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Solvent effects on the localized surface plasmon resonance of Ag
nanoparticles
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NEF ABSTRACT
gl Ag, Au, and Cu are common metals which exhibit strong optical absorption in the visible region.
Notably, Ag has demonstrated the most effective light-driven chemical reactions. The characteris-
tics of the solution play a direct role in influencing the localized surface plasmon resonance (LSPR)
and stability of Ag nanoparticles (AgNPs) in various applications, thereby regulating the efficiency
of the reaction. Nevertheless, to date, there has been a lack of systematic research on the impacts
of solvents on the surface plasmon resonance of the AgNPs. Herein, AGNPs were synthesized us-
ing sodium citrate as a reducing agent, and the effect of the solvent on the excitation energy at
the surface interface to the LSPR was investigated. The determination was made that the surface
plasmon band of AgNPs is significantly impacted by the characteristics of the solvent including pH,
polarity, and the lengths of alcohol chains. The influence of ethanol was most pronounced with
alcohol, while in polar solvents, the level of polarity in the solvent correlated with the magnitude of
the LSPR effect on AgNPs. The effects of solvents on the LSPR of AgNPs also determine that water
is a suitable solvent for storage. The results are valuable information for improving the activity and
sensitivity of the LSPR in plasmonic applications.
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INTRODUCTION

Thelocalized surface plasmon resonance (LSPR) plays
a significant role in various applications in science and
life, e.g., photocatalysts, biosensors, solar cells, anti-
cancer therapeutics, and nanophotonic devices'™>.
Only three noble metals (Au, Ag, and Cu) could pro-
vide large enhancement in the visible region of the
electromagnetic spectrum. The extent of plasmonic
enhancement in LSPR is often related to nanoparti-
cle (NP) composition, size, and morphology*. Con-
sequently, a wide array of NP shapes has been in-
vestigated, from spheres to more complex shapes
like cubes and octahedrons, as well as nanorods and
nanowires of varying lengths°~/. Moreover, due to a
strong dependence of the electric field on the metal
substrate, a plethora of metals providing different
plasmon resonant frequencies and enhancement fac-
tors have been investigated. Au and Ag have been the
most popular plasmonic metals, due to their surface
plasmon resonance (SPR) bands located in the visible
region, with Ag providing the highest enhancement
due to its superior permittivity and quality factor®°.
Furthermore, Ag nanostructures exhibit a more in-
tense and well-defined SPR across a wider range from
ultraviolet (UV) to infrared (IR) regions compared to
Au’.

It has long been recognized that the devices from Ag
are more sensitive than those from Au'’. However,
poor chemical and structural stability has been a se-
rious issue, limiting the further practical applications
of Ag nanostructures. Moreover, in the liquid phase,
solvents also can alter the interfacial bonds between
nanoplasmonic metal particles and molecules in so-
lution, even participating directly in reactions'!. The
presence of solvent can cause light scattering, create
different refractive indices, and control the metal par-
ticle surface charge density. The plasmon resonance
energy of nanoparticles can also be dissipated into the
solvent through electron-phonon coupling, but its ki-
netics are usually much slower than electron-electron
scattering and charge recombination '?. In addition,
solvents such as methanol and solvent-soluble sub-
stances such as OH™ or O; can also interfere with
charge transfer at the nanoplasmonic particle sur-

face!?

. Meanwhile, most applications of AgNPs for
photocatalysis or biosensing are performed in the lig-
uid phase. These solvents have a direct influence on
the LSPR properties of AgNPs and impact the effec-
tiveness of the application. However, currently, many
studies have not focused on the influence of solvents
on the LSPR of AgNPs. The effect of the solvent on
the excitation energy at the surface interface and the
charge transfer between the plasmonic metal and the
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molecules in the solution still needs to be further elu-
cidated. A suitable solvent for application fields re-
lated to AgNPs is crucial, but there is not much re-
search on this topic.

In this study, AgNPs were produced through a chem-
ical reduction technique utilizing sodium citrate as a
reducing agent. An analysis was conducted on the
responsive LSPR behavior of the synthesized AgNPs
in different solvents under controlled pH levels, po-
larity variations, and storage durations. The inves-
tigation revealed a trend where the LSPR of AgNPs
experiences a blueshift towards shorter wavelengths
in solutions with higher pH values or greater solvent
polarity, while the absorption spectrum undergoes a
redshift towards longer wavelengths with increasing
alcohol chain length. In terms of the endurance of
LSPR characteristics in solvents under identical stor-
age conditions, it was observed that water offers supe-
rior stability for AgNPs compared to alternative sol-
vents such as propanol and ethanol. These findings
not only enhance the comprehension of the excita-
tion energy dynamics between AgNPs and solvents
but also introduce a novel strategy for enhancing and
optimizing the functionality of LSPR-based materials
to attain elevated efficacy and specificity in applica-
tions such as biosensing and photocatalysis.

