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ABSTRACT: This article reports on the preparation of
novel solvent-resistant nanofibers by electrospinning of
poly(acrylonitrile-co-glycidyl methacrylate) (PANGMA)
and subsequent chemical crosslinking. PANGMA nanofib-
ers with diameters ranging from 200 to 600 nm were gen-
erated by electrospinning different solutions of PANGMA
dissolved in N,N-dimethylformamide. Different additives
were added to reduce the fiber diameter and improve the
morphology of the nanofibers. The as-spun PANGMA
nanofibers were crosslinked with 27 wt % aqueous ammo-
nia solution at 50�C for 3 h to gain the solvent resistance.
Swelling tests indicated that the crosslinked nanofibers
swelled in several solvents but were not dissolved. The

weight loss of all the crosslinked nanofibrous mats
immersed in solvents for more than 72 h was very low.
The characterization by electron microscopy revealed that
the nanofibrous mats maintained their structure. This was
also confirmed by the results of the pore size measure-
ments. These novel nanofibers are considered to have a
great potential as supports for the immobilization of ho-
mogeneous catalysts and enzymes. VC 2012 Wiley Periodicals,
Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Electrospinning has drawn widespread attention in
recent years due to its distinguished versatility and
simplicity in fabricating nanofibrous materials.1–3

Electrospun nanofibers are very promising as sup-
ports for the immobilization of homogeneous cata-
lysts or enzymes because of their exceptionally long
length, uniform diameter, huge surface area, and
highly porous structure.4–6

Since most of the catalytic reactions are performed
in organic solvents and at elevated temperatures,
solvent- and temperature-resistant nanofibrous mats
are required.7–9 The majority of available electrospun
nanofibers do not fulfill these requirements. One
possibility to overcome this drawback is the chemi-
cal crosslinking of the polymer rendering the fibers
solvent and temperature resistant.10–12

Poly(acrylonitrile-co-glycidyl methacrylate) (PAN-
GMA) is a copolymer composed of acrylonitrile and
glycidyl methacrylate (GMA). It was developed for
autoclavable porous membranes serving as support
for covalently immobilized enzymes.13 The epoxy

group on its GMA segment offers the opportunity
for the employment of PANGMA on a variety of
activation/coupling chemistries for both crosslinking
of nanofibers and chemical grafting of catalysts or
enzymes. An effectual chemical grafting of catalysts
on the support not only can greatly lower the leach-
ing but also can make the efficient reuse and recy-
cling of the catalysts come to reality.13,14

In this article, we describe the first results for a
novel solvent-resistant electrospun nanofibrous mat,
which can be obtained from PANGMA in two steps:
(1) electrospinning PANGMA/DMF solution and (2)
chemically crosslinking via ammonolysis. The new
nanofibrous mats can be considered promising for
potential applications as supports for the covalent
immobilization of homogeneous catalysts and
enzymes.

EXPERIMENTAL

Materials

PANGMA was synthesized at Evonik-Degussa AG
with a molecular weight (Mn) of � 100,000 and GMA
content of 7 mol %.13 Ammonium hydroxide solution
(27 wt %) was purchased from Fluka and Co. Citric
acid and triethylbenzylammonium chloride (TEBAC)
were purchased from 1-Aldrich and Co. N,N-dimethyl-
formamide (DMF), N,N-dimethylacetamide (DMAc),
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dimethyl sulfoxide (DMSO), tetrahydrofuran (THF),
and toluene were purchased from Merck KGaA. All
chemicals were directly used without further
purification.

Preparation of PANGMA nanofibers
via electrospinning

PANGMA was dissolved in DMF at room tempera-
ture with moderate stirring for 48 h to form a homo-
geneous solution. The polymer concentration was
varied between 16 and 24 wt %. The solution was
placed in a 5 mL glass syringe with a metal needle
with the inner diameter of 0.8 mm. A high voltage
generator was connected to the middle of the needle.
A rectangular counter electrode covered with the
aluminum foil was used as the collector. Electrospin-
ning was performed at a voltage of 25 kV and a
spinning distance of 25 cm. The feed rate of the so-
lution was controlled by a syringe pump (HAR-
VARD PHD 4400, Harvard Apparatus.Co) to be
maintained at 1.5 mL/h and the electrospinning
time was usually 4 h to obtain mats of sufficient
thickness. After electrospinning, the nanofibrous
mats were detached and washed with methanol to
remove the DMF and impurities. Subsequently, the
nanofibrous mats were dried under vacuum at 50�C
for 24 h to remove residual solvents.

Crosslinking of the as-spun nanofibers
with ammonia

After washing with water, the PANGMA electrospun
nanomats (PANGMA-ENM) were crosslinked with 27
wt % ammonium hydroxide solution. The reaction
was performed at 50�C for different time intervals.
Finally, the nanomats were carefully washed with
water again and dried under vacuum at 50�C for 24 h.

