
field enhancements [110], the LSPR effect has a finite lifetime [117]. In a sequential

process, an external photon excites the LSPR into AuNPs, which subsequently decays

to yield excited electron-hole pairs [141]. This effect is known as a nonradiative
process [118] and the decay can be studied via fs-Transient Absorption (fs-TA) or
two-photon photoemission spectroscopies [119]. Likewise, the LSPR can decay via a

radiative process by emitting a photon [60, [50—-152].

The nonradiative decay channel is being researched because of the large plasmon-
induced field enhancement and, therefore, the capability to enhance light-harvesting
of the collective plasmon excitations [I51]. However, the applications related to
nonradiative decay channels have been explored more due to the ease of generating
hot carriers [60]. For example, the hot carriers created via the plasmon effect apply to
efficient photodetectors with spectra responses higher than bandgap limitations. This
is because hot carriers provide an efficient mechanism to convert light into electric
current or even use alternative solar-energy harvesting devices [152]. Additionally,
another importance of the nonradiative decay channel is that plasmon-induced hot

carriers [00] can inject into graphene to enable plasmon-induced phase transitions



100

The LSPR lifetime decay is partitioned, as an effect of energy conservation, into
consecutive dynamics processes, such as dephasing ( 10 fs time scale), electron-
electron scattering ( 100 fs), electron-phonon coupling ( 1-5 ps), and heat dissipation
processes ( 10-100 ps) [154]. Although the dynamics time scales are not exact, it
is a useful starting point for discussing how size, shape, and the environment affect

electron AuNPs dynamics [57].

These are the most critical parameters that must be controlled through synthesis
via chemical reduction, which is sometimes turning a difficult goal. Therefore, this
is why it is necessary to define a synthesis method that leads a controlled chemical

surface, shape, and size particles easily.

In general, the chemical reduction protocols are based on using a gold source, e.g.,
Chloroauric Acid (HAuCly - 3H20), in the presence of reducing agents and suitable
stabilizer agents [155]. In some cases, the stabilizer agent is an important parameter
to define AuNPs shape [150], e.g., Cetyltrimethylammonium-bromide (CTAB) has
been primarily used to obtained anisotropic AuNPs [91]. By contrast, organic
molecules [157], serum albumin protein [158], or natural extract solutions [159] as
both reducing and capping agents have been implemented to avoid the significant
chemical release generated by the CTAB on the particle surface [160, 161]. Here, we
have explored a chemical reduction method based on the amino acid L-Asparagine
(Asn) as both a reducing and stabilizer agent by modulating its pH by adding small

volumes of a stock solution of 100 mM sodium hydroxide (NaOH). This choice
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is motivated by the acidic (pH 6) and basic (pH 8) environment resulting from
a high zwitterionic and anionic Asn state concentration, respectively. The Asn-
AuNP hybrid systems behave optically reproducibly like other AuNP systems and
across different pHs. This offers exciting possibilities for applications in developing
biohybrid systems or use for imaging biologically sensitive samples.

We investigate optical interactions and electronic transition processes of the ground
and excited states into AuNPs over these two chemical forms when they are photoexcited
by 400 nm pumping at different delay times (0 ps -100ps) via fs-TA.

The chapter is organized as follows: In Section 6.3 we describe the synthesis
procedure, and characterization techniques. We present the experimental results in
Section 6.4. In Section 6.5 we present the discussion related to Section 6.4. Finally,

we conclude in Section 6.6.

6.3 Materials and Methods

All chemicals were analytical grade and used without further purification. Gold(IIT)
Chloride acid trihydrate (H AuCly-3H50) (99.9%) and L-Asn (L-Asparagine) (98%)
were purchased from Sigma-Aldrich and sodium hydroxide (NaOH, pastilles) from
Molar. The water used in all experiments was prepared using a Milli-QQ Integral
water purification system (EMD Millipore Direct -Q®) 3UV-R) and had a resistivity
of 18.2 M2 cm.

6.3.1 Synthesis of L-Asn/AulNPs

A stock solution of 100 mM L-Asn solution was prepared and separated into four
vials of 6 mL solution. The pH of each sample was turned by adding different ratios

R=[NaOH]/[L-Asn] of values equal to 0, 0.05, and 0.1, yielding pH values of 3, 6, and



102

8, respectively. These L-Asn/NaOH mixtures (pH-adjusted L-Asn solution) were left
stirring for three hours at room temperature to reach pH equilibrium (Figure 6.1).
Afterward, 6 mL of the pH-adjusted L-Asn solution was added to 5 mL of a 1 mM
fresh gold (III) chloride acid trihydrate (H AuCly - 3H20) (99.9%) solution at room
temperature. The mixtures were heated to 80°C' for 45 minutes with stirring. Color
change in the reaction mixture indicated successful synthesis of AuNPs at all three
pH values. The mixtures were removed from the hotplate and left to cool to room
temperature slowly. After cooling, the mixtures were centrifuged at 1000 rpm for 10
min, and the resulting supernatant was extracted as the final product (photograph

