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ABSTRACT: Benzophenone derivatives were evaluated as new
photoinitiators in combination with triethylamine (TEA) and
iodonium salt (Iod) for very rapid and efficient formation of _
metal nanoparticles in an organic solvent, by which silver and gold o
ions were reduced under light at 419 nm (photoreactor) with an

irradiation intensity of 250 microwatts/cm® The new benzophe- -
none derivatives combined with TEA/Iod salt showed good sl
production of metal nanoparticles (Au® and Ag’) and a small size | !

of nanoparticles of around 4—13 nm. The photochemical ' j e
mechanisms for the production of initiating radicals were studied
using cyclic voltammetry, where a negative AG of around —1.96 eV
was obtained, which made the process favorable. The obtained . : -
results proved the formation of amine and phenyl radicals, which led

to the reduction of gold III chloride or silver ions to the gold and silver NPs. The UV—vis spectroscopy technique was used as a very
beneficial tool for the surface plasmon resonance band detection of metal nanoparticles. To sum up the results, we have observed
that nanoparticles (NPs) were distributed differently in different photoinitiator systems and the particle size also changed by
changing the system of initiation. In comparison to the system alone, not only were the nanoparticles smaller but they were also
generated within a shorter period of irradiation time for the system BP\Iod\TEA. Finally, the quenching process of benzophenone
fluorescence by the gold and silver nanoparticles was investigated.

:::::::

1. INTRODUCTION the reaction as well as the degree of reduction,’* !¢ the
photochemical method was found to be the most preferred
method.'”** The metal precursor must be reduced by the
photocatalyzed action of the reducing agent from its n+
valence state (M(™)) to its zero-valence state (M?) to start the
photochemical reaction.'® Metallic NPs are created by the MO
form nucleation center or nuclei, which develop and assemble
later.”

Nanoparticles can be created in a variety of methods. One of
these involves the photochemical synthesis of metal nano-
particles via a Norrish type I mechanism involving the
intramolecular bond breakage of a photoinitiator in the triplet
state to produce two radicals. Since it is a commercial
photoinitiator type I, easily accessible, water-soluble, and
produces ketyl radicals with a quantum yield of 0.29 in fast
photocleavage from a triplet state with a lifetime of just 11 ns,

Due to their lower reactivity in bulk form, gold and silver have
historically been extremely appealing noble metals. The noble
metals exhibit specific features and become more reactive when
they are combined to create small-sized colloids.' > Noble
metals have different optical and absorbance properties
depending on their size. Additionally, compared to atoms,
surfaces, or macromolecular materials, metal nanoparticles
offer excellent characteristics.”” Due to their appropriate elastic
light scattering properties, silver nanoparticles (AgNPs) and
gold nanoparticles (AuNPs) can be used in optical, imaging,
and sensing applications.””® Using the benefits of the metal
colloids produced by diverse synthesis techniques is the
appropriate course of action because nanostructured metals
have many advantages over their molecular state.”'” To make
metal nanoparticles with various sizes, forms, compositions,

and architectures to obtain new capabilities in nanomaterials,
several synthetic methods, including physical, chemical, and Received: October 15, 2022
photochemical methods, have been used.''”"’ Due to a Accepted:  December 27, 2022
number of benefits, including clean synthesis, fewer by- Published: January 11, 2023
products, strict irradiation control, lower temperature, simple

and inexpensive equipment, less overall energy required to

drive the reaction, and spatiotemporal control over the rate of
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Scheme 1. Chemical Structures of the BP Derivatives Used in This Study: BP1 and BP2
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Irgacure-2959 (1-2959) has been the most successful photo-
releasing reducing agent.26 Within minutes, stable and
unprotected gold nanoparticles were created in an aqueous
solution, which photochemically generates 2-hydroxy-2-propyl
radicals and lowers Au(IIl) (as AuCl(—4)) to AuNPs. The
impact of radiation on particle size has been researched. The
particle size has been found to be smaller and more
monodisperse the greater the UVA irradiance and the more
uniform the light source.”” In addition to Au(III), I-2959 also
reduces Au(I).”* Additionally, the creation of AgNPs,”” ™' Au/
Ag alloy NPs,*? Au/Ag core—shell NPs,** and CuNPs**
involved ion reduction by ketyl radicals produced by 1-2959
photoinitiators after exposure to UVA. The initial studies
described by Itakura et al*® used the photoinitiator-type
benzoin, in which deaerated ethanol solutions with metal salts
[Ag, Au, Cu] and PVP as a stabilizer underwent UVB
photolysis to produce both the benzoyl radical and a
hydroxybenzyl radical. Additionally, it was used to create
AuNPs in the dendrimer PAMAM and expose those particles
to UVC radiation for up to 90 min.*

