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ABSTRACT: The poly(methacrylic acid) (PMAA) polymer stabilized silver nanoclusters
Agn (n = 2−9), synthesized in aqueous solution by the selected light wavelength irradiation
photolysis approach, have been functionalized with thiol and amine ligands and successfully
transferred from aqueous to organic media. Low- or high-resolution positive mass spectra
showed constant species composites with the molecular formula AgnLn−1 [n = 2 to ∼9, L =
butylmercaptan (C4H9S), thiolphenol (C6H5S), or dodecanethiol (C12H25S)] and proved
that the molecules consist of deprotonated sulfur ligands in each species with one positive
charge. Fourier transform infrared and X-ray photoelectron spectroscopy are consistent,
indicating deprotonated sulfur, while silver has a zero valence value. The composition of the
functionalized silver clusters is in agreement with that observed from polymer-wrapped
“naked” silver clusters, which strongly indicates their real existence. For the silver cluster
amine systems (heptylamine, dodecylamine, and oleylamine), only “naked” silver cluster
species were detected from mass spectroscopy, similar to the polymer-wrapped case, indicating they are not stable enough in the gas
phase. The development of a new antibacterial mask material is very important. The dodecylamine-capping silver nanoclusters were
selected by coating the coffee filter surface to conduct antibacterial tests with Staphylococcus aureus and Escherichia coli,
demonstrating very efficient antimicrobial properties even with organic capping ligands. Experiments also show that they work on
mask material. One nanowire assembly with polystyrene and dodecylamine-capping silver nanoclusters was prepared, showing
uniform nanofibers generated via the electrospray technique.

■ INTRODUCTION
Nanotechnology is a rapidly developing field due to increased
production efficiency and the development of a variety of
nanomaterials.1 Noble-metal nanoclusters (NCs), such as gold
and silver, are a fascinating area of contemporary interest in
nanomaterials because of their many applications in biology
and nanomedicine.2 The synthesis difficulty arises mainly from
the tendency of the strong interaction between the NCs and
the aggregate to irreversibly reduce their surface energy. To
overcome this issue, strong capping agents with sulfur and
nitrogen atoms binding to the cluster surface have been
utilized. Regarding Ag/Au metal clusters, Au11,

3 Au13,
4 and

Au55
5 gold clusters and several new clusters such as Au8,

6

Au18,
7 Au25,

8 and Au38,
9 have been extensively studied, and

several of these clusters are considered to be important for
biolabeling reagents,10 fluorescence resonance energy trans-
fer,11 and for creating luminescent patterns.12a Another type of
triphenylphosphine-ligand-binding Au cluster has been re-
ported very recently, and it has been shown that hydrogen-
containing intermediate Au clusters are responsible for the
growth of large Au clusters.12b

Studies on silver clusters are relatively rare, but there are
some examples of template-assisted syntheses of water-soluble
luminescent silver clusters with cores reported in the range
from Ag2 to Ag8.

13 However, unlike for gold, there are limited
available structural signature data, especially for these very tiny

clusters, and few examples of monolayer-protected silver
analogues. Examples of these characterized by mass spectros-
copy include one cluster, Ag7(DMSA)4

14 (DMSA: 2,3-
dimercaptosuccinic acid), prepared by NaBH4 reduction, as
well as Ag7(H2MSA)7, Ag8(H2MSA)8,

15 and Ag9(H2MSA)7
16

(H2MSA: mercaptosuccinic acid), prepared by interfacial and
solid synthesis routes, respectively.
We have been undertaking silver nanoparticle synthesis,

characterization, and applications for a long time, especially in
the very concentrated silver nanoparticle system.17 We have
developed a methodology by systematic irradiation with
different wavelength light sources and found that we may
tailor Ag nanoclusters with a large variety of sizes through the
selection of different wavelengths for the photolysis of
solutions containing silver nitrate and [poly(methacrylic
acid) (PMAA)]. A large series of silver clusters of Agn (n =
2−9) are comprehensively identified using mass spectrometry
from the light photolysis solution.18 In addition, after
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assessment of the antimicrobial test, it was found that these
generated silver clusters show efficient antimicrobial proper-
ties.18

Silver metal is considered to have the lowest minimum
inhibitory concentration (MIC) of any metal.19 It has been
used as an antimicrobial agent in medicine since antiquity.20