MATERIALS AND METHODS

Materials

Silver nitrate (AgNO3, >99.9%), sodium citrate dihy-
drate (NazCgH507-2H,0, 99%), ethanol (C,HsOH,
99.5%), 1-propanol (C3H;O0H, 99%), 1-butanol
(C4H9OH, 99%), and acetonitrile (CoH3N, 99%)
were purchased from Thermo Scientific. Double-
distilled water was used for all related experiments.

Methods

AgNPs were prepared via the reduction of AgNO3 us-
ing sodium citrate as a reducing agent. Typically, 40
mL of Na3CgHs507 solution with varying concentra-
tions from 2 to 10 mM was heated to boiling temper-
ature (~105 °C) under magnetic stirring and reflux.
After the temperature reached constant for 5 min, 4
mL AgNOj3 solution (5 mM) was injected. The solu-
tion changed quickly from white to yellow. After 60
min, the growth was quenched by cooling the reac-
tion flask to room temperature. The AgNPs were col-
lected by centrifugation at 6000 rpm for 15 min and
then washed with 30 mL of water three times before
being redispersed in 10 mL of water.

To investigate the influence of solvents on the LSPR,
the synthesized AgNPs were centrifuged and redis-
persed in a testing solvent such as water, ethanol, 1-
propanol, 1-butanol, and acetonitrile for 15 min.
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Characterization

The surface plasmon resonance of each AgNPs so-
lution was analyzed by the V-730 Ultraviolet-visible
spectroscopy (UV-Vis) from JASCO, in the range
from 300 nm to 800 nm. The morphology of Ag-
NPs was identified by TEM (transmission electron
microscopy, JEM-2100), operating at 80 kV.

RESULTS

Synthesis of AgNPs
Effect of Na;CsHs0; concentration

The UV-Vis absorption spectra of five AgNPs sam-
ples, which were synthesized under varying concen-
trations of NazCgHs507, exhibit a sharp peak at a
wavelength of 416 nm (Figure 1). The absorbance in-
creased as the Na3CgHs50O7 concentration increased
from 2 to 6 mM and then decreased at 8 and 10
mM concentrations. Increasing the concentration of
the reducing agent from 2 to 10 mM also led to a
broader spectrum. It is known that the absorption
spectrum of AgNPs is strongly influenced by parti-
cle shape and size . As the reducing agent concen-
tration increases, large-sized nanoparticles predomi-
nate '°. Large AgNPs scatter more strongly than small
particles. Furthermore, as the sodium citrate con-
centration increases, the formation of AgNPs occurs
more slowly '°. With the same concentration of Ag-
NPs, a higher absorbance illustrates more effective
LSPR for applications. As a result, 6 mM Na3zCqHs507
solution was chosen as the reducing agent to investi-
gate the effect of reaction time.
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Figure 1: Absorption spectra of AgNPs syn-
thesized under varying concentrations of
Na3CgHsO7 solution. [Source: Authors]

Effect of reaction time

The intensity-based LSPR of AgNPs increased with
the increasing reaction time from 30 to 60 min and
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Figure 2: Absorption spectra of AgNPs with different
sorbance. [Source: Authors]

decreased when the reaction time increased to 90 and
120 min (Figure 2). During the period of 30 to 60
min, there was a progressive increase in the forma-
tion of nanoparticles, leading to a corresponding rise
in absorption. As the duration of the reaction pro-
gresses, the nanoparticles grow to generate larger par-
ticles. Asaresult, the LSPR spectroscopy is wider with
a longer reaction time (Figure 2b). Particularly, the
position of the LSPR peak has shifted to a larger wave-
length with a reaction time of 120 min. 60 min was
chosen as the valuable time for the formation of Ag-
NPs.

Reproducibility of synthesis protocol

Five samples of AgNPs were prepared with a reducing
agent concentration of 6 mM Na3z CgH507 and 60 min
in reaction time. Figure 3 shows that the LSPR prop-
erties of AgNPs between the five synthesized samples
are consistent in both actual absorbance and normal-
ized absorbance. The normalized LSPR curves are the
same and the wavelength of maximum absorbance of
AgNPs from five samples is 416 nm. The result indi-
cates that the protocol of synthesized AgNPs is well
reproducible.