In addition to type I mechanisms, type II mechanisms have
also been used, in which the radicals were produced via an
intermolecular, bimolecular mechanism that is categorized as
type II photoinitiation. In this method, hydrogen atoms are
extracted from a donor in a single step to produce free radicals.
The creation of nanomaterials employing a range of
chromophores combined with reactive hydrogen donors for
an alternate generation of reducing free radicals has been the
focus of research for the past two decades.”’ >’ The
photoinduced hydrogen atom abstraction by ketones is one
of the most significant organic photochemical processes.*”*’
Excited triplet ketones take an atom of hydrogen from a donor
and produce two radicals or a biradical in the process. Because
they have a low-lying n—n* state and therefore have a high
reactivity for hydrogen abstraction, aryl ketones are frequently
used as photochemical sensitizers."' Due to its photophysical
characteristics, benzophenone is a prime option for producing
reducing species for the creation of nanoparticles. For the
creation of colloidal nanoparticles, it has been widely employed
as a sensitizer.””*>*’ In one instance, Kapoor et al. synthesized
colloidal CuNPs in the presence of CW 253.7 nm light using
CuSO,, benzophenone, and poly(vinylpyrrolidone) (PVP) as a
stabilizer, where it was investigated how the photosensitizer
benzophenone (BP) affected the development of Cu metal
particles. They came to the conclusion that the solution did
not produce nanoparticles when benzophenone was not
present.44 In a different recent study, CuNPs were created
by photoreducing CuCl, salt in ethanol in the presence of
benzophenone, a radical photoinitiator.”” In the study by
Marin et al,”® aqueous micellar ketones (benzophenone,

3208

xanthone, 1-azaxanthone) in the presence of HAuCl, resulted
in the formation of gold nanoparticles as well. The growth of
the particles occurred more quickly in the absence of oxygen
than in the presence of oxygen. Studies on the development of
nanoparticles with 1,4-cyclohexadiene as hydrogen donors
were also carried out. Compared to when the surfactant was
the hydrogen donor, the growth of NPs happened much faster
(CTAC). The ability of 1,4-cyclohexadiene and 1,3-cyclo-
hexadiene to donate hydrogen to chromophores has also been
compared using benzophenone under UVA exposure. When
1,4-cyclohexadiene was used, nanoparticles formed within $
min, whereas no particles formed within 30 min of exposure
time when 1,3-cyclohexadiene was used. Another work showed
that AuNPs can be produced photochemically by exploiting
the rarely reported nucleophilic property of the benzophenone
triplet under the illumination of a 368 nm LED, producing
NPs with a spherical form.** In further investigations, 4-
hydroxybenzophenone was used as a photoreducing agent in
an organic solvent for a brief period of time to create AuNPs.*”
Ag" is effectively reduced to Ag’ by ketyl radicals, which are
created during the photoreduction of benzophenone.”*** With
the use of transitory species such as the hydroxy diphenyl
methyl radical, Scaiano et al. were able to create silver
nanoparticles (NPs) in a matter of minutes.*’

In this study, an organic solvent was used to photochemi-
cally create metal nanoparticles. Iodonium salt and TEA as a
hydrogen donor were utilized to speed up the production of
ketyl radicals. By employing benzophenone compounds as new
photoinitiators, the synthesis can be completed under benign
conditions in a matter of minutes as opposed to hours.
Additionally, employing various system photoinitiators makes
it simple to regulate the particle size.

2. MATERIALS AND METHODS

2.1. Materials. The chemical structures of BP derivatives
are presented in Scheme 1. The synthesis and characterization
of BP1 were published in the previous study,”’ while the
second molecule BP2 is presented in the Supporting
Information. The study by Asadi et al. was taken as a reference
in the synthesis of BP2.>* Triethylamine (TEA), silver nitrate
(AgNO;, 99.99%), gold (III) chloride hydrate (HAuCl,
99.99%), methanol, and diphenyl iodonium hexafluorophos-
phate (Ph, I') were obtained from Sigma-Aldrich. The
structures of some compounds used in this study are given
in Scheme 2.

2.2. Irradiation Source. The prepared solution was placed
in a Pyrex tube (i.d. 9 mm) and irradiated in a photochemical
reactor using a 35 W LED lamp at 419 nm with an irradiation

https://doi.org/10.1021/acsomega.2c06655
ACS Omega 2023, 8, 3207—-3220


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06655/suppl_file/ao2c06655_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06655/suppl_file/ao2c06655_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 2. Structures of the Other Chemicals Used in This
Study: Iodonium Salt (Iod) and Triethylamine (TEA)

©/ \O H3C\/N(\/CH3

Ph2I* TEA

intensity of 250 microwatts/ cm? without a water cooling
system in atmospheric air and at room temperature.

2.3. Redox Potentials. The oxidation potentials of
photoinitiators BP1 and BP2 (E,, vs SCE) were measured in
acetonitrile using cyclic voltammetry with tetrabutylammo-
nium hexafluorophosphate of concentration 0.1 M as a
supporting electrolyte. The free energy change AG, for an
electron transfer reaction was calculated using the classic
Rehm—Weller equation (eq 1), in which E,, E,.q, E*, and C
stand for the oxidation potential of the electron donor, the
reduction potential of the electron acceptor, the excited-state
energy level, and the Coulombic term for the initially formed
ion pair, respectively.” It often occurs that C is neglected in
polar solvents, which is the case here.

AGet = on - Ered - E* +C (1)

2.4. Transmission Electron Microscopy (TEM). The
morphology and particle size of the metal nanoparticles were
examined using a high-resolution transmission electron
microscope (HR-TEM, JEOL, JEM-2100, Tokyo, Japan).

2.5. Fluorescence Experiments. The fluorescence
properties of the metal nanoparticles were determined in
CH;0H using a JASCO FP-8200 spectrometer (JASCO,
Riyadh, Saudi Arabia).

3. RESULTS

3.1. Light Absorption Properties of Benzophenone
Photoinitiators. Benzophenones are the most investigated
and studied type II photoinitiators.”* It is known that BP

strongly absorbs light within the UV region and presents a
—7* transition (with a maximum of 252 nm and an extinction
coefficient of around 20000 mol™' Lem™). Moreover, BP
exhibits a slight absorption indicating an n—z* in the range of
350 nm with & = 100 mol™! Lem™ as a shoulder of the 7—z*
transitions.”*° The absorption characteristics of the photo-
initiators BP1 and BP2 in this study were compared with BP as
the model compound in this study (Figure 1 and Table 1). The

Table 1. Values of 4,,,, and €, of Benzophenone and Its
Derivatives (BP1, BP2) in Methanol

BP e (M em™) Amax (NM)
BP 20000 252
BP1 10437 292
BP2 13914 294

ground state of the new photoinitiators in a methanol-
significant red shift of the z—z* transitions (292 and 294 nm)
was observed due to the electron-donating effect of fluorine,
nitrogen, and oxygen, directly attached to the BP unit.”” The
n—z* transitions of BP1 and BP2 are shifted to 370 nm with a
higher extinction coefficient of around 17 500 mol™' Lem™
compared to the benzophenone parent.

The UV—vis absorption spectra of BP1 and BP2 were
predicted using TDDFT calculations (UB3LYP/6-31G*
level) (as in Figure 2). A bathochromic shift is observed for
BP2 vs BP1, which confirms the experimental finding (seen in
Figure 1). The 7—x* transitions were observed between the
frontier orbitals (highest occupied molecular orbital “HOMO”
and lowest unoccupied molecular orbital “LUMO”). Addition-
ally, partial charge transfer transitions were observed in which
the HOMO and LUMO were delocalized in marginally
different positions.

The red shift of BP1 and BP2 versus benzophenone is due to
the enhanced 7 electron delocalization in the molecule as well
as the charge transfer of the HOMO to LUMO transition
revealed through MO calculations (seen in Figure 2).

To examine the photolysis of the photoinitiators, the
evolution of UV—vis spectra of their solution recorded in
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Figure 1. UV—vis absorption spectra of the observed benzophenone derivatives BP1 and BP2 (10™* M) in methanol.
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Figure 3. Steady-state photolysis of (a) BP1 and (b) BP2 concentrations of 10™* M using the LED lamp at 419 nm with an irradiation intensity of
250 microwatts/cm?; UV—vis spectra were recorded at different irradiation times.

Table 2. Excited-State Energies E*, Oxidation Potentials E,,, and Free Energy Change (AG,,) for the PBs/Iod/TEA
Interaction

PIs E,, [V] E,a [V] E* [eV] AG,, (BP/Iod) (eV) AG,, (BP /TEA) (eV)

