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Glycidyl-Methacrylate-Based Electrospun Mats
and Catalytic Silver Nanoparticles
Mustafa M. Demir,* Gökçe Uğur, Mehmet Ali Gülgün, Yusuf Z. Menceloğlu
P(AN-GMA) and PGMA fibers coated with monodisperse silver nanoparticles have been
prepared by a combination of electrospinning and electroless plating. The morphology of
the electrospun fibers remains unchanged after surface hydrazination. Oxidation of hydrazine
in an ammoniacal solution of AgNO3 reduces and deposits silver atoms along the fiber surface,
which then coalesce to Ag particles. The size of
the silver nanoparticles is varied between 20–
60 nm. Since the density of the active sites for
silver reduction is lower in P(AN-GMA), a smal-
ler particle size could be obtained. The catalytic
activity of the silver nanoparticles has been
confirmed.
Introduction

Metal nanoparticles possess unique, often size-dependent

properties that are different to the properties in their

respective bulk form.[1,2] Among the other metals, silver is

particularly attractive because of its significantly wide

spread applications in optics,[3] electronics,[4] biology,[5]

and catalysis.[6] In particular, its application in catalysis is

important since it often combines the characteristics of

high reactivity and selectivity. There are many reactions

catalyzed bymetallic silver such as oxidative conversion of

methanol into formaldehyde,[7] selective butadiene epox-

idation,[8] and oxidation of D-glucose.[6] High efficiency in

catalysis often requires a uniform size and a homogeneous
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distribution throughout a suitable substrate. Control over

size of nanoparticles and of agglomeration are key points

in the preparation of catalytic particles.

Nanoparticles are often surface modified by surfactant

molecules to stabilize them against undesirable aggrega-

tion especially when they are associated with polymers.[9]

However, inmost cases, surfacemodification by surfactant

molecules leads to the loss of certain properties, like

catalytic activities, compared to naked metal particles.[10]

A method that stabilizes the metal particles without

sacrificing the catalytic activity is needed. Fabrication of

nanoparticles either by reduction or by heat treatment of

metal ions in situ appears to be the most efficient way

for stabilization of the metal particles.[11] Various metals

like Fe,[12] Pd,[13] Cu,[14] Au,[15] Ag,[16] and Ni[17] have been

encapsulated employing the in-situ generation of particles

in thin polymer films. Although the fabrication of non-

aggregated metal nanoparticles can be obtained in situ

without using surfactants, an efficient catalytic perfor-

mance cannot be achieved because of the encapsulation of

catalytic particles in a polymer matrix. The presence of a

polymer layer surrounding the particles limits the
DOI: 10.1002/macp.200700544



Glycidyl-Methacrylate-Based Electrospun Mats and Catalytic Silver Nanoparticles
interaction between reactive species and the particle

surface. In this work, catalytic silver particles are selec-

tively deposited onto the surface of a porous mat such that

the particles are easily accessible to various chemical

reagents. An electrospun mat is used as polymeric

substrate with its high surface area and easily accessible

structure.

Block copolymers have been widely employed as

structure directing agents in the production of metal

particles in polymer films.[18,19] Microphase separation

in block copolymers is a well-studied phenomenon to

produce morphologies by phase separation. The ability to

control the spatial and organizational morphologies of

block copolymers makes these materials attractive for

fabrication of nanostructures. The synthesis is based on

the spontaneous phase separation of copolymer molecules

which restricts metal species within nanometer-scale

regions in the bulk morphology. Metal ions interact with

one of the blocks, which assemble to produce nanometer-

scale domains that contain the metal ions for later

reduction to zerovalent particles. The application of

copolymer chemistry in the production of an electrospun

mat can be an efficient approach to obtain a substrate

system where metal particles remain non-aggregated. In

our previous study, we have shown in-situ generation of

Pd particles in/on electrospun fibers of statistical copoly-

mers of acrylonitrile and acrylic acid with different

compositions.[13] The catalytic activity of electrospun

fiber-supported Pd particles was 4.5 times higher than

the current Pd/Al2O3 catalyst in a hydrogenation reaction.

Electrospinning is a versatile fiber spinning technique

that allows the production of continuous polymer fibers

down to several nanometers under a uniform electrical

field.[20–22] In a typical procedure, a probe of a high voltage

generator is immersed into a polymer solution. A high

voltage on the order of several kilovolts is applied to the

polymer solution that is filled into a narrow tube. Several

centimeters away from its nozzle, a grounded conductive

sheet is placed perpendicular to the pipette. When the

applied electrical field overcomes the surface tension of

the solution, a jet is created, which comes out from the

nozzle to the grounded sheet. Upon evaporation of solvent,

a thin polymeric mat is formed on the grounded sheet,

which consists of randomly distributed fibers. Electro-

spinning provides a simple and fast approach to produce a

fibrous polymeric mat.

Silver particles have been associated with many

polymers using different pathways based on electrospin-

ning. Recently, Xu et al.[23] reported the preparation and

antibacterial activity of silver particles in biodegradable

electrospun poly(L-lactide) fibers for microorganism reduc-

tion. Silver particles are reduced in the nanofibers from

AgNO3 at 80 8C in an atmosphere of hydrogen at 0.8 MPa

for 48 h. The antibacterial efficiency of the silver and the
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biodegradability of poly(L-lactide) are combined in the

same material whose clinical applications as a wound

dressing and anti-adhesion membrane were empha-

sized.[24,25] Patel et al.[10] presented the preparation of

porous silica nanofibers that contain catalytic silver

nanoparticles by sol–gel chemistry and an electrospinning

technique. Silver nanoparticles were nucleated from

AgNO3 at 200–800 8C for 30 to 150 min while the polymer

precursor is calcinated. The catalytic activity of the

silver incorporated into the fiber mats was assessed by

a reduction of methylene blue dye. Another example using

heat treatment for the nucleation of silver particles was

shown by Jin et al.[26] Large scale fabrication of the

particles was performed using heat treatment of poly-

(vinyl pyrrolidone)/AgNO3. In addition to the tempera-

ture-induced particle fabrication, the nucleation of parti-

cles on electrospun cellulose acetate fibers can be

performed by UV radiation.[27] A cellulose acetate solution

that contained AgNO3 was subjected to electrospinning

and the resulting electrospun mat was irradiated with UV

light. The authors showed that silver particles nucleate in

general at the surface of the fibers.

Contrasting from the literature, herein, catalytic silver

nanoparticles were selectively deposited onto the surface

of glycidylmethacrylate (GMA) based electrospun fibers by

a redox reaction. The process takes place in an aqueous

solution of AgNO3 at ambient conditions using electroless

deposition. GMA as comonomer is rather useful, since

the pendant oxirane ring can be opened and a range of

functionalities can be introduced to the polymer back-

bone.[28–31] Modification of the fiber surface with the

reducing agent hydrazine provided binding sites for

nucleation of metal atoms. Silver cations were reduced

into metallic silver that diffused and coalesced into

particles along the fiber’s surface. Althoughmanymethods

are available for coating, such as baking,[32] chemical vapor

deposition,[33] and ion-sputtering,[34] the electroless plat-

ing is found to be very effective because of applicability on

insulators and complex-shaped structures like electrospun

mats.[35] Electroless plating is especially suitable to silver

plating since silver is a metal that facilitates the auto-

catalytic reaction for its reduction.[35] Silver particles can

be deposited evenly along edges, inside cavities, and cover

irregularly shaped objects that are otherwise difficult to

coat evenly. Control of particle sizes in the range of 20–60

nm was achieved by varying the GMA fraction of the

copolymer and/or the deposition time.
Experimental Part

Acrylonitrile (AN) (Fluka), glycidyl methacrylate (GMA) (Fluka),

methylene blue (Alrich), NaBH4 (Aldrich), and hydrazinium

hydroxide (100%; E. Merck) were of analytical grade and were
www.mcp-journal.de 509
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used without any further purification. AN and GMA monomers

were polymerized by radical polymerization in dimethylform-

amide (DMF) using 1wt.-% ammoniumpersulfate initiator. For the

synthesis of the copolymer, polymerization was carried out for

the mixture of AN and GMA (60: 40) over a period of 24 h at 50 8C.
The copolymer composition was estimated from the 1H NMR

spectra by integration of the characteristic peaks of oxirane over

those of acrylonitrile.

Scheme 1 outlines the procedure for the fabrication of

composite fibers. The details of that electrospinning process have

been described elsewhere.[36] Polymer solutions were subjected to

an electrical field of 1.53 kV � cm�1. Instrumental parameters

(spinning distance: 8 cm and voltage: 12.2 kV) were kept constant

for all experiments. An electrospun film that could be detached

from the substrate surface was obtained in 6 h. These thick

polymer films were immersed into a dilute hydrazine solution

overnight for surfacemodification. Theywerewashedwith excess

distilled water twice to remove any free hydrazine molecules. For

silver deposition on the fibers, the hydrazine-modified electrospun

mats were introduced into a mixture of 5 mL of a 0.1 M AgNO3

solution, 0.5 mL of a 1 M KOH solution, and 1 mL of concentrated

NH3 solution in a closed glass bottle. The precipitation of the

metal onto the nanofiber took place within a few minutes. The

deposition time refers to the duration during which electrospun

mats were subjected to the metal ion solution. It ranged from

1 min to 24 h. Thermogravimetric analysis (TGA) and dynamic

thermal analysis (DTA) were performed using a Netzch STA449C

under an oxidative atmosphere. The heating rate was 20 8C per

minute from27 to 1 000 8C. Themorphology of the fibermats (fiber

diameters, and the distribution and size of the silver particles) was

investigated using both scanning electron microscopy (SEM, LEO

Supra 35) and transmission electron microscopy (TEM, JEM

2000FX, JEOL). Particle size distributions were obtained from

statistical treatment of SEM and TEM images by measuring the

length of typically not less than 100 particles with the help of the

software of the microscopes.
Scheme 1. Experimental steps for the synthesis of composite
fibers based on silver particles and electrospun fibers.
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The catalytic activity of the silver particles was analyzed

employing a model redox reaction that takes place between

methylene blue and NaBH4. An electrospun mat (7 mg consisting

of 20 wt.-% of silver) was immersed into a mixture of 3 mL of

0.02� 10�3
M methylene blue and 1 mL of 0.1 M NaBH4 under

magnetic stirring. The intensity of the blue color of the reaction

mixture decreased and eventually turned colorless with time.

The extent of the reaction was followed by absorption of the

reaction mixture using optical spectroscopy (Varian Cary 50,

500–800 cm�1).
Results and Discussion

Electrospun fibers of P(AN-GMA) and PGMAwere obtained

from their solutions in DMF. The weight fractions of the

polymer solutions are 0.30 and 0.45 for P(AN-GMA) and

PGMA, respectively. The corresponding diameters of the

fibers fall in the range of 0.2–1.4 mm. As an example of the

spinnability of GMA-based polymers, electrospun fibers

of a copolymer of AN and GMA (58: 42 in terms of mole

ratio) are shown in Figure 1. Submicrometer diameter

P(AN-GMA) fibers were randomly deposited on an Al-foil

substrate and formed a mat-like structure that has nano/

submicrometer scale porosity.

Silver nanoparticles were selectively generated on the

surface of electrospun fibers by electroless plating. A

two-step procedure was followed for the production of

metal nanoparticles. In the first step, a reducing agent,

hydrazine, was immobilized onto the fibers surface.

Hydrazine is a strong nucleophile and attacks the highly

strained three-membered oxirane ring of the glycidyl

methacrylate residue. Hydrazination was revealed by IR

spectroscopy through the disappearance of the asym-

metric stretching bands of the oxirane group at 1 129 cm�1

and the appearance of bands at 3 216 cm�1, which
Figure 1. An overview SEM image of P(AN-GMA) fibers electrospun
from 30 wt.-% solid content in DMF solution. The fibers have an
average diameter of 0.17�0.05 mm and an electrical field of
1.53 kV � cm�1. The AN and GMA content in P(AN-GMA) is 58 and
42 mol-%, respectively.
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Figure 2. IR spectra of P(AN-GMA) mats before and after hydrazine-treatment. The appearance
of symmetric stretching of the primary amine at 3 216 cm�1 and disappearance of the
asymmetric stretching of the oxirane group at 1 129 cm�1 indicates successful hydrazination
of the fibers’ surface.
originate from symmetric stretching of the –NH2 (primary

amine) group[37] (Figure 2). The morphology of the fibers

remained unchanged after the surface modification. In the

second step, the hydrazine-modified electrospun mat was

introduced into an aqueous solution of AgNO3. Silver

cations were reduced into metallic silver by hydrazine

molecules that were immobilized on the fibers’ surfaces.

