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Silver-nanoparticles immobilized initiators and co-initiators for free

radical polymerization

Summary — The specific properties of silver-nanoparticles immobilized initiator and co-initiators
for free radical polymerization have been described. The silver-nanoparticles immobilized
mercaptobenzophenone (Bp-MPCs) photoinitiates free radical polymerization in both UV and
visible regions. The photoinitiation ability of Bp-MPCs in visible region, e.g. in the region in which
benzophenone chromophore does not absorb a light, indicates a possible two-photon action even
at low incident light intensity. The co-initiation process caused by silver-nanoparticles immobi-
lized mercaptoamino acids (MA-MPCs) is more efficient in comparison to co-initiation observed
for corresponding free mercaptoamino acid. This behavior can be attributed the specific interac-
tion of sulfur electrons with surface plasmon electrons that make an electron transfer from mer-
captoamino acid to excited electron acceptor more efficient, or to a high concentration of the elec-
tron donor in the ligand shell.
Keywords: silver-nanoparticles, free radical polymerization, photoinitiators, mercaptobenzo-
phenones, mercaptoamino acids.

MODYFIKOWANE NANOCZ¥STKI SREBRA JAKO INICJATORY I KOINICJATORY POLIME-
RYZACJI RODNIKOWEJ
Streszczenie — Otrzymano nanocz¹stki srebra stabilizowane pochodnymi merkaptobenzofenonu
(Bp-MPCs) oraz merkaptoaminokwasami (MA-MPCs) (rys. 1—4). Zbadano przebieg fotoinicjo-
wania polimeryzacji triakrylanu 2-etylo-2-(hydroksymetylo)-1,3-propanodiolu (TMPTA) za po-
moc¹ zsyntetyzowanego fotoinicjatora Bp-MPCs dzia³aj¹cego w zakresie promieniowania UV lub
œwiat³a widzialnego, w uk³adzie z koinicjatorem lub bez (rys. 5—8). Efektywnoœæ inicjowania poli-
meryzacji w obecnoœci koinicjatora w postaci MA-MPCs jest wiêksza ni¿ w przypadku u¿ycia od-
powiednich merkaptoaminokwasów, gdy¿ nanocz¹stki srebra stabilizowane merkaptoamino-
kwasami wykazuj¹ wiêksz¹ zdolnoœæ do oddawania elektronów w procesie polimeryzacji PET.
Fotoinicjowanie polimeryzacji TMPTA przez Bp-MPCs w obszarze widzialnym, tj. w obszarze w
którym pochodna benzofenonu nie absorbuje promieniowania, mo¿e sugerowaæ wystêpowanie
absorpcji dwufotonowej, pomimo ma³ego natê¿enia padaj¹cego promieniowania (100 mW/cm2).
S³owa kluczowe: nanocz¹stki srebra, polimeryzacja wolnorodnikowa, fotoinicjatory, merkapto-
benzofenony, merkaptoaminokwasy.

The process of photoinitiated polymerization can pro-
ceed by the direct photolysis of a precursor which under-
goes bond dissociation to provide free radicals. The radi-
cals may also be obtained in bimolecular processes in-
volving either electron or atom transfer reactions [1].
Generally, the components of such initiating systems act
as a classical single-phase solution in which the composi-
tion is uniform on the molecular scale (solutes are present
as single molecules). The second approach involves a

polymer chain as the initiator carrier. This applies to both
types of initiators — photoinitiators that form free radi-
cals in the photocleavage reaction [2—4] as well as in the
bimolecular process [5—7].

The literature, however, does not provide studies of
photoinitiators immobilized on noble metal surfaces,
known as monolayer — protected clasters (MPCs) [8—10].
MPCs have received much attention recently due to their
unique properties which make them ideal candidates for
applications in a variety of technologies such as non-linear
optics [11] micro-arrays [12], biocompatible coating [13, 14]
or the synthesis of polymer brushes [15, 16].
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In this paper, the synthesis and characterization of sil-
ver nanoparticles immobilized either on mercaptoamino
acids (L-cysteine, homocysteine, L-cysteine, N-ace-
tyl-L-cysteine and/or L-glutatione) (MA-MPC) or mer-
captobenzophenone derivatives (Bp-MPCs) has been
presented. The MA-MPC and Bp-MPC nanoparticles
were applied as radical polymerization co-initiators and
initiators respectively.

EXPERIMENTAL

Materials

The chemicals were of the purest grade available
(Sigma, Aldrich) and used as received.

The composition of the polymerization solution was
dependent on the type of photoinitiating system applied.

— For benzophenone-functionalized silver nano-
particle electron acceptors (Bp-MPCs) it consisted of 1 mL
of 1-methyl-2-pyrrolidinone (MP), 9 mL of 2-ethyl-
-2-(hydroxymethyl)-1,3-propanediol triacrylate
(TMPTA) and an appropriate amount of photoinitiating
systems to guarantee maximum photoinitiation effi-
ciency. Blank photochemical experiments were per-
formed for each photoinitiated polymerization using
4-(6-mercaptohexyloxy)benzophenone (c = 0.01 M) dis-
solved in TMPTA and MP (9:1) mixture.

— For mercaptoamino-acid-functionalized silver
nanoparticles (MA-MPCs) acting as co-initiators the
polymerizing formulation consisted of 1.5 mL of
poly(ethylene glycol)diacrylate (PEGDA, average Mn =
575) and 0.5 mL of H2O. The dye concentration [5,7-di-
iodo-3-butoxy-6-fluorone (DIBF)] [17—19]) was 1 · 10-3 M
while MA-MPCs concentration varied from 7.2 to 15.2
mg/2 mL, depending on the type used.

Synthesis

Benzophenone derivative, 4-(6-mercaptohexy-
loxy)benzophenone, used for silver nanoparticles
functionalization was prepared according to the se-
quence of reaction presented in Scheme A.

4-(6-Mercaptohexyloxy)benzophenone was obtained
via a three-step synthetic route. The final product was pu-
rified by crystallization from ethanol yielding white crys-
tals. 1H NMR [(CD)2SO]; � 1.1—1.8 (m, 16 H, -CH2-), �
2.201—2.238 (t, 1H-SH), � 4.029—4.088 (t, 2H, PhO-CH2-),
� 7.044—7.740 (m, 9H, Ar).

Decanethiol-functionalized silver nanoparticles
(DT-MPCs) were synthesized applying the single-phase
synthesis procedures proposed by Murthy [20]. 1.0 g
(5.20 mmol) of AgNO3 was dissolved in 150 mL of abso-
lute ethanol in a round-bottom flask. 1-Decanethiol (0.13
g, 0.75 mmol) was also dissolved in about 3 mL of abso-
lute ethanol and then added to the AgNO3 solution under
vigorous stirring. 50 mL of freshly prepared saturated
NaBH4 in absolute ethanol was added dropwise to the

obtained (milky) solution. The colour of the solution
changed to dark brown. The resulting mixture was
stirred overnight and then stored at -20 °C for 4 hours.
The obtained precipitate was filtered, washed with etha-
nol, acetone, water and finally with acetone. The
dark-brown powder was dissolved in dichloromethane
and the solution was filtered with a 0.4 µm pore size
Nylaflo membrane filter. The solvent was evaporated
under reduced pressure and the resulting dark-brown
solid film separated from the walls of the flask with ace-
tone. Finally, the mixture was filtered yielding about
200 mg of graphite-like powder.

Functionalization of decanethiol-functionalized sil-
ver nanoparticles. Equilibrium place-exchange reaction
was performed between DT-MPCs and 4-(6-mercapto-
hexyloxy)benzophenone. Approximately 200 mg
DT-MPCs was dissolved in 50 mL of THF and then
100 mg of 4-(6-mercaptohexyloxy)benzophenone added
to the obtained solution. The solution was stirred at am-
bient temperature for 24 hours, after which the solvent
was evaporated under vacuum. The product was washed
thoroughly with ethanol to remove unreacted 4-(6-mer-
captohexyloxy)benzophenone. The presence of un-
reacted 4-(6-mercaptohexyloxy)benzophenone in the re-
sulting benzophenone-functionalized silver nanopar-
ticles was monitored using thin layer chromatography.

Mercaptoamino acids-functionalized silver nano-
particles (MA-MPCs). The general procedure of
MA-MPCs synthesis was based on modified version of
the methodology given by Kang and Kim [21]. The proce-
dure for obtaining cysteine-functionalized MPCs was as
follows: 1.7 g (10 mmol) of AgNO3 was dissolved in
250 mL of an ethanol-water mixture (1:1) in a round-bot-
tom flask. 3.36 g of cysteine was dissolved in 100 mL wa-
ter and the solution added dropwise to the AgNO3 solu-
tion. A milky yellow mixture was obtained, to which a
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freshly prepared solution of 1.7 g (50 mmol) of NaBH4 in
40 mL of EtOH was added using pressure-equalizing
dropping funnel. The resulting dark-brown mixture was
stirred overnight and then stored at � -20 °C for 4 hours.
The obtained precipitate was filtered, washed with etha-
nol and acetone. A yield of 1.82 g of dark-brown powder
soluble in water was achieved.

Methods of testing

— UV/Vis absorption spectra were obtained using
a Varian Cary 3E Spectrophotometer and a MultiSpec
1501 Shimadzu spectrophotometer.

— FT-IR spectra were measured with a use of a Bruker
Vector 22 spectrophotometer. The thermogravimetric
analysis was performed with a Q-1500 D derivatograph
(Hungary).

— NMR spectra were obtained from a Varian Gemini
2000 spectrometer using the solvents indicated.

— The kinetics of free radical polymerization was
measured based on measurements of the rate of the heat
evolution during polymerization in a cured thin film
sample. The measurements were performed by means of
photopolymerization exotherms using: (i) photo-DSC ap-
paratus constructed on the basis of a TA Instruments DSC
2010 Differential Scanning Calorimeter (for polymeriza-
tion in visible region) and (ii) a homemade thin-film calo-
rimeter constructed the basis of the model described by
Hoyle et al. (for polymerization in UV region) [22, 23].
The single cell calorimeter is based on a thin-film heat

flux sensor of antimony-bismuth thermocouples ar-
ranged in a sterr-shaped configuration [24]. The irradia-
tion of the polymerization mixture was carried out using
the emission of both an Innova 90-4 argon-ion laser (351
and 361 nm lines) and an Omnichrome model 543-500
MA argon-ion laser, which emits two visible light wave-
lengths at 488 and 514 nm. The average incident power of
irradiation was measured with Coherent Model Field-
master power meter.

— The rate of polymerization (Rp) in the photo-DSC
technique was calculated using formula (1) where dH/dt
is the maximum heat flow during the reaction and �Hp

theor

the theoretical enthalpy for a complete conversion of
acrylate double bonds. The �Hp

theor value calculated for
acrylic double bond is 78.2 kJ/mol.
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In the case of the polymerization kinetic measure-
ments based on a homemade thin-film calorimeter, the
rate of polymerization was calculated as the direct coeffi-
cient of linear curve describing the changes of emitted
heat for the initial polymerization time.

RESULTS AND DISCUSSION

The target nanoparticles were prepared in a sequence
of reactions. The overall reaction route leading to MPC
initiators and MPC co-initiators is summarized in Fig. 1.
Benzophenone-functionalized silver nanoparticles
(Bp-MPCs) were prepared in the reaction sequence start-
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Fig. 1. Fabrication of the silver nanoparticles via liquid-phase
method and subsequent introduction of photoinitiation func-
tionality via Murray place-exchange reaction



ing form the synthesis of decanetiol-protected silver
claster (DT-MPCs) applying the single-phase synthesis
proposed by Murthy, followed by Murray place-ex-
change reaction [25] (steps a and b, respectively).

4-(6-Mercaptohexyloxy)benzophenone was used as the
substrate for the place-exchange reaction. The final
Bp-MPCs were purified using preparative thin layer
chromatography. Mercaptoamino acid-functionalized
silver nanoparticles (MA-MPCs) were obtained as earlier
indicated using modified version of the methodology
proposed by Kang and Kim [21].

Infrared spectroscopy of Bp-MPCs (Fig. 2) reveal ben-
zene ring stretching modes at ~1603 cm-1 and ~1775 cm-1,
as well as a C=O group stretching mode (~1638 cm-1)
characteristic for benzophenone. The observed IR spectra
is very similar to that recorded for 4-(6-mercaptohexy-
loxy)benzophenone. These results suggest that the envi-
ronment in KBr pellets of the chromophores on nano-
particles is similar to that recorded for unbound mole-
cules. Similarly, all mercaptoamino acids-stabilized silver
nanoparticles synthesized show stretching and bending
modes characteristic for mercaptoamino acids molecules
in the IR region.

Thermal decomposition of DT-MPCs (Fig. 3) leads to
volatilization of the organic fraction, leaving a silver resi-
due. TGA measurements show a 20 % loss of the organic
fraction of DT-MPCs. This result leads to a number of the
silver atoms per ligand molecule of about 8. This ratio,
according to Murray et al. [26] indicate that the ligand
place-exchange process has a 1:1 stoichiometry and re-
mains identical after partial exchange of decanetiol on
4-(6-mercaptohexyloxy)benzophenone. Consequently, it
can be predicted that 80 atoms of silver claster are stabi-
lized by 10 of both types of ligand molecules (tiolate-Ag
ratio equal 0.20). A different situation is observed for
mercaptoamino acid — stabilized silver nanoparticles.

The tiolate-Ag ratio oscillate from about 0.5 to 1.0
depending on the type of mercaptoamino acid used.

Figure 4 shows the electronic absorption spectra of
DT-MPCs and Bp-MPCs.

For DT-MPCs a broad strong band at about 430 nm is
observed. This band is characteristic for the noble metal
plasmon band, whose position is highly dependent on
the size and environment of the particles [27, 28]. The
place-exchange reaction introducing benzophenone
molecules into the MPCs protecting monolayer visibly
changes the spectrum. The plasmon absorption band
broader and its maximum is slightly shifted to the red.
Moreover, a new band appears at about 280 nm. This ad-
ditional band can be attributed to the presence of benzo-

phenone  � * transition. The electronic absorption
spectra Bp-MPCs also demonstrate a plasmon band local-
ized in the range between 400 and 450 nm characteristic
for noble metal nanoparticles.

The photoinitiation ability of the studied photoinitia-
tors and co-inititors was measured using microcalori-
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metric methodology. For the Bp-MPC initiator and the
TMPTA with MP (9:1) mixture measurements of the ki-
netics of polymerization were carried out by measuring
the polymerization heat evolution of the sample, irra-
diated with an Innova 90-4 argon-ion laser (351 and
361 nm lines). The MA-MPC co-initiation ability was
tested using DIBF — the xanthene dye described by
Neckers [17—19]. The free radical polymerization kine-
tics was studied using a polymerization solution com-
posed of 1.5 mL of poly(ethylene glycol)diacrylate
(PEGDA) and 0.5 mL of H2O. The dye concentration was
1 · 10-3 M and MA-MPC concentration was varied from
7.2 to 15.2 mg/2 mL. The amount of MA-MPCs used as
co-initiator was established on the basis of TG measure-
ments. From the degree of loss of the organic fraction, a
molar fraction of mercaptoamino acid in mg of
MA-MPCs was established thereby enabling the concen-
tration of the mercaptoamino acid expressed in mol/L
(0.1 mol/L for all cases) to be evaluated.

Several combinations of Bp-MPCs with various elec-
tron donors (EDs) were tested as photoinitiating systems
and compared with corresponding benzophenone-EDs
systems. Typical photoinitiated polymerization curves
are presented in Figure 5.

In the presence of commonly applied electron donors,
Bp-MPCs show high photoinitiation ability. Blank photo-

chemical experiments were performed for each photoini-
tiated polymerization with 4-(6-mercaptohexyloxy)ben-
zophenone (c = 0.01 M) dissolved in TMPTA-MP mixture
and used as reference for all photopolymerization mea-
surements initiated by Bp-MPCs.

An analysis of the kinetic curves presented in Figure 5
indicates that only Bp-MPCs initiate polymerization at a
very low rate. The addition of a co-initiator to the poly-
merizing mixture increases the efficiency of initiation of
radical polymerization. However a comparison of the ini-
tial rates of polymerization photoinitiated by either
Bp-MPCs or 4-(6-mercaptohexyloxy)benzophenone in
the presence of ethyl 4-dimethylaminobenzoate (the elec-
tron donor) reveals that the polymerizating composition
containing Bp-MPCs as light absorber shows a slightly
lower photoinitiation ability (see Figure 5 inset and [29]).

Unexpectedly, Bp-MPCs initiate polymerization in the
presence of several co-initiators when the polymerizing
mixture is irradiated at 488 nm (Fig. 6).

This unexpected behavior can be attributed to the spe-
cific properties of chromophore in noble metal nano-
particles, described by Perry et al. [30] where nano-
particles possessing a chromophore in the stabilizing
core show a huge two-photon cross section per-particle.
This, in turn, indicates the activation of these particles as
two-photon initiators at relatively low light intensity.

Studies on the relationship between the rate of poly-
merization and irradiation intensity may provide evi-
dence verifying the two-photon hypothesis involved dur-
ing the photoinitiation under irradiation at 488 nm.
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Fig. 5. The family of the photopolymerization kinetic traces re-
corded for polymerization of the 2-ethyl-2-(hydroxy-
methyl)-1,3-propanediol triacrylate (TMPTA; 0.9 mL) in the
presence of the 1-methyl-2-pyrrolidinone (MP; 0.1 mL) initia-
ted by Bp-MPCs (c = 1.67 mg/mL) irradiated by 351 and
361 nm emission of an Innova 90-4 argon-ion laser. Light in-
tensity was Ia = 60 mW/cm2. The electron donors (c = 0.1 M):
(1) none, (2) ethyl 4-dimethylaminobenzoate, (3) 4-(dimethyl-
amino)benzonitrile, (4) N-phenylglycine. Inset: Comparison of
the initial rates of polymerization photoinitiated by either (1)
Bp-MPCs (c = 0.3 mg/mL) or (2) 4-(6-mercaptohexyloxy)ben-
zophenone (c = 0.3 mg/mL) in the presence of ethyl 4-dimethyl-
aminobenzoate (c = 0.1 M)
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Fig. 6. The family of the photopolymerization kinetic traces re-
corded for polymerization of the 2-ethyl-2-(hydroxy-
methyl)-1,3-propanediol triacrylate (TMPTA; 0.9 mL) in the
presence of the 1-methyl-2-pyrrolidinone (MP; 0.1 mL) initia-
ted by Bp-MPCs (c = 1.67 mg/mL) irradiated at 488 nm
(an Omnichrome argon-ion laser). Light intensities: (1)
20 mW/cm2, (2) 40 mW/cm2, (3) 60 mW/cm2, (4) 100 mW/cm2,
(5) 130 mW/cm2. The electron donors (c = 0.1 M): N-phenyl-
glycine



From the kinetic point of view, the mechanism de-
scribing photoinitiated polymerization via PET process
can be presented as follows:

where: Chr — the absorbing light chromophore (in this case
silver-nanoparticle), ED — the electron donor, Ia — absorbed
light intensity, �R — the quantum yield for initiation, [M] —
the monomer concentration, kp, kt — the propagation and ter-
mination rates constants, respectively.

For a steady-state condition, kt [R•]2 = Ia�R for a
one-photon initiation and kt [R•]2 = (Ia)

2�R for two-photon
reaction can be assumed.

Thus, basing on these assumptions, the concentration
of free radicals [R•] can be expressed as follows:

[ ]R
I

k
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t

� �
�

for one-photon initiation and

[ ]R I
k

a
R

t

� �
�

for two-photon initiation, respectively.