The antimicrobial property of these tiny silver clusters is
greater than that of the large silver nanoparticles, particularly
against difficult-to-treat Gram-negative pathogens.21 With
global warming, the microbes surrounding humans become
more active and thus threaten human health (e.g., super
bacteria and fungus). To eliminate this threat, efficient
antimicrobial mask materials are critically important, and
further development is essential. These tiny silver nanomateri-
als without drug resistance are a particularly promising path to
achieving this goal.
Current mask materials are hydrophobic polymer-based

nanowire materials and generate nanosize to microsize holes in
the melt-blown clothes.22 However, synthesized tiny silver
nanoclusters are in an aqueous phase and must make the
surface functional with some organic capping ligands to bring
the silver nanoclusters to the organic phase. The very tiny
silver clusters containing a few numbers of silver metals with
organic capping ligands are very difficult to synthesize directly
in organic medium, forming mostly large silver nanoparticles.2b

The tiny silver nanoclusters could only be synthesized in the
presence of PMAA polymers in an aqueous solution as both a
capping ligand and a photolysis catalyst.13,17,18 That is why we
needed to conduct the synthesis in an aqueous solution and
carry out ligand exchange functionalization by thiol and amine
organic ligands to bring these tiny silver nanoclusters to the
organic phase, permitting us to fabricate the mask antimicro-
bial materials. Herein, we have systemically conducted further

function of the PMAA polymer-wrapped silver clusters with a
series of thiol and amine functional group ligands and fully
characterized the structure by multiple techniques (low- or
high-resolution mass spectroscopy, UV−vis, and X-ray photo-
electron spectroscopy (XPS) spectroscopy). In addition, the
functionalized hydrophobic silver nanoclusters have been
incorporated into a polymer matrix to generate polymer
nanowires, which can be used as antimicrobial materials in
mask fabrication.

■ EXPERIMENTAL SECTION
Chemicals and Instrument. Silver nitrate [(AgNO3)

(Aldrich, >99.9%), PMAA] (30% in aqueous sodium solution)
(Mw = 9500) and polystyrene (Mw = 192,000) were purchased
from Sigma-Aldrich, St. Louis, MO, United States. A light
source was selected for the synthesizing of polymer-wrapped
silver nanoclusters (generally 60 W light bulbs with a tungsten
metal wire). A JEOL 6301F field emission scanning electron
microscope (FESEM) was used with an accelerating voltage of
15 kV, equipped with an energy-dispersive X-ray spectroscopy
analysis system (EDA, Bruker model with dual silicon drift
detectors), Japan. Mass spectrometry of Applied Biosystems
Voyager Elite and a MALDI MS time-of-flight (TOF) mass
spectrometer were used to determine the molecular weight
properties of all functionalized silver nanocluster solution
samples. A pulsed nitrogen laser (337 nm) (3 ns pulse�up to
300 μJ/pulse)-delayed extraction improved the resolution and
mass accuracy of the reflectron (ion mirror). High-resolution
mass spectra were recorded with a Bruker 9.4 T Apex-Qe
FTICR spectrometer operating in the ESI mode. A Cary UV−
vis instrument was used to measure the optical properties of all
of the functionalized silver nanocluster solution samples.

Scheme 1. Photolysis Preparation and Functionalization Procedurea

aSilver nanocluster synthesis: A PMAA polymer and AgNO3-mixed aqueous solution in a round flask was completely sealed by a Teflon septum.
The flask was exposed to light, and the flask/light bulb were all covered with aluminum foil for 24 h. Functionalized silver nanoclusters with amine
ligands: (d) the phase separation between the aqueous solution and the toluene was not clearly seen for the three selected amine ligands:
heptylamine (left), dodecylamine (middle), and oleylamine (right). The pre-addition of ethanol to the aqueous solution of silver nanoclusters and
then the addition of dodecylamine resulted in a clear separation between the aqueous solutions and the toluene, as shown in (a), (b), and (c),
indicating ethanol support to exchange the organic ligands efficiently and functionalize in a successful way.
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Bacteria strains: Escherichia coli ATCC25922 and Staph-
ylococcus aureus ATCC65387; UV Spectrophotometry.

Synthesis and Functionalization. Our previous synthesis
used a monochromatic light source, and although it is very
efficient, it is not suitable for large-scale production. The
synthesis of PMAA-wrapped silver nanoclusters in aqueous
solution was used in the modified procedure of our previous
work.18 The polymer (PMAA)/silver ion ratio was the same as
that in the previous study. However, instead of a mono-
chromatic light source, here, we used a mixed light source from
a traditional tungsten metal wire light bulb in a sealed flask
(Scheme 1). A sealed flask (volume: 100 mL) filled with 20.0
mL of 5.6 mM aqueous solution with the Ag+/monomer
(PMAA) molar ratio in 1:1 (5.6 mM AgNO3 and 5.6 mM
monomer concentration of PMAA polymer). Light irradiation
in this sealed flask was kept for 24 h to completely incorporate
the silver ions in the silver nanoclusters (Warning: silver
nitrate is used as a precursor in the solution, and this chemical
is dangerous and could cause an explosion! It must be handled
cautiously, in a small volume, and in low concentration in an
isolated location). The organic amine and thiol functionaliza-
tion procedures are also shown in Scheme 1. The organic
ligands, either thiol or amine replacement reactions, in aqueous
solutions were not achieved by the direct addition of toluene
and selected organic ligands. The phase separation between the
aqueous solution and toluene was not clear. The preaddition of
ethanol to the aqueous solution of silver nanoclusters, followed
by the addition of organic ligands, was successful. The binding
reaction and phase separation were then clearly seen, as shown
in Scheme 1. This indicates that mixed ethanol/aqueous
solutions enhance the organic ligand solubility and allow the
efficient completion of the organic ligand replacement reaction,
and thus, the functionalization was carried out successfully.

Electrospray Fabrication Procedure for Silver Nano-
clusters inside Nanofibers. The optimized procedure to
assemble silver nanoclusters into nanofibers/nanowires: 0.01 g
of dodecylamine capping silver nanoclusters powder was
dissolved in 5.0 mL of dimethylformamide (DMF), and
then, 1.0 g of polystyrene sphere particles were added with
overnight magnetic stirring. This homogeneous solution of
polymer nanoclusters was loaded into a plastic syringe and
electrospray fabrication of nanofibers under this optimized
condition: needle-to-substrate distance of 15 cm, spin rate of
600 rpm, voltage of 15.0 kV, and injection rate of 2.5 mL/h.
The thickness of the coating film was controlled by the
electrospray time.

Antimicrobial Test Procedure. E. coli and S. aureus were
cultured in Luria−Bertani (LB) liquid media at 37 °C, 200
rpm, separately, until the OD600 value reached 0.8. The silver
nanoclusters with dodecylamine capping ligands were dis-
solved in chloroform and, through the electrospray procedure,
coated onto a cellulose coffee filter surface. A piece of coffee
filter sheet with a hydrophilic cellulose surface that contained
nanomaterials of silver nanoclusters capped with organic
dodecylamine ligand was placed above the well bottom of 96
well plates. Then, 180 μL of fresh LB liquid medium well
mixed with 20 μL of bacteria culture was added as the
experimental group. Meanwhile, wells only containing 20 μL of
bacteria and 180 μL of fresh LB liquid media were used as a
control group. Bacterial measurements used the spectropho-
tometer methodology as reported in the literature.34 At 600
nm absorbance, OD600nm is named turbidity, and there is a
linear relationship between the concentration (thousand

weight) and absorbance of regular-shaped (approximately
spherical) microorganisms, such as bacteria and yeast. The
bacterial number N can be easily converted based on a linear
correlation of OD600nm absorbance, according to N = 1437.3 ×
OD600 nm − 27.3 (R2 = 0.998). All measurements were taken in
triplicate by taking three different samples and then recording
the average values with the standard deviation.

■ RESULTS
Functionalization and Characterization. Our previous

study has demonstrated that it is feasible to generate tiny Ag
nanoclusters wrapped by weak oxygen-bonded carboxy
polymers of PMAA employing an optimized monomer/Ag+
ratio and monochromatic UV-light.18 The “naked” cores of Agn
nanoclusters (n = 2−9) were observed in the gas phase by
MALDI mass spectroscopy, which also indicated the existence
of weak bonding interactions between the Agn nanoclusters
and the PMAA polymer chains. In the work presented here,
the preparation procedure is modified: instead of mono-
chromatic light, a light bulb is used as the radiation source.
Because this light source is readily available, it is suitable for
large-scale production.
It is worthwhile to determine the possible methods of

functionalizing these tiny nanoclusters by substituting the
polymer with a variety of small ligands while avoiding any
aggregation. An investigation on the function of this system
was conducted, and the final optimized experimental
procedures were simple and straightforward (Figure 1). As
shown in this figure, for the 1-dodecanethiol ligand, 1 mL of a
red aqueous solution of polymer-stabilized Agn nanoclusters (n

