Microsize and Nanosize BPO,4 from Pyrolysis of a Carborane-

Substituted Polyphosphazene
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Pyrolysis in air of the carborane-substituted polyphosphazene, {{[NP({OCH,},C>B0H0)]o.s
[NP({OCH,}>,C>BgH o NBuy)]o 5}, affords BPO, crystals of varied sizes in the micro and nano
regime.The materials were characterised by IR spectroscopy, SEM-EDAX, TEM, X-ray
diffraction, and DTA analysis. A possible mechanism for the formation of these materials is
discussed and compared with that found for the formation of metallic nanostructured mate-
rials from the pyrolysis of anchored organometallic derivatives of polyphosphazenes.
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1. INTRODUCTION

In recent years considerable effort has been
devoted to the design of particles that are in the micro
or nano size regime [l-5]. Such materials have
applications as catalysis, as sensing, coating, and in
optoelectronic devices [1, 2]. The change of properties
with reduced dimension is of fundamental interest.

Boron phosphate (BPO,) is an important cata-
lyst, especially for organic reactions [6]. Other appli-
cations of BPO, arise from its use as a phosphating
agent [7], as an additive for glasses for special
insulators [8], and recently as a flame retardant for
polycarbonates [9]. BPO, was first prepared from
B>O; and (NHy4),HPO,4 or from B-O; and P,Os
mixtures by solid state synthesis at high temperatures
[10, 11]. Several other methods such as sol-gel [12]
and hydrothermal techniques [13, 14] have recently
appeared in the literature. The structure of BPOy4
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consists in a tridimensional arrangement of PO, and
BO, tetrahedra [10, 11].

In spite of their importance and to the best of
our knowledge, there are no published reports of the
preparation of BPO,4 as micro- or nano-sized crystals.
However, we have recently reported the preparation
of metal-nanostructured materials from the pyrolysis
of organometallic co-polyphosphazenes [15-18§]
(Scheme 1). Through this method, metal oxides (i.e.,
Ru and Cr) and metal pyrophosphates (Mn and W)
were obtained. Thus, it was anticipated that poly-
phosphazenes with boron-containing side groups,
such as ortho-carboranes, could be used to prepare
micro- or nano-sized boron compounds.

To the best of our knowledge, only a few cyclic
and polymeric carboranylphosphazenes have been
described [19-22]. Ortho-carboranes C,BjoH (R~
(R = Me or Ph) have been connected to phosphaz-
enes through C—P bonds by reaction of cyclic and
high polymeric chlorophosphazenes with lithio deriv-
atives of carboranes (Scheme 2) [19-21]. However,
homopolymers with all the chloro substituents
replaced by carboranes have proved inaccessible by
both (a) substitution of the cyclic species and further
ring-opening polymerization and (b) substitution of
high polymeric chlorophosphazenes. Cyclophosphaz-
enes that bear more than one organic group often
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Scheme 1. Schematic representation of the formation of metallic nanostructures.
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Scheme 2. Carboranylphosphazenes reported by Allcock and coworkers [19-21].

resist polymerization, possibly for steric reasons [19,
23]. Skeletal cleavage reactions often accompany the
concurrent halogen replacement in halophosphazenes
when Grignard or organolithium reagents are
employed. Thus, in the reactions with lithiocarbor-
anes shown in Scheme 2, high polymers have only
been obtained when less than about 15% of halogen
atoms were replaced by carborane groups [19, 20].
The use of a non-organometallic-carborane
nucleophile could be envisaged as leading to substi-
tution of the chloro substituents in halophosphazenes
without skeletal cleavage. Thus, we have recently

reported on the reactions of the cyclic timer
[N3P3;C4] with a functionalized ortho-carborane
bearing alcohol groups, C,B;oHo{CH,OH},, (in a
molar ratio of 1:1, 1:2 or 1:3) using K>,CO;3 as a
deprotonating agent for the diol [22]. In this way, we
were able to synthesize the first fully closo-carborane-
substituted cyclotriphosphazene, gem-[N;P3{(OCH,),
C,BioHo}3] (I), in a high yield (81%) using a molar
ratio 1:3 (Scheme 3). Derivatives resulting from
skeletal cleavage were not detected in this last
reaction. Only other products with multiple substit-
uents, II and III, were detected, without any signs of

Scheme 3. Carboranylphosphazenes obtained by reaction of N3P;Clg with C,B;oH ;¢ {CH,OH}».
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either intra- or intermolecularly bridged species or
conversion to nido-carboranyl species. Notably, the
use of a base, such as K,COj, as a deprotoning
reagent could cause the reactions to proceed not only
with substitution of the chloro substituents but also
with conversion to nido-carboranylphosphazenes.
Non-gem-[N3P3C14{(OCH2)2C2B10H10}] (compound
IV in Scheme 3, in which two chlorine units on
different phosphorus atoms have been replaced to
give a transannular-bridged structure) was also
detected in these reactions only when a molar ratio
1:1 and 1:2 was used (ca. 30% or 8%, respectively).

We report here the pyrolysis of the fully substi-
tuted carborane-polyphosphazene, {{NP({OCH,},C,
BioH10)]o.sINP({OCH,},C, BoHipw NBuy)lost, (2)
(Scheme 4), which contains closo- and nido-carborane
side groups that are randomly distributed throughout
the polymeric chain. This polymer was prepared
in a similar way to the cyclic trimeric analogue,
gem-[N3P3{(OCH2)2C2 B10H10}3]. Unexpectedly, the
pyrolyzed product consists of both micro- and nano-
crystalline BPOy4 (Scheme 4), and is characterized by
IR spectroscopy, SEM-EDAX, TEM, and X-ray
power diffraction methods.

2. EXPERIMENTAL

2.1. Solvents and Reagents

Cs,CO3 was dried at 140°C prior to use. The
tetrahydrofuran (THF) used as a solvent was distilled
from sodium under a dry nitrogen atmosphere.
Hexachlorocyclotriphosphazene [N;P3Clg] (Stream
Chemicals) was purified by recrystallization from
hot hexane and dried in vacuo. The starting polymer
[NPCl,], was prepared as described by Magill et al.
[24] and modified by Carriedo et al. [26]. Carborane,
[CoB1oH o(CH,OH),], was prepared by literature

0.5 0.51n

2

methods [25]. Tetra-n-butylammonium bromide
(Aldrich) was dried under vacuum at 50°C.

2.2. Synthesis of Polymer {{NP({OCH,},C,B1o0H10)lo5
INP{OCH;},C,BoH g NBuy)]p s x (OC4Hg)}, (2)
(x = 0.5)

To a solution of [NPCL,], (0.579 g, 5 mmol) in
THF (400 mL) was added C,B;oH;y (CH,OH),
(1.23 g, 6 mmol) and Cs,CO;3 (4 g, 12.5 mmol) under
dry nitrogen, and the mixture was refluxed for 13-h
with vigorous mechanical stirring. The volatiles were
evaporated under vacuum, and the residue was
washed three times with 500 mL of water with
vigorous stirring. The resulting white solid was
dissolved in acetone (400 mL). NBuyBr (1.61 g,
5 mmol) was added to this solution and the mixture
was vigorously stirred for 3-h. The solution was
concentrated to a viscous liquid that was poured into
water (1 L) to give a white solid, which was washed
with water and dissolved in acetone (100 mL). The
solution was concentrated again to a viscous liquid
and poured into water (1-L) twice. The product was
similarly re-precipitated twice from acetone/2-propa-
nol and once from acetone/hexane. The resulting
white solid was dried under vacuum at 50°C for
4 days. Yield, 0.80 g (40.1%). Elemental analysis:
Calcd (0/0) for C14H36B()‘5N1_502_5PZ C 4213, H 909,
N 5.26; found: C 4227, H 8.07, N 5.76. IR:
2521 ecm™" (br, B-H of nido-carborane), 2586 cm™"
(sh, B-H of closo-carborane); 1170-1240 cm™
(P=N). *'P{'H} NMR ((CD;),CO): 3, -2 (vbr). '"H
NMR ((CDj3),CO): 8, 4.4-3.6 (vbr, 4 H; OCH, of
carborane); 3.1-0 (m, 9.5 H; B;oH;o and
Bngo), -2.35 (br, 0.5 H, Bngo); 1.04 m, 1.49 m,
1.85m, 343 m (18 H, NBuy ); 3.4m, 1.6 m (4 H,
poly-THF). *C{'H} NMR ((CD5),CO): 3, 59.39 s,
2445s, 2035s,  1396s (NBuj); 2735,
71.3 (poly-THF); 67.70 s, 66.78 s, 66.22's, 65.16s
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Scheme 4. Schematic representation of BPO, from 2.
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(C3B1oH 19 and C,BgH p); 81.50 s, 80.71 s (OCH, of
carborane).

2.3. Pyrolysis

The pyrolysis experiments were carried out by
placing weighed samples (0.05-0.15 g) of the polymer
into aluminium oxide boats, which were placed in a
tubular furnace under an air flow. The samples were
heated first from 0-300°C in 45-min and then from
300-800°C in 2-h. The yields were approximately
39%.

2.4. Characterization

IR spectra were recorded in the range
4000-500 cm™" on a Perkin-Elmer FT-IR Spectrum
One spectrometer. C, H and N analysis were carried
out with a Perkin-Elmer 240C microanalyser. 'H,"%C,
and *'"P NMR spectra were recorded on a Varian
Unity 300 spectrometer in (CD;),CO solutions.
Chemical shifts are quoted relative to Me,Si ("H
and "°C, external) and H;PO, (85%) (°*'P, external).
Thermogravimetric analysis (TGA) was performed
using a TA STD 2960 simultancous DTA-DTGA
instrument. The polymer samples were heated at a
rate of 10°C/min from room temperature up to 800°C
under a constant air flow of 120 mL/min. The IR
spectra of the pyrolyzed product were recorded on an
FT-IR Perkin-Elmer 2000 spectrophotometer. SEM
images were made with a Philips EM 300 apparatus.
Energy-dispersive X-ray analyses (EDAX) were per-
formed using a Noran Instruments microprobe
attached to a JEOL 5410 scanning electron micro-
scope. TEM images were made on a JEOL SX 100
transmission electron microscope. The finely pow-
dered samples were dispersed in water and dropped
onto a conventional carbon-coated copper grid.
X-ray diffraction (XRD) was carried out at room
temperature on a Siemens D-5000 diffractometer with
0-260 geometry. The XRD data were collected using
Cu—Kua radiation (40 kV and 30 mA) waves.

3. RESULTS AND DISCUSSION

Poly(dichlorophosphazene), prepared by the
thermal polymerization of [N3P5Clg] in solution [24],
reacted in refluxing THF with C,BoHo{CH,OH}, in
the presence of Cs,CO; to give the new soluble
polymer {[NP({OCH,},C,BoH10)].[NP({OCH,},C,
BoHjp® Cs)],}, (1). Monitoring the reaction by

3'p{'"H} NMR indicated that the substitution mech-
anism was predominantly non-geminal, as in the cyclic
models we obtained previously [22]. Thus, after
refluxing for ~30-min, the *'P{"H} NMR spectrum
showed three broad signals at ca. -3, -9 and
—18 ppm. The comparison of these chemical shifts
with those observed for [NPCL],(—-17 ppm) and
[NP(O,C;,Hy)], (—6.06 ppm) [26] indicates that the
signal at -3 ppm  corresponds to  the
P({OCH,},C,B|oH¢) groups and that at —18 ppm
to PCl, units. The signal at =9 ppm, which is much
broader and much less intense, may correspond
to phosphorus of the type PCI{OCH,C,BoH;(.
CHon} or PCI{OCHQCzB]QHwCHzO}, thereby
indicating the formation of the polymer {[NPCl,],
[P{OCH,},CoB1oH )], -[PCI{OCH,C,B1oH 10CH,OHL ..
This last interpretation is in accord with that
observed in the cyclic models. Thus, the chemical shift
of the phosphorus atoms, PCI{OCH,C,B;oH;(CH,0O}
(2162 ppm), Ofnon-gem- [N3P3Cl4{(OCH2)2C2B1()H1()}]
(IV in Scheme 3) is between that of the PCl, groups
(25.34 ppm) and the P({OCH,},C->B;oH;o) units
(12.21 ppm), which is observed in the cyclic trimer
gem-[N3P3CI4 {(OCH2)2C2B10H|0}] (III in Scheme 3)
The signal at —18 ppm disappeared after ca. 2-h of
reaction, and then the *'P{'H} NMR spectrum
showed a sharp signal at —3 ppm with a very broad
shoulder that extends to ca. —10 ppm. This broad
signal seems to remain present after ca. 12-h of
reaction under reflux. Moreover, during this time,
the resonance at —3 ppm becomes much broader,
probably due to partial conversion of the closo-
carborane to nido-carborane side groups, which are
randomly distributed throughout the polymeric chain.

Evidence for the partial formation of nido-
carboranyl species is clearly obtained from the IR
and '"H NMR spectra; i.e., the latter last exhibits a
broad resonance at ca. —2.5 ppm attributable to the
bridging B-H-B proton of the open face of nido-
carborane [22]. The IR spectrum shows an intense
peak at 2521 cm™' with a shoulder at 2586 cm™'.
These bands correspond to v(B—H) absorptions of the
nido- and closo-carborane derivatives, respectively, as
has been observed by us for the cyclic models [22] and
for other nido-carboranes [27]. Thus, according to the
data, the reaction occurs as indicated in Scheme 5,
although a small number of PCI{OCH,C,BoHo.
CH,OH} groups or a little crosslinking might be
present in the final polymer 1.

However, the microanalytical data for polymer 1
did not correspond with the formulae indicated,
probably due to the presence of inorganic impurities,
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which could not be separated or even washing the
product with a great amount of water and 2-
propanol. Therefore, a solution of 1 in acetone was
treated with Buy,N " Br~ and the resulting mixture was
concentrated to a viscous liquid that was poured into
water to give a white solid, which was purified by
several precipitations from acetone/water, acetone/2-
propanol and acetone/hexane. The final polymer 2
(Scheme 6) was very soluble in acetone and THF, and
all the microanalytical and spectroscopic data were in
accord with the formulae indicated (see Experimental
Section).

Importantly, the IR and "H NMR spectra of 2
show the presence of a larger amount of nido-
carboranyl groups than in the starting polymer 1
indicating that the addition of ammonium salt
involves not only interchange of the cation but also
partial conversion of closo-carboranyl to nido-carb-
oranyl groups. In fact, the signal observed in the
'P{"H} NMR spectrum of 2 is much broader than
that observed for the starting polymer 1. In addition,
the presence of a very weak peak at ca. 3200 cm™' in
the IR could be due to the presence of OH units on
the carborane side groups coordinated to the phos-
phazene skeleton in a monofunctional manner.

On the other hand, the presence of two weak
signals at 3.4 and 1.6 ppm in the '"H NMR spectrum
and two signals at 27.3 and 71.3 ppm in the '*C
NMR spectrum reveal that polymers 1 and 2 contain
traces of poly(tetrahydrofuran) (PTHF), which is in

NBu,Br
_

Acetona

accord with previous observations on the synthesis of
other polyphosphazenes in THF [26, 28]. Bands at
2940 w and 2870 w (CH stretching) in the IR confirm
the presence of PTHF in 2 [29].

Pyrolysis in air of the carborane-substituted
polyphosphazene (2) affords a white solid in ~39%
yield. The IR spectrum was very simple in compar-
ison with the starting polymer. Thus, peaks at ca.
1170-1240 cm™" (P=N), and at 2521 cm™' and
2586 cm™'(br) (B-H), which are observed in polymer
2, disappeared after pyrolysis. Bands at 586 cm™',
636 cm™', 946 cm™', and 1095 cm™', which are typi-
cal of BPOy, [13], are observed.

The SEM-EDAX analysis of the pyrolyzed
material (Fig. 1), exhibits the typical shape features
of the tetragonal crystal structure of BPO, with a
clear grain-boundary phase. The EDAX image con-
firms the presence of phosphorus and oxygen; how-
ever, the presence of boron is not detected by this
technique due to the fact that its peak is at values
below zero.

The TEM micrograph (Fig. 2) shows the pres-
ence of nanocrystals in the range 100 nm to 50 nm. A
relatively broad distribution of the particle size is
observed. Thus, the main features of the TEM are
similar to those of nano-materials containing
non-transition metals [30].

In the X-ray diffraction pattern (Fig. 3), the
observed peaks can be assigned to tetragonal BPOy
[13]. Particle diameters deduced from size broadening

Scheme 6.
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Fig. 1. (A) SEM image, (B) nanoprobe EDAX of the pyrolyzed product, BPO,.

Fig. 2. TEM micrograph of the pyrolytic product, BPO,.

of the Bragg reflections [31, 32] are about 20 nm,
which is somewhat smaller than those observed in
TEM (50 nm—100 nm). Differences may be due
mainly to fluctuations in the XRD method.

A plausible, but somewhat speculative, process
for the formation of BPO, from 2 can be proposed
from the TGA results in air (Fig. 4). The first weight
loss from ambient temperature to about 200°C may
be attributed to the volatilization of PTHF, a product
that has been observed in polyphosphazenes obtained
from [NPCl,] dissolved in THF [26-28]. In fact, the
IR, 'H, and '*C NMR spectra of polymer 2 reveal the
presence of PTHF [26, 28, 29]. The small increase in
weight at from 200 to 240°C (2.02%) may be due to
CO, absorption from the atmosphere [33]. This is
followed by a rapid weight loss of 24.7% from 240 to
450°C, which may be attributed to the oxidation of
the carbon in the carborane fragments. It should be
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Fig. 3. Powder XRD pattern of the pyrolytic product, BPO,.
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Fig. 4. TGA curve in air of polymer 2.

noted that the oxidation of organic matter in orga-
nometallic fragments normally occurs at ~300°C [34,
35]. Furthermore, the large and rapid weight loss has
been observed at similar temperatures and with
similar features in the TGA curves of several orga-
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nometallic derivatives of copolymer polyphosphaz-
enes [15-18]. The final small weight loss (at ~640°C)
has been assigned to the oxidation of nitrogen to
form nitrogen oxides, N,O,.

The formation of metallic nanostructures from
the pyrolysis of polyphosphazenes that have organo-
metallic fragments anchored to the polymeric chain
occurs through the formation of holes, which are
produced by the calcination of the organic matter,
inside which the nanoparticles grow. The chain poly-
meric phosphorus atoms form phosphorus oxides by
oxidation, which can in turn form anionic phosphates
of metal nanoparticles and/or P4,O,, which act as a
solid-state stabilizer of the metallic nanoparticles [15—
18]. A similar mechanism appears to occur in the
pyrolysis of the carborane-substituted polyphospha-
zene. However, the size of the crystals in the latter case
is larger, probably due to the higher boron content and
to the smaller phosphorus content than the transition
organometallic derivatives of polyphosphazenes. In
fact, