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The rapid development of nanotechnology has led to an incredible expansion in the production and use of
nanoparticles (NPs). Gold nanoparticles (AuNPs) are one of the most significant types of NPs and have
shown outstanding medical applications due to their low toxicity. AuNPs stabilized by phosphine
derivatives have extensive applications in sensing, catalysis, and biological imaging. In this work,
phosphine oxide ligands were employed to stabilize AuNPs in DMSO with NaBH, as the reducing agent.
ligands (3-thioacetyl-N-ethylmethylamine)-diphenylphosphine  oxide (10), (3-
thioacetylpropyl)-thiodiphenylphosphine oxide (7), (3-thioacetylpropyl)di-(p-tolyl)phosphine oxide (4A),
and (3-thioacetylpropyl)-diphenylphosphine oxide (4B). The AuNPs were characterized by transmission

These included

electron microscopy (TEM), dynamic light scattering (DLS), and UV-Vis spectroscopy. AuNPs stabilized by
both 4B and 7 remained stable for five months. However, when 4A and 10 were used, the AuNPs
remained stable for three months. Due to their small surface-area-to-volume ratio and good stability,
AuNPs are nowadays needed for different applications. Therefore, small, homogenous, and spherical
AuNPs were considered herein, where their sizes were 55 + 13.6 nm, 40 + 8 nm, 25 £ 6 nm, and 43 +
7 nm for 4A-AuNPs, 4B-AuNPs, 7-AuNPs, and 10-AuNPs, respectively, based on TEM results. These
results aligned with the DLS results, where homogenous AuNPs were produced with no evidence of

rsc.li/nanoscale-advances aggregation.

1. Introduction

Light is absorbed by noble metal nanoparticles, such as gold,
silver, or copper, due to the excitation of localized surface
plasmon resonance (LSPR)." For example, gold nanoparticles
(AuNPs) gained attention as a potential material for producing
hot carriers in photocatalysis and have been utilized in elec-
trochemical capacitors.? In addition, numerous medical appli-
cations use AuNP formulations as contrast agents for computed
tomography (CT) scans and as agents for photothermal ablation
of tumors.® Recently, AuNPs have shown many applications
across several medical domains, such as cancer, ocular
diseases, cardiovascular diseases, and diabetes.* For many
applications, particularly bio-applications, the surface
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modification and protection of AuNPs are crucial prerequisites.®
It is beneficial to add functionality to gold nanoparticles for
specific purposes. Recently, AuNPs have gained popularity due
to their potential application in photothermal therapy. Heat is
generated on the surface of an AuNP when light is absorbed,
primarily due to electron-electron scattering and the coupling
of electrons with lattice vibrations.® Creating biological ligands
to effectively identify and bind tumor cells to metals is one
problem related to the core-shell structure of particles. Thus, it
is necessary to have metal nanoparticles (NPs) that can distin-
guish between various kinds of cancer cells. It has been shown
that cells accumulated phosphonium-functionalized gold
nanoparticles (AuNPs) and TEM verified their presence in the
mitochondria.”

It is known that AuNPs can be synthesized using different
techniques based on their size and shape requirements. Among
those methods are laser ablation, Brust, Turkevich, and seed-
mediated growth methods. For example, AuNPs with a size
7.6 nm were prepared by laser ablation in a liquid, where
a small amount of aggregation occurred due to the absence of
capping agents in this method.?

Furthermore, AuNPs prepared via the Turkevich approach
are 1-2 nm in size. In this process, reducing gold ions (Au**) to
Au® yields gold nanoparticles (NPs). AuNPs of certain sizes,
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ranging from 16 to 147 nm, were prepared by adjusting the ratio
of stabilizing and reducing agents. In addition, AuNPs with
a size range of 1.5-5.2 nm were generated by the Brust method
using two-phase organic solvents, where sodium borohydride
was used as a reducing agent. Both Turkevich and Brust
methods produce only spherically shaped AuNPs. In contrast,
the most popular method for creating rod-shaped AuNPs is
seed-mediated growth. This technique is based on the idea that
seed particles are initially synthesized by reducing gold salts.’
The use of various capping/stabilizing agents to stabilize
AuNPs is a key objective. For instance, stabilized ligands with
Au-P bonding are comparatively weaker than those with Au-S
bonding. As a result, thiolate-stabilized Au clusters and Au-
phosphine clusters differ significantly in their chemistry,
structure, and physical characteristics. Furthermore, strong Au-
S bonds play a key role in stabilizing assemblies capped with
thiolates on gold nanoparticle surfaces.'” Compared to weakly
bound systems like nitrogen-Au and phosphine-Au, the inter-
action between gold and sulfur is the most studied gold organic
system found in the literature.'®** For instance, thiol/phosphine
ligands applied as protective ligands have significantly
improved AuNP management during the last few decades.'
Ligands have different affinities toward the NP surface, which
are dependent on the ligand head groups and the nature of the
NP surface. Additional sulfur functional groups like S-thio-
carbamates (RSC(=O)NR,, thioesters) and thiocarbamates (O-
thiocarbamates, (ROC(=S)NR,) (esters)) have been applied as
stabilizing agents for a range of metal nanoparticles (MNPs).
However, they showed less affinity for the surface of the MNPs
compared to thiol functional groups.'** Organic groups, such
as amine derivatives, are commonly used to stabilize metal
nano particles. The primary distinction between thiol and
amine functions is the stability of the NPs. Additionally, AuNPs,
stabilized by amine group-containing ligands are bigger than
those containing thiol group ligands. The weak interactions
between amines and AuNPs were due to the amine groups' low
affinity for the AuNP surface. However, amine and thiol groups
can both work well together. For example, peptides and AgNPs
are connected through both amine and thiol functionalities.****
According to the literature, AuNPs modified with cavitands
demonstrated exceptional stability due to the incorporation of
two thiol groups. In contrast, AuNPs prepared with two amine-
based cavitands showed a tendency to agglomerate quickly.*
Furthermore, AuNPs with various electrical characteristics have
been functionalized in the presence of NaBH, and secondary
phosphine oxides (SPOs), where tiny sized AuNPs (1.2-2.2 nm)
were generated.”” The hydrogenation of aldehyde derivatives
was also more actively catalyzed by AuNPs, functionalized by
aryl-substituted SP=O0Os than by those containing alkyl SP=0Os,
which demonstrated moderate activity. This difference
occurred as a result of the strongly polar nature of the P=0
bonds of aromatic SP=Os attached to AuNPs.'®* Phosphine
oxide synthesis can be very beneficial because of the ability of
phosphine oxide to form hydrogen bonds with biomolecules.
For instance, R-P(O)(OH), and 11-mercaptoundecanylphos-
phonic acid, exhibit a wide spectrum of biological activities,
including the ability to block enzymes. Similarly, through the
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oxygen in the P=0 bond, phosphonic acid groups can function
as electron acceptors, while their P-OH group will enable
hydrogen bonding.'* Furthermore, NaBH, and tert-
butyl(naphthalen-1-yl)phosphine oxide have been used to
functionalize an air-stable and homogenous AuNP.** Other
stabilizers, such as 1,1,1-tris (diphenylphosphinomethyl)ethane
CH;3C[CH,P(CgHs), s and 1,1,1-tris-(diphenylphosphinomethyl)
ethane trisulfide [CH3C(CH,P(S)(C¢Hs),)s], stabilize AuNPs,
create small sizes, and provide important bio applications.
Those AuNPs were efficient against Gram-positive bacteria than
against Gram-negative bacteria.>* Both sulfur and phosphorus
are found to be the best donor atoms toward a variety of metals.
Phosphino-thiols include phosphine moieties and thiol groups
that are linked by an organic molecular bond; for instance,
phosphinothioformamides have been utilized in catalytic
processes.*

As previously indicated, the stability of AuNPs is crucial for
their use in a variety of domains, including bioassays, catalysis,
and nano-optoelectronics. Therefore, a variety of ligands, such
as thiol, disulfide, phosphine oxide (P=0), amine, phosphine,
and carboxylate, have been selected to stabilize AuNPs.*

Furthermore, gold nanorods stabilized with bidentate N-
heterocyclic-carbene-thiolate ligands stable at low
temperature, high salt concentration, over a broad pH range,
and under gold etching conditions. These gold nanorods
worked well for photothermal treatment (PTT) in vitro.**
Furthermore, amine and phosphine ligands were used to
modify the physical and chemical properties of the AuNPs, such
as solubility and light absorption.*® Therefore, our ligands were
chosen for their ability to stabilize AuNPs for potential future
uses.

were

2. Experimental

Every chemical used in this study was acquired from Fisher
Scientific Ltd. and Sigma-Aldrich. No additional purification
was required; all reagents were used exactly as provided.

2.1 UV-visible spectroscopy

A PerkinElmer Lambda 19 UV/Vis/NIR spectrophotometer was
used for analyzing the AuNP samples, and UV-Vis absorption
spectra were noted at R.T. in the 200-800 nm range. The solvent
used to dissolve the relevant sample was also used to correct all
data for background absorption.

2.2 Transmission electron microscopy

A Tecnai-12 device running at 100 kV accelerating voltage was
used to create Transmission electron microscopy (TEM)
micrographs. The sample was centrifuged at 4000 rpm. One
drop of the reaction mixture from the centrifuged solution was
placed on a copper grid coated with 150 mesh Formvar. After
that, the grid was left to dry before it was photographed. Image]
and OriginPro 2018 were used to analyze at least 170 particles in
the TEM images to investigate particle size.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3 Dynamic light scattering

The size of the gold nanoparticles was measured using a Mal-
vern Zetasizer Nano ZS (UK) instrument, which had a scattering
detector at 173° and a HeNe laser operating at 633 nm. The
measurements were taken at 25 °C. The samples were trans-
ferred to a quartz cuvette, where the measurements were taken
for each sample. Additionally, Image] software was used for
graphical purposes.

2.4 Cationic phosphonium ligand synthesis

The production of (3-thioacetylpropyl) diphenylphosphine
oxide (4B) was carried out according to a documented
process.”®*” In contrast, the synthesis and characterization of (3-
thioacetylpropyl)di-(p-tolyl)-phosphine oxide (4A), (3-thio-
acetylpropyl)thiodiphenylphosphine oxide (7), and (3-thio-
acetylethyl-N-methylamine)diphenylphosphine oxide (10) were
previously unreported.

2.4.1 Preparation of (3-thioacetylpropyl)di-(p-tolyl)phos-
phine oxide (4A) and (3-thioacetylpropyl)diphenylphosphine
oxide (4B). Scheme 1 illustrates the production of phosphine
oxide (4A and 4B). The compounds were initially obtained
through basic hydrolysis of hydroxypropylphosphonium salt
(compound 2), yielding (hydroxypropyl)-di(p-tolyl)phosphine

e
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Scheme 1 Illustration of the preparation of compound 4.
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oxide in the case of the tolyl ring (2A) and (hydroxypropyl)-
diphenylphosphine oxide in the case of the benzene ring (2B).

After dissolving the hydroxylpropylphosphonium salt (1A/1B
1 mmol) in ethanol (1.5 ml), the solutions were heated to 50 °C
with 2 ml of 20% NaOH solution. The corresponding amount of
bromopropylphosphine oxide (3A/3B) was obtained by dissolv-
ing 2A/2B in HBr (48%, 5 ml) and refluxing the mixture for five
hours. In the last step, potassium thioacetate (3 mmol) and
bromopropylphosphine oxide (3A/3B, 2 mmol) were reacted in
5 ml of ethanol. To obtain 4A/4B, the mixture was stirred under
nitrogen overnight at R.T. TLC was employed to track the
development of the reaction using 90% DCM and 10% CH;O0OH
as a mobile phase. Diethyl ether and ethanol were used to purify
4A/4B, producing a light brownish powder for 4A and a thick,
yellowish, and oily substance for 4B.

4A had a yield of 70% and an mp. of 119-120 °C, while 4B
had a yield of 67%. When 4A and 4B were investigated by ESI-
MS in a positive ion approach, ions conforming to [M + H]
and [M + Na]" were detected at 319.09 m/z and 369.10 m/z,
respectively. 4A and 4B were predicted to have molecular
weights of 346 and 318 g mol ™, respectively.

The infrared spectra of 4A presented peaks at 1738 cm ™" (»
C=0), 725-720 cm ' (v CH,-), 1217 cm™ ' (v P=0), 3100~
3000 cm ™' (v CH-aromatic), and 1345 cm™ ' (C-S).

NMR: "H NMR revealed characteristic chemical shifts (d) at
3.3 (s, 3H of Ar-CHg), d 3.4 (s, 3H of Ar-CH3), d 2.4 (s, 3H of
CJO-CH;), d 2.6 (t, 2H of P—CH,), d 2.3 (t, 2H of
P — (CH,), — CH,),d 1.9 (m, 2H of P — CH, — CH,), 5.6 (s, 1H
of solvent (CD,CL5,)),*® and at 7.4-7.8 (m, 8H of Ar-H) ppm. d for
3P NMR (CD,CL,) was 32.0 ppm.

Similarly, the FTIR of 4B displayed peaks at 1739 cm™ ' (v C=
0), 699-710 cm ™" (v CH,), 1340 cm ™ (C-S-), 3100-3000 cm ™ * (v
CH-aromatic), and 1217 cm™* (v P=0).

NMR (DMSO): 'H NMR spectrum of 4B provided chemical
shiftsatd 1.9 (m, 2H of P — CH, — CH,), 3.6 (t, 2H of P — CH , ),
d 3.4 (t, 2H of CH, — S — C=0), d 2.4 (s, 3H of C]O — CH,),
d 2.5 (s, 1H of solvent (DMSO0)),*® and at 7.4-7.7 ppm (m, 10H of
aromatic-H).

The carbonyl group (C=O) peaks in the IR results at
1738 cm ™" and 1739 cm ™! provide evidence for the generation
of compounds 4A and 4B, respectively. Furthermore, for 4A and
4B, stretching absorption was observed at 1217 cm ™" for P=0.2
Furthermore, it can be seen that both 4A and 4B have single
peaks in 'H NMR at about d = 2.4 for (s, 3H of C=0 — CH ,),
which is consistent the literature.””*°

The 4A molecule was also confirmed by a strong peak at 32 ppm
that was obtained from *'P NMR (CDCl;) analysis. Jeong et al.
claim that oxidation and hydrogenation caused *'P to shift from
24 ppm to 39 ppm, while the peak moved upfield and downfield.**

2.4.2 Preparation of (3-thioacetylpropyl)thio-
diphenylphosphine oxide (7). Diphenylphosphinic chloride (5)
(3.8 mmol, 0.70 ml) and 3-chloro-1-propanthiol (15 mmol, 0.33
ml) were refluxed for seven hours in DCM (6 ml). The mp. of the
produced white precipitate (6), as indicated in Scheme 2
(Reaction 1), was 170 °C. Next, potassium thioacetate (3 mmol,
0.35 gm) and salt (6) (2 mmol, 0.7 gm) were combined in 11 ml
of aqueous ethanol and left stirring at R.T. overnight to produce

Nanoscale Adv, 2025, 7, 3255-3266 | 3257
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Scheme 2 (a) Illustration of the preparation of compound 7. (b)
Mechanism of action.

7, as indicated in Scheme 2 (Reaction 2). Then compound 7 was
purified by ether, and a beige-coloured powder was produced.

The final pure product had a mp. of 219-220 °C and was
a cream-coloured powder (77% yield). The ESI-MS from a positive
ion approach, with the ion conforming to [M + H]", showed a result
at 351.06, and its predicted molecular weight was 350 g mol .

The IR spectrum for 7 presented peaks at 1685 cm ™" (v C=
0), 3070-3000 cm ™' (v CH-aromatic), 722 cm—1 (v CH,), 1191
cm—1 (v P=0), and 1306 cm—1 (C-S).

NMR: '"H NMR spectrum gave signals at d 5.6 (s, 1H of
solvent (CD,CL,)) 28, d 3.4 (m, 2H of CH,-), d 3.5 (t, 2H of P-S-
CH,-), d 3.2 (t, 2H of CH,-S-C=0), d 2.4 (s, 3H of C=0-CH,),
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and at 7.3-7.8 ppm (m, 10H of Ar-H). These protons are influ-
enced by strongly electron-withdrawing groups, including
phosphine oxide (P=O0). As expected, the shielding effect
between methyl group protons in COCHj; is less than that
between thiol and thiol groups.***

2.4.3 Preparation of (3-thioacetylethyl-N-methylamine)-
diphenylphosphine oxide (10). A yellow precipitate (9) was
prepared by refluxing a combination of (2-methoxyethyl)
methylamine (8) (15 mmol, 1.63 ml) and (diphenylphosphinic
chloride) (5) (3.8 mmol, 0.70 ml) in 5 ml of DCM for six hours, as
shown in Scheme 3 (Reaction 1). After that, potassium thio-
acetate (3 mmol, 0.34 gm) and salt 9 (2 mmol, 0.57 gm) were
combined in 11 ml of aqueous ethanol, and the mixture was
stirred overnight at R.T. under nitrogen to produce 10, as
described in Scheme 3 (Reaction 2). The purification of 10 was
done with EtOH to produce a yellowish powder.

A yellowish powder compound (10) was successfully
prepared (85% yield), mp. 248-250 °C. The ESI-MS showed an
ion conforming to [M-(C=0)-CH;]" at 290.13 m/z, whereas its
predicted molecular weight was 333 g mol .

The IR spectra showed different peaks at 1737 cm ™" (v C=0),
1375 cm™ ' (C-S), 3100-3000 cm ™" (v CH-aromatic), 1177 cm ™" (v
P=0), and a peak at 726-720 cm " (v CH,).

NMR: "H NMR results provided many chemical shift values
atd 1.8 ppm (s, 1H, H,O solvent (CDCL3)), d 7.6-7.8 (m, 10H of
aromatic-H), 2.4 (s, 3H of (C=0)-CHj;), d 3.0 (t, 2H of CH,-N),
3.3 (s, 3H of N-CHj,), and d 3.5 (t, 2H of CH,-S) ppm. d for *'P
NMR (CDCL;) was 30.0 ppm.

4A, 4B, 7, and 10 are all well soluble in dichloromethane,
chloroform, ethanol, methanol, and dimethyl sulfoxide. A
single, distinct peak at 30 ppm was found by *'P NMR (CDCl;)
analysis, indicating the formation of 10. High purity was indi-
cated by the sharp single peaks of the compound 10.** The
asymmetric and symmetric stretching of carbonyl (C=0) peaks
appeared at 1737 cm™ ' and 1728 cm ™, respectively. The peak at
716 cm ™' corresponds to C=O bonding, while the peak at
1373 em ' (C-N) signifies that complete formation of ligand
10* 'H NMR introduced extra evidence to confirm the
production of compound 10. For example, 4H at d = 3.0-
3.5 ppm corresponds to (CH,), and was present in compound
10, while (CH,), was not found in the precursor material (5).

2.5 Preparation of phosphine oxide gold nanoparticle
derivatives in DMSO

The technique used in this study to create biocompatible AuNPs
using the current ligands in DMSO was the Turkevich method
with some modifications, and they were created in a manner
comparable to earlier techniques.*® Solutions of phosphonium
ligand derivatives, namely 4A, 4B, 7, and 10, (0.56 mmol,
0.4 mmol, 0.6 mmol, and 0.7 mmol, respectively), were dis-
solved in 20 ml of DMSO to produce AuNPs. Additionally,
a solution of potassium tetrachloroaurate (KAuCl,) was
prepared via the addition of KAuCl, (0.8 mmol) in 9 ml of
distilled H,O. Then, for almost four hours at room temperature,
the 4A, 4B, 7, 10, and KAuCl, solutions were combined and
rapidly stirred until the colour altered from yellowish white to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 (a) lllustration of the preparation of compound 10. (b) Mechanism of action.

colourless. After that, the reduction was performed by gradually colour, confirming the formation of AuNPs. Diethyl ether was
adding 4 ml of NaBH, (0.4 M) to the final colourless mixture; the used in liquid-liquid extractions to eliminate the extra ligands
reaction continued under stirring for two hours, resulting inred from each of the produced gold nanoparticle solutions.

© 2025 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2025, 7, 3255-3266 | 3259
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Before being employed to functionalize AuNPs, all of the
ligands produced in this study were characterized using *'P, 'H
NMR, ATR-FTIR, and ESI-MS. UV-visible absorption spectros-
copy, TEM, and DLS were applied to confirm the stability of 4A-
AuNPs, 4B-AuNPs, 7-AuNPs, and 10-AuNPs. Regular investiga-
tions of the AuNP samples were made to monitor each potential
alteration, such as aggregation or agglomeration.

3. Results and discussion

3.1 Stability of AuNPs using 4A, 4B, 7, and 10 in DMSO by
using NaBH,

According to Tang et al., tri(p-tolyl)phosphine (P(p-tol);) AuNPs
functionalized using the Brust method showed poor stability.
However, replacing the ligand with 1,3 bis(diphenylphosphino)
propane enhanced the stability of the AuNPs.>® The authors
confirmed that with suitable synthesis techniques, AuNPs cap-
ped with phosphine ligands can be created that are sufficiently
stable for chemiresistive sensing. The significance of phosphine
ligands as capping ligands toward the AuNP surface was
confirmed by those results.

Notably, low NP stability results from weak interactions of
phosphine ligands with metal surfaces. Because of their insta-
bility, phosphine ligands are easily exchanged with other
ligands that have stronger affinity for the metal NP surface. For
instance, polyphosphine ligands can be used to solve the
stability problem related to phosphine ligands. Some ligands,
such as di- or triphosphine, have been successfully used to
stabilize palladium nanoparticles. These multiphosphine
ligands coordinate strongly with palladium particles.*

Notably, the polarity of the P=0 bond in the secondary
phosphine oxide with the aryl ring is considered to be very high
compared with those of aliphatic secondary phosphine oxide
ligands utilized as stabilizing ligands for functionalized
AuNPs."** UV-Vis spectroscopy and DLS were applied to further
comprehensively characterize the synthesized AuNPs, which
were mainly confirmed by a change in the colour of the
dispersion solution from colourless to red.*

Depending on the intended application, AuNPs can be
produced in a variety of sizes and surfaces. They can also be
readily functionalized with biomaterials, polymers, and tiny
medicinal molecules for a wide range of possible uses.***” Due
to their high chemical activity towards biological molecules,
AuNPs can modify cellular signaling pathways and functions,
based on their size effect. AuNPs were shown to be spherical by
TEM imaging and can cross cell membranes because of their
inherent ability to attach to sulfthydryl-bonded carbon (C-SH/R-
SH) groups.*®

Because our hydrophobic ligands are poorly soluble in water,
DMSO was used to dissolve them in this investigation. None-
theless, for over five months, these ligands showed their
capacity to functionalize AuNPs in DMSO with high stability.
Because of the reducing conditions, a strong covalent bond is
formed on the AuNP surface that may be removing C=0OCH;
groups from the initial structure of the ligand to generate
Ph,P=0(CH,);S™. They can enter the lipophilic cell wall
through their contact with the surface of the AuNPs.>
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The current ligands, such as 4A and 4B, were chemically
confirmed before being used as capping ligands. The NMR results
for 4A showed a chemical shift at d = 2.4, confirming the aliphatic
methyl group (s, 3H of C=O — CH ;), and at d from 1.9 to 2.6 ppm
in the aliphatic zone corresponding to the chain structure of the

alkyl side chain | P — CH, — CH, — CH, |. The chemical shift at

about 5.6 indicates the solvent of deuterated dichloromethane
(CD,CL,)" (see Fig. S17), which confirmed the successful prepa-
ration. In the ESI-MS using the positive ion approach, ions con-
forming to [M + Na]" were detected at 369.10 m/z (Fig. S27), where
the predicted molecular weight of 4A was 346 g mol ™ *. In addi-
tion, the ATR-FTIR result for compound 4A showed that the OH
group in the region from 3100 to 3600 cm ™" was absent, while
strong peaks at 1738 cm ™" for the carbonyl group appeared, which
were not present in the starting material (see Fig. S31).