BP1 1.44 -0.48 3.52 -1.88 -1.96

BP2 1.33 —0.41 3.1 —1.57 —1.61
methanol was conducted under 419 nm light irradiation with irradiation, which could be ascribed to the very low
different exposure times. Figure 3 shows the decrease in the concentration of BP2 in methanol impeding the bimolecular
absorbance at 337 and 334.5 nm for BP1 and BP2, interactions.”® [Figure 3b].
respectively. A possible cause for the decrease in the 3.2. Photoinitiator Oxidation Process. The oxidation
absorbance of BP1 at 337 nm is the hydrogen abstraction of potentials E,, of the photoinitiators BP1 and BP2 in
the benzophenone carbonyl group from the solvent.”” When acetonitrile are presented in Table 2. This oxidation potential
the irradiation period was increased to 45 min, a rapid decrease was evaluated by measuring cyclic voltammetry with 0.1 M
in absorbance at 337 nm was observed to the point of almost tetrabutylammonium hexafluorophosphate as a supporting
disappearing. Under the same conditions, the decrease in the electrolyte. Bubbling nitrogen gas was used to remove the
absorption of BP2 occurred gradually throughout 30 min of dissolved oxygen (see Figure S3). The excited-state energies
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Figure 4. UV—vis absorption spectrum of AgNPs obtained from photoreduction of AgNO; [2 wt %] with (a) BP1 [0.003 wt %], (b) BP2 [0.003
wt %], and AgNO; [2 wt %] in CH;OH depending on the irradiation time (LED 419 with 250 mW/cm?). Corresponding TEM images of AgNPs
with their respective size distributions.

were evaluated from the crossing point of the absorption and distinguishing plasmon resonance absorbances.’”®® The
luminescence spectra (see Figure S4). frequency of oscillations depends on the metal, the particle
The free energy change AG, for the electron transfer size and shape, the interparticle distance, temperature,
reaction between the photoinitiator BP and diphenyl iodonium dielectric constant, and viscosity of the medium.”* Noble
hexafluorophosphate (Iod), TEA, or gold chloride was metals demonstrate an intense resonance because of the strong
calculated using the classical Rehm—Weller equation (eq coupling between the plasmon transition and interband
1).”? The values of the free energy change (AG,,) were found excitation. The higher polarizability of mobile conduction
as follows: BP1/Iod: AAG,, = —1.88 EV, BP2/Iod: = —1.57 band electrons is also a reason for that.>®°
(using E,q (Iod) = —0.2 eV).%" These results are highly 3.3.1. AgNPs in Methanol. The radicals formed from the
negative, which makes the process favorable. The counter- photoreduction of benzophenone (BP1 and BP2) in the
anions of the iodonium salts would not affect the results of the presence of a hydrogen donor can generate silver nanoparticles
photochemical mechanism study for the initiation process. In in solutions. The surface plasmon resonance band is observed
addition, the free energy changes (AG,) for the electron at around 390—450 nm under exposure to an LED at 419 nm
transfer reaction between PIs (as electron acceptors) and TEA and an intensity of 250 mW/cm? Here, iodonium (Iod) salt
(as electron donors) were obtained as follows: BP1/TEA: was utilized and triethylamine (TEA), which is a brilliant
AG, = —1.96 eV, BP2/TEA: =—1.61 eV (using E,, = 1.079 V hydrogen donor, was used to encourage the production of
for triethylamine).”" This also supports a favorable electron amine and phenyl radicals.
transfer. In Figure 4a, we can see the UV—vis absorption spectra for
3.3. Photoinduced Synthesis of Metal NPs with a BP1 0.003 wt % and AgNO; 2 wt % when irradiated with an
Benzophenone Derivative in Methanol Solution. The LED @419 nm. Therefore, the examination of the spectral
nanoparticles of silver and gold display a strong and changes of the irradiated solution showed that the intensity of
harmonized oscillation of surface electrons in their conduction the absorbance of BP at 350 nm reduced with time,
band. This induces a strong absorption of their resonant harmoniously with the emergence of an intense absorption
frequencies in the visible area of the electromagnetic spectrum. band at about 412 nm (after 60 s of irradiation) because of the
The absorbance red-shifts to lower energies when the distance surface plasmon resonance, which is characteristic to the
between the particles increases or decreases. The silver AgNPs. Furthermore, one can note that the latter intensity
nanoparticles, then, seem brown and yellow, while the gold amplified and red-shifted so that, after 150 s of irradiation, the
nanoparticles illustrate purple and blue tones.'*™** A metal’s absorption maximum can be recognized at 422 nm (see Figure
Surface plasmon resonance “SPR” band can be defined as these 4). It concurs that the concentration of AgNPs is amplified
3211 https://doi.org/10.1021/acsomega.2c06655
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probably because of the breakdown of the nanoparticles into
smaller sizes. The TEM analysis substantiates the small size of
nanoparticles. The silver nanoparticles’ size is small, almost
spherical, and varies between 8 and 28 nm for BP2\Ag and
10—24 nm for BP1/Ag. Conversely, the yellow color detected
during the irradiation time of the systems verifies the existence
of nanometric silver particles with varying sizes.* Taking into
account the mechanism of photoreduction, the chronological
steps preceding the decrease of Ag' are demonstrated in
Scheme 3. The effect of ketyl radicals on the effective
reduction of ions into metal nanoparticles is known.”**”