Figure 1. MALDI-TOF positive mode mass spectrum (low
resolution) of dodecanethiol-functionalized silver nanoclusters. Inset
graphs are expanded experimental (blue) and simulated (green)
spectra of each individual species.
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= 2−9) (a) was mixed with a 1:1 volume ratio of ethanol (b),
and 0.2 mL of 1-dodecanethiol liquid was added to the
solution (b). After shaking for 5 min, the red color faded and
the crude black-oil liquid came out during this period (c). The
black crude liquid was isolated by decantation of the colorless
solution and then dissolved in a 1:1 volume ratio of ethanol
and toluene, and a red-colored homogeneous solution (d) was
generated. Through three steps, the Ag nanoclusters were
successfully transferred from an aqueous solution to the mixed
organic solvents. The red color of (d) is strong evidence
indicating that the Ag nanoclusters have been functionalized by
1-dodecanethiol ligands.
The species composition of solution (d) was analyzed by

employing MALDI positive mass spectroscopy. From low-
resolution MALDI, the ligand-free Ag2, Ag3, and 1-dodeca-
nethiol (C12H26S: CH3-(CH2)11-SH)-bonding series of
Ag2(C12H25S) (m/z = 418.99), Ag3(C12H25S)2 (m/z =
725.05), Ag4(C12H25S)3 (m/z = 1035.15), Ag5(C12H25S)4
(m/z = 1343.19), and Ag6(C12H25S)5 (m/z = 1653.27) were
observed and can be assigned with the simulated isotopic
patterns (Figure 1). A few very small peaks were observed in
the high mass region (m/z = 1900−2700), but it was hard to
assign them in comparison to the simulated isotopic patterns.
High-resolution ESI positive mass spectroscopy for this sample
was performed. Apart from the identified species from low
resolution spectroscopy, three other species, Ag7(C12H25S)6
(m/z = 1973.34), Ag8(C12H25S)7 (m/z = 2273.42), and
Ag9(C12H25S)8 (m/z = 2581.49), are clearly seen in the high

mass region (Figure 2b,c). In addition, three low-mass species,
Ag(C12H25S) (m/z = 309.08), Ag3(C12H25S) (m/z = 524.89),
and Ag2(C12H25S)2 (m/z = 619.15), were identified in the
simulated species isotopic patterns (Figure 2a). The
unexpected result, observed from both low- and high-
resolution mass spectra, is that the sulfur-bonded proton is
not observed in the detected mass peaks. It may be that
protons that are weakly bonded to sulfur are easily dissociated
in the formed nanoclusters. However, Fourier transform
infrared (FTIR) also showed there is no S−H vibration
band, expected to appear around 2500 cm−1 (Figure S1).
Another possibility is that the two S−H groups can easily form
an S−S bond and through it bond to the silver metals.
Interestingly, the detected formula masses of the functionalized
species all match AgnLm (n = m + 1) compositions, which are
probably the most stable naturalized compositions.
1-Dodecanethiol as a functional group has been shown to be

ideal for replacing the polymer and generating new formula
species attached to the tiny Ag nanoclusters. Next, in
comparison, we investigated what happens with a relatively
short carbon chain thiol ligand. Butyl mercaptan (C4H10S:
CH3−CH2−CH2−CH2−SH) was selected, and a similar
functional procedure was used. As butyl mercaptan liquid
was dropped into solution b, instead of formatting a
suspension of crude black liquid, a black precipitate formed
at the bottom. We noticed that the reaction formed the black
precipitate within a few minutes, but it took a few hours for the
precipitate to completely fall to the bottom, and it tended to

Figure 2. ESI positive mode mass spectrum (high resolution) of dodecanethiol-functionalized silver nanoclusters. (a) Plot range of 300−725 m/z;
(b) plot range of 725−1650 m/z; (c) plot range of 1850−2750 m/z. Inset traces in (a), (b), and (c) are expanded experimental (blue) and
simulated (green) spectra of each individual species. (d) phase separation of the functionalized Ag nanoclusters, butylmercaptan (left), thiolphenol
(middle), and dodecanethiol (right).
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stick to the glass wall (Figure S2). The isolated precipitate can
be dissolved in 1:1 ethanol/toluene. As expected, an identical
composition result as 1-dodecanethiol was seen from MALDI
positive mass spectroscopy; the species Ag2(C4H9S) (m/z =
304.85), Ag3(C4H9S)2 (m/z = 500.80), Ag4(C4H9S)3 (m/z =
698.75), Ag5(C4H9S)4 (m/z = 894.69), Ag6(C4H9S)5 (m/z =
1092.64), and Ag7(C4H9S)6 (m/z = 1290.59) were detected
from the low-resolution spectroscopy (Figure S3), and
additional species of Ag8(C4H9S)7 (m/z =1486.54) and
Ag9(C4H9S)8 (m/z =1684.49) were seen from high-resolution
ESI positive mass spectra (Figure S4). Also, it matches the
species formula AgnLm (n = m + 1) with a deprotonated sulfur
present in the generated species.
It is possible to do the ligand exchange and phase separation

