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ABSTRACT

In this article, highly cross-linked inorganic and organic hybrid polyphosphazene microspheres including amino groups on the
surface have been successfully obtained via self-assembly polycondensation approach using 4,4'-diaminodiphenylmethane and
octachlorocyclotetraphosphazene which is a new crosslinker. Experiments were performed without adding a surfactant or
stabilizer, using only an ultrasonic bath. Otherwise, effect of different molar ratios of the reactants, reaction time and ultrasonic
power were investigated on preparing morphologically good spheres. The reactivity of octachlorocyclotetraphosphazene was
investigated comparing with hexachlorocyclotriphosphazene which is the most popular crosslinker cyclic phosphazene molecule.
The size of acquired microspheres were approximately same, and 1.00pm. The novel microspheres were characterized by SEM,
FTIR, ZETA, UV, Fluorescense, XRD and TGA methods.
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1. INTRODUCTION

Recently, synthesis, characterization and application studies of cyclomatrix polyphosphazene
nano/microspheres via precipitation polymerization technique have accelerated [1-8]. This technique is
basic, rapid and has some advantages such as no need to any stabilizer or surfactant molecules.

Up to now, hexachlorocyclotriphosphazene (HCCP, N3P;Clg) has been used as a crosslinker to obtain
cyclomatrix type polyphosphazene spheres [9-10]. It is the most popular and widely studied molecule
in polyphosphazene studies [11-15]. However, there are very few studies about
octachlorocyclotetraphosphazene (OCCP, N4P4Cls) eight-membered ring, has skeletal flexibility due
to its K and T conformations [16-20]. OCCP has eight chlorine atoms which are bound to phosphorus
atoms, can react with amine or hydroxyl groups by nucleophilic substitution reaction and it is more
reactive than HCCP [21]. OCCP is a better crosslinker than HCCP since it has more chlorine atoms
and flexible structure. HCCP is not flexible and nearly planar [20]. So, the crosslinking between
molecules of HCCP is more difficult than in the molecules of OCCP.

In present study, for the first time, we used octachlorocyclotetraphosphazene (OCCP) as a crosslinker
and synthesized novel inorganic-organic hybride crosslinked polyphosphazene microspheres,
poly(cyclotetraphosphazene-co-4,4'diaminodiphenylmethane (OCDA-MS), containing amine groups
on the surface, by one pot self-assembly polycondensation. When octachlorocyclotetraphosphazene
(OCCP) was used as a crosslinker, the reaction time was short and reaction did not require darkness,
water addition or temperature control, and use of any stabilizer or surfactant [15, 22-24].

This is the first time use of OCCP as a crosslinker in precipitation polymerization. Obtained cyclomatrix
polyphosphazene nano/microspheres with OCCP, can be used in many applications such as drug delivery
and controlled release systems, catalytic researches, some immobilization and adsorption studies etc. as
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used in crosslinked polyphosphazene microspheres obtained from hexachlorocyclotriphosphazene
[5,25-27]. Thus, this approach would be a pioneer research study for the future works in this field.

2. EXPERIMENTAL
2.1. Materials and Methods

Octachlorocyclotetraphosphazene (0OCCP) (Otsuka Chemical Co., Ltd.) and
hexachlorocyclotriphosphazene (HCCP) (Sigma-Aldrich Company) were purified by fractional
crystallization from dry n-hexane. 4,4’-diaminodiphenylmethane (DADPM) (297.0 %, GC),
triethylamine (TEA) (299.0 %) acetonitrile (anhydrous,99.8 %), tetrahydrofuran (THF) (anhydrous,
299.9 %) and ethanol were purchased from Sigma-Aldrich Company and were used as received.

Scanning Electron Microscopy (SEM) measurements were run on a ZEISS Ultra Plus (ZEISS ULTRA
55, APOLLO XP3) electron microscope. The samples were coated with gold before SEM observations.
Fourier Transform Infrared Spectroscopy (FTIR, Perkin Elmer Spectrum 100 spectrometer) were used
to explain the functional groups on the structure of the microspheres. Ultraviolet-visible (UV-vis)
absorbance spectra were measured on a Shimadzu UV-3150 spectrometer. The fluorescent spectra
measurements were performed on a Varian Cary Eclipse Fluorescence spectrophotometer. Dynamic
Light Scattering (DLS) measurements were performed with Malvern ZEN 3600 Instruments. X-ray
diffraction (XRD) pattern was recorded by using a Bruker AXS, S8 TIGER Advance instrument
equipped with Cu Ka radiation performed at 40 kV and 40 mA. The TGA measurements were carried
out using platinum crucibles by PerkinElmer Diamond TG/DTA Thermal Analysis Instrument in the
static air atmosphere with heating rate 10 K min™ in the temperature range of 40-900 °C.

