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a b s t r a c t

In this study, for the first time cross-linking of linear aliphatic diamine-based main-chain poly-
benzoxazine (MCPBz) electrospun nanofibers were accomplished by two-step approach consisting of
photo and thermal curing. Initially, two novel MCPBz resins which comprise of a benzophenone unit in
the polymer main-chain were synthesized and uniform MCPBz nanofibers were produced by electro-
spinning. At first step, photo curing was performed by free radical polymerization initiated by UV-light
and thermal stability of nanofibers was enhanced. At second step, thermal curing was carried out at
different temperatures (150e225 �C) and ring opening and cross-linking of benzoxazine groups in the
fiber structure were achieved. After two-step curing, cross-linked MCPBz nanofibers were obtained as
free-standing material with good mechanical properties. Moreover, it was shown that these two cross-
linked MCPBz nanofibers were structurally stable and maintained their fibrous morphology at high
temperatures (400 �C), in good solvents (chloroform, DMF, 1,4-dioxane, DMAc, THF) and highly
concentrated strong acids (HCl, HNO3, H2SO4).

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Polybenzoxazines as a new member of thermosetting phenolic
resins are of great interest for various scientific and industrial fields
owing to their superior physical and thermal properties. Mean-
while, their wide range of molecular design flexibility which en-
ables the tailoring the properties of the final product for specific
applications make them much more attractive in different appli-
cation areas including electronic packaging, composites, high per-
formance adhesives, non-flammable materials, transportation and
aerospace industries [1].

Basically, benzoxazines are synthesized from mono-functional
phenols and amines with different substitutional groups. Besides,
any combination of a difunctional phenol and primary amine and in
a similar manner, diamine andmono-functional phenol can be used
for the synthesis of benzoxazines [1]. However, a more recent
concept of benzoxazine resins involves the use of a difunctional
ce & Nanotechnology, Bilkent
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phenolic derivative and a diamine, producing a linear polymer
having oxazine rings in the main-chain called as main-chain pol-
ybenzoxazine (MCPBz) [1]. This type of benzoxazines can be quite
useful for the production of nanofibers from this kind of materials
since chain entanglement and overlapping is the key factor for the
production of nanofibers by electrospinning. Electrospinning is a
widely used technique to produce multifunctional nanofibers from
remarkable range of organic and inorganic materials including
polymers, polymer blends, composites, sol-gels, ceramics, etc [2,3].
Nanofibers produced by this technique have a very large surface
area to volume ratio and nanoscale pores having distinctive
chemical, physical and mechanical properties when compared to
their bulk or film forms. Polybenzoxazines are extensively studied
in the literature with their different forms such as bulk [4e8], film
[9e19], aerogel [20e25], porous membrane [26,27], etc. for various
applications. On the other hand, electrospinning of nanofibers from
polybenzoxazine resins is a new concept and electrospinning of
MCPBz resins without using additional polymeric matrices was first
reported recently by our group [28].

Generally, polymerization/cross-linking of benzoxazines can be
achieved by thermal curing which is a thermally induced ring
opening reaction of benzoxazines and MCPBz occur at around
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200 �C [1]. First successful study for the cross-linking of MCPBz
nanofibers by thermal curing was reported by Li et al. [29]. They
synthesized the MCPBz by using 4,40-diaminophenylether,
bisphenol-A, and formaldehyde as starting materials and they
produced MCPBz nanofibers which are mechanically robust and
stable under harsh environmental conditions. Since the melting
point of the nanofibers were higher than their curing temperatures,
they achieved to obtain cross-linked MCPBz nanofibers by thermal
curing. However, in our previous study we could not able to pro-
duce cross-linked nanofibers from long linear aliphatic diamine-
based MCPBz nanofibers by directly thermal curing because of
the very low melting points of PBA-ad6 and PBA-ad12 nanofibers
(73 and 42 �C) which are quite lower than their curing tempera-
tures (203 and 205 �C). Therefore, in this study we focus on two-
step curing procedure including the photo and thermal curing for
the cross-linking of this type of MCPBz nanofibers. Although,
thermal curing is very common and basic method to polymerize or
crosslink benzoxazines and MCPBzs, there are few studies in liter-
ature that use photo curing for the polymerization of benzoxazines
[30,31]. In addition, benzophenone based benzoxazine monomers
were synthesized and used as photoinitiator for the photo-
polymerization of acrylate monomers [32e35]. Besides, both pho-
topolymerization as a preliminary step and thermally activated
polymerization for the ring-opening and cross-linking of meth-
acryloyl functional benzoxazines were studied [36]. All these
research works provide us useful information on designing new
kind of benzoxazine resins to improve the curing procedure of
MCPBz nanofibers in order to achieve cross-linking without dete-
riorating the fiber structure.