at the same time for these three thiol ligands. As the thiol
ligand was added into a 1:1 ethanol/aqueous silver nanocluster
solution and the same volume of toluene was added in the
meantime, the ligand exchange reaction and phase separation
finished under stationary conditions within a few minutes after
shaking for 1 min (Figure 2d). The dark red color moved from
the bottom aqueous layer to the top toluene layer, indicating
that the thiol ligand-functionalized Ag nanoclusters were
extracted to the organic phase.
So far, we have demonstrated that long-chain 1-dodeca-

nethiol and short-chain butyl mercaptan are all excellent
ligands to functionalize the PMAA polymer-wrapped tiny silver
nanoclusters. Thereafter, we conducted functionalization with
an aromatic thiol ligand of thiophenol. The functionalization
reaction and phase separation were slower than those for 1-
dodecanethiol and butyl mercaptan. The precipitate was red-
brown, and it can be dissolved in either 1:1 ethanol/toluene or
toluene; however, the solution is not stable enough, and
precipitation happens while keeping it stationary, but it can
redissolve with shaking. The MALDI positive mass spectra
showed the species Ag2(C6H5S) (m/z = 324.82), Ag3(C6H5S)2
(m/z = 540.73), Ag4(C6H5S)3 (m/z = 758.65), Ag5(C6H5S)4
(m/z = 974.56), Ag6(C6H5S)5 (m/z = 1192.48), and
Ag7(C6H5S)6 (m/z = 1410.40) from the low-resolution
spectroscopy (Figure S5), and two other additional species
of Ag8(C6H5S)7 (m/z =1626.31) and Ag9(C6H5S)8 (m/z
=1844.24) were seen from the high-resolution ESI positive
mass spectra (Figure S6).
Three types of thiol ligands have been applied to

functionalize the polymer-wrapped silver nanoclusters in
mixed ethanol and aqueous solutions, and the generated new
hydrophobic-ligand-bound silver nanocluster species are liable

to isolate from the aqueous medium and to distribute easily
into organic solvents. The functionalized new species had
identical compositions for both silver cores and binding
numbers with the three ligands, and all match the molecular
formula (Ag)n(L)n−1 (n = 2−9, L = C4H9S, C12H25S, and
C6H5S) in the detected gas phase. The species in solution are
probably the same formula as in the gas phase because of an
identical composition result observed from three different
types of ligands, indicating that the species composition is very
stable. The sulfur is considered a soft coordination ligand, and
it bonds strongly to the soft silver metal, but it is more toxic.
The nitrogen-containing ligand is harder than thiol but less
toxic. When considering potential applications of these
functionalized tiny silver nanoclusters in antibacterial and
antiflammable medicine or biological systems, the selection of
less toxic functional groups is of critical importance. For a wide
variety of possibilities to functionalize these silver nanoclusters
to meet different required purposes, oleylamine
(CH3(CH2)7CH = CH(CH2)7CH2NH2) was used to prepare
its bonding silver nanocluster species in situ. As oleylamine was
added to the 1:1 ethanol/aqueous mixed solution, it became a
glutinous solution upon shaking for a couple minutes.
Eventually, it became two phases with a clear interface after
being held stationary for approximately 1 h (as shown in
Scheme 1d). The top dark-red liquid can be nicely distributed
in 1:1 ethanol/toluene after phase separation. The same
procedure failed for the other two amine ligands, e.g.,
heptylamine and dodecylamine. When solid dodecylamine
was directly added to the 1:1 ethanol/aqueous solution, a black
solid was obtained, and it could not be dissolved again.
However, it worked fine when dodecylamine-dissolved ethanol
was added to the same volume of silver nanoclusters aqueous
solution and extracted by toluene immediately. This procedure
was applied with heptylamine (Scheme 1a−c). Because
heptylamine has a shorter carbon chain than the other two
amine ligands, dodecylamine and oleylamine, the phase
separation did not occur spontaneously, and the lightly red
color of the top toluene indicated that the species were not
completely extracted into the organic phase (Scheme 1d left
bottle).
MALDI positive mass showed that the results were unlike

those for the thiol silver nanocluster species; instead of
observing amine-Ag nanocluster species, the “naked” Agn
nanoclusters (n = 2−9) were seen in the mass spectra,
indicating the amine-binding silver nanocluster species was not
stable enough in the gas phase. The identical result for silver

Figure 3. UV−vis spectra of (a) thiol and (b) amine for the three thiol and three amine ligands, as shown in inset captions.
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core species was observed as the precursor solution of the
carboxyl group bonding the PMAA polymer system discussed
previously.18 This result is expected since nitrogen and oxygen
ligands are weaker binding ligands to silver nanoclusters than
are sulfur binding ones, and it seems not stable enough in the
gas phase. Yet, the FTIR spectra of the free dodecylamine and
the dodecylamine-capped silver nanoclusters show different
vibration bands, indicating that the dodecylamines are truly
binding to the silver nanoclusters in the solid phase (Figure
S1). The colorful silver nanoclusters were transferred from the
aqueous solution to the organic phase by selected amine
ligands, which also indicated that these amine ligands were
binding to silver nanoclusters. Perhaps the capped ligand forms
the covalent bond for Ag−S and not for Ag−N, which is more
probable because it has more ionic bond character and ease of
dissociation in the gas phase.

UV−vis Spectra and XPS. Broad absorbance bands in
UV−vis spectra of three thiol-functionalized Ag nanoclusters
appeared at 533, 553, and 472 nm with narrow peaks at 317,
365, and 347 nm for butylmercaptan, thiophenol, and
dodecanethiol, respectively (Figure 3a). In accordance with
the previous studies on silver clusters,18 we assign the broad
peaks to interband transitions between orbitals derived from
the 4d valence band and 5 sp conduction band. Typically,
templated Agn clusters and monolayer-protected clusters show
interband transitions between 400 and 600 nm,13,32 which are
in good agreement with our observed data. The narrow peaks
are assigned to ligand-to-metal core charge transfer (LMCT)
absorbance.33 Each thiol ligand localizes an electron from the
delocalized metallic core of the clusters, and this ligand-to-
metal core interaction has previously been demonstrated by
DFT calculations.33c Thiophenol contains a conjugated phenyl
group, and thus, the electron density of its bound silver cluster
core is more delocalized; the red-shift of the absorbance bands
is obvious in appearance in this functioned system. An

additional strong peak at 288 nm for thiophenol (C6H5−S−)
is due to π to π* transitions for the phenyl group of the thiol
ligand (C6H5−). Absorbance bands for the selected amine
ligands of the silver nanoclusters appear at 447, 467, and 466
nm, respectively, for heptylamine, dodecylamine, and oleyl-
amine in solution (Figure 3b). Compared with the thiol
system, only one broad band is seen, consistent with the
absorbance band seen from polymer-wrapped Agn nanoclusters
through the oxygen-coordinated PMAA. A correlation of
absorbance values with carbon chain lengths is seen in both the
thiol and amine systems, but big differences are seen for the
amine ligands. All these solutions are prepared under the same
conditions, and the only difference is the ligands used. It may
be that the carbon chain lengths of the ligands affect the phase
transfer forces, resulting in different silver nanocluster
concentrations for the organic phases. It is reasonable that
long carbon chain ligands have more phase transfer drive forces
and thus may transfer relatively more silver nanoclusters than
short carbon chain ligands because, in principle, the
absorbance intensity is proportional to the silver nanocluster
concentration.
In the functionalization preparation, it was noticed that the

phase separation for the three selected thiol ligands is fast and
complete (Figure 2d), but that for the selected amine ligands is
quite slow, and there seems to be an equilibrium phase
distribution (Scheme 1d) since after 2 days, the red color of
the aqueous phase is still apparent, indicating the presence of
some silver nanocluster species in that phase. However, it can
be seen that the color depth in the top organic phase is
proportional to the carbon chain length (Scheme 1d, bottom
from left to right). This is understandable considering that the
amine group is hydrophilic and the carbon chain is
hydrophobic. Since the amine�NH2 group in the three
ligands is the same, the hydrophilic force is constant, but the
hydrophobic force increases as the carbon chain length

Figure 4. XPS spectra of solid 1-dodecanethiol-functionalized silver nanoclusters. (a) Ag 3d, (b) S 2p, and (c) C 1s.
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increases. As expected, the long carbon chain amine ligands of
dodecylamine and oleylamine transfer not only more species
but also larger silver nanoclusters to the organic phase
compared with the relatively small heptylamine. These results
are consistent with the UV−vis absorbance spectra (Figure
3b), showing large absorbance values for long-chain ligands.
Considering the sulfur and nitrogen ligands in silver clusters,
the sulfur−Ag bond is a covalent bond, while the nitrogen−Ag
bond tends to be ionic, similar to the oxygen−Ag bond. Only
covalent bonds are stable in the gas phase, and LMCT can also
be detected from the UV−vis spectroscopy, as discussed in a
previous text.
More information about the system, such as the molecular

formula and the oxidation state of silver, is provided by XPS.
XPS survey spectra show the expected elements Ag, C, and S.
Ag 3d (Figure 4a) shows an Ag0 value (3d(5/2) 368.26 eV)
that is consistent with the average values of Ag metal reported
in the literature (average value: 368.20 ± 0.1).23a S 2p is
thiolate-like,23 with values of 162.09 eV observed for 2p(3/2)
and 163.19 eV for 2p(1/2), with an intensity ratio of 2:1
(Figure 4b). However, as we fit the measured intensity of the
peak, it fits well but introduces an additional broad peak at a
value of 163.70 eV, indicating two types of S in the sample.
This is in agreement with the FTIR and mass spectra, both of
which suggest the loss of the thiolate proton on the thiol-
functionalized Ag clusters. From the formula AgnLn−1, one may
expect that the Ag coordinated to S has two possibilities, either

even or odd; this is consistent with the peak intensity
simulation, but the additional introduced peak indicates that
the S is not identical at even and odd numbers for the cluster
species. The interaction between Ag and S in our system is
similar to that for AuO2 clusters reported in the literature.

23b

Only one carbon peak is seen (Figure 4c), indicating that the
cluster composition is constant. However, as we fit the
observed peak intensity, three peaks at 284.8, 285.37, and
285.46 eV are generated, which indicates that the ligand
binding to the metal surface causes the carbon chain to be in a
slightly different environment. The carbon with a relatively
high binding energy is more likely to be close to the metal
surface, which is consistent with the data in the literature.23a

Antimicrobial Test Results. S. aureus (Gram-positive) is
one of the most common causes of epidemic infection and is
frequently found in the upper respiratory tract and on the
skin.24 Antimicrobial property against S. aureus was assessed in
our previous work with silver nanoclusters in an aqueous
solution wrapped in PMAA as the antimicrobial agent. It
significantly reduced the viable cell count to close to the limit
of detection (<0.0001).18 Thus, we asked ourselves, do these
silver nanoclusters still show antimicrobial capability after
organic capping ligand functionalization? The silver nano-
clusters capped with dodecylamine were selected to conduct
antimicrobial tests. It was challenging because the bacteria are
in the aqueous phase and the organically functionalized silver
nanoclusters are only dissolved in organic solvents, such as

Figure 5. SEM/EDS characterization of electrospray-coated dodecylamine-capped silver nanoclusters on the coffee filter surface.
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chloroform. In such cases, the organic phase of dodecylamine-
stabilized silver nanoclusters was coated onto cellulose coffee
filter paper surface fiber matrices by an electrospray technique.
The filter paper has a hydrophilic surface, and the aqueous
bacteria can access the coffee filter paper surface where the
silver nanoclusters are located. The SEM/EDS/mapping
characterization of the coffee filter paper surface via electro-
spray fabrication with organic capping silver nanoclusters is
shown in Figure 5. People are also easily infected with
pathogenic E. coli, which is widely distributed in the
environment as well as in our bodies. Urinary tract infection,
meningitis, and diarrhea are also common diseases caused by
E. coli.25 Hence, these two kinds of bacteria were selected and
used to investigate the antibacterial ability of our organic
ligand-functionalized silver cluster nanomaterial. The details of
the procedure are described in the Experimental Section.
Compared to the control group, the nanomaterial presented
excellent antibacterial activity against both bacteria. The
highest antibacterial rate was 82.16% for E. coli and 77.66%
for S. aureus, as shown in Figure 6. This confirms that the

organic dodecylamine-capped silver nanoclusters also show
excellent antimicrobial activity, and hence, organic ligand
capping does not affect the silver nanocluster core antimicro-
bial activity.

Silver Nanoclusters Nanofiber Fabrication and SEM
Characterization. Polystyrene sphere particles are synthetic
polymers made from monomers of the aromatic hydrocarbon
styrene. It is a transparent, inexpensive resin, has a poor barrier
to oxygen and water vapor, has a low melting point, and is one
of the most widely used plastics.35 It can be fabricated easily as
nanofibers, and it is a good candidate material for next-
generation masks. In a dimethylformamide solvent, a
homogeneous, clear solution of both dodecylamine-capped

silver clusters and polystyrene was generated at room
temperature. Under optimized conditions, the fiber sheet on
the aluminum foil surface was fabricated via an electrospray
technique. SEM images have demonstrated that long nano-
wires are formed, and silver nanoclusters are also present in
these nanowires (EDS indicated 96.5% carbon and 3.5% silver
from the selected area) (Figure 7). Elemental mapping of the
selected fiber area clearly shows that a small amount of silver
metal is homogeneously distributed throughout the carbon-
base polymer nanowire phase. This demonstrates that the
fabrication of homogeneous polymer nanowires containing
organic dodecylamine-capped silver nanoclusters is feasible.

■ DISCUSSION
The increasing global threat of microbial activities has
stimulated us to explore highly efficient health care protection
materials. A variety of different approaches have been
developed to incorporate antimicrobial composite materials
to mask surfaces via surface chemical modifications, such as
surface functionalization with antimicrobial substances26 and
salt coating27 to improve their performance. Silver has been
used as an antimicrobial reagent for a long time in medicine
due to its highly efficient antimicrobial properties and low
toxicity.17,18 We have recently developed a facile approach to
generating very high antimicrobial performance silver nano-
clusters in aqueous solutions by monochromatic photolysis.18

Herein, we have updated the photolysis using a light bulb
source and a further methodology to functionalize with organic
thiol and amine ligands to bring these tiny silver nanoclusters
into the organic phase without any structural change. It has
also been shown that the organic ligand-capped silver
nanoclusters maintain their antimicrobial properties. Thus,
these may be used as an organic polymer-phase antimicrobial
agent. After the selected dodecylamine-capped silver nano-
clusters and polystyrene were placed in dimethylformamide,
we successfully incorporated these silver nanoclusters into
polymer nanofibers or nanowires to demonstrate the possibility
of incorporating these antimicrobial silver nanoclusters in a
polymer phase for application as multiple-use mask material.
Nanotechnology is rapidly expanding due to the increase in

nanomaterial designs and syntheses on very small (1−100 nm)
scales. A large number of the nanomaterials presently used in
consumer products are metal-based nanoparticles (NPs),
including Ag+, Cu+, Ti2+, Zn2+, and Au+. Silver (Ag) NPs are
the most widely used due to their unique physicochemical
properties and bactericidal functions, as well as their low
manufacturing cost.28 The antibacterial effects of silver salts
were first reported in 1857 by Dr. J. Marion Sims.29 A major
step forward in Ag technology was the introduction of solid
nanocrystalline silver (NCS) dressings in the late 1990s.30

There are at least 315 consumer products that contain Ag NPs
in the Woodrow Wilson database, including clothing, personal
care products, wound dressings, teddy bears, washing
machines, and air purifiers.31 We have recently developed a
photolysis synthesis method to generate maximum cluster
species and concentrations of silver nanocluster mixtures in
aqueous solutions18 that show the lowest MIC of any metal
nanoparticles. These very tiny silver atomic clusters have
bridging properties between those of atomic silver and those of
NCS. Herein, we have expanded the synthesis procedure of
these silver nanoclusters using a light bulb light source and
further functionalized them with organic ligands to bring these
silver nanoclusters to the organic phase with either thiol or

Figure 6. Antibacterial test results for dodecylamine-capped silver
nanoclusters against E. coli and S. aureus. The OD600 converted to the
number of bacteria by N(number) = 1437.3 × OD600 nm − 27.3 (R2 =
0.998).34
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amine ligands. We demonstrated through an antibacterial test
and nanofiber fabrication that these silver nanoclusters can be
used as antimicrobial mask materials. A new milestone for
silver metal nanomaterial application has been achieved in this
work, which expands to a novel application system.

■ CONCLUSIONS
In conclusion, we have conducted the functionalization of
PMAA polymer-wrapped tiny “naked” silver clusters using a
series of thiol (R-SH) and amine (R-NH2) functional group
ligands. Our experimental results show the developed approach
here is feasible, so it opens a novel route to synthesize these
tiny silver nanoclusters in organic solvents through samples
generated by reduced reagent-free photolysis in aqueous
solutions. The full structural characterization results from
mass spectrometry demonstrate that the preparation of silver
nanocluster species formed by binding with organic ligands is
simple and straightforward. One dodecylamine-capped silver
nanocluster was selected and deposited on a hydrophilic
cellulose coffee filter paper to test the antimicrobial properties;
our observed results show that it remains an efficient
antimicrobial agent even if it is presently considered a
nonwater-soluble species. These organic-capped silver nano-
clusters can be easily incorporated into hydrophobic mask
polymer materials and potentially used as antimicrobial mask
materials for the manufacture of multiple-use masks to relieve
the environmental pressure resulting from discarded masks, a
clear benefit to the global environment.
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