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Abstract: Surface plasmon resonance technique has been highly employed in determination of the sizes of
metallic nanoparticles (NPs). Generally, NP size has been viewed as a function of SPR wavelength value only,
with every value of this wavelength being associated with one particular size. In this paper, gold NPs (AuNPs)
prepared through the citrate reduction method with a variation in the amount of citrate used on gold (I1)
chloride precursor was studied. Using UV-Vis spectra analysis of the synthesized NPs in colloidal form, SPR
absorption band with a wavelength ranging from 518 to 520 nm was detected. At 518 and 519 nm peaks, the
recorded average NP size was 12 nm while 520 nm coincided with NPs of diameters 11 and 13 nm. This
indicated that small and large AuNPs within the plasmonic size can present similar high resonance. We
attribute this observation to the atomic interactions within the NPs solution hence the availability of the high
density of the surface (resonance) electrons from the NPs surface atoms.
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. Introduction

The increasing interest in nanotechnology research results from the fact that materials attain new
properties at nanoscale, with these properties changing with NPs size or shape [1]. Knowing sizes of the NPs
has been crucial to their applications and for noble metal nanomaterials, the strong light absorption known as the
localized surface plasmon resonance (LSPR) has been viewed as a promising property in size calculation. This
SPR arises from the collective oscillation of the free electrons in the conduction band from one surface of the
material nanoparticle to the other as the electrons interact with electromagnetic radiations [2]. Such electrons
oscillate at a frequency capable of absorbing visible light, hence giving rise to the vivid characteristic color of
NPs. For colloidal gold NPs, their wine red color is thus due to their SPR [3, 4] features, which depends on the
size, shape, and concentration of the NPs [5-7].

Recently, much of activity has been in the synthesis and characterization of NPs with different sizes
and shapes. For small and uniform particles, chemical routines are more suitable and probably most common
procedure for preparation of metal NPs, based on the theory of nucleation and particle growth [8, 9]. In
preparation of uniform AuNPs, one of the most common procedures is the chemical reduction of the Au(lll)
aqueous solution by citrate ions near the boiling point (~100 °C) to produce AuNPs in the form of a stable
solution.  The Au(lll) ions are wusually added to water in the form of hydrogen

tetrachloroaurate (HAuCl, - 3H,0) . Citrate ions (C4H:0,%), which are mostly oxidized to acetone

dicarboxylate ions (C5H4O42’) in the process, act as a two-electron reducing agent. This process is as

described by equations 1 and 2, with the citrate ions serving also as a capping agent and a pH mediator [10] that
determine the final size and distribution of the NPs.

Au* (aq) +3e~ — Au(s)
CeHs0;* (aq) +H,0(1) - CsH,0, (aq) + CO,(g)
+H,0"(aq) + 2e~
In this work, colloidal gold NPs samples were prepared through HAuCI, reduction by varying the
amount of citrate used. From the UV-Vis absorption spectra of the solutions, NPs sizes were determined based

on the LSPR wavelength peaks values for each sample. A plot of LSPR peak value against the NP size was
generated. Within the plasmonic range, the LSPR peak value can be associated to different NP sizes.
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Il. Materials and Methods

Hydrogen tetrachloroaurate (III) trihydrate (ACS reagent, > 49.0 Au basis, HAuCl,;*3H,0,
MW=393.83 g/mol), trisodium citrate dihydrate tribasic (NasC¢Hs0,, MW=294.1 g/mol, 99%), Hydrochloric
acid and Nitric acid were sourced from sigma Aldrich, and used as received. Deionized, ultra-filtered water
(DIUF H,0) with resistivity ~18MQ-cm was used for final cleaning and as a solvent in this work. Prior to use,
the glassware was first cleaned in hot soapy water and soaked in freshly prepared aqua regia (3:1HCI/HNOzVv/v)
for 6 hours, rinsed in DIUF H,0, and finally oven-drying.

A solution of 0.01% w/v HAuCI,*3H,0 was prepared by dissolving 0.0500 g of the gold salt in 50 mL
of the DIUF H,0, then diluting it to a volume of 500 mL. A standard solution of ~0.1% w/v NasCtr was
prepared by dissolving 0.5705 g of the solute to form 50 mL with the DIUF H,O. A 50 mL volume of the
precursor solution was transferred into a 100 mL flask and heated on a hot plate under vigorous magnetic
stirring [11] until boiling (at ~98°C). Seven aliquots of the citrate solution were taken in steps of 0.05 mL from
0.85 to 1.15 mL and each introduced into an independent flask with the boiling solution under rapid stirring. It
was allowed to boil further (~6 minutes) attaining a final wine red colour after which heating was stopped and
the solution cooled to room temperature under maintaining the stirring.

The presence of AuNPs in the resulting solution was established based on characteristic colour which
involves light absorption within the visible spectrum, and Tyndall effect resulting from scattering of light upon
interacting with the particles in the solution. The NPs size determination was done through UV-Vis
spectroscopy, a technique based on absorption of light by molecules within the UV-Vis region [12]. In this
study, UV-Vis spectra of the solutions were recorded on a Shimadzu UV-1800 spectrophotometer (Shimadzu
UV-spectrophotometer) in a standard 1 cm x 1 cm x 3.5 cm quartz cuvette at a resolution of 1 nm from 300 to
800 nm.