Scheme 3. Reduction of Silver Ions by the Ketyl Radical

BP + light — = Bp* (1

BP-H+Ag" — 3 BP+H'+AgNPs (2)

In the second method for the photoinduced creation of
silver nanoparticles, samples comprising 0.003% BP deriva-
tives, 1% TEA, and 2 wt % of AgNO; in 10 mL of methanol
were concocted in a quartz cuvette. The role of the hydrogen
donor in the materialization of the ketyl radical from
benzophenone is taken up by TEA. The Ag* reduction was
noticed through the shape of the plasmon resonance
accompanied with Ag’ particles that matured in the visible
range (Figure S) after a 2S-s exposure. The maximum

absorption intensity in the case of BP2 is weak and broad
compared with BP1 (Figure S). Figure S demonstrates the
absorption spectra of the surveyed systems based on BP1 or
BP2 (0.003 wt %) in the existence of silver nitrate (2 wt %)
and triethylamine (1 wt %). For the sample containing BP1,
the band was primarily located at 413 nm when the irradiation
was S s. It went through a radical red shift as the irradiation
was amplified (i.e., to 416 and 420 nm when exposed to 10 and
25 s, respectively). Considering the sample containing BP2, the
max absorbance of the SPR band red-shifted to a longer
wavelength with a growing irradiation time from 5 to 25 s at
425 to 432 nm, respectively. The absorption at 432 nm was
recognized as an outcome of the presence of small spheroidal
AgNPs in solution.**®

It is worth noting that the samples with TEA presented a
considerable increase in plasmon band formation put side by
side with samples without it. Moreover, the plasmon bands of
silver nanoparticles produced in the presence of TEA were all
more symmetrical. The TEM images display a small size and
spherical shape with a mean fine diameter of silver nano-
particles (4—14 and 8—18 nm) compared to the one
component system (see Figure S). The photoreduction
mechanism of AgNO; to AgNPs is portrayed in Scheme 4.
The interaction of the excited state of BP with TEA as a
possible hydrogen donor gave rise to the formation of both, the
ketyl radical and the amine radical.
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Figure 5. Evolution of the absorption spectra of irradiated mixtures (4;, = 419 nm, irradiation intensity of 250 microwatts/cm?). Solution: (a) BP1
0.003 wt %, AgNO; 2 wt %, and TEA 1 wt %. (b) BP2 0.003 wt %, AgNO; 2 wt %, and TEA 1 wt % dissolved in 10 mL of methanol.
Corresponding TEM images of AgNPs with their respective size distributions.

https://doi.org/10.1021/acsomega.2c06655
ACS Omega 2023, 8, 3207—-3220


https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 4. Photochemical Synthesis of Colloidal AgNPs by
BP1-2 Based on the BP/TEA/AgNO; System

BP" +amine — » BP-H+Ag" —» AgNPs (1)

BP" + amine — s amine’ + Ag" —» AgNPs (2)

The UV—visible spectra of samples comprising benzophe-
none 1-2 0.003%, TEA 1%, AgNO; 2%, and Iod salt 1 wt %
are displayed in Figure 6. The plasmon band intensity showed
a radical increase of around 400—450 nm when the samples are
irradiated for 15 s. As for the sample comprising the BP1, the
absorption spectra of the SPR red-shifted from 420 to 428 nm,
ie, from yellow to dark brown with an increase in the
irradiation time. This observation is proof of the size increase
in silver nanoparticles. The same trend was also observed for
the other sample BP2, but it happened at shorter wavelengths
compared to the BP1, and the absorption spectra of this
sample were linked with small (3—20 nm) spherical metal
nanoparticles. In general, the shorter the wavelength of the
SPR, the smaller the nanoparticles.”” The description by TEM
confirms the nanoscale size of the silver particles. The sample
acquired with BP1 specifies the development of spherical
nanoparticles with diameters in the 2—14 nm region. In the
case of BP2, the TEM analysis of the sample designates also
the development of spherical nanoparticles with diameters
between 4 and 9 nm. When compared to earlier systems, these
sizes are tremendously small. The projected reaction

mechanism of synthesis of AgNPs from BP/TEA/Iod/
AgNOs; is presented in Scheme 5.