2.2. Synthesis of the OCDA-MS Microspheres

Octachlorocyclotetraphosphazene, OCCP, (100 mg, 0.2157 mmol), as a crosslinker, was dissolved in 20
ml acetonitrile in a 100-ml flask. The solution of 4,4'-diaminodiphenylmethane, DADPM, (42.7 mg,
0.2157 mmol) in 10 ml acetonitrile was added to OCCP solution. The mixture was stirred in an (100 W,
53 kHz) ultrasonic bath for 15 minutes, at 40 °C. Then, TEA (1.5 ml, 10.78 mmol), as an acid acceptor
was added to the reaction medium and the reaction was continued for 3 hours (Scheme 1). The precipitated
white polyphosphazene microspheres were isolated by centrifugation (5000 rpm, 30 min), washed with
THF, distilled water and ethanol, respectively. Finally, the powder product was dried under vacuum at
50 °C. The same procedure was used for other mol ratios of OCCP and DADPM (Table 1).

NH,
_: Ve H,N NH,
e /NN
/Fl’l |T . Acetonitrile, TEA
N PQ -TEAHCI H:N NH,
““}P:N/ H,N NH,
DADPM H,N NH,
occp NH,
OCDA-MS
Scheme 1. Synthesis reaction of OCDA-MS
Table 1. Composition of microspheres at constant OCCP amount
Molar ratio(OCCP:DADPM) OCCP (mg) DADPM (mg) TEA (ml)  Acetonitrile (ml)
1:1 100 42.7 1.5 30
1:2 100 85 1.5 30
1:3 100 128 1.5 30
1:4 100 171 1.5 30
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2.3. Reactivity Study of OCCP

The two parallel reactions were performed using OCCP and HCCP as crosslinkers and were used 1:1,
OCCP:DADPM-HCCP:DADPM molar ratios by the same experimental procedure, explained in Section
2.2 (Scheme 2) As can be seen from Figure 1, OCDA-MS started to precipitate within 5 minutes.
However, there were no precipitation during the 3 hours when HCCP is used as a crosslinker. The
reaction was left in a dark place for 72 h for the completion of the precipitation.

Figure 1. The appearance of the reaction media used a) OCCP b) HCCP after 5-min ultrasonication
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Scheme 2. The comparison of OCCP and HCCP in precipitation polymerization reaction
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3. RESULTS AND DISCUSSION
3.1. Preparation, Surface Morphology and Size Distribution of OCDA-MS

The synthesis of OCDA-MS was achieved successfully via a one-pot and basic polymerization
technique. In polymerization reaction of OCCP with DADPM, OCCP is a new crosslinker molecule
having eight chlorine atoms and a flexible ring. These features provide high cross-linking ability to
OCCP. Besides, TEA is an acid acceptor which forms TEA.HCI salt during the reaction. Thus, it is
thought that, continuously formation of this salt have accelerated the nuclephilic substitution reaction
between OCCP and DADPM (Scheme 3) [24, 28, 33].
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Scheme 3. The reaction pathway of OCCP, DADPM and TEA in acetonitrile

The self-assembly formation mechanism of cyclomatrix type polyphosphazene microspheres, cross-
linking with octachlorocyclotetraphosphazene (OCCP) is similar with the suggested mechanism when
the hexachlorocyclotriphosphazene (HCCP) used as crosslinker [2,9,29,30]. At first step of self-
assembly polycondensation reaction, oligomers are obtained by reaction between monomer (DADPM)
and crosslinker (OCCP). Then, oligomers aggregate together to form primary nucleus particles. After
that stage, primary stable particles are generated due to the aggregation of the primary nucleus particles
with each other by hydrogen bonds. As soon as the stable particles are generated, the particles grow in
size by absorbing oligomeric species instead of primary particles. Hence, microspheres (OCDA-MS)
acquired at the end of the polymerization, don’t have pores inside, Scheme 4.
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Scheme 4. Self-assembly polycondensation mechanism of cyclomatrix polyphosphazene microspheres