Figure 6.1).
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Figure 6.1: Schematic representation of AuNPs synthesized by Asn as both reducing
and stabilizing agent. In the first part of the synthesis, the Asn is dissolved in water,
and sequentially pH Asn solution is controlled by adding NaOH solution to create
a different molar ratio of NaOH vs. Asn. In the second part of the synthesis, the
Asn solution is mixed with a solution of HAuCl,. Finally, in the lower panel, the
photograph shows the AuNPs obtained at pH 3, 6, and 8.
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6.3.2 Structural Characterization

Particle size, morphologies, and interplanar spacing in AuNPs were studied using
a transmission electron microscope (TEM, JEOL JEM-2010) and high-resolution
(HR)-TEM (Tecnai F20 with FEI, acceleration voltage 200kV). Gatan Digital-Micrograph
software was used to analyze the HR-TEM micrographs. Particle distribution and
population were determined by ImagelJ software with standard plugins, included
for 100 particles per sample. CrysTBox software was used for studying diffraction

patterns obtained from the HR-TEM micrographs [113].

6.3.3 Spectroscopic Characterization

Steady-state absorption was measured on a Perkin-Elmer Lambda400 spectrophotometer.
The fs-Transient absorption (fs-TA) measurement was carried out on a Helios Fire
pump-probe setup from Ultrafast Systems, paired with a regeneratively amplified
1030 nm laser (Light conversion, Pharos, 200 fs). An optical parametric amplifier
(Orpheus-F, Light Conversion) was used to generate the pump pulse. The effective
laser repetition rate of 1 kHz was set with an internal pulse picker. The photoexcitation
(pump) wavelength was 400 nm, with energy fluence on the sample of 32 pJem=2.
The broadband probe light (320650nm) was generated by focusing a portion of
the 1030 nm fundamental on a rotating CaF, plate. Surface Xplorer Software
(Ultrafast Systems) was used to analyze the raw data. Global analysis of the transient
absorption data was performed using the R-package TIMP software 2.0 with the

graphical interface Glotaran [162,163].
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6.4 Results

6.4.1 Shape and size properties of AulNPs

TEM images (Figure 6.2) show AuNPs obtained by reacting gold(III) (HAuCl4)
with Asn at acidic (pH 3-Figure 6.2a), neutral (pH 6-Figure 6.2b), and basic (pH 8-
Figure2c) conditions. The average particle size was determined by analyzing twenty
TEM micrographs and a minimum of 56 particles per sample using standard imaging
protocols with the ImageJ software package. The results from the particle size
analysis are given in the histograms depicted in Figure 6.2d (pH 3), Figure 6.2e (pH
6), and Figure 6.2f (pH 8), along with Gaussian fits to quantify the size distribution.
The average particle size and polydispersity vary with the reaction pH. The pH 3
reaction conditions yield particles of 67 &+ 18nm diameter (PDI = 27%), the pH 6
reaction yields smaller particles of 18 4+ 9nm diameter (PDI = 48%), and the pH
8 reaction resulted in larger particles of 86 £ 25nm diameter (PDI = 29%). These
results indicate that, on average, the pH 6 reaction yields the smallest diameter
particles, the pH 3 reaction gives intermediate size, and the pH 8 reaction gives
the largest diameter particles. TEM images of the synthesized particles at 50 nm
resolution show that the varying pH also yield particles of different shapes (Figure
6.2g-1).



106

s =67nm
=18 nm

Frequency

w

o

o
!

Frequency

N

o

o
!

Polydispersity 27%

o

o

o
!

—
M pH 6+

—Fit

s =18nm
c=9nm i
Polydispersity 48%

N
o
[=}

Polydispersity 29%

L
Frequency
w
o
o

N

o

=)
!

o
=}
!

0 50 100 150
Diameter (nm)

40 50 60 70
Diameter (nm)

20 40 60 80 100 120 140

pH 8

Figure 6.2: Morphological characterization using electron microscopy shows different
size and shape distributions emerge when Asn synthesizes AuNPs at pH 3, pH 6, and
pH 8. (a-b-¢) Electron microscopy image at 0.2 um of AuNPs at pH 3, pH 6, and
pH 8, respectively. (d-e-f) Histogram of the AuNPs size distribution at pH 3, pH 6,
and pH 8. The frequency is set over 800, 500, and 600 counts, respectively. (g-h-i)
Electron microscopy image at 50 nm of AuNPs at pH 3, pH 6, and pH 8, respectively.
In this case, the varying particle shape and surface morphology for each pH value

can be seen.
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6.4.2 Plasmonic absorption band from steady-state absorption

The transmission absorption spectra of the AuNP mixtures in water are shown in
Figure 6.3. All three samples show a pronounced absorption peak between 500-600
nm. This agrees with literature reports for the localized surface plasmon resonance
(LSPR) band in AuNPs of this size range [, 164]. The AuNPs at pH 3 shows an
absorption feature centered at 555 nm. The absorption peak for the sample at pH
6 is localized at 526 nm. This relative 29 nm blueshift and also peak narrowing
is consistent with the smaller size distribution of the pH 6 sample. The absorption
feature at pH 8 is centered at 581 nm. The 26 nm redshift of the pH 8 sample relative

to pH 3 is also consistent with the larger average particle size.
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Figure 6.3: Transmission absorption spectra of AuNPs synthesized at pH 3, 6, and
8. The sample at pH 6 shows an optical absorption feature at 526 nm, and the
absorption feature at pH 8 is localized at 581nm. Sample at pH 6 yields a blueshift
over 29 nm concerning the pH 3 sample, and pH 8 yields a redshift over 26 nm

relative to the pH 3 sample.

6.4.3 pH-dependent electron cooling dynamics

Figure 6.4 shows the fs-transient absorption (TA) spectra of the pH 6 and pH 8

sample, photoexcited at A\, = 400nm. The color scale variation represents a series

of time delays after photoexcitation of -511 fs to 94 ps. Three features are present in

the TA spectral profile. Immediately after the excitation, a negative feature around
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525 nm is observed for pH 6, and 530 nm for pH 8 is seen. This is attributed to the

“bleaching” of the plasmon band [58,61].
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Figure 6.4: fs-Transient Absorption (TA) spectra of the pH 6 and 8 samples,
photoexcited at A, = 400nm. The color scale variation represents a series of time
delays after photoexcitation of -511 fs to 94 ps.

Additionally, two positive features are present in the TA spectra on either side
of the bleaching band. These are associated with broadening the LSPR at higher
electronic temperatures (transient absorption plasmon bands). [165] These give rise
to interband transitions, from the d band to above the Fermi level, where the
threshold energy in AuNPs to generate interband transitions is 2.4 eV [58, 166, 167].

Photoexcitation above 2.4 eV induces a heating process in the electron gas [168].
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Figure 6.5: A Compares kinetic decay profiles for pH 6 and pH 8 conditions at 525
nm. The dashed lines represent the fit. The electron-phonon coupling process (7.—pn)
occurs between at 1.0 ps, and the phonon-phonon coupling process (7,,—pn) Occurs
between 200 ps.

Figure 6.5 shows a comparison of kinetic decay of the bleaching for pH 6 and 8.

The bleaching decay is faster for pH 6 than pH 8.
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6.5 Discussion

Upon photoexcitation of the AuNPs, the plasmon lifetime is divided into three
processes, which decay due to sequenced effects of energy dissipation [55]. After

the photon absorption, the particle undergoes the following process:

1. The creation of coherence and thermalization plasmons. In this stage, the
hot electrons lose coherence and energy by scattering with other electrons
(electron-electron scattering) [154]. This occurs on a timescale of hundreds

of femtoseconds.

2. The hot electrons, at the Fermi level, have equilibrated and created a hot
electron bath at the same temperature. In this case, the hot electrons cool by
mutual inelastic interaction with the phonons and vibrational modes, which
heat the gold lattice (electron-phonon scattering) [147]. This process occurs

around 1-10 picoseconds.

3. The gold lattice reaches a hot lattice condition and the resulting hot phonons
thermally equilibrate with the solvent. The lifetime of this interaction occurs

on the order of hundreds of picoseconds [54].
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Figure 6.4 shows TA spectra features at pH 6 and 8 obtained after a delay of
about 0.6 ps photoexcited at 400 nm. The positive spectra feature of about 480
nm (pH 6 and 8) represents the modulation of interband transitions around the
threshold point in the energy region where the excitation from the d-band to the sp-

conduction band produced electron-hole pairs [169]. The negative spectral feature
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(Figure 6.4 a-b) resulted from the bleaching of the optical extinction by AuNPs
intrinsic plasmon (IP) [58,01,169]. A second positive feature is shown in Figure 6.4
a-b, named interband-excitation-induced plasmon (EIP). With increasing time delay,
there is a blue shift of the EIP feature, creating a shift in the crossing point of the
spectrum through the zero TA line. This mechanism shows that the EIP feature can
be established as a localized surface plasmon resonance (LSPR) spectrum feature
[58,169] (578 nm by pH 6 and 530 nm by pH 8). Additionally, the EIP feature’s
blueshift coincides with an apparent redshift in the IP-band [169, 170] (Figure 6.4).