Scheme 5. Photochemical Synthesis of Colloidal AgNPs
with BP1—2 Based on the BP/Iod/TEA/AgNO; System

BP + ligtt — >  BP"(excited state) rl
BP* t ALl —— > BP +Ar+Arl )
BP" + amine ———» BP +amine€” 3
amine * — s amine +H' 4
BP"+Ag'! ———> BP+Ag rs

amine + Ag*! — > amine "+ Ag’ 16

3.3.2. AuNPs in Methanol. Gold nanoparticles are produced
using the same procedure through which silver nanoparticles
are produced. The absorption spectra of the samples were
measured and recorded as shown in Figure 7 under irradiation
of 419 nm and an intensity of 250 mW/cm? for a period of 20
min. The BP1 0.003 wt % and gold III chloride 4 wt % resulted
in a broad surface plasmon band of low intensity at 555 nm.
For that, increasing the irradiation time was noticed to result in
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Figure 6. Evolution of the absorption spectra of irradiated mixtures (4;, = 419 nm, irradiation intensity of 250 microwatts/cm?). Solution: (a) BP1
0.003 wt %, AgNO; 2 wt %, TEA 1 wt %, and iodonium salt 1 wt %. (b) BP2 0.003 wt %, AgNO; 2 wt %, TEA 1 wt %, and iodonium salt 1 wt %
dissolved in 10 mL of methanol. Corresponding TEM images of AgNPs with their respective size distributions.
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Figure 7. Ilustration of the absorption spectrum of gold nanoparticles obtained from photoreduction of HAuCl, [4 wt %] with (a) BP1 [0.003 wt
%] and (b) BP2 [0.003 wt %] in CH3;0H depending on the irradiation time by UV—vis spectroscopy and corresponding TEM images of AuNPs

with their respective size distributions.

a red shift, which suggests smaller and more monodisperse
nanoparticles as shown in Figure 7a.”” The absorption spectra
of the sample containing BP2 0.003 wt % and gold III chloride
4 wt % after 8 min of irradiation at 553 nm are noticed to
present an absorption band in the visible range, which
corresponds to the SPR of gold nanoparticles of diameters
less than SO nm (Figure 7b).7 172

The TEM images show the nanoparticles produced by the
species generated from the photolysis of BP, which exhibit a
multimodal size, whereas BP2 generates gold nanoparticles in
small sizes. These indicate the formation of spherical
nanoparticles with diameters between 14 and 30 nm, while
the BP1 compound resulted in spherical nanoparticles of
diameters between 20 and 70 nm. The particles were
homogeneous in size with no observable agglomeration. The
photoreduction of gold nanoparticles is shown in Scheme 6
following a series of reduction and disproportionation. Au*? is
reduced to Au'’. However, its instability causes a fast
disproportionation. Moreover, in the presence of another
ketyl radical, Au*' is reduced to Au’.

Scheme 6. Photochemical Synthesis of Colloidal AuNPs
with BP1-2 Based on the BP/HAuCl, System

BP (light)y —» BP® —» BP-H ¢))

BP-H+Au™ — 5 Au2 —» Au'' 5 AuNPs

@
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The formation of gold nanoparticles utilizing benzophenone
as a photoreducer was investigated in the presence of TEA as a
hydrogen donor in methanol solutions. When the a-hydrogen
is the species abstracted, amines are most likely to be reactive
hydrogen donors. The mechanism for ketyl radical formation is
explained as follows: it occurs through reactive electron
transfer, which forms the ketyl radical anion and amino radical
cation. The rapid growth of nanoparticles via TEA can be
ascribed to how easy the hydrogen abstraction is. The
mechanism is illustrated in Scheme 7. The change in

Scheme 7. Photochemical Synthesis of Colloidal AuNPs

with BP1-2 Based on the BP/TEA/ HAuCl, System
AuNPs (1)

BP* + amine — 3 BP-H + Au> —

BP” + amine — » amine + Au’> —> AuNPs (2)

absorption at different irradiation periods is shown in Figure
8. The solution was noted to be very clear and pale purple for
approximately 5 s, before turning dark purple after an extended
irradiation period of 25 s. As suggested in Figure 8, the SPR
development was very fast, reaching a maximum after 25 s and
then becoming stable. At the same time, the SPR maximum of
BP1 slightly red-shifts from 550 to 570 nm, whereas BP2
exhibits similar behavior as in BP1, with only a slight increase
in the gold band observed. Its maximum absorption wave-
length underwent a red shift to 575 nm. Using transmission
electron microscopy analysis on the samples above, the

https://doi.org/10.1021/acsomega.2c06655
ACS Omega 2023, 8, 3207—-3220


https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=sch7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06655?fig=sch7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
=l
-
0.4 - 0.8
ﬂ- 15 ‘ 25
0.3

Absorbance

T
600

T T
550 650

2 (nm)

10
Diameter (nm)

(a)

06\/\
0.4 '\/-\

Absorbance

0.2
—_—0
——5s
——15s
0.0 T T T T T ) ——25s
400 450 500 550 600 650 700
A (nm)

Particle count

15
Diameter (nm)

20

(b)

Figure 8. Evolution of the absorption spectra of irradiated mixtures (4, = 419 nm, irradiation intensity of 250 microwatts/cm?). Solution: (a) BP1
0.003 wt %, HAuCl, 4 wt %, and TEA 1 wt %. (b) BP2 0.003 wt %, HAuCl, 4 wt %, and TEA 1 wt % dissolved in 10 mL of methanol. In addition
to the corresponding TEM images of AuNPs with their respective size distributions.

formation of spherical particles with diameters of 4—16 nm for
BP1 and 5—30 nm for BP2 was observed.

The time evolution of the UV—vis spectra of the samples
that were synthesized with the hydrogen donor TEA and
iodonium salt in BP1 and BP2 is shown in Figure 9. The color
of the samples was noticed at different exposure periods to
follow the progress of the reaction during the irradiation (in
Figure 9). The changes in UV—vis spectra can be said to be
related to the formation of AuNPs and the adjustment in their
size and shape. Figure 9 illustrates a slight shift in A, (<5 nm)
toward longer wavelengths that is observed in this system. The
Amax Of BP1 shifts with the irradiation period from 565 nm after
Ssto 570 nm after 15 s. However, in BP2, these values are 545
and 550 nm, respectively. Additionally, the plasmon bands
generated from BP1 were observed to be of longer wavelengths
than those generated from BP2. After a detailed inspection of
the TEM images of the particles generated by BP\TEA\Iod
\Au, the presence of smaller particles (4—16 nm) compared to
the first system was noted. Interestingly, all of these structural
observations can be attributed to the development and
subsequent evolution of the corresponding surface plasmon
bands during irradiation. Scheme 8 depicts the photoreduction
mechanisms for BP/Iod/TEA/Au in the methanol solution.

To summarize, we can say whether BP1 and BP2 had
photoinitiator and photoreduction agent roles that supported
the possibility to formulate both silver and gold nanoparticles
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in methanol solutions in a significantly shorter time and with
very refined size control. Among the tested systems, the third
one can generate AgNPs and AuNPs in shorter irradiation
periods compared to the other systems. The position of the
SPR maxima and the growth periods for the various systems
can be found in Table 3.

3.4. Fluorescence Studies. Fluorescence quenching of the
probes by AuNPs and AgNPs has been well explored in the
fundamental studies of nanoscale physics alongside their
various applications.”” Fluorescence quenching refers to the
process that decreases the fluorescence intensity of a molecule,
which is achieved through various molecular interactions
including excited-state reactions, energy transfer, molecular
rearrangements, collisional quenching, and ground-state
complex formation.”* Quenching can be classified according
to the nature of the interaction into static or dynamic. In static
quenching, a complex is formed between the fluorophore and
quencher in the ground state that is nonfluorescent, whereas
collision-based dynamic quenching is characterized by diffusive
encounters between the fluorophore and the quencher within
the lifetime of the excited state. Owing to their high molar
extinction coefficients and tunable absorption spectra in the
visible range, nanoparticles are superb quenchers. The initial
works of Dulkeith et al. discussed the major fluorescence
quenching of the lissamine dye molecules chemically attached
to AuNPs of different sizes.””
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Figure 9. Evolution of the absorption spectra of irradiated mixtures (4, = 419 nm with an irradiation intensity of 250 microwatts/cm?®). Solution:
(a) BP1 0.003 wt %, HAuCl, 4 wt %, TEA 1 wt %, and iodonium salt 1 wt %. (b) BP2 0.003 wt %, HAuCl, 4 wt %, TEA 1 wt %, and iodonium salt
1 wt % dissolved in methanol. This is in addition to the corresponding TEM images of AuNPs with their respective size distributions.

Scheme 8. Photochemical Synthesis of Colloidal AuNPs
with BP1—-2 Based on the BP/Iod/TEA/HAuCl, System

BP + light ——— =  BP"(excited state) rl
BP+  Anl" o BP'+Ar'+ Al 0
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BP'+ Au” ——>  BP*+Au? rs
BP"+ Au" ——>  BP AU 16
BP* + Au-*—1 —_— BP 4 Au 0 r7
amine’ + Au*3 — 5 amine "+ Au'? r8
amine’ + Au™2 —  » amine" + Au'! 9
amine’ + Au™! — s amine' +Au’ r10

Figure 10 displays the fluorescence spectra of BP-AgNPs and
BP-AuNP:s in the presence and absence of TEA and Iod salt.

Table 3. Summary of the Spectral Data and Signal Growth
Information for (a) Silver Nanoparticles and (b) Gold
Nanoparticles Produced from BP Derivatives in the Various
Studied Systems

(a) AgNPs
BP/Ag/-
BP/Ag BP/Ag/TEA TEA/Tod
systems BP1 BP2 BP1 BP2 BP1 BP2
growth time 150 s 2S's 15s
SPR maximum 422 43S 420 435 428 385
(nm)
size (nm) 10-24 8-—28 4-14 8-18 2-14 4-9
(b) AuNPs
BP/Au/-
BP/Au BP/Au/TEA TEA/Iod
systems BP1 BP2 BP1 BP2 BP1 BP2
growth time 20 min 25s 15's
SPR maximum 55§ 553 570 575 570 550
(nm)
size 20-70 14-30 4—-16 5-30 7—-16 4—11

These spectra were measured with average diameters of 6—40
nm (as determined by TEM shown in Figures 6 and 9 for
TEM micrographs) with an excitation wavelength of 350 nm.
It was observed that the fluorescence intensity increases with
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Figure 10. Fluorescence emission spectra of metal nanoparticles for different photoinitiator systems. (A) Fluorescence spectra of AgNPs with BP1
[(2) BP1 0.003 wt % and Ag 2 wt %, (b) BP1 0.003 wt %, Ag 2 wt %, and TEA 1 wt %, (c) BP1 0.003 wt %, Ag 2 wt %, TEA 1 wt %, and Tod 1 wt
%]. (B) AgNPs with BP2 [(a) BP2 0.003 wt % and Ag 2 wt %, (b) BP2 0.003 wt %, Ag 2 wt %, and TEA 1 wt %, (c) BP2 0.003 wt %, Ag 2 wt %,
TEA 1 wt %, and Tod 1 wt %]. (C) AuNPs with BP1 [(a) BP1 0.003 wt % and Au 2 wt %, (b) BP1 0.003 wt %, Au 2 wt %, and TEA 1 wt %, (c)
BP1 0.003 wt %, Au 2 wt %, TEA 1 wt %, and Tod 1 wt %]. (D) AuNPs with BP2 [(a)BP2 0.003 wt % and Au 2 wt %, (b) BP2 0.003 wt %, Au 2 wt
%, and TEA 1 wt %, (c) BP2 0.003 wt %, Au 2 wt %, TEA 1 wt %, and Tod 1 wt %].

increasing the size of the nanoparticles. The incident light at
350 nm leads to the excitation of the surface plasmon coherent
electronic motion as well as the d electrons.”® The different
sizes of AuNPs and AgNPs (traces a—c) were used to
investigate the effect of the size of metal nanoparticles on the
fluorescence intensity.

It is observed that the nanoparticle systems show distinctly
different emission profiles in the presence of different sizes of
gold and silver colloids. The most important feature of physical
significance is that the intensity of the emission spectrum
increases significantly when progressing from smaller to larger
gold and silver particles (traces a—c where the concentrations
of the gold and silver are the same) as shown in Figure 10 by
traces a—c. Here, a represents the one component system
(BP), b represents the bicomponent system, which has the
amine (BP/TEA), and c represents the tricomponent system
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which has amine combine with iodonium salt (BP/TEA/Iod).
By changing the size of the nanoparticles, we can notice the
interaction of the size and surface effects on the structure of
the particles. When the gold and silver concentrations are the
same for all sets of particles, the bigger the particle, the lower
the c7o7ncentration of the particles and subsequently the surface
area.

4. CONCLUSIONS

This paper discusses new benzophenone derivatives named
BP1 and BP2 as photoinitiators utilized originally for the
photochemical synthesis of metal nanoparticles under exposure
to an LED at 419 nm. The metal nanoparticles were produced
by a rapid and efficient method in an organic solvent, by which
the silver or gold ions are reduced in the presence of various
photoinitiator systems. The NPs generated were controlled in
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terms of size, shape, and distribution. The photoinitiator
systems used for the formation of metal nanoparticles were BP
alone, BP/TEA, and BP/TEA/Iod. To summarize the results
of this paper, we can note that the size and distribution of
nanoparticles depend on the type of photoinitiator system
used. Short irradiation of the mixture containing BP1 and BP2
with gold or silver ions in the presence of triethylamine and
iodonium salt was noticed to lead to the formation of
nanoparticles with a small size of 4—15 nm, which is
considered a good size. After successfully preparing the metal
nanoparticles, particles of variable sizes were used to study
their effect on the behavior of the emission spectrum intensity.
It was found that the fluorescence emission range of the
nanoparticles varies with the change, whereas the intensity of
the fluorescence emission band increased with the increasing
nanoparticle size. In this work, nanoparticles of noble metals
were generated, and the ability of the new proposed systems to
generate nanoparticles of less expensive precursors will be an
interesting perspective.
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