Characterizations

The solvent resistance of crosslinked PANGMA-
ENM was tested by immersing them in different sol-
vents (toluene, THF, DMF, DMAc and DMSO). For
the swelling experiments, the nanofibrous mats were
cut into pieces of 4 cm � 4 cm. Then, the weight of
the dry nanomats was taken (W0). The samples were
then immersed for 72 h in the respective solvent at
room temperature and finally the weight of the thus
treated sample was determined (W1). Subsequently,
the samples were washed with methanol and dried
as described before. The weight of the dried samples
is referred to as W2. The swelling rate (S) and the
weight loss rate (WL) were calculated by the follow-
ing equations:

S ¼ W1=W2 (1)

WL ¼ ðW0 �W2Þ=W0 � 100% (2)

The experiments were performed with five pieces
of the respective samples. The data given in the arti-
cle are the average values of these five experiments.
The structures of both the uncrosslinked and

crosslinked PANGMA-ENM were characterized by
Attenuated Total Reflection Fourier transform infra-
red spectroscopy (ATR-FTIR) with a FTIR spectro-
photometer (Bruker Equinox 55, Bruker Optics) in
the mid-infrared range from 4000 cm�1 to 500 cm�1.
The morphology of the PANGMA ENM was ob-

served with a scanning electron microscope (LEO Gem-
ini 1550 VP, Zeiss) at 10 kV accelerating voltage after
sputter coating with gold. The average diameters of
the nanofibers were calculated from 10 different single
values randomly by the internal software of the SEM.
The thermal properties of crosslinked and uncros-

slinked PANGMA nanofibers were studied by differ-
ential scanning calorimetry (DSC) with a Netzsch
DSC 204 PhoenixV

R

using indium standards. The glass
transition temperature (Tg) was determined by means
of a dynamic scan at 10�C/min from 20 to 200�C.
The interfiber pore size of the PANGMA-ENM

was determined with the liquid–gas displacement
method. It is based on the measurement of pressure
necessary to blow a gas through a liquid-filled mem-
brane pore. The relationship between the pore size
and the corresponding pressure is given by the
Young-Laplace equation:

R ¼ 2c cos h=DP (3)

where R is radius of the pore (m), DP is the differen-
tial gas pressure, c is the surface tension of wetting
liquid (J/m), and y is the contact angle.15,16

The measurements were performed with a Porom-
eter 4.900 from Porous Materials Inc. (PMI). The
PANGMA-ENM stamps with a diameter of 3 cm
were immersed in the wetting fluid PorewickV

R

from
PMI (surface tension ¼ 16 � 10�7 J/m ¼ 16 dyn/
cm) for more than 15 min and then placed in the
test cell. By an automated procedure, a successively
increasing pressure was applied across the mem-
brane sample using nitrogen as pressurizing gas. At
a certain pressure, the surface tension of the pore
filling liquid in the largest pores is exceeded. The
liquid is displaced and the gas flow through the
open pore is monitored. By further pressure increase
the liquid in the smaller pores is displaced until all
pores are open. Based on the flux data through the
membrane, the pore size distribution is calculated
by the internal PMI software.

RESULTS AND DISCUSSION

Electrospinning of PANGMA nanofibers

PANGMA/DMF solutions with polymer concentra-
tions of 16 to 24 wt % were electrospun. For sake of

2 DAI AND EBERT

Journal of Applied Polymer Science DOI 10.1002/app



clarity only the morphologies of the obtained nano-
fibers obtained from a 22 wt % solution are shown
in Figure 1. (This PANGMA concentration was cho-
sen for further experiments because of good uniform-
ity of the electrospun fibers. The results obtained with
other polymer concentrations are not included.) The
nanofibrous mats have a uniform fiber size distribu-
tion practically free of beads [Fig. 1(a)]. It is obvious
that the inside structure of these nanofibers seems to
be nodular [Fig. 1(b)]. A possible reason for forming
this structure is the phase inversion induced by
inflow of methanol during the drying process of the
nanofibers after electrospinning.17–19 Since DMF is a
low volatile solvent at room temperature (vapor pres-
sure: 490 Pa at 25�C), it can not evaporate completely
during the electrospinning process and the residual
DMF will spontaneously form some solvent rich
regions inside the nanofibers. After the remaining
DMF diffuses out of the fibers, the original solvent
rich regions transform into small pores and then such
nodular structure might form.

The diameter and the morphology of the PAN-
GMA nanofibers could be further controlled by add-
ing citric acid or triethylbenzylammonium chloride
(TEBAC) to the spinning solution. Figure 2 shows

Figure 1 SEM micrographs of PANGMA electrospun
nanofibers (PANGMA concentration ¼ 22 wt %): (a) struc-
ture of nanofibrous mat and (b) inside structure of single
nanofiber.