The TEM images of AgNPs, which were prepared with
a reducing agent concentration of 6 mM and reaction
time of 60 min, are shown in Figure 4. It clearly shows
that more than 97% of AgNPs are spheres with an av-
erage diameter of ~35 nm.

The effect of solvents on the LSPR of AgNPs

Influence of pH of aqueous solution

When the pH is below 3, the AgNPs solution transi-
tions from a yellow to dark green, signifying aggrega-
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tion of the particles. The absorption spectra of AgNPs
in the solution also show two broad and low-intensity
peaks at the wavelength of ~418 nm and ~690 nm
(Figure 5a). AgNPs synthesized utilizing citrate as a
reducing agent exhibit notable stability and homoge-
neous distribution within a solvent. However, citrate
becomes fully protonated at low pH levels, leading to a
significant reduction in surface negative charges. The
decline in negative charges on the surface prompts ag-
gregation, consequently diminishing the stability of
AgNPs. Conversely, at a pH higher than the pK,; val-
ues of citric acid (pK,; ~3), the aqueous nanoparticle
solutions sustain the yellow color, indicating the ab-
sence of aggregation. This phenomenon is attributed
to the complete deprotonation of citrate, resulting in
an abundance of negative surface charges that foster
repulsion among adjacent AgNPs, thereby inhibiting
aggregation. As aresult, when pH is higher than 3, the
LSPR peak of AgNPs shifts to a shorter wavelength in
the range of 412 to 415 nm. The pH of the solution has
a great influence on the surface plasmon resonance of
the AgNPs. Therefore, a neutral pH was chosen for all
experiments concerning the aqueous solution of Ag-
NPs.

Influence of polarity of solvents

It is known that solvents can modify the bonds be-
tween nanoplasmonic metal particles and molecules,
affecting reactions and properties such as light scatter-
ing, refractive indices, and surface charge density .
To test the dissipation of plasmon resonance energy
into the solvent, the impact of the polarity of alcohol
based on chain length on the LSPR spectrum of Ag-
NPs was examined. Various alcohols with differing
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Figure 3: Absorbance spectra of five AgNPs samples synthesized under the same conditions. a) Actual absorbance,
b) Normalized absorbance. [Source: Authors]
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Figure 4: a) TEM image and b) particle size distribution of AgNPs. [Source: Authors]
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Figure 5: The LSPR of AgNPs in different pH environments: a) acidic environment and b) basic environment.
[Source: Authors]
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chain lengths denoted as CH3(CH;)xOH with x rang-
ing from 1 to 3, were utilized. The mixture between
AgNPs and each alcohol was well dispersed and ex-
hibited pH levels between 6.0 and 6.2. It was observed
that the chain length of the alcohol significantly af-
fects the LSPR of AgNPs. Figure 6a shows that the
peak of plasmon absorption in ethanol is detected at
417 nm and shifts towards the red region at ~420
nm and a broad shoulder at 650 nm in the propanol.
Meanwhile, the alcohol chain length increases to x =
3, i.e,, butanol, the LSPR properties of AgNPs tend to
be almost straight line. The absorbance of AgNPs in
ethanol is the highest intensity compared to the other
two solvents. As the length of the carbon chain in-
creases, the ability to donate electrons from the oxy-
gen atom (-OH) in the alcohol molecule to AgNPs
decreases '®. A longer chain length exhibits a lower
diffusion ability of the -OH group. When the alco-
hol’s electron donation is less, it leads to a decrease
in electron density on the nanoparticle surface, and at
the same time, the surface plasmon resonance effect of
AgNPs decreases. It means that the absorption max-
ima of AgNPs in these solvents follow the polarity of
the alcohols increases from butanol to ethanol.
Besides that, when increasing the polarity of the sol-
vent, the LSPR spectrum shifts to a shorter wavelength
region (Figure 6b). As the polarity of the solvent in-
creases, the absorption intensity of AgNPs also in-
creases. Polar solvents directly interact with the sur-
face of AgNPs through interaction and electron trans-
fer to the surface of AgNPs, hence, changing electrons
on the surface result in the variation of the A ,,,4 of the
LSPR '°. The change in the peak of LSPR as a function
of refractive index signifies a clear interaction with
AgNPs owing to their polar characteristics>°. This in-
teraction is further reinforced by a noncovalent bond
formed between solvent and citrate ions, resulting in
a consistent blueshift observed when using shorter al-
cohol chains or more polar solvents.

Influence of storage time on LSPR of AgNPs in
solvents

To investigate the stability of LSPR of AgNPs dur-
ing storage time, the synthesized AgNPs were dis-
persed in various solvents such as water, ethanol, and
propanol for 2 months. The mixture between Ag-
NPs and each solvent was well dispersed and exhib-
ited pH levels between 6.0 and 6.4. After two weeks,
the LSPR of the material was checked. Figure 7
shows that the decrease in absorbance of AgNPs in
water is the slowest, followed by samples in ethanol
and propanol. Furthermore, after a period of stor-
age in solvents, the LSPR of AgNPs shifted to a larger

wavelength range. The interaction between the cit-
rate layer on AgNPs with solvent molecules is unsta-
ble in a low-polarity solvent. As a result, the Ost-
wald ripening process forms larger nanoparticles with
a broad shoulder range in ethanol and propanol. The
decrease in the absorption peak of AgNPs is might
due to the amount of dissolved oxygen in the sol-
vents. AgNPs are relatively sensitive, therefore in an
environment with dissolved oxygen, AgNPs oxidize
to form AgO, which reduces absorption®!. Under
the same temperature and pressure conditions, oxy-
gen solubility decreases as the solvents polarity in-
creases. On the other hand, the ~-OH group in wa-
ter transfers electrons to the AgNPs surface via the in-
terchain H-transfer stronger than that of ethanol and
propanol due to its polarity>>>>. With a higher elec-
tron density, the surface plasmon resonance of AgNPs
in water is higher intensity and more stable than the
other solvents. Hence, water is a valuable solvent for
the storage of AgNPs.

DISCUSSION

The reduction of Ag" by sodium citrate is:

4Ag + C¢H507Naz + 2H,O —

4Ag + C6H507H3 +3Nat + H' + 02

40 mL of 2 mM citrate solution reduces enough to 4
mL of 5 mM AgNO;3;. However, in reality, a higher
concentration of citrate is needed to increase the sta-
bility of nanoparticles. The citrate compound serves
as a reducing agent and a capping agent, effectively
hindering the aggregation of particles stemming from
the presence of negative surface charges. The electro-
static forces of repulsion between adjacent nanopar-
ticles, induced by the negative surface charge of the
citrate layer, contribute to their sustained dispersion
in the solution. The pH solution significantly impacts
the charge of the citrate layer, which greatly influences
the surface plasmon resonance of AgNPs.

In the case of alcohols, the change in the LSPR wave-
length with chain lengths suggests direct interaction
with AgNPs due to the polar nature of alcohols.
While AgNPs are stabilized by noncovalent bonds
with a citrate layer, the barrier to prevent polar alcohol
molecules from penetrating the surface is not strong
enough, thus affecting the LSPR of AgNPs. The red-
shift observed with longer alcohol chains highlights
their specific interaction with AgNPs and indicates
a decrease in electron density donation to AgNPs as
chain length increases. It highlights the importance
of chemical interactions between AgNPs and solvents,
leading to the consistency between LSPR variations
and alcohol refractive indices.
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[Source: Authors]

0.30 , . , . . . . . . 007 : : . : :
a) 1
0.25 - 0.06 b)
— As-prepared 7 —— As-prepared e
g — After 2 weeks 0.05-| — After 2 weeks
P — After 4 weeks — After 4 weeks
P = After 6 weeks g E: B0 = After 6 weeks 4
g 0154 = After 8 weeks E = After 8 weeks
5 S 003
2 Jd g
o 0.10 < = 4 4
@D (=}
< £ ooz
0.05 — 1
T 0~ -
0.00 4 Biio
T T T T T T T T T T T T v T T T T T v T
300 400 500 600 700 800 300 400 500 600 700 300
Wavelength (nm} Wavelength (nm)
0.12 T T T T
c
0.10 )
— As-prepared 1
a — After 2 weeks
o — After 4 weeks
P — After 6 weeks —
o 0064 = After 8 weeks
§
lg 0.04 .
1
-
0.02
0.00

T T T T
300 400 500 ) 700 800
Wavelength {nm)

Figure 7: The LSPR of AgNPs in solvents over time: a) in water, b) in ethanol, and c) in propanol. [Source: Authors]

2791



VNUHCM Journal of Engineering and Technology 2026, 9(1):2786-2794

Table 1: The influence of solvent on LSPR of AgNPs [Source: Authors]

Dipole moment (D)  Refractive index (n) Amax (nm)

Polar solvents Acetonitrile 3.92 1.3441 410

Water 1.84 1.3330 416

Ethanol 1.69 1.3614 417

Propanol 1.68 1.3829 418

Butanol 1.66 1.3856 N.A.
Non-polar solvent Toluene 0.31 1.4486 N.A.

Cyclohexane 0.00 1.4262 N.A.

Carbon tetrachloride 0.00 1.4600 N.A.

Note: N.A. - Notavailable

To evaluate the sensitivity of LSPR of AgNPs in differ-
ent environments, a group of polar solvents and non-
polar solvents was selected for testing (as shown in
Table 1). Non-polar solvents have a layer separation
phenomenon with the AgNPs solution, so the max-
imum absorption wavelength is not observed. The
maximum wavelength of the LSPR of AgNPs in these
solvents also shows a gradual redshift as the solvent
refractive index increases.

Besides, compared with other coating agents such as
polyethylene glycol and polyvinylpyrrolidone, the sta-
bility of citrate is much poorer ®'¢. Therefore, the Ag-
NPs in solvents with a low polarity index were not well
protected, and this led to a decrease in absorbance and
a shift to a larger wavelength region. Polar solvents
can form complexes with Ag surfaces through charge-
transfer interactions, with varying electron injection
capabilities. The coordinatively unsaturated Ag atoms
at the particle surface can attract electrons from sol-
vent molecules, leading to a notable shift in plasmon
band position as per Mie theory. The differences in
available electrons from various solvent molecules af-
fect the LSPR of AgNPs in polar solvent systems, sta-
bilizing the charged particles and preventing aggrega-
tion due to repulsive forces mediated by the solvent
molecules.

CONCLUSION

AgNPs prepared and stabilized by citrate exhibit were
clearly defined surface plasmon resonance and the
formation of nanoparticles was monitored by track-
ing absorption profile adjustments during reduction.
This straightforward synthetic method yields metal
particles that disperse excellently in polar solvents.
Two distinct mechanisms by which solvents affect the
LSPR of AgNP are refractive index changes at the

nanoparticle/bulk interface and complex formation
with the nanoparticle surface. The LSPR of the metal

colloids will be directly impacted by these complexa-
tion processes, which will cancel out the effects of the
refractive index. The specificity of the surface com-
plexation process with metal particles is indicated by
the subsequent redshift that occurs with an increase
of one carbon atom in the alcohol chain. Regard-
ing durability under storage conditions in solvents,
water is a valuable solvent to improve the LSPR of
AgNPs.
thesis of metallic nanoclusters with controlled size

The results will enable the chemical syn-

and shape in various solvents, which may have a
broad range of uses in molecular microelectronics,
chemical-biological sensors, and other applications
requiring highly controllable optical properties.
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TOM TAT

Ag, Au va Cu la nhiing kim loai phé bién c6 kha nang hdp thu quang manh trong viing anh sang
kha kién. Trong d6, Ag ndi bat véi hiéu qua cao nhat trong cac phéan Ung hda hoc dugc kich thich
bai anh sang. Trong nhiéu Ung dung, dac tinh ctia dung moi cé anh hudng truc tiép dén hiéu tng
cong hudng plasmon bé mat (LSPR) ciing nhu d6 6n dinh clia cac hat nano bac (AgNPs), tir d6 anh
hudng dén hiéu suat phan dng. Tuy nhién, dén nay van con thiéu cac nghién cléiu mang tinh hé
théng vé anh hudng clia dung méi doi véi cong huang plasmon bé mat ctia AgNPs. Trong nghién
cliu nay, AgNPs dugc téng hgp dung natri citrate lam chat khi, dong thai khdo sat anh hudng clia
dung moi dén tinh chat LSPR. K&t qua cho thay dai plasmon bé mét ctia AgNPs chiu tac dong ro rét
bai cac déc tinh ctia dung moi nhu pH, dé phan cuc va chiéu dai mach ancol. Trong nhém ancol,
ethanol thé hién anh hudng manh nhat; con déi véi cac dung moi phan cuc, dd phan cuc cang cao
thi mudc dé anh hudng dén LSPR clia AgNPs cang Ién. Ngoai ra, cac két qua cling chi ra rang nudc
la dung méi phu hap cho viéc luu trr AGNPs. Nhiing phat hién nay cung cdp co s& quan trong dé
nang cao hoat tinh va d6 nhay cda LSPR trong cac ing dung plasmon.

Tur khoa: plasmon bé mat, nano bac, d6 8n dinh, cdm bién quang hoc, anh huéng clia dung moi
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