I11. Results
Size analysis for gold nanoparticles prepared by varying the volume of NasCtr solution is presented.
The prepared AuNPs solution had a wine red colour which resulted as a complementary colour while the other
portion of the spectrum is absorbed by the NPs, mainly within the SPR wavelength. The solution also
experienced Tyndall scattering effect under a 632.8 nm laser beam (Figure 1, inset). This effect is due to the
light scattering by the colloidal AuNPs (<20 nm) as they interact with the laser beam, which is an indication that
the size of the prepared NPs is capable of absorbing light within the plasmonic frequency range.
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Figure 1: UV-Vis Spectra for the synthesized gold NPs at different volumes of the Naz;Ctr showing the
absorbance values A(SPR) and A(440) as used in calculating NP sizes. (Inset): Wine red AuNPs solution
showing Tyndall effect on laser illumination
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Figure 2: Absorption spectra for the synthesized AuNPs showing the positions of SPR band peaks

Confirmation of the visual observations made, and determination of the sizes of the prepared AuNPs
was done based on the UV-Vis spectrophotometer absorption data, recorded in the wavelength range of 300 —
800 nm at room temperature. Absorption spectra for the seven NP sample solutions (Figure 1) indicated that the
SPR band range between 518 and 520 nm (Figure 2) from the different volumes of NasCtr (Figure 3). This gives
a further support to the production of AuNPs as previous reported [13].
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Figure 3: Variation of SPR peaks with the volume of citrate used in AuNPs synthesis

IV. Discussion
The observed absorption band wavelength range is a characteristic of AuNPs and results from the SPR
which gives rise to their distinctive red colour. For small NPs (<20 nm), interband transitions have a strong
effect on the position of the SPR [14] and for AuNPs, this transition “pushes” the resonance to 2.4 eV (~530
nm), compared to bulk gold which is 10 - 15 eV (~510 nm). The position of SPR bands has been previously
used in the determination of particle size [15], where the size (D) of AuNPs can be calculated from equation (3);

A
D=exp(B1 SPR _BZJ ©)
Ao

Here, B, and B, parameters experimentally determined as 3.00 and 2.20 respectively with the ratio

Agr ! A s, being particularly suitable in calculating the particle diameter (nm), where Agpg is the absorbance
at SPR while A, is the lowest absorbance close to the peak, occurring at 450 nm. Applying equation 3 to our
data, the lowest absorbance generally occurs at 440 nm (Figure 1) hence the ratio Agx/ A, Was adopted.
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The dependence of the ratio Ag.z/ A, on the logarithm of the particle diameter within our narrow

size range indicates that the logarithmic size of the particles [15] is within the range 2.4 to 2.6 which translates
to NPs of size from ~11 to 14 nm representing a case of poly-dispersity. Using the SPR band wavelengths, NPs
sizes (D) has been previously calculated as in equation 4 [16];

D =2.99 Agpq +1539 (4)
where the SPR wavelength, Agp, is the only variable. From our data, Agpg was compared to sizes
generated from reported studies (Figure 4) based on equation 4.
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Figure 4: Variation in SPR peaks with AuNPs sizes where different SPR peaks are associated with a particular
NP sizes and vice versa within the range 10 - 15 nm

Analysis of the relationship between our NPs sizes and LSPR peak wavelengths (Figure 4) reveals that,
for AuNPs within the size range of 10-15 nm, the LPSR peaks ranges from 518 to 520 nm. We herein observed
that, in the synthesis of AuNPs, a critical size of ~12 nm is attained as shown above, and corresponded to a
wavelength of 518 nm. As the sizes of the NPs reduce, the LSPR value is reported as 520 nm, similar to when
the NPs size increases to ~15 nm. This above observation can be attributed to the effect of atomic surface
coverage which affects the surface electrons responsible for the SPR in AuUNPs
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Figure 5: Surface-to-volume ratios of nanocomposite spheres as a function of nanoparticle size [17]

Considering a given volume of solution containing AuNPs within the plasmonic region, the NPs
interactions and variations in the inter-particle distances results to numerous small NPs (<12 nm). These NPs
exist as singular atoms or agglomerates while the fewer larger NPs behave like atomic assemblies occupying a
similar volume. Nanoparticles have great fraction of their atoms on their surface which leads to a high surface
area to volume ratio (Figure 5). This ratio is associated with surface energy that makes "dangling bonds" at the
surface. Atoms at the surface are under-coordinated, and because breaking bonds costs energy, surface atoms
always have higher energy than atoms in the bulk. This energy can be characterized in terms of the SPR and
used to analyze the size of NPs. The limit of 10 to 15 nm in diameter of AuNPs forms a critical size since the
surface area to volume ratio decay approaches its minimal value. Within this limit, NPs can exhibit SPR slightly
below or above the 520 nm, which is regarded as the optimal SPR peak for AuNPs.
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V. Conclusion
From our colloidal AuNPs UV-Vis spectrophotometry, we show that NPs of diameter 10 to 15 nm

occurs within the plasmonic size range and coincide with any SPR peak value from 518 to 520 nm. The average
AUNPs size attained based on the citrate reduction method in this study was ~12 nm and coincided with SPR at

518 nm.
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