Consequently, nanometer-scale silver particles nucleated

on the surface of the fibers. Hydrazinated-oxirane groups

provided potential nucleation centers and the Ag particles

were most likely nucleated at or near the hydrazinated-

oxirane groups. The presence of Ag particles was imaged

by SEM and TEM. Figure 3 illustrates electron micrographs

of silver-coated electrospun fibers. Figure 3(a) shows a low

magnification overall view of P(AN-GMA)/Ag composite

fibers. A large number of silver nanoparticles were formed

and were evenly distributed on the fibers surface.

Figure 3(b) provides a high magnification image of a

P(AN-GMA)/Ag fiber. The particles on the fiber surface are

mostly separate islands. X-Ray diffraction was used to

identify silver in this composite system. The diffraction

peaks that correspond to the (111), (200), and (220) planes

of silver were observed at 38.1, 44.3, and 64.4 8, respec-
tively. The reflections detected on the X-ray spectrum

match those ofmetallic silver (JCPDS card no: 04-0783). The

size of the Ag crystallites was estimated by peak broad-

ening using the Debye-Scherrer formula. The average size

of Ag crystallites obtained on the P(AN-GMA) fibers was

40� 3 nm. This dimension is very close to the particle

diameter observed in the electron micrographs. This

agreement indicates that silver particles nucleated on

the fiber surface are single crystalline.
Macromol. Chem. Phys. 2008, 209, 508–515
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Silver nanoparticles were pro-

duced on both P(AN-GMA) and

PGMA substrate fibers for differ-

ent deposition times. The

P(AN-GMA) substrate is a statis-

tical copolymer of AN and GMA

where the comonomers are ran-

domly distributed on the copoly-

mer chain. The mole fraction of

GMA, i.e., oxirane groups on the

fibers’ surfaces, is 0.42. The other

substrate is a homopolymer of

GMA. Figure 4 illustrates particle

diameters for different coating

times on the two substrates: a)

P(AN-GMA) fibers, and b) PGMA

fibers. In both cases, the particle

size shows a linear increase with

the logarithm of coating time.

Initial particle sizes and particle

growth rates on these two sub-

strates were not identical because
of the difference in the content of the oxirane group on the

polymer chains. The particles nucleated on P(AN-GMA)

fibers were initially �10 nm smaller in diameter than the

ones obtained on PGMA fibers. However, after 24 h of

deposition time, mean diameters of the silver particles

were 60 nm in both cases. This result suggests that the

particles produced on P(AN-GMA) grow faster than the

ones nucleated on PGMA fibers, at least in the range of

deposition time employed in this work. Apparently,

particle-growth mechanisms on the two fibers seem

different. Based on these preliminary results, two models

were suggested considering the content of GMA residue on

polymer backbones. It is likely that hydrazinated-oxirane

groups facilitate and localize nucleation events of silver

particles on the fibers’ surfaces. Silver cationswere reduced

into metallic silver atoms on these reactive sites. After the

electron exchange, metal atoms diffuse along the fiber

surface and subsequently either nucleate new particles or

adhere to an already existing nanoparticle to cause it to

grow. In the case of PGMA, the fibers have nearly two times

more oxirane groups compared to P(AN-GMA); therefore,

the density of active sites for particle nucleation is higher

on the PGMA fibers. A higher number of silver atoms were

reduced on the surface of the electrospun fibers and

formed larger silver particles at the same AgNO3

concentration and exposure time. This observation infers

that particle growth is predominantly controlled by

diffusion of the silver atoms on the surface the PGMA

fibers. However, the mechanism of particle growth is

somewhat different on P(AN-GMA). The surface of the

P(AN-GMA) fibers is nearly half as much populated by

oxirane groups as the PGMA fibers. The precipitation of
www.mcp-journal.de 511
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Figure 3. TEM images of silver nanoparticles nucleated on
P(AN-GMA) fibers: a) low and b) high magnification.

Figure 4. The particle mean diameters as a function of logarithm
of deposition time in seconds on a) P(AN-GMA) and b) PGMA.
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silver atoms onto the fiber surface occurs in the same way.

Unlike the first case, the atoms mainly grow by transfer of

silver ions onto the particle surface. The lower the number

of oxirane groups on the polymer backbone, the less silver

atoms nucleate on the fibers surface. Thus, in short

deposition times, the P(AN-GMA) fiber provides smaller

particles as compared to PGMA. An additional systematic

study to investigate the critical parameters such as GMA

variation on the polymer backbone, degree of hydrazina-

tion, and concentration of silver nitrate in the surrounding

solution, is needed to clarify the realmechanism of particle

growth on P(AN-GMA) and PGMA.

The kinetics of crystalline particle growth follows the

empirical equation
Macrom

� 2008
dn � dn
0 ¼ kt (1)
where d is themean particle size, d0 is themean nuclei size

or initial particle size, k is temperature-dependent con-
ol. Chem. Phys. 2008, 209, 508–515
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stant, t is time, and n is the growth kinetic exponent,

d> d0. Assuming that the initial nucleus site (i.e., critical

nucleus size) is much smaller than the particle size at t¼ 0,

this expression can be written as
dn ¼ k0 exp
�Q

RT

� �
t (2)
where k0 is a constant, R is the gas constant, T is the

absolute temperature, and Q is the activation energy for

the mechanism that controls the growth. The value n,

which provides important information about the growth

kinetics of the particles, can be obtained by plotting ln d

versus ln t for a given temperature T. The plot of Figure 5

shows ln d of particles produced on the two electrospun

substrates as a function of ln t. A linear behavior is found in

both cases. The values of n that were calculated from the

slope of the best-fit lines were 6.6 for the particles

nucleated on PGMA and 12.5 for the ones obtained on
DOI: 10.1002/macp.200700544
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Figure 5. Plot of ln d of silver particles as a function of ln t for
P(AN-GMA) and PGMA fibers. The values of n that were calculated
from the slope of the best-fit lines were 6.6 for the particles
nucleated on PGMA and 12.5 for the ones on P(AN-GMA).

Figure 6. Cumulative distributions of particles on P(AN-GMA) and
PGMA fibers.

Figure 7. Bundling of electrospun PGMA fibers upon particle
generation.
P(AN-GMA). These values suggest that the particle growth

rate on PGMA is less than that on P(AN-GMA). Figure 6

provides cumulative frequency distributions of the parti-

cle diameters obtained from different deposition times.

Increasing the coating time broadens the particle size

distributions in both substrates. It appears that the

particles produced on PGMA in 24 h show the broadest

distribution.

Silver particles nucleate uniformly on the fiber surface.

However, silver atoms do not only nucleate on the fiber

surface but also in the solution. Figure 7 illustrates, along

with silver particles on the electrospun fibers, silver

agglomerates with fractal morphology in between the

fibers. Nucleation events that take place on the fibers’

surface are mediated by localized reduction with the help

of bound hydrazine molecules (heterogeneous). However,

some silver atoms appear to nucleate homogeneously in

the solution. The latter causes uncontrolled crystal growth

and agglomeration of individual silver particles that

bundle the fibers together. The bundling of fibers is

regarded as disadvantageous because it leads to an

increase in the size of pores between the electrospun

fibers and, therefore, decreases the surface area-to-volume

ratio of both the silver particles and electrospun fibers. The

actual mechanism of undesirable crystal growth between

the fibers is not fully understood but it is speculated that

the nucleation centers on two neighboring fiberswhich are

in close proximity to each other adhere and crystal growth

bridges the two fibers.

P(AN-GMA) and P(AN-GMA)/Ag mats were heated in

oxidative media to remove the polymer and to determine

the amount of metal on the electrospun mat. Thermo-

analytical profiles of P(AN-GMA) and Ag-coated P(AN-

GMA) are presented in Figure 8. The thermooxidative

decomposition of two products follows different paths
Macromol. Chem. Phys. 2008, 209, 508–515
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Figure 8. Thermo analytical curves of a) P(AN-GMA) electrospun
mats and b) Ag-coated P(AN-GMA) mat for 10 min. Mass loss
difference in these two profiles suggests the amount of silver
particles �35 wt.-% loaded onto electrospun fibers. The melting
point of the Ag particles at 961 8C is observed as an endothermic
peak in the inset.

Figure 9. Visible spectra of a mixture of methylene blue dye and
reducing agent NaBH4 a) in the absence and b) in the presence of
catalytic silver particles on P(AN-GMA) fibers.
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from room temperature to 1 000 8C. Degradation occurs

and mass decreases as the temperature increases. While

only 2% of the polymer moiety remains beyond 770 8C
under the thermooxidative environment for the electro-

spun mat of P(AN-GMA), 35 wt.-% of the total mass was

measured at the end of the thermal analysis for a

metal-deposited sample. Mass loss of the samples before

and after the metallization procedure was attributed to

the amount of Ag deposited on the electrospun mat. The

endothermicmelting of Ag at 961 8C is detected on the DTA

trace. The mass percentage of the metallized electrospun

mat consists of both metal particles produced on the

nanofibers and particles formed between the nanofibers.

The particles agglomerated between the fibers are unin-

tentional and need to be minimized.

The catalytic activity of the silver nanoparticles

generated on P(AN-GMA) fibers was investigated by

employing a reduction reaction that takes place between

methylene blue dye and a reducing agent of NaBH4. This

redox reaction does not occur when the reactants are

brought together under ambient conditions unless there is

a strong catalyst in the reactionmedium.[10] Therefore, this

reaction was selected as a model system to acquire a

qualitative understanding of the catalytic activity of the

as-synthesized silver nanoparticles on the electrospun

fibers.Methylene blue has a characteristic absorption band

at 665 nm. The intensity of the absorption at 665 nm

is proportional to the concentration of methylene blue in

the medium. The extent of the reaction can be followed by

measuring the optical density of the reaction medium at

665 nm. The surface plasmon of the silver particles,

which is at 420 nm, does not interfere with the band of
Macromol. Chem. Phys. 2008, 209, 508–515
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methylene blue. Any optical activity taking place in the

visible region originates from the catalytic performance of

the silver particles in the redox reaction. Figure 9 presents

the optical density of the reaction medium within 20 min

of the reaction time. In the absence of silver particles

(Figure 9(a)), the spectra of the reaction mixture (3 mL of

2� 10�5
M methylene blue and 1 mL of 0.1 M NaBH4)

revealed a characteristic band of methylene blue at

665 nm. No change in the spectra as a function of time

indicates that the reduction reaction either did not occur at

all or the extent of reaction is lower than the detection

limit of optical spectroscopy. However, in the presence of

7 mg of a P(AN-GMA) electrospun mat consisting of 20%

silver nanoparticles, the absorption band at 665 nm

disappears gradually. Figure 9(b) illustrates the decrease in

the optical density of the solution, which indicates the

consumption of methylene blue in the reaction medium

by the redox reaction. The reaction mixture turned from

blue to colorless and the reaction was complete within

11 min in the presence of Ag particles. A detailed study on
DOI: 10.1002/macp.200700544
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the catalytic activity of this particle/fibrous substrate

system is under way. The arrangement of particles with

respect to the electrospun fibers, i.e., whether they are at/

in/on the fibers, the size of the particles, the diameter of

the fibers, and the amount of particles loaded into the

fibers are the parameters needed to be examined.
Conclusion

We have shown the preparation of a surface active

electrospun mat that consists of submicrometer diameter

polymer fibers covered by monodisperse silver nanopar-

ticles. The particles nucleate on the glycidyl methacryla-

te-based electrospun fibers. The glycidyl methacrylate

residue content on the polymer backbone was the main

parameter that controlled both particle size and particle

growth. The particles generated on the electrospun fibers

exhibited good catalytic activities, which were confirmed

by the reduction of methylene blue dye using a reducing

agent NaBH4. The present design of the nanocomposite

materials may find various potential applications not

only in catalysis but also in many fields where a large

surface area of metal particles is utilized. A simple and

inexpensive way was introduced for the preparation of

this composite material, which employed electrospinning

and electroless plating. From the stand point of industrial

scale up production, the combination of these two solution

processing techniques is promising for the production of

nanoparticles associated with polymeric materials.
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