Consequently, the rate of photoinitiated polymeriza-
tion (Rp) for both cases is described by the equations:
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for one-photon process (5a) and
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k
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R

t

� [ ]
�

(5b)

for two-photon photoinitiated polymerization (5b), re-
spectively.

Form the equations derived above it is evident that,
assuming a typical bimacromolecular polymerization
termination process for multifunctional acrylates, quite
different relationships between the rate of polymeriza-
tion and irradiation intensity for both cases are obtained.
For one-photon initiation process, a linear dependence of
the rate of polymerization on the square root of irradia-
tion intensity [eq. (5a)] is observed, while in the case of
two-photon reaction the rate of polymerization is a linear
function of the light intensity [eq. (5b)]. The kinetic mea-
surement results obtained for photoinitiated polymeriza-
tion by Bp-MPCs under irradiation at 488 nm are shown
in Fig. 7.

The data shown in Fig. 7 clearly demonstrate the ki-
netics predicted for two-photon photoinitiated polymeri-
zation. It should be noted that when 2-ethyl-2-(hydroxy-
methyl)-1,3-propanediol triacrylate (TMPTA) is initiated
by visible-light initiators, it displays almost exclusively a
typical linear relationship between the rate of polymer-

ization and square root of irradiation intensity, i.e. dem-
onstrates typical one-photon type of photoinitiation [31].

Bp-MPCs are a highly absorbing species. It is practi-
cally not possible to measure their molar absorption coef-
ficient. The value that characterizes Bp-MPC absorption
properties, instead, might be the absorbance established
for Bp-MPCs solution (at �max) with a concentration of 1
g/L. For the tested Bp-MPCs this value is equal to: 52.86
and 22.63 at 428 nm and 361 nm (�max), respectively.

The concentration of the photoinitiator itself also
plays a key role in photopolymerization. In conventional
UV-Vis photopolymerization Rp increases with an in-
crease in the concentration of the initiator up to a certain
level, then it decreases rapidly. This behavior is attributed
to the “internal filter effect”, which is more significant for
photoinitiators with a high molar absorption coefficient
[32—34]. The kinetic curves recorded for photoinitiated
polymerization at different Bp-MPC concentrations (in
mg/mL of formulation) are presented in Fig. 8.

The data shown in Fig. 8 show that, there is essentially
no concentration of Bp-MPCs that effects the initial rates
of polymerization. There are, however, some differences
observed in kinetic curve shape. For this specific behavior
it is hard to find a reasonable explanation. There are some
observations and facts (Fig. 9) that are characteristic for
MA-MPCs acting as co-initiators. Firstly, they do not
photoinitiate polymerization without an electron accep-
tor, and secondly the co-initiation efficiency of MA-MPCs
is higher in comparison to corresponding free mercapto-
amino acids.

In summary, we have demonstrated the specific pro-
perties of silver-nanoparticles immobilized initiator and
co-initiators for free radical polymerization. The sil-
ver-nanoparticles immobilized benzophenone photoini-
tiates free radical polymerization in both UV and visible
regions. The photoinitiation ability of Bp-MPCs in visible
region suggests a possible two-photon action even at low
incident light intensity. The co-initiation process by
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MA-MPCs is more efficient in comparison to co-initiation
observed for free mercaptoamino acid acting as a free
molecule. This behavior can be attributed firstly to the

specific interaction of sulfur electrons with surface
plasmon electrons that make an electron transfer from
mercaptoamino acid to excited electron acceptor more
efficient, or to a high concentration of electron donor in
the ligand shell.
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Fig. 9. The family of the photopolymerization kinetic traces re-
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(PEGDA) and H2O (3:1) mixture photoinitiated using
5,7-diiodo-3-butoxy-6-fluorone (DIBF) (c = 10-3 M) irradiated
by 488 nm emission of an argon ion laser. Light intensity: Ia =
60 mW/cm2. The MPCs electron donors (concentration of
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0.03 M): (1) L-gluthatione-MPCs (c = 8.4 mg/2 mL), (2) L-cys-
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cules identical)
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