After 10 ps, the EIP-relaxation band is a little larger in amplitude for both pHs.
This is associated with the diffusion of the excess energies of the interband-excitation
induced holes in the d-band and the hot electrons to the lattices, enhancing the
electron-phonon interaction process, as suggested by [169]. Additionally, The excess
energy produced by the interband-transitions is transferred to the lattice [169].

The electron-phonon coupling process (7._,5) takes place between 1.0 to 10 ps and is
related to the hot electron cooling [147,171]. For the majority of cases, the electron-
phonon coupling is estimated as constant strength interaction [172]. The kinetic
profile for 525 nm shows bleaching band decay rate is about 1.0 ps (Figure 6.5),
consistent with the decay values expected for an electron-phonon coupling process
55,173].

The phonon-phonon coupling process (7 ,—pn) takes place between 10 to 200 ps [54].
The bleaching band decay shows a 7,;,_,, of about 200 ps for pH 6 and 230 ps or
pH 8 (Figure 6.5), consistent with the long-lived thermal effect on the gold lattices
by phonon-phonon interaction process (7,n—pn) [08, 169, 171]. Therefore, the time
variation for electron-phonon and phonon-phonon coupling, showed above, could

suggest a resonant coupling at higher electronic temperature [165, 174].
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The bleaching decay is faster for pH 6 than for pH 8 (Figure 6.5). The relaxation
dynamics delay between pH 6 and 8, in this case, could be associated with two
variables. First, the electron-phonon coupling depends on the particle size, and the
scattering grain boundaries induce a plasmon damping accelerated for monocrystalline
and polycrystalline AuNPs, respectively [175]. And second, the chemical nature of
the Au surface causes a difference in the electron oscillation relaxation dynamics in
the particle [176,177]. Previous work has shown that changes in ligand chemistry can
impact electron cooling dynamics [54], which could also be occurring in our system.
In this case, our own previous Raman spectroscopy experiments showed that Asn
amino acid binds to gold surfaces via its amide group [178]. The anionic state exhibits
stronger binding to gold surfaces than the zwitterionic state, i.e., at pH 6 the Asn
binds via only one amide group, whereas at pH 8, both amide group coordinate. The
change in the Asn coupling to the Au surface relative to the pH state could therefore
influence the electron cooling in the AuNP-Asn complexes (Figure 6.5).

The excitation energy required to create an interband transition above the threshold
is 2.4 eV for AuNPs [160], e.g., an electronic transition from 5d-band to 6sp-band,
making interband transitions considerably more unlikely than intraband transitions
[166,167]. The absorption and bleaching process shown in Figure 6.4 can be associated
with the expansion of hot particles, hence the decrease in the plasmon frequency
[179]. That condition can cause a redshift of the plasmon band [55], as shown in the
TA spectra (Figure 6.4). As the hot electrons cool, the bleaching band blue-shifts

due to reduced broadening [58, 180].
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6.6 Conclusions

We use the amino acid (Asn) to synthesize AuNPs in an aqueous solution with
controlled pH, following our previous synthesic route [178]. The TEM results showed
that the resulting size, and to some extent the morphology of the AuNPs, depends
on pH. Additionally, this indicates that this synthetic route is a stable mechanism
to synthesize AuNPs using Asn as a reduction and stabilization agent to conjugate
particles exclusively with Asn. The AuNPs optical activity showed that the steady-
state absorption coupling for AuNPs has localized into the optical region (530-600
nm) as we expected. According to the pH value and the resulting change in particle
size, the LSPR absorption shifts. The AuNPs with pH 6 and pH 8 showed blueshift
and redshift, respectively.

The fs-TA spectra shows two positive features. The positive spectra feature of
about 480 nm represents the modulation of interband transitions where the excitations
from the d-band to the sp-conduction-band produced electron-hole pairs. The positive
feature over 578 nm is the interband-excitation-induced plasmon (EIP), and the
negative feature (525 nm) is associated with the bleaching of the optical extinction by
AuNP intrinsic plasmon (IP). The kinetic profiles are fit with biexponential decays.
Both samples showed a fast decay of 1 ps for both pH values, which is associated
with the electron-electron interaction (7._,). The slower decays are 200 ps for pH
6 and 230 ps for pH 8, and are related to electron-phonon coupling (7.—,,). While
these fit values are very close, the comparison of kinetic decay profiles (Figure 6.5)
indicates that there is a slower decay process in pH 8. This leads us to consider that
the pH condition could influence the electron cooling process, which could originate

from a change in vibrational coupling to the Asn ligands [175].
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The results indicate that the Asn-AuNPs are stable nanomaterials at various
physologically relevant pH values, and their properties can further be tuned by pH.
We have found that our Asn-AulNP hybrid systems behave optically reproducibly like
other AuNP systems and across different pHs. This offers exciting possibilities for
applications in developing biohybrid systems or use for imaging biologically sensitive

samples.
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