Figure 2 SEM micrographs of PANGMA nanofibers
(PANGMA concentration ¼ 22 wt %): (a) without
any additives, (b) with 1 wt % citric acid, and (c) with 0.5
wt % TEBAC, the concentration of spinning solution is
22 wt %.
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the SEM photographs of the nanofibers electrospun
from solution containing 1 wt % citric acid [Fig.
2(b)], 0.5 wt % TEBAC [Fig. 2(c)], and without any
additives [Fig. 2(a)]. The diameters of the neat PAN-
GMA nanofibers are in the range of 400 to 600 nm.
With the additive containing spinning solutions the
thicknesses are reduced to 250 to 350 nm [Fig. 3(a)].

In a number of references it is reported that addi-
tives can influence the diameters of nanofibers by
altering the conductivity of the spinning solu-
tion.20,21 Generally, the electrical conductivity of a
solution reflects a charge density on a jet, which will
have big influence on the elongation level of the jet
by the electrical force. Therefore, under the same
applied voltage and spinning distance, a solution
with a higher electrical conductivity may cause
higher elongation of a jet along its axis. As a conse-
quence, electrospun nanofibers with smaller diame-
ters are obtained. Experiments were performed to
study the relationship between fiber diameters and

composition of the spinning solution conductivity
for the PANGMA/DMF system.
Figure 3(a) shows the average diameter of the

PANGMA nanofibers with and without adding
additives and Figure 3(b) shows the solution con-
ductivity before and after adding additives. It can be
clearly seen that the solution conductivity increases,
whereas the average fiber diameter decreases after
the additives are added. As mentioned above, nano-
fibers with thinner diameters can be obtained from
the spinning solution with higher solution conduc-
tivity. A small amount of additives may change the
solution conductivity significantly and thus reduce
the diameters of the nanofibers.

Crosslinking and solvent-resistance measurements

Crosslinking of the as-spun PANGMA nanofibers is
required to gain the resistance in organic solvents,
such as DMF and DMSO. Ammonia was chosen as
the crosslinking agent for the as-spun PANGMA
nanofibers. The proposed route for the crosslinking
reaction is shown in Scheme 1. The reaction route is
described by Hicke et al.13 Briefly, during the reac-
tion with ammonia, primary amino groups are
formed by the conversion of epoxy groups. As the
reaction proceeds further, epoxy groups may react
with the already formed amino groups. The cross-
linking reaction was performed at 50�C and different
crosslinking time to obtain the best crosslinking con-
ditions. The solvent resistance of crosslinked PAN-
GMA-ENM was characterized by determining the
weight loss rate of the ENM after immersion in the
respective solvent for 72 h.
In Figure 4, the weight loss rate of PANGMA-

ENM dependent on the crosslinking time is given.
The weight loss rate at comparable crosslinking
times decreases in the order DMF, DMAc, and
DMSO. Correspondingly, the same trend was

Figure 3 Influence of (a) PANGMA concentration and
additives on average diameter of electrospun nanofibers;
(b) PANGMA concentration and additives on electrical
conductivity of the spinning solutions. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Scheme 1 Crosslinking reaction route of the as-spun
PANGMA nanofibers.13
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observed for the swelling rates which are 17%, 8.9%,
and 7.5%, respectively. Generally, the weight loss
rate decreases with increasing crosslinking time for
all tested solvents. After 1 h crosslinking time, the
weight loss is more than 4 wt % in the case of DMF
and only about 2 wt % for the samples immersed in
DMSO. This decrease is moderate between 2 and
6 h. After 3 and 6 h, respectively, the weight loss is
less than 2 wt % in all solvents. For further experi-
ments, fibers crosslinked for 3 h were chosen.

FTIR measurements were performed to structur-
ally verify the crosslinking of PANGMA nanofibers.
Figure 5 shows the FTIR spectra of neat (curve (a))
and crosslinked (curve (b)) nanofibers. On curve (a),
there is a clear peak near 908 cm�1 (characteristic
peak of epoxy group), which shows the existence of
epoxy groups in neat PANGMA nanofibers. Mean-
while, no obvious peak near 908 cm�1 can be found
in the spectrum (b), which further proves that epoxy
groups in PANGMA have been crosslinked by
ammonia.

Figure 6 shows the SEM photos of the cross-
linked PANGMA nanofibers after immersion in or-
ganic solvents for 72 h at room temperature. For
comparison the crosslinked nanofibers without
being immersed in any solvent are included in Fig-
ure 6(a). It can be seen that the fibers are rather
unaffected in the case of THF, toluene, and DMSO
[Fig. 6(b–d)]. Since PANGMA has only limited
(DMSO) or even no solubility (THF, toluene) in
these solvents, this is not surprising. In DMAc and
DMF, a higher swelling of the PANGMA nanofib-
ers was observed as it was discussed before. Corre-
spondingly, the shape of the fibers is changed
[Fig. 6(e,f)] in comparison to the untreated fibers
[Fig. 6(a)]. Obviously, the nanofibers become more
ribbon like, especially in the case of DMF-treated

fibers [Fig. 6(f)]. Generally, the structure of the
nanomats is kept, although it seems that nanomats
which have been immersed in DMF have a more
densified interfiber structure. However, the results
show that the crosslinked PANGMA-ENM have
superior solvent resistance in a series of organic
solvents and therefore are suitable for the applica-
tions in such environments.
It is noteworthy that PANGMA nanofibers with

only 7 mol % GMA content already have enough ep-
oxy groups to obtain this excellent solvent resistance.
It is feasible to synthesize PANGMA with a higher
GMA content (higher than 15 mol %) and partially
crosslink them after electrospinning to keep enough
epoxy groups for the additional binding capacity
for covalent immobilization of ligands of homogene-
ous catalysts. Moreover, the formed amino groups
during the crosslinking can also be used for the
covalent immobilization of enzymes on the PAN-
GMA nanofibers.

Thermal stability of PANGMA nanofibers

Crosslinking also improved the thermal stability of
the PANGMA nanofibers. Figure 7 shows the DSC
thermograms for crosslinked and uncrosslinked
PANGMA nanofibers. After 3 h crosslinking, the
glass transition temperature (Tg) of the nanofibers
increases from 98.7 to 109�C, and then further
increases with increase in crosslinking time to
almost 130�C after 48 h. This is due to the decreas-
ing flexibility of polymer chains as a result of the
formation of a crosslinked network. As a conse-
quence, the glass transition temperature increases.
These results and analysis indicate that PANGMA
nanofibers still have big potential for further
improvement of thermal stability. More experiments

Figure 4 Weight loss of PANGMA-ENM dependent on
the crosslinking time after immersion in organic solvents
for 72 h. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 5 FTIR spectrum of PANGMA nanofibers: (a)
before and (b) after crosslinking, crosslinked samples pre-
pared with ammonolysis at 50�C for 3 h. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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have been carried out to deeply understand the rela-
tionship between crosslinking and thermal property
of PANGMA nanofibers.

Pore size distribution of PANGMA-ENMs

In Figure 8, the pore size distribution of uncros-
slinked, crosslinked, and solvent-treated PANGMA-

ENM are shown. For all studied nanomats, pore
sizes ranging from 0.6 to 2.8 lm were determined.
The maximum frequency of pores for uncrosslinked
and crosslinked nanomats was found at 1.4 lm. This
maximum is shifted to about 1 lm for crosslinked
nanomats which have been stored in DMF for 72 h
at room temperature. The results correspond to
those obtained from the SEM studies. After the

Figure 6 SEM micrographs of crosslinked PANGMA nanofibers: (a) before, and after immersion in different solvents at
room temperature for 72 h: (b) THF; (c) Toluene; (d) DMSO; (e) DMAc; and (f) DMF.
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treatment with DMF, the nanofibers changed their
shape to ribbons thereby decreasing the interfiber
distances and consequently, resulting in lower inter-
fiber pore sizes.

Furthermore, it may be speculated whether a
crosslinking temperature of 50�C might induce a
slight shrinkage of nanomats due to relaxations of
frozen-in local stresses in the nanofibers. For the
reduction after immersion in DMF, the swelling of
the crosslinked nanomats will alter both the shape of
nanofibers and the structure of the nanomats. The
growth of the nanofibers caused by swelling will
occupy part of the pore space, resulting in the reduc-
tion of pore size, and the shrinking of nanomats dur-
ing the drying process after swelling will reduce the
pore size too.

CONCLUSIONS

We have demonstrated the preparation of a novel
solvent-resistant nanofiber based on the electrospin-
ning of PANGMA and the subsequent crosslinking
of the nanofibers. Results of relative characteriza-
tions indicate that the diameter of the PANGMA
nanofibers is in the range of 200 to 600 nm and can
be controlled by adding different additives into the
electrospinning solution. The as-spun PANGMA
nanofibers can be successfully crosslinked by 27 wt
% ammonia aqueous solution at 50�C for 3 h. The
pore size of the PANGMA-ENM will reduce after
crosslinking and immersion into the solvents. The
crosslinked PANGMA nanofibers show a good
resistance against most of the solvents which are
commonly used in catalytic reactions. Thus, they
have potential applications in the immobilization of
homogeneous catalysts and enzymes.
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fellowship for Tianhe Dai, who also thanks Prof. Volker
Abetz for helpful discussions. The authors thank Karen-Mar-
ita Prause and Sabrina Bolmer for the SEMmeasurements.
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Figure 8 Pore size distribution of the neat and cross-
linked Pangma-ENM. [Color figure can be viewed in the
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