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Cyclotriphosphazene-containing polymer nanofibers with uniform diameters, high aspect
ratios, and high specific surface area have been synthesized rapidly at high yields under
ultrasonic irradiation via a self-directing template approach. During the polymerization,
triethylamine (TEA) as an acid acceptor absorbed a byproduct hydrogen chloride (HCl) to
afford triethylamine hydrochloride (TEACI), acting as structure-directing template and

guiding the formation of nanofibrous structures. The mechanism was confirmed by means
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of SEM, TEM, FTIR, XRD, TG, and N, adsorption method. The molecular structure of as-syn-
thesized polymer nanofibers was characterized by solid state NMR and elemental analysis.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Nanosized materials are receiving great technological
and scientific interest due to their unique physicochemical
properties different from those of conventional bulk mate-
rials. Several nanosized materials such as nanotubes,
nanowires, nanofibers, nanorods, nanobelts, nanocombs,
nanocrystals, nanospheres, and nanocapsules are currently
under investigation for various high technology applica-
tions [1-4]. Among them, polymer nanofibers are of partic-
ular importance, owning to their intriguing properties such
as diverse functionality, flexibility, tunable surface charac-
teristics, and increased specific surface area. Additionally,
polymer nanofibers have many potential applications, such
as in molecular devices [5], optics [6], sensors [7], carriers
[8], and tissue engineering materials [9,10]. To date,
several fabrication techniques are being investigated to de-
velop polymer nanofibers. These include template synthe-
sis [11], drawing [12], phase separation [13], self-assembly
[14,15], and electrospinning [16-18]. However, from a
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materials point of view, a rapid synthesis of pure and
uniform polymer nanofibers is still a major challenge for
materials scientists under milder conditions.

Hexachlorocyclotriphosphazene (HCCP) is a cyclic inor-
ganic compound formed by three —P=N— units and six
chlorine substitutes. The high reactivity of these substi-
tutes offers the possibility to build up polymers with
interesting properties. In past decades, a series of cyclotri-
phosphazene-containing polymers have been reported,
and they are used in flame-retardant materials [19,20],
thermoset resins [21,22], electrolytes [23], biomaterials
[24,25], and so on.

In this article, we present an approach to uniform cyclo-
triphosphazene-containing polymer nanofibers by poly-
condensation of HCCP and 4,4'-sulfonyldiphenol in the
presence of triethylamine. The advantage of the approach
includes simplicity, rapidity, low cost, ease of scale-up,
and good reproducibility. Gram-scale products can be
obtained that contained almost exclusively cyclotriphos-
phazene-containing polymer nanofibers. At the same time,
we tracked the obvious morphological changes of the
nanofibers with increasing reaction time and proposed
their formation mechanism - self-directing template
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approach. This study might offer important insights into
the synthesis of other polymer nanostructures.

2. Experimental section
2.1. Raw materials

HCCP (synthesized as described in the literature [26])
was recrystallized from dry hexane followed by sublima-
tion (60 °C, 0.05 mm Hg) twice before use (mp=112.5—
113 °C). 4,4'-Sulfonyldiphenol (BPS) (purify > 99.5%) was
obtained from Jiangsu Alonda High-Tech Industry Co.,
Ltd. (Jiangsu, China) and used as received. Acetone and tri-
ethylamine (TEA) was purchased from Shanghai Chemical
Reagents Corp. (Shanghai, China) and used without further
purification.

2.2. Synthesis

The rapid preparation of poly(cyclotriphosphazene-
4,4'-sulfonyldiphenol) (PZS) nanofibers was carried out as
follows (Scheme 1). TEA (0.71 g, 7.02 mmol) was added
to a solution of HCCP (0.27 g, 0.78 mmol) and BPS (0.59 g,
2.34 mmol) in acetone (50 mL). The reaction mixtures
were stirred in an ultrasonic bath (40 kHz, 50 W) at 7 °C
for 10 min. The gel-like solid produced was washed four
times using acetone and de-ionized water, respectively.
Finally, the resulting product was dried under vacuum to
yield PZS nanofibers as a hard white agglomeration. Syn-
thesis yield was about 75 wt%, calculated from HCCP.

2.3. Characterization

The morphologies of PZS nanofibers were observed by
scanning electron microscopy (SEM, JEOL JSM-7401F) and
transmission electron microscope (TEM, JOEL JEM-
100CX). The surface area of the nanofibers was measured
by nitrogen adsorption-desorption isotherms using the
Brunauer-Emmett-Teller (BET) method (Belsorp-mini).
The molecular structure of PZS nanofibers was character-
ized by a Perkin-Elmer Paragon 1000 Fourier transform
spectrometer (FTIR) at room temperature (25 °C). X-ray
diffraction (XRD) patterns were recorded by using a Bruker
D8 Advance instrument equipped with CuKo radiation
performed at 40 kV and 40 mA. A Perkin Elmer TGA 7/DX
thermogravimetric analyzer was used to investigate the
thermal stability of the PZS nanofibers at a heating rate
of 10°Cmin~! under nitrogen atmosphere. Elemental
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analyses (EA) were performed using a Perkin Elmer 2400.
Nuclear magnetic resonance spectra of '>C and 3'P using
the cross-polarization magic angels spinning (CP-MAS)
technique were measured in a Varian Mercury Plus 400
(Varian, USA) spectrophotometer.

3. Results and discussion

Fig. 1a showed SEM images of bulk and uniform PZS
nanofibers synthesized via a self-directing template route.
As one can see, all PZS samples obtained in the method
were fibrous with a diameter of 40—60 nm and length up
to several thousand nanometers. A close look at the nanof-
ibers revealed that their surface was rather rough with
some nanoparticles with an average of several nanometers
as shown in Fig. 1b. The coarse texture was favor of the in-
crease of the surface area of the PZS nanofibers, which had
been proved by N, adsorption test. The results showed that
BET surface area of the PZS nanofibers was 79.3 m?g !,
which was far greater than that of HCl dedoped polyaniline
nanofibers (average diameter=30nm, 54.6 m? g ') with
relative smooth surface reported by Huang and co-workers
[27]. The rough texture could help better know the forma-
tion mechanism of the nanofibers. Of course, from the
application point of view, the special structure also indi-
cated that the PZS nanofibers had a potential for absorbing
materials.

Fig. 1c and d showed TEM images of the PZS nanofibers
which further confirmed their fibrillar morphology. The
diameters and lengths of them were consistent with those
shown in Fig. 1a and b. After observing the TEM images
carefully, we could find that the PZS nanofibers were solid
and every nanofiber was assembled by large amounts of
nano-scale particles along its axes (shown in Fig. 1d).

In order to investigate the formation mechanism of PZS
nanofibers, we decided to track the morphological evolu-
tion of PZS during condensation polymerization. The PZS
products were sampled periodically with a syringe from
the reaction bath for examination under an electron micro-
scope. To avoid the formation of new ex situ PZS, the poly-
merization needed to be quenched as soon as possible.
Therefore, special care had to be taken by quickly deposit-
ing the reaction extract onto a glass slice or a copper net
under infrared lamp for SEM or TEM observation.

The SEM images of the product at different reaction
stages are shown in Fig. 2. At a very early stage of the poly-
merization process, a mass of irregularly shaped nanopar-
ticles — polymer colloids (shown in Fig. 2a) were obtained.
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Scheme 1. Synthesis of the highly cross-linked PZS nanofibers.

>
©)
@)
—_
@)
Z
o
@)
0
=
(@)
Z
<C
Z
g
—_1
=)
O
0
—
@)
=
o
&
@)
<
=




>
O
Q
—
o
Z.
o=
O
<2
=
@)
Z.
<
Z
<
—
=
O
83
—
o
=
o
2
O
<
=

3468 J. Fu et al./European Polymer Journal 44 (2008) 3466-3472

NONE SE b WD 3.0mm

Fig. 1. (a and b) Field-emission SEM images of the PZS nanofibers. (¢ and d) HR-TEM images of the PZS nanofibers.

As the reaction was carried out, a visible protuberance
derived from a colloid aggregate (shown in Fig. 2b, inset),
then the protuberance prolonged gradually (shown in
Fig. 2c) and formed nanofibers finally (shown in Fig. 2d
and e). In addition, Fig. 2f showed a high resolution TEM
image of the product at middle reaction stage. A typical
oriented attachment of colloid aggregates were clearly
recognized, which could also help to know the formation
mechanism of nanofibers.

The SEM results showed that the polycondensation
could finish in a rather short period such as 8 min, which
was advantageous for multiple preparations of nanofibers
rapidly. Additionally, the results also indicated that the
protuberance played an important role in the formation
of PZS nanofibers. Then what the protuberance was?

To address the question, we should consider the poly-
merization process. Polycondensation was carried out in
a solution of acetone with excess TEA as an acid acceptor.
Under ultrasonic irradiation, the polymerization of HCCP
with equimolar BPS generated uneven nanometer-sized
polymer colloids and hydrogen chloride (HCI). Triethyl-
amine absorbed the HCI to afford TEACI, which accelerated
the polymerization. As ion crystals, TEACI had rather high
surface energy, whereas organic polymers had relatively

low surface energies (under 100 mN m™!) [28,29]. As a
rule, materials with low surface energies could spontane-
ously spread over the substances with higher surface ener-
gies. One typical example based on this rule was the
preparation of nanotubes by template wetting [30]. There-
fore, TEACI could be adhered by the polymer colloids and
formed large amounts of colloid aggregates. At the same
time, the growing trend of TEACI along its axes guided
the oriented attachment of these colloid aggregates
(shown in Fig. 2f). The further cross-linking of colloids
was also carried out with the reaction progressing. Thus,
nanofibers could undergo a process from polymer colloids
(Fig. 2a) to colloid aggregates (Fig. 2b), short nanorods
(Fig. 2c), and long nanofibers (Fig. 2d and e). Therefore,
we thought the protuberance was just the growing TEACI
nanocrystal which was covered with polymer colloids.
During the polymerization, the TEA nanocrystal produced
in situ played a role of directing template, guiding the
growth and formation of PZS nanofibrous structures.
Because of the rapid polymerization process, the discontin-
uous TEACI template was small in bulk. As soon as it was
removed, the room left by the template was easily elimi-
nated because of the inherent flexibility of polymer col-
loids. So, the final nanofibers were solid.
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Fig. 2. SEM (a-e) and TEM (f) images showing the morphological evolution process of PZS from sphere-like colloids to nanofibers as the reaction proceeds.
The reaction times are (a) 1, (b) 2.5, (c) 4, (d) 5, (e) 8, (f) 4 min, respectively. Time 0 was defined as the moment that TEA was added to the reaction solution.
Samples (a-f) were extracted form the reaction bath and deposited immediately onto a glass slice or copper net under an infrared lamp. The inset in (b)
showed the magnified image of one PZS colloid aggregate with protuberance (scale bar = 100 nm).

Predictably, if the speed of polymerization was slow en-
ough and the TEACI nanocrystal as directing template had
time enough to grow along its axes in a special condition,
core/shell structure could be formed. As soon as the core
was removed, a novel nanotubular structure would be ob-

tained. In fact, this possibility could truly occur and we had
proved in our previous study [31].

Based on the analysis of morphological evolution, we
proposed a formation mechanism of PZS nanofibers which
could be schematically expressed using Fig. 3. To verify the
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validity of our proposed mechanism, we must prove the
directing template was truly present in the middle of PZS
nanofibers - Compound 1. Therefore, a series of experi-
ments had been done as shown below.

Spectroscopically, a number of characteristic absorp-
tions of Compound 2 were observed (shown in Fig. 4),
such as the phenylene absorption of sulfonyldiphenol
units at 1591 and 1490 cm™!, the 0=S=O0 stretching
vibration at 1294 and 1154 cm™!, the absorption of cyclo-
triphosphazene at 1187 and 880 cm™!, and the absorption
of P—O—(Ph) at 941 cm™!, which were evidences showing
the condensation of monomers HCCP and BPS. In addition,
the strong absorption peak of —OH at 3400 cm ! in mono-
mer BPS disappeared in Compound 1 after reaction, which
further confirmed the occurrence of polymerization. It
was worthy of notice that the peaks at 2976, 2939, and
2678 cm~! in Compound 1, which were assigned to the
C—H asymmetrical stretching vibration of the methyl
groups, methene groups and the N*—H stretching vibra-
tion of the tertiary amine salt, were the significant evi-
dences to prove the existence of TEACIL. XRD for

Compounds 1 and 2 were also measured to further con-
firm this result. As shown in Fig. 5, it was obvious that
Compound 1 was mixtures of amorphous and crystalline
materials while Compound 2 was amorphous. Moreover,
the X-ray diffraction pattern of Compound 1 (shown in
Fig. 5) could be readily indexed to TEACI with a calculated
lattice constant of a=8.740 A, which was in consistent
with the standard value (JCPD file 38-1974). The same re-
sult could be found in TG analysis, as shown in Fig. 6.
There was significant difference between Compounds 1
and 2. The onset of the thermal-degradation temperature
of Compound 2 was 444 °C, while that of Compound 1
was 187 and 448 °C, respectively. The results also
suggested that the onset of the thermal-degradation
temperature of TEACI in Compound 1 was 187 °C and
Compound 2 had better thermal stability.

In addition, the molecular structure of Compound 2 was
confirmed by solid state NMR and elemental analysis.
Fig. 7a showed '3C cross-polarization magic angle spinning
(CP MAS) NMR and quantitative solid state 3!P NMR
spectra of Compound 2. The '>C NMR spectrum showed
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Fig. 3. Schematic illustration of the procedure for the synthesis of the PZS nanofibers via a self-directing template approach.
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Fig. 4. Infrared spectra of BPS, HCCP, Compounds 1 and 2. Compounds 1 and 2 were the PZS nanofibers before and after washing with de-ionized water,

respectively.
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Fig. 5. X-ray diffraction patterns of Compounds 1 and 2. Compounds 1 and 2 were the PZS nanofibers before and after washing with de-ionized water,
respectively.
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Fig. 6. TGcurves of Compounds 1 and 2. Compounds 1 and 2 were the PZS nanofibers before and after washing with de-ionized water, respectively.

phenylene group at 153, 139, 129, and 121 ppm. Since
resonance of the phenylene carbon bearing a hydroxyl group
in BPS was not detected at 161 ppm, it can be concluded that
the two hydroxyl groups of each BPS have reacted with HCCP
completely. There were two signals appeared at 3 and
20 ppm in the quantitative 3P NMR spectrum of the PZS
nanofibers with an area ratio of 1:2, indicating the presence
of —N=P(—(OPh),)— and —N=P(—OPh)(—Cl)—, respec-
tively. The minor peak at 20 ppm is assigned to the unit with
a P-Cl bond, thus, about one third of the phosphorus atoms
existed in the form of —N=P(—OPh)(—Cl)— in the Com-
pound 2. The fraction of P—Cl groups unreacted could be
attributed to the steric hindrance.

The elemental analysis of Compound 2 gave the follow-
ing results. Calcd for C3gH,0CIN3010P5S25 (PZS): C, 45.5; H,
2.5;Cl,4.5; N, 5.3; P,11.8; S, 10.1. Found: C, 45.1; H, 2.7; Cl,
6.2; N, 54; P, 12.0; S, 10.0.

Based on FTIR, EA and NMR analysis, we can predicate
that the molecular structure of Compound 2 was highly
cross-linked networks, as shown in Fig. 7b.

4. Conclusions

This work has demonstrated the cyclotriphosphazene-
containing polymer nanofibers can be fabricated rapidly
via self-directing template approach, which will make
industrialization of these nanostructures easy and inex-
pensive. Scanning electron microscope was used to track
the obvious morphological evolution process of PZS prod-
ucts with the increasing reaction time. The results showed
that the nanofiber morphology experienced a series of
changes, including nanosized polymer colloids, colloid
aggregates, short nanorods, and long nanofibers. During
the process, the TEACI nanocrystals formed in situ played
key roles of self-directing template, guiding the formation
of nanofibrous structure. SEM, TEM, FTIR, XRD, TG, solid
state NMR, EA, and N, adsorption method confirmed the
formation mechanism. In addition, the highly cross-linked
molecular structure of as-synthesized PZS nanofibers was
also confirmed by solid state NMR and EA. The finding
could inspire creative imagination to design new system
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Fig. 7. (a) Solid state '3C and quantitative solid state >'P NMR spectra of Compound 2. (b) Highly cross-linked molecular structure of Compound 2.
Compound 2 was the PZS nanofibers after washing with de-ionized water.

and orchestrate particular shape and morphology of micro-
and nanostructures.
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