The benzene ring in compound 4B was used instead of the
ring in toluene 4A to compare the stability of AuNPs function-
alized with these ligands. 4B shows a single peak at chemical
shift d = 2.4 in the "H NMR result, indicating the structure of

the methyl side chain ( C=0 — CH , | (see Fig. S4t), which was

absent in the starting material, and the single peak of solvent
DMSO occurred at d = 2.5, confirming another study.”® The
product ion spectra (Fig. S5T) of 4B were investigated by the ESI-
MS technique, where an ion conforming to [M + H|" was
detected at 319.09 m/z, and its predicted molecular weight was
318 g mol " (Fig. S57). The ATR-FTIR results for compound 4B
showed peaks at 1739 em™ ", confirming the carbonyl grope of
acetyl, which is important evidence to confirm that 4B had been
produced (Fig. S67).

Additionally, compound 7 contains two thiol groups in its
structure and exhibited the smallest size of 25 £ 6 nm among the
other ligands in this study. This may be due to the presence of thiol
groups, which increased its high affinity toward the surface of
AuNPs. This compound was investigated by different techniques.
For instance, the "H NMR spectrum gave signals at different
chemical shifts that confirmed the structure of compound 7,

where a new group (the methyl group of (CZO—@ s )

occurred as a single peak at d = 2.4 ppm, whereas this peak was
dispersed in the starting material (Fig. S71). ESI-MS confirmed its
structure via the ion [M + H|" appearing at 351.06, where the
predicted molecular weight of 7 was 350 g mol " (Fig. S81). ATR-
FTIR showed peaks of the carbonyl group at 1685 cm™*, which
were not particularly strong due to the presence of the thiol group
(S), which can cause resonance with C=0, decreasing its absorp-
tion intensity (Fig. S97).

The same procedure was undertaken for compound 10, and the
'H NMR results showed many chemical shift values. For example,

new peaks appeared at d = 2.4 ppm and d = 3.5 ppm, corre-
sponding to the methyl group (C=O — CH; | and the methylene

group that was linked to the thiol atom (t, 2H of CH,—S),
respectively. In addition, a single peak of a methyl group that was

linked to the nitrogen atom appeared at d = 3.3 ppm <N —CH,
(Fig. S10t). ESI-MS showed an ion corresponding to [M-C=0-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CH;]" at 290.13 mj/z, while its expected MW was 333 g mol "
(Fig. S117). Furthermore, the IR spectra confirmed the presence of
these new functional groups at different peaks of 1737 cm ™" (v C=
0) and 1375 em™ "' (C-S) (Fig. S127). These findings indicate the
successful synthesis of the current compounds. Due to their high
purity, the gold nanoparticles coated with these compounds were
homogeneous with good stability.

Despite modifying the synthesis conditions, such as varying
the concentrations of ligand and gold salt, multiple attempts
failed to synthesize phosphonium AuNPs employing the present
capping ligands using the two-phase H,O/DCM approach.”®

Conversely, as soon as NaBH, was incorporated into the
combined solutions, aggregation and coagulation of the bulk
gold took place. The reason for this aggregation may have
resulted from the low affinity of gold nanoparticles for two
phases solvent (H,O/ DCM). The characteristics of the ligands
not only made the AuNPs stable but also increased their solu-
bility in non-polar and polar solvents.*

After preparing homogeneous AuNPs in DMSO, Au™*? (III) was
reduced to Au® with NaBH, in the presence of 4A/4B, 7, or 10.
This reduction technique produced red-coloured dispersed
AuNPs functionalized with all the mentioned ligands that
remained stable for almost five months without showing any
obvious signs of aggregation.

3.2 UV-visible results

The occurrence of a sharp peak at about 520 nm in the UV-
visible spectrum for the fresh and aged solutions provided
proof of the production of AuNPs. This result indicates that the
particle size ranged from 5 nm to 10 nm, based on the results
for comparable thiolate ligand-capped AuNPs documented in
a previous study.*® Additionally, AuNPs were identified through
a peak in the UV-Vis spectra at 520-535 nm, which is a sign of
evenly distributed spherical nanoparticles between 1 and
20 nm." Fig. 1-4 display the stability of the AuNPs over five
months. UV-visible spectroscopy provided evidence that AuNPs

-Time =0
= Time = month
===Time = 2 months
N\ = Time = 3 months

14 N

Absorbance

04

380 480 580 680 780 880

Wavelength (nm)

Fig. 1 UV-Vis absorption spectra of homogenous AuNPs capped by
4A acting as a protective ligand. These AuNPs were distributed in
DMSO at a variety of times (from 0 to 3 months).
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were formed in DMSO using the reduction procedure. The UV-
Vis spectra at the initial time (time) revealed bands at 547 nm,
530 nm, 527 nm, and 529 nm for AuNPs stabilized by 44, 4B, 7,
and 10, respectively, as shown in Fig. 1-4.