SEM images of synthesized microspheres revealed effect of changing OCCP and DADPM ratios on
formation of microspheres (Figure 2). Particle size distribution of obtained microspheres with different
OCCP:DADPM molar ratios were given in Figure 3. SEM images (Figure 2a) showed that synthesized
microspheres using 1:1 (OCCP:DADPM) molar ratio, approximately have same size, 1.0 pm and were
morphologically smooth spheres. On the contrary, it was determined from SEM images, when especially
1:3 and 1:4 molar ratios (OCCP:DADPM) were used, microspheres were different by means of particle
sizes. It might be due to changing in amount of DADPM, OCCP and TEA in reaction. During the
reaction, the excess amount of DADPM remains in the reaction medium, OCCP and TEA are restrictive
for the formation of the microspheres. Thus, oligomeric species are not obtained at the same sizes. So,
primary nucleus particles and finally obtained microspheres can have different sizes (Figure 2c and 2d).
Then, obtained OCDA-MS were first washed with THF to remove the unreacted OCCP and DADPM.
Then, TEA.HCI salt was eliminated washing with distilled water. Finally, OCDA-MS were washed with
ethanol for fending off water from microspheres.
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Figure 2. SEM images of spheres obtained using different molar ratios of OCCP:DADPM a) 1:1 b) 1:2 ¢) 1:3

d)1:4 OCCP:DADPM
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Figure 3. Particle size distribution of as-synthesized particles prepared with various molar ratios a) 1:1, b) 1:2, ¢)
1:3 and d) 1:4 OCCP:DADPM
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Experiments were performed for different reaction times (5, 10, 15, 20, 25, 30, 60, 90, 120, 150 and 180
min) using the same procedure. When the SEM images for obtained spheres from 5 min to 30 min were
compared, it was determined that size of particles were different from each other and changed in a range
of 2 431-1204 nm (Figure 4). It was understood that during 30 min, particle sizes increased, but did not
change dramatically between 30 min and 3h (60 min:1123, 90 min:1154, 120 min:1034, 150 min:1097,
180 min:1082 nm) by SEM images and particle size distributions (Figure 4-6).
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Figure 4. SEM images of (1:1/OCCP:DADPM) microspheres obtained in different reaction times of a) Smin b)
10min c¢) 15min d) 20min e) 25min f) 30min
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Figure 5. SEM images of microspheres obtained in different reaction times of (1:1/0OCCP:DADPM) a) 30min b)
1h ¢) 1.5h d) 2h €) 2.5h f) 3h
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Figure 6. Effect of reaction time on diameter
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Besides, the effect of ultrasonic power on formation of polyphosphazene spheres was investigated.
Experiments were performed at 35 and 53 kHz ultrasonic power using (1:1) OCCP:DADPM molar ratio
under same conditions. It is concluded that, morphologically worse polyphosphazene microspheres were
obtained using 35 kHz ultrasonic power (Figure 7). The particle sizes of formed particles under both 35
kHz and 53 kHz ultrasonic power were approximately the same, 995 nm and 1082 nm, respectively.

Figure 7. SEM images of (1:1) OCCP:DADPM microspheres prepared under different ultrasonic power a) 35 kHz
b) 53 kHz

Considering all the results, 3-hours reaction time, 53 kHz ultrasonic power and (1:1) OCCP:DADPM
molar ratio were found as the best experimental conditions.

It was understood from the results of reactivity experiments OCCP was a more reactive crosslinker than
HCCP. It was also seen that the precipitation started within 5 minutes when OCCP was used as
crosslinker in the reaction. (Figure 1.) However, difficultly in the precipitation was observed when
HCCP was used. As seen in SEM images (Figure 8) and DLS measurements (Figure 9), smaller
microspheres were obtained at the crosslinking reaction with DADPM, and particle sizes of synthesized
microspheres with OCCP and HCCP were 1.082 um and 4.510 pum, respectively. From the results, it
was proven that the OCCP is a better crosslinker than HCCP due to including more chlorine atoms than
HCCEP and its skeletal flexibility.

Figure 8. SEM images of microspheres using (a) OCCP, (b) HCCP as crosslinkers
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Figure 9. The particle size distributions of microspheres using (a) OCCP, (b) HCCP as crosslinkers
3.2. Structural Characterization of OCDA-MS

The functional groups on the chemical structure of the resulting OCDA-MS (1:1 OCCP:DADPM) were
characterized by FTIR. N-H stretching and bending bands indicating the existence of primary amine
groups, due to nucleophilic substitution over NH,- groups of DADPM, on the OCDA-MS were
appeared at 3362-3075 and 1513 cm™, respectively. The absorption band at 3028 cm™' was attributed
to the aromatic C—H stretching vibration of aromatic rings. Aliphatic C-H stretching vibration bands can
be seen at 2907 and 2833 ¢cm™'. Moreover, the characteristic P=N and P-N absorption bands of OCCP

were observed at 1293, 1228 and 963 cm™, respectively. The asymmetric and symmetric vibrations of
vpcip are observed for OCCP in the ranges of 601-574 cm ™' and 523-517 cm™!. The weak P-CI band at
497 cm’ showed that microspheres still contain chlorine atoms in small quantities after
polycondensation (Figure 10). Overlapped FTIR spectra of OCDA-MS, OCCP and DADPM were
shown for comparison (Figure 11). Obviously, FTIR spectrum of OCDA-MS contain characteristic
bands which are expected from the polymeric structure synthesized from OCCP and DADPM
molecules. Thus, the self-assembly polycondensation reaction between OCCP and DADPM has been
successfully achieved.
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= 1 '.2‘){]7-2833 cem’! . P-Cl
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B N 1617-1513 cm!
3028 cm! C=C. N.H
. arom. C-I1 .
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16 ! 1228
11963
{ em! |
P=N, P-N

1ns Y
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Figure 10. FTIR spectra of OCDA-MS
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Figure 11. FTIR spectra of OCDA-MS, OCCP and DADPM

The thermal stability of OCDA-MS obtained from the precipitation polymerization was also
characterized by TGA in air, as shown in Figure 12. It is clear that OCDA-MS has thermal stability
compared with OCCP and DADPM due to consisted of fully cross-linked cyclic structures. The mass
loss is through desorption of adsorbed water and solvent below 100°C. The mass loss of DADPM
occured in two steps, 74.65%, between 162.6 -377.4 °C and 24.12% between 377.4 °C -751.8 °C. The
fully cross-linked phosphazene rings of OCDA-MS and organic monomer (DADPM) bonded to
phosphazene rings have decomposed 73.64% from 394 °C to 837 °C.

100 - DADPM

occP

90 k—_ . .
go| OCPA-MS ™

40 100 200 300 400 500 600 700 800 900
Temperature,”C

Figure 12. TGA curves of OCCP, DADPM and OCDA-MS in air

The XRD pattern of OCDA-MS is shown in Figure 13. The XRD pattern of the powder OCDA-MS
indicated a broad diffraction peak at about 20° corresponding typical amorphous structure. It was
understood from XRD pattern that cyclomatrix structure succesfully formed [25, 31, 32]. Besides,
pattern doesn’t have any peak belonging the TEA.HCI salt obtained during the polycondensation
reaction, showing OCDA-MS were purified from the residue with water very well.
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Figure 13. XRD pattern of OCDA-MS (1:1/OCCP:DADPM)

In addition, UV-vis and fluorescence properties of OCDA-MS were investigated. The UV absorption
and fluorescence emission spectra of dispersed OCDA-MS in methanol are shown in Figure 14. OCDA-
MS and DADPM displayed absorption peaks at 262 and 290 nm, respectively, and OCDA-MS have no
absoption in the visible region (Figure 14a). OCDA-MS which have amine groups on surface and
benzene ring in cyclomatrix structure displayed a fluorescence emission peak at 485 nm when excited
with 240 nm light due to m-conjugation in the cyclomatrix polymeric structure (Figure 14b).
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Figure 14. a) UVspectra of OCDA-MS and DADPM, b) fluorescence spectra of OCDA-MS
4. CONCLUSION

In conclusion, novel inorganic-organic hybride cyclomatrix type polyphosphazene-based microspheres
were developed using new crosslinker molecules, OCCP and DADPM as monomers by self-assembly
polycondensation reaction approach. The results showed that in this type of synthesis reactions, OCCP can
be used as a substitute of HCCP as a good alternative and effective crosslinker molecule. Different molar
ratios of the reactants, reaction time and ultrasonic power were investigated on preparing morphologically
good spheres. The best molar ratio was determined as 1:1 (OCCP:DADPM) between different molar ratios
from the SEM images. Besides, it was also found that when reaction time was changed from 5 min to 3
hours, size of OCDA-MS ranged from 0.43 to 1.00 pum. Morphologically better microspheres were
prepared by 53 kHz ultrasonic power. FTIR spectrum demonstrated that the formation of the microspheres
were achieved succesfully in comparison to FTIR spectra of OCCP and DADPM molecules. OCDA-MS
indicated UV and fluorescent properties due to m-conjugation of aromatic rings in the polymeric
structure. XRD spectrum showed that microspheres have characteristic amorphous structure. Thermal
decomposition of microspheres occured up to 837 °C. Considering their good surface and other
properties, synthesized polyphosphazene based microspheres are expected to be useful materials for
various practical applications, such as, heavy metal/dye adsorption, drug release and catalysis.
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