For this purpose, initially, two novel MCPBz (DHBP-ad6 and
DHBP-ad12) which consist of a benzophenone unit in the polymer
main-chain were synthesized. Due to the presence of benzophe-
none unit in the main-chain, DHBP-ad6 and DHBP-ad12 nanofibers
are able to crosslink by UV-light initiated free radical polymeriza-
tion. Therefore, by synthesizing benzophenone containing MCPBz,
we aimed to provide preliminary cross-linking through photo
curing to enhance the thermal stability of nanofibers for thermal
curing in which ring-opening and almost complete cross-linking
can be achieved as maintaining the nanofibrous structure.

2. Experimental

2.1. Materials

Paraformaldehyde (SigmaeAldrich, 95%), 1,4-
dihydroxybenzophenone (DHBP, Alfa-easer, 98%), 1,12-
diaminododecane (Aldrich, 98%) and 1,6-diaminohexane (Aldrich,
98%) were used without further purification. Chloroform (Sigma-
eAldrich, 99%), N,N-dimethylformamide (DMF, Fluka, 98%), tetra-
hydrofuran (THF, Merck, 99.7%) 1,4-dioxane (SigmaeAldrich, 99%),
dimethylacetamide (DMAc, SigmaeAldrich, 99%), hydrochloric acid
(HCl, Sigma-Riedel, 37%), sulfuric acid (H2SO4, Sigma-Riedel, 95%),
nitric acid (HNO3, Sigma-Riedel, 65%) and methanol (Sigma-
eAldrich, 99.7%) were used as received. FTIR grade potassium
bromide (SigmaeAldrich, 99%) and deuterated chloroform (Merck,
99.8%) were also used as received.

2.2. Synthesis of main-chain polybenzoxazine (MCPBz) resins;
DHBP-ad6 and DHBP-ad12

Two novel MCPBz were synthesized by using two different
amines (1, 6-diaminohexane and 1,12-diaminododecane), phenolic
derivative (1,4-dihydroxybenzophenone) and paraformaldehyde as
starting materials. For the synthesis of first MCPBz named as DHBP-
ad6, 1,6-diaminohexane (10 mmol), 1,4-dihydroxybenzophenone
(10 mmol) and paraformaldehyde (40 mmol) were dissolved in
200 ml chloroform and refluxed at 60 �C for 30 h. For the synthesis
of second MCPBz named as DHBP-ad12, 1,12-diaminododecane
(10 mmol), 1,4-dihydroxybenzophenone (10 mmol) and para-
formaldehyde (40 mmol) were dissolved in 200 ml chloroform and
refluxed at 60 �C for 36 h. Reaction mixtures were kept in the fume
hood to cool down at room temperature, then chloroform was
evaporated completely from the reaction mixture by using rotary-
evaporator system and the product were dried under vacuum at
35 �C for 24 h. In order to remove any residual reactants, DHBP-ad6
was purified by washing through with cold methanol several times
and then dried over night under vacuum at 35 �C. Overall yield of
the synthesized DHBP-ad6 and DHBP-ad12 were 76% and 87%,
respectively. According to the GPC measurements, weight average
molecular weight (Mw) and polydispersity index (PDI) of DHBP-
ad6 and DHBP-ad12 were calculated as ~10,000 (PDI:2.5) and
~15,000 (PDI:2.8), respectively.
2.3. Electrospinning of DHBP-ad6 and DHBP-ad12 nanofibers

The homogenous solutions of DHBP-ad6 and DHBP-ad12 were
prepared in chloroform/DMF mixture solvent system (chlor-
oform:DMF; 4:1, v/v) and solution concentrations were varied from
20% to 35% (w/v) and from 15% to 25% (w/v), respectively. The so-
lutions were taken in 3 ml syringes with metallic needle of 0.4 mm
outer diameter and the syringe was positioned horizontally on the
syringe pump (KD Scientific, KDS 101). Then the positive electrode
of the high voltage power supply (Spellman, SL60) was clamped to
the metal needle. Metal plate collector covered by a piece of
aluminum foil was placed across the horizontally positioned sy-
ringe to collect nanofibers. In order to optimize the electrospinning
parameters, flow rate of the polymer solution (0.5e1.5 ml/h),
applied voltage (10e20 kV) and tip-to-collector distance
(10e20 cm) were varied within the ranges given in the parenthesis.
For both of the MCPBz, the most favorable results were obtained
when the flow rate of the polymer solution was 0.75 ml/h, applied
voltage was 15 kV and tip-to-collector distance was 10 cm. Elec-
trospinning was performed in the completely enclosed plexiglas
box and the inside temperature and relative humidity were 22 �C
and 18%, respectively. After the electrospinning, the collected
nanofibers were dried over night at room temperature inside the
fume hood in order to remove any residual solvent.
2.4. Curing studies of DHBP-ad6 and DHBP-ad12 nanofibers