In this study, slight differences in the surface plasmon reso-
nance (547 nm, 530 nm, 527 nm, 529 nm) of 4A-AuNPs, 4B-
AuNPs, 7-AuNPs, and 10-AuNPs were observed, as shown in
Fig. 1-4, respectively. In terms of stability, 10-AuNP and 4A-AuNP
remained stable for only 3 months, while 4B-AuNPs and 7-AuNPs
were stable for 5 months. For 10-AuNPs, tertiary amines are no
longer in a proton state and aggregate more quickly than thiol-
capping ligands. This could be the reason for the faster growth
in the size of the AuNPs and lower stability; such behaviour was
noticed in earlier studies.*> The presence of a tolyl group in 4A is
no more beneficial for the stability of the AuNPs than other
compounds that contain benzene groups. This is evidenced by

e Time = 0

0.9 s Time = month
e Time = 2 months
0.8 ==Time = 3 months
=== Time = 5 months
0.7
@
£
s 0.6
2
S
Z 05
20

S
'S

S
w

0.2

0.1

350 450 550 650 750 850
Wavelength(nm)

Fig. 2 UV-Vis absorption spectra of AuNPs capped by 4B as a pro-
tecting ligand in DMSO. The different UV-Vis spectra signify these
AuNPs at different times.

e=Time =0
-Time = month
0.81 e Time = 2 months
=Time = 3 months
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» 0.61
13
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i
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1723
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< 041
0.21
0.01

380 430 480 530 580 630 680 730 780 830
Wavelength (nm)

Fig. 3 UV-Vis absorption spectra of dispersed AuNPs functionalized
by ligand 7. The various UV-Vis spectra were measured at various
times.
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Fig. 4 UV-Vis absorption spectra of AuNPs functionalized by 10. The
various UV-Vis spectra were measured at various times.

the wider gold size distributions in 4A-AuNPs, which is explained
by TEM in the next section. The changes in surface plasmon
resonance (SPR) and the absorbance of all types of produced
AuNPs over time are shown in Table 1 and Scheme 4, respec-
tively. From Table 1, we can see that the absorbance shifted
towards longer wavelength, representing a redshift over time. In
Scheme 4, we can see that the absorbance of 10-AuNPs and 4A-
AuNPs decreased linearly, suggesting lower stability of the initial
size. This is evidenced by the DLS measurement in the next
section, where minimum changes (increments) in the sizes of the
AuNPs take place in the case of 7-AuNPs, followed by 4B-AuNPs,
10-AuNPs, and 4A-AuNPs after 3 months. The absorbance of 4B-
AuNPs and 7-AuNPs decreased cubically, suggesting lower and
slower changes (increments) in the size of the AuNPs. Similar
alterations were observed in the case of silver nanoparticles in an
earlier investigation.*®

3.3 Dynamic light scattering results

Dynamic light scattering (DLS) also examined the homogenous
AuNPs capped with 4A, 4B, 7, and 10 ligands. All four samples of
AuNPs displayed spherical-shaped particles. The lowest size of
AuNPs capped by ligand 7, which contains two thiol groups, and
their great stability for five months demonstrates the impor-
tance of the dithiol group in enhancing the stability of AuNPs,
as established by previous research.*>**

According to Fig. 5A, B and 6C and D, the mean diameters of
the 4A-AuNPs, 4B-AuNPs, 7-AuNPs, and 10-AuNPs samples were

View Article Online
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78 £11 nm, 59 £+ 9 nm, 37 & 8 nm, and 68 £ 9 nm, respectively.
The DLS results for the AuNPs were consistent with the UV-Vis
results, confirming each other.

The UV-Vis spectra revealed that the AuNPs functionalized by
4A had slightly larger surface plasmon resonance (SPR) at
547 nm among those functionalized by other ligands in this
study. This suggests that they would lose their colloidal stability
and aggregate after approximately three months, whereas 4B-
AuNPs remained stable for more than five months with no
apparent aggregation, as evidenced by DLS and UV-Vis results.
The size of 4A-AuNPs was 78 + 9 nm, which changed to 255 £
12 nm based on the DLS results, demonstrating that the large
size formed approximately after 3 months. This larger size
suggests the presence of agglomeration (where the nano-
particles are loosely bonded). However, there was no indication
of any aggregation (nanoparticles have a strong bond between
them). Similarly, the size of 4B-AuNPs gradually changed from
59 £ 9 nm at the initial time to 106 + 15 nm after 3 months and
to 164 + 11 nm approximately after 5 months, indicating an
increase in size and size distribution (Fig. 5B).

In addition, the size of 7-AuNPs was the smallest (37 + 8 nm)
at the initial time, and it remained stable for more than 5
months; it gradually increased to 58.8 + 8 nm after 3 months
and to 65 £ 12 nm after 5 months. These findings confirm that
(3-thioacetylpropyl)thiodiphenylphosphine oxide (7) has high
affinity toward the surface of gold nanoparticles (see Fig. 6C).

Gold nanoparticles functionalized by ligand 10 also showed
a narrow peak with quite good stability and nanoscale size range.
The size of 10-AuNPs was 68 £ 9 nm initially, which increased to
122 + 11 nm after 3 months. Thus, all the DLS results confirm
the successful preparation of AuNPs in our study.

3.4 Transmission electron microscopy results

The samples of 4A-AuNPs, 4B-AuNPs, 7-AuNPs, and 10-AuNPs
were also analyzed by Transmission electron microscopy (TEM).
Fig. 7 exhibits the good monodispersed and spherical shape
distribution of the AuNPs. Well-defined shape and narrow size
are observed in the case of 4B-AuNPs, 7-AuNPs, and 10-AuNPs
with diameters of 40 & 8 nm, 25 + 6 nm, and 43 + 7 nm,
respectively. However, a big size with quite a wide distribution
(55 + 13.6 nm, Fig. 7A) is observed in the case of 4A-AuNPs,
ensuring polydispersity. Ligand 4A, which contains tolyl groups
instead of benzene, may have low affinity towards the surface of
AuNPs in comparison to ligand 4B. These findings confirm that
the type of ligand attached to the nanoparticle surface plays
a vital role in changing the properties of the nanoparticles, in
agreement with previous studies.****

Table 1 Comparison of the SPR of 4A-AuNPs, 4B-AuNPs, 7-AuNPs, and 10-AuNPs at the initial time and after several months

SPR (nm) at an In the first In the second In the third In the fifth
Name of AuNPs initial time month month month month
4A-AuNP 547 nm 552 nm 555 nm 566 nm —
4B-AuNP 530 nm 535 nm 537 nm 541 nm 544 nm
7-AuNP 527 nm 533 nm 538 nm 542 nm 560 nm
10-AuNP 529 nm 531 nm 536 nm 540 nm —
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Fig. 7 Representative TEM micrographs of cationic phosphonium 4A-AuNPs (A),
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According to the literature, the lower stability of the nano-
particles results from the poor interactions of phosphine
ligands with the metal surfaces. Due to their instability, phos-
phine ligands are easily swapped out for ligands that have
stronger affinity for the metal. Phosphine ligands are
completely replaced with other types of ligands through
straightforward processes, in contrast to the ligand exchange of
thiol-passivated gold nanoparticles. Ligands containing phos-
phines with thiols greatly enhance the stability of the AuNPs. In
contrast, other ligands that contain phosphines with amines
produce less stable AuNPs.** Here, the TEM results revealed that
ligands containing thiol and phosphine groups were effective in
preventing agglomeration/aggregation and achieving diffusion-
controlled growth mechanisms of gold nanoparticles.

4. Conclusions

Gold nanoparticles (AuNPs) were successfully stabilized using
phenylphosphine derivatives, providing excellent control over
their stability and size. To the best of our knowledge, this
research represents the first synthesis of AuNPs employing the
newly introduced protective ligands 4A, 4B, 7, and 10 with
a reduction process in dimethyl sulfoxide (DMSO). The ligands
were found to strongly bind with the AuNP surface, exhibiting
air stability, which can be attributed to their high solubility in
DMSO. The characteristics of this approach include the ability
to control nanoparticle size through modification of ligand
composition. For example, varying the phenyl ring in 4B with
a tolyl ring in 4A resulted in distinct AuNP sizes and stability
profiles, demonstrated by different UV-Vis absorbance peaks at
547, 530, 527, and 529 nm.

Stability over time was also evident, with 7-AuNPs and 4B-
AuNPs remaining highly stable for up to five months, whereas
4A-AuNPs and 10-AuNPs remained stable for three months.
This stability, observed through UV-Vis, DLS, and TEM analyses,
indicates that the synthesis method yields robust and consis-
tent AuNPs with well-defined sizes and minimal agglomeration.
The TEM results are consistent with the DLS and UV results. For
instance, 4A-AuNPs, 4B-AuNPs, 7-AuNPs, and 10-AuNPs are
produced with diameters of 55 + 13.6 nm, 40 + 8 nm, 25 +
6 nm, and 43 + 7 nm, respectively.

However, there are certain limitations. While the ligands
demonstrate stability, the variation in stability across different
AuNPs, especially with 4A-AuNPs and 10-AuNPs, highlights the
need for further optimization of ligand structures to achieve
uniform long-term stability. Additionally, the reliance on DMSO
in the process limits its scalability due to concerns about the
solvent's environmental effects and toxicity. The nanoparticle
sizes also vary, which could be a limitation for certain applica-
tions that require uniformity.

Future directions in this field include exploring alternative
and more environmentally friendly solvents for synthesizing
AuNPs. Further studies could focus on precise control over
nanoparticle size and stability by tuning the ligands or using
a combination of protective agents. Additionally, the applica-
tion of these stabilized AuNPs in biomedicine, particularly in
photothermal therapy for cancer treatment, warrants further

© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigation, including in vivo studies to assess their thera-
peutic efficacy and safety.

In conclusion, the combination of phenylphosphine deriva-
tives and DMSO in the synthesis of AuNPs offers promising
advances in nanoparticle stability and size control. This work
paves the way for future developments in the use of gold
nanoparticles for medical applications, with the potential to
enhance therapeutic strategies in cancer treatment.
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