Two-step curing (photo and thermal) procedure was applied to
DHBP-ad6 and DHBP-ad12 nanofibers to obtain cross-linked poly-
benzoxazine nanofibers. At first step, a piece of sample (~2 � 5 cm)
from each nanofibers were put under the UV lamp (Osram Ultra-
vitalux, 300 W) from different distances (7, 10 and 15 cm) and
various irradiation times (15 min �12 h) in order to determine
optimum parameters for the photo curing. For the DHBP-ad6
nanofibers, curing time and distance between lamp and the sam-
ple were determined to be 1 h and 10 cm, respectively. On the other
hand, for the DHBP-ad12 nanofibrous, these parameters deter-
mined to be 1 h and 15 cm, respectively. At second step, photo-
cured samples were put in the standard oven and kept for 1 h at
different temperatures (150 �C, 175 �C, 200 �C and 225 �C) to pro-
vide opening and cross-linking of the oxazine ring in the structure
of nanofibers with thermal curing. Small amount of sample was
taken from each MCPBz nanofibers at different temperatures to
investigate the ring-opening reaction and cross-linking by FTIR.
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2.5. Solubility and stability test of cross-linked DHBP-ad6 and
DHBP-ad12 nanofibers

Solubility of the cross-linked DHBP-ad6 and DHBP-ad12 nano-
fibers after photo curing and after thermal curing were tested with
some good solvents; chloroform, N,N-dimethylformamide (DMF),
1,4-dioxane, dimethylacetamide (DMAc) and tetrahydrofuran
(THF). In addition, stability of these cross-linked nanofibers in
harsh conditions were evaluated by strong acids; HCl, HNO3, H2SO4.
5 M aqueous solutions were prepared from each type of acid and
5 ml of acid solutions were poured into vials. Likewise, 5 ml of
solvent was poured into vials and a piece of sample with the di-
mensions of around 1 � 1 cm from each photo and thermal-cured
DHBP-ad6 and DHBP-ad12 nanofibers were placed into vials
separately. Samples were kept in solvents and acid solutions for
24 h and then dried at room temperature in the fume hood over
night. In addition, thermal stability of cross-linked DHBP-ad6 and
DHBP-ad12 nanofibers were investigated by keeping nanofibers at
different temperatures (250 �C, 275 �C, 300 �C, 350 �C and 400 �C).
2.6. Measurements and characterization

The structure of the synthesized DHBP-ad6 and DHBP-ad12
were confirmed by proton nuclear magnetic resonance (1H NMR,
Bruker Advance III 400 MHz) spectrometer. Samples were prepared
by dissolving about 20 mg/ml polybenzoxazines in deuterated
chloroform (CDCl3). Fourier transform infrared (FTIR, Bruker-
VERTEX70) spectrometer was employed to verify the structure of
the synthesized MCPBz resins and also confirm the ring-opening
reaction of DHBP-ad6 and DHBP-ad12 during the curing process.
FTIR spectra were obtained with 64 scans at a resolution of 4 cm�1

within 4000e 400 cm�1 range. Samples were prepared by grinding
with KBr in a ratio around 3:100 (3 mg sample: 100 mg KBr) and
then compressed to form discs. UVevisible spectrophotometer
(Varian Cary-100) was used to confirm the existence of the photo
active group in the structure of synthesized MCPBz. Samples were
dissolved in chloroform and clear solutions were placed into quartz
cuvettes for the UVeVis measurements. Scanning electron micro-
scope (SEM, Quanta 200 FEG, FEI) was used to investigate the
morphology and the diameter distribution of nanofibers. Samples
were coated with 5 nm Au/Pd (PECS-682) prior to the SEM imaging
and the average fiber diameter (AFD) was calculated by analyzing
around 100 fibers from the SEM images. Differential scanning
calorimetry (DSC, TA Instruments Q20) experiments were con-
ducted to study thermal transitions of MCPBz nanofibers under
nitrogen atmosphere at a heating rate of 10 �C/min. Thermal
properties of the nanofibers were investigated with thermogravi-
metric analyzer (TGA, Q500, TA Instruments) by starting from room
temperature to 800 �C under nitrogen gas at a heating rate of 20 �C/
min. Molecular weight and molecular weight distribution of the
PBA-ad6 and PBA-ad12 were determined by gel permeation chro-
matography (GPC, Agilent Techn. 1200 Series) equipped with Zor-
bax PSM 300-S columns and ELSD detector. THF used as the mobile
phase at a flow rate of 1mL/min. Samples were dissolved in the THF
at approximately 1mg/ml. Calibration of the systemwas performed
with polystyrene standards having molecular weight of
500e1 � 106 g/mol. Mechanical properties of the cross-linked
nanofibers were measured by using DMA (Q800 TA Instruments)
equipped with tensile fixture. Rectangular shaped samples were
prepared with dimensions of around 15� 2.0� 0.03 mm for DHBP-
ad12 and 15 � 2.0 � 0.04 mm for DHBP-ad12. Stress-strain curve of
the three replicate from each type of MCPBz nanofibers were ob-
tained at 0.025 N/min force ramp.
3. Results and discussion

3.1. Structural characterization of DHBP-ad6 and DHBP-ad12 resins

DHBP-ad6 and DHBP-ad12 were synthesized as two novel
MCPBz by using difunctional amines (1,6-diaminohexane and 1,12-
diaminododecane), difunctional phenol (1,4-
dihydroxybenzophenone) (DHBP) and paraformaldehyde as start-
ing materials. Since there are two hydroxyl groups on DHBP and
two amino groups on both 1,6-diaminohexane and 1,12-
diaminododecane, two oxazine rings are formed in one repeating
unit of each MCPBz as shown in Scheme 1. The synthesized poly-
benzoxazines are main-chain type polybenzoxazine (MCPBz) con-
sisting of repeating units of bifunctional benzoxazine structure
bonded to different chain length of aliphatic diamine to form the
macromolecular chain which possess benzophenone and co-
initiator amine in the main-chain. Formation of this structure is
the evidence of successful synthesis of the benzoxazines and this
structure of the synthesized DHBP-ad6 and DHBP-ad12 were
confirmed by 1H NMR, FTIR and UVeVis spectroscopies.

The proposed chemical structures and 1H NMR spectra of DHBP-
ad6 and DHBP-ad12 are given in Fig. S1. For both MCPBz, the
characteristic benzoxazine resonance bands corresponding to the
methylene units of oxazine ring; OeCH2eN and the PheCH2eN
were observed at 4.04 and 4.95 ppm, respectively. Resonance bands
of aliphatic protons were observed at 1.37 and 2.74 ppm for DHBP-
ad6, and 1.28 and 2.74 ppm for DHBP-ad12. In addition, resonance
bands of aromatic protons were observed at 6.80e7.52 ppm region
as multiplet for both of the MCPBz resin. The existence of these
characteristic bands in the 1H NMR spectra of the both MCPBz was
the evidence for the synthesis of desired benzoxazine structures.

Fig. S2 represents the FTIR spectra of the DHBP-ad6 and DHBP-
ad12 resins. Characteristic absorption bands of the benzoxazine
structure of the both MCPBz were observed at the same wave-
numbers with different intensities. Absorption band existing at
918 cm�1 due to the out-of-plane CeH vibration mode of the
benzene ring attached to oxazine ring. Sharp absorption band
observed at 1231 cm�1 due to the asymmetric stretching of CeOeC
in the oxazine ring. In addition, the very intense and sharp band
existing at 1496 cm�1 is due to the in-plane C]H bending mode of
the tri-substituted benzene ring. FTIR results are good agreement
with the 1H NMR data confirming the synthesis of two novel MCPBz
resins was achieved.

Moreover, further characterization on the structure of these
resins was carried out with UVeVis spectrophotometer. Since these
novel MCPBzs including benzophenone unit as a part of main-
chain, it is expected to observe UV absorption for both MCPBz.
UVeVis spectra of DHBP-ad6 and DHBP-ad12 are given in Fig. S3.
The main benzenoid pep* type transitions of BP exist in the region
of 250e300 nm [37], however, significantly red-shifted maximal
absorption band observed for the synthesized novel MCPBz
(Fig. S3) indicating the successful formation of oxazine rings. In
brief, FTIR, 1H NMR and UVeVis spectroscopy analysis results show
that benzophenone based MCPBz resines were successfully syn-
thesized with the desired structure.

3.2. Electrospinning of DHBP-ad6 and DHBP-ad12 nanofibers

As it is known, morphological properties of the electrospun
nanofibers are strongly depends on the polymer type, molecular
weight of the polymer, solvent, concentration, surface tension and
the conductivity of the polymer solutions [2,3]. For the polymers
with very similar chemical structure as DHBP-ad6 and DHBP-ad12
resins, molecular weight is the main factor that effects the con-
centration of the polymer solution, hence, molecular weight of
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these resins plays a vital role on their electrospinning ability. Here,
the only difference between DHBP-ad6 and DHBP-ad12 resins is the
chain length of the aliphatic diamine used as a precursor for the
synthesis of these resins. As abbreviated, DHBP-ad6 contains 6-C
aliphatic diamine and DHBP-ad12 contains 12-C aliphatic
diamine, and their molecular weights were measured by GPC as
~10,000 and ~15,000 g/mol, respectively. Therefore, measured
molecular weight of the DHBP-ad6 and DHBP-ad12 resins were
taken into consideration while preparing the electrospinning so-
lutions. Before determining the concentration range for the elec-
trospinning solutions, suitable solvents systemhave been chosen as
chloroform/DMF (4:1, v/v) inwhich bothMCPBz resins have formed
homogenous and clear solutions. Then, different concentrations of
the DHBP-ad6 and DHBP-ad12 solutions were prepared in order to
produce bead-free and uniform nanofibers and here, the concen-
tration rangewas given as 25e35% (w/v) for DHBP-ad6 and 15e25%
(w/v) for DHBP-ad12 in which the significant morphological
changes were observed. Accordingly, the morphological charac-
teristics of the electrospun nanofibers are summarized in Table S1.

SEM images of the nanofibers electrospun from 25%, 30%, and
35% (w/v) DHBP-ad6 solutions are shown in Fig. 1, aec. Electro-
spinning of 25% (w/v) DHBP-ad6 solution resulted beaded structure
with ultrafine fibers having average fiber diameter (AFD) of
220 ± 105 nm (Fig. 1a). At low solution viscosity, fewer chain en-
tanglements and higher amount of solvent have dominant effect on
the electrospinning jet resulting the formation of beads along with
the fibers [2,3]. As the polymer concentration increased to 30% (w/
Fig. 1. Representative SEM images of the electrospun nanofibers obtained from solut
v), the number of beads decreased dramatically and elongated
beaded structures with nanofibers having AFD of 440 ± 130 nm
were produced (Fig. 1b). When the polymer concentration reached
to 35% (w/v) in solution, bead free nanofibers having AFD of
605 ± 145 nm were obtained due to the higher polymer chain
entanglements in the solution provided electrospinning jet to be
fully stretched for uniform fiber formation (Fig. 1c) [2,3]. SEM im-
ages of the nanofibers electrospun from 15%, 20%, and 25% (w/v)
DHBP-ad12 solutions are given in Fig. 1, def. As it is observed from
the SEM images, 15% (w/v) DHBP-ad12 solution yielded beaded
nanofibers having AFD of 225 ± 90 nm because of the low viscosity
of the polymer solution (Fig. 1d). Bead-free and uniform nanofibers
were obtained when the DHBP-ad12 solution concentration was at
20% (w/v). AFD of the nanofibers electrospun from20% (w/v) DHBP-
ad12 solution was 380 ± 115 nm (Fig. 1e). It is a typical behavior of
polymeric systems in the electrospinning process that beaded
nanofibers transform to bead-free fibers when the concentration
and/or viscosity of the polymer solution is optimized [38]. As the
concentration of the DHBP-ad12 solution increased to 25% (w/v),
the fiber diameter became thicker (AFD¼ 620 ± 160 nm) because of
the high solution viscosity (Fig. 1, f).

Remarkably, with the increase in viscosity/concentration, the
diameter of the electrospun fiber also increases. The reason for
increase in fiber diameter is the greater resistance of the solution to
be stretched because of the more chain entanglements at higher
polymer concentration [2]. Furthermore, it is clearly observed that
the aliphatic diamine chain length, accordingly the molecular
ions of DHBP-ad6 a) 25%, b) 30%, c) 35% and DHBP-ad12 d) 15%, e) 20%, f) 25%.
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weight of the MCPBz resins play an important role on their elec-
trospinning ability. Presumably, higher molecular weight and
longer aliphatic chain of the DHBP-ad12 resulted in more chain
entanglement and overlapping in the polymer solution, thus, we
achieved to obtain bead-free and uniform nanofibers at lower so-
lution concentration for DHBP-ad12 (25% w/v) compared with the
DHBP-ad6 (35% w/v).

3.3. Curing studies of DHBP-ad6 and DHBP-ad12 nanofibers

Generally, cross-linking and polymerization of the benzoxazines
achieved by thermally initiated ring-opening reactions. First
example of the cross-linking of polybenzoxazine-based nanofibers
by directly thermal curing was given by Li and co-workers [29].
Initially, they produced nanofibers from MCPBz synthesized by
using 4,40-diaminophenylether and bisphenol-A, and then they
were able to obtain cross-linked MCPBz nanofibers by thermal
curing at 240 �C for 3 h. On the contrary, our previous study
demonstrated that nanofibers produced by MCPBz which based on
the bisphenol-A and diamines with long aliphatic chains (1,12-
diaminododecane and 1,6-diaminohexane) have not shown resis-
tance to the heat treatment during the thermal curing and nano-
fibers lost the fiber morphology at low temperatures around
75e100 �C [28]. Presumably, 4,40-diaminophenylether provided
more rigid structure to the MCPBz nanofibers compared with 1,12-
diaminododecane and 1,6-diaminohexane, hence, the melting
temperature of the nanofibers obtained from the former one is
much higher than the others. Therefore, they achieved to preserve
fiber structure during the thermal treatment and obtained cross-
linked nanofibers by thermal curing. Here, in order to improve
the curing process of MCPBz nanofibers obtained from long
aliphatic diamine-based polybenzoxazines, structure of the MCPBz
tailored to be able to crosslink by photo curing and DHBP-ad6 and
DHBP-ad12 resins which consist of a benzophenone unit in the
polymer main-chain were synthesized. Initially, DSC experiments
were performed to measure the thermal transition temperatures of
the nanofibers obtained from these two MCPBz resins. As it is ex-
pected, melting transition was observed for DHBP-ad6 and DHBP-
ad12 nanofibers at low temperatures as 73 �C and 54 �C, respec-
tively (Fig. 2). Nonetheless, these nanofibers were directly thermal-
cured and not surprisingly DHBP-ad6 and DHBP-ad12 nanofibers
lost the fiber morphology by forming film even at first step of the
thermal curing (150 �C) (Fig. 3, b, f). In addition, exothermic peak
centered at 217 �C was observed in DSC thermogram of the both
MCPBz nanofibers attributed to ring opening reaction and cross-
Fig. 2. DSC thermograms of a) DHBP-a
linking. Since these nanofibers have such low melting points and
their curing temperatures are very high (above 200 �C), photo-
curing was performed as a first step. Interestingly, after UV irradi-
ation, melting transition peak was not observed in DSC thermo-
grams of both DHBP-ad6 and DHBP-ad12 nanofibers verifying the
enhancement of the thermal stability probably owing to the cross-
linking provided by photo curing (Fig. 2, a, b). In addition, SEM
images of DHBP-ad6 and DHBP-ad12 nanofibers show that UV
irradiation did not deteriorate the fiber morphology (Fig. 3, c, g).
Therefore, subsequently thermal curing was performed as a second
step for UV-irradiated nanofibers at step-wise from150 �C to 225 �C
to provide almost complete ring opening and cross-linking of the
benzoxazine . Although directly thermal-cured MCPBz nanofibers
lost the fibrous structure even at 150 �C, UV-irradiated nanofibers
perfectly preserved the fiber morphology during the thermal
treatment which confirms the cross-linking achieved by two step
curing without deteriorating the fiber morphology (Fig. 3, d, h).

In order to investigate the cross-linking of DHBP-ad6 and DHBP-
ad12 nanofibers more detailed, the chemical structural changes
occurring during the curing process were examined by FTIR spec-
troscopy, since characteristic benzoxazine peaks that observed at
920 cm�1 (benzene ring mode that is attached to the oxazine ring)
and 1230 cm�1 (aromatic ether stretching of CeOeC) and
1496 cm�1 (three substituted benzene ring mode) disappear with
the ring opening reactions [1]. Fig. 4 represents the FTIR spectra of
DHBP-ad6 and DHBP-ad12 nanofibers, after photo-curing with 1 h
UV irradiation and after additional step-wise thermal curing of UV-
irradiated samples at 150 �C, 175 �C, 200 �C and 225 �C (1 h at each
step). For both of the MCPBz nanofibers, characteristic benzoxazine
peaks were appeared at same wavenumbers (920, 1230 and
1496 cm�1) since they have very similar chemical structure. After
UV irradiation, characteristic absorbance bands were still observed
in the FTIR spectra suggesting the ring opening and complete cross-
linking were not achieved by photo-curing. However, intensity of
the characteristic benzoxazine rings peaks in the FTIR spectra
decreased and almost disappearedwith the increasing temperature
confirming the ring-opening and cross-linking through thermal
curing.

Besides the SEM images and the FTIR spectroscopy results,
physical properties of the MCPBz nanofibers after photo and ther-
mal curing also confirm the cross-linking. First of all, the clear color
change was observed during the curing process. As it is observed
from the photographs in Fig. 5, white color of the as-electrospun
nanofibers transformed to yellow with photo curing and then,
yellow color of the UV-irradiated nanofibers transformed to
d6 and b) DHBP-ad12 nanofibers.



Fig. 3. SEM images of a) DHBP-ad6 nanofibers, b) directly thermal-cured DHBP-ad6 nanofibers, c) photo-cured DHBP-ad6 nanofibers, d) photo and thermal-cured DHBP-ad6
nanofibers, e) DHBP-ad12 nanofibers, f) directly thermal-cured DHBP-ad12 nanofibers, g) photo-cured DHBP-ad12 nanofibers, h) photo and thermal-cured DHBP-ad12 nanofibers.

Fig. 4. FTIR spectra of a) DHBP-ad6 and b) DHBP-ad12 nanofibers.
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brownish yellow which is a typical color of benzoxazine resins
when they are thermally cured. Secondly, as-electrospun DHBP-ad6
nanofibers were very brittle, yet, after two-step curing they gained
mechanical integrity and became more flexible. Although, both of
the nanofibrous mats were obtained as free standing material,
DHBP-ad12 nanofibrous mat was more flexible than the DHBP-ad6
nanofibrous mat presumably owing to the longer aliphatic chain
structure of the DHBP-ad12 resins and they maintained the flexi-
bility even after the two-step curing (Fig. 5).

In addition to the bending ability, mechanical properties of the
photo and thermal-cured DHBP-ad6 and DHBP-ad12 nanofibrous
mat were investigated. Stress-strain curves of the both cross-linked
MCPBz nanofibrousmats obtained by DMA are given in Fig. 6. Three
samples were used from each type of MCPBz nanofibrous mats for
mechanical test and the results are summarized in Table 1. After
photo and thermal curing, DHBP-ad6 and DHBP-ad12 nanofibrous
mats showed significantly high Young's modulus compared to the
directly thermal-cured MCPBz nanofibrous mats reported in the
literature [29]. Young's modulus of DHBP-ad6 and DHBP-ad12
nanofibers were calculated as 2070 ± 243 and 264 ± 59.66 MPa,
respectively and this difference is expected since this value is highly
dependent on the chain length. As the flexible aliphatic chain
length decreases, stiffness of the polymeric material increases [39],
hence, cross-linked DHBP-ad6 nanofibers showed remarkably
higher Young's modulus then the cross-linked DHBP-ad12 nano-
fibers. In addition, ultimate tensile stress of the cross-linked DHBP-
ad6 and DHBP-ad12 nanofibers were measured as 22.53 ± 2.04 and
15.29 ± 2.48 MPa, respectively and these values are also fairly high
from the reported work [29]. Here again not surprisingly the effect
of the aliphatic chain length on the yield stress of the MCPBz
nanofibrous mats was observed and cross-linked DHBP-ad6
nanofibrous mat having shorter aliphatic chain exhibited higher
stress at yield which is very similar trend that was observed for the
previously reported cross-linked polybenzoxazines [39]. Besides
these, cross-linked DHBP-ad12 nanofibrous mat showed remark-
ably higher strain at break (12.04 ± 0.09) compared to the cross-
linked DHBP-ad6 nanofibrous mat (1.83 ± 0.15) since as the
aliphatic chain length increases, strain at break increases as well
and these results consistent with the reported data [40].

The thermal properties of DHBP-ad6 and DHBP-ad12 nanofibers



Fig. 5. Photographs of a) as-electrospun DHBP-ad6 nanofibers, b) photo-cured DHBP-ad6 nanofibrous mat, c) photo and thermal-cured DHBP-ad6 nanofibrous mat, d) as-
electrospun DHBP-ad12 nanofibrous mat, e) photo-cured DHBP-ad12 nanofibrous mat and f) photo and thermal-cured DHBP-ad12 nanofibers.

Fig. 6. Representative stressestrain curve of the photo and thermal-cured DHBP-ad6
and DHBP-ad12 nanofibrous mats.
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were studied by TGA. After photo-curing, no significant change was
observed in degradation temperatures (Td) of the nanofibers. On
the other hand, thermal stability of the nanofibers was increased
significantly after thermal curing (Fig. S4). Td onset and Td
maximum values of the DHBP-ad6 nanofibers were observed at
231 �C and 450 �C after photo curing. On the other hand, an in-
crease was observed in Td onset and Td maximum values of the
DHBP-ad6 nanofibers after thermal curing which was measured as
250 �C and 458 �C, respectively. In addition char yield of the DHBP-
ad6 nanofibers increased from 41% to 53% after photo and thermal
curing. Likewise, thermal properties of DHBP-ad12 nanofibers
showed the same trend each step of curing. Td onset, Td maximum
Table 1
Mechanical properties of the DHBP-ad6 and DHBP-ad12 nanofibrous mat after phot

Nanofibrous mat Stress at yield (MPa)

DHBP-ad6 22.53 ± 2.04
DHBP-ad12 15.29 ± 2.48
and char yield were measured as 245 �C, 474 �C and 18.4%,
respectively. There was no significant change in these values of the
DHBP-ad12 nanofibers after photo curing (242 �C, 473 �C and
20.3%); however, noticeable increase was observed especially at Td
onset and char yield of thesematerials after thermal curing (270 �C,
476 �C and 35.1%) (Fig. S4 and Table S2). These findings indicate that
through two-step curing, as the chain length increases, the thermal
stability of MCPBz nanofibers increases whereas the char yield of
the MCPBz nanofibers decreases as reported earlier work [39].

3.4. Solubility and stability test of cross-linked DHBP-ad6 and
DHBP-ad12 nanofibers

Cross-linking of the photo and thermal-cured nanofibers were
further investigated by solubility and stability tests. In this part,
photo and thermal-cured nanofibers were immersed for 24 h into
different solvents such as chloroform, DMF, 1,4-dioxane, DMAc and
THF which are very good solvents for the DHBP-ad6 and DHBP-
ad12 resins. Fig. 7 represents the SEM images of photo and
thermal-cured DHBP-ad6 and DHBP-ad12 nanofibers after the
solubility test in chloroform and DMF. It is clearly observed that
photo and thermal-cured DHBP-ad6 and DHBP-ad12 nanofibers
were not dissolved in these solvents in which the homogenous
electrospinning solutions were prepared to produce bead free and
uniform DHBP-ad6 and DHBP-ad12 nanofibers. Although, photo-
cured DHBP-ad12 nanofibers have shown negligible deformation
with lower mechanical integrity after immersing chloroform and
DMF, photo-cured DHBP-ad6 nanofibers maintained the fibrous
structure (Fig. 7, a1, a2, c1, c2). On the other hand, after thermal
curing, both DHBP-ad6 and DHBP-ad12 nanofibers have gained
better mechanical integrity and they preserved the original fiber
morphology (Fig. 7, b1, b2, d1, d2). Same behavior of photo and
thermal-cured DHBP-ad6 and DHBP-ad12 nanofibers were
observed in 1,4-dioxane, DMAc and THF as well (Fig. S5).
o and thermal curing.

Strain at break (%) Young's modulus (MPa)

1.83 ± 0.15 2070 ± 243
12.04 ± 0.09 264 ± 59.66



Fig. 7. SEM images of cross-linked nanofibers after immersing 24 h in 1) chloroform
and 2) DMF; a) photo-cured DHBP-ad6 nanofibers, b) photo and thermal-cured DHBP-
ad6 nanofibers, c) photo-cured DHBP-ad12 nanofibers and d) photo and thermal-cured
DHBP-ad12 nanofibers.

Fig. 8. SEM images of photo and thermal-cured a) DHBP-ad6 and b) DHBP-ad12 na
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In addition, strong acids were used to test the stability of cross-
linked nanofibers in harsh conditions. High concentration solutions
(5 M) of HCl, HNO3 and H2SO4 were prepared to demonstrate the
stability of DHBP-ad6 and DHBP-ad12 nanofibers. Since ring
opening and complete cross-linking was not provided by photo-
curing, fibrous structure of DHBP-ad6 was deteriorated in HCl
and lost completely in HNO3 and H2SO4 (Fig. S6, a1ea3). In the case
of photo-cured DHBP-ad12 nanofibers, the fibrous structure was
maintained when treated with HCl and HNO3 whereas H2SO4
deformed the nanofibers (Fig. S6, b1eb3). On the other hand,
structural integrity of the photo and thermal-cured DHBP-ad6 and
DHBP-ad12 nanofibers were great, thus they were able to stay as
free standing webs under strong acid treatments and the fibrous
structure were preserved perfectly (Fig. 8).

Moreover, thermal stability of cross-linked DHBP-ad6 and
DHBP-ad12 nanofibers were investigated within the temperature
range (250e400 �C) which is higher than the curing temperatures
and the lower than the decomposition temperatures of the cross-
linked MCPBz nanofibers. It was observed that DHBP-ad6 and
DHBP-ad12 nanofibers are structurally stable even at very high
temperatures (400 �C) demonstrating that they are highly cross-
linked thermoset materials having nanofibrous morphology
(Fig. S7).

4. Conclusion

This paper demonstrates the feasibility of the cross-linking of
polybenzoxazine based electrospun nanofibers obtained from the
main-chain polybenzoxazines (MCPBz) with long aliphatic chain by
two-step curing. The structure of the MCPBz were tailored to be
able to crosslink through UV-light initiated free radical polymeri-
zation and thermally induced ring-opening reactions, and as a
result DHBP-ad6 and DHBP-ad12 resins with different aliphatic
diamine chain length were synthesized. Bead-free and uniform
nanofibers were obtained from both DHBP-ad6 and DHBP-ad12
resins when the solution concentrations were 35% (w/v) and 25%
(w/v), respectively. DSC measurements indicated that melting
transition peak of as-electrospun MCPBz nanofibers were dis-
appeared after photo curing illustrating the enhancement of the
thermal stability of MCPBz nanofibers. In addition, SEM images of
the photo and thermal-cured nanofibers show that the fiber
morphology has preserved after each step of curing. Structural
nofibers after immersing 24 h in 5 M 1) HCl, 2) HNO3 and 3) H2SO4 solutions.
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changes occurring during the photo and thermal curing were
investigated by FTIR spectroscopy. Although characteristic absor-
bance bands of the benzoxazine structure were observed after
photo curing, those bands were disappeared during the thermal
curing verifying the achievement of ring-opening and cross-linking
only by thermal curing. Moreover, TGA thermograms of DHBP-ad6
and DHBP-ad12 nanofibers show that the Td onset and char yield of
the MCPBz nanofibers have increased only through thermal curing.
Furthermore, DMA analysis illustrated that cross-linked DHBP-ad6
and DHBP-ad12 nanofibrous web have quite high Young's modulus
(2070 ± 243 and 264 ± 59.66 MPa, respectively) and tensile stress
(22.53 ± 2.04 and 15.29 ± 2.48 MPa, respectively) compared to the
previously reported MCPBz nanofibrous web [29]. Also, tensile
strain of the cross-linked DHBP-ad12 nanofibers was significantly
higher than the cross-linked DHBP-ad6 nanofibers suggesting the
longer aliphatic chain length probably has increased the flexibility
of nanofibers resulted in higher elongation at break. Besides, sol-
ubility and stability experiments demonstrated that these nano-
fibers preserved the fibrous structure and mechanical integrity in
good solvents (chloroform, DMF, 1,4-dioxane, DMAc and THF),
highly concentrated (5 M) strong acids (HCl, HNO3, H2SO4) and at
high temperatures (400 �C). In brief, we obtained highly cross-
linked thermoset nanofibrous polybenzoxazine-based materials
with good mechanical and thermal properties and highly stable in
organic solvents and harsh acidic conditions, and these properties
may be quite useful for the certain applications requiring high
temperatures and harsh acidic conditions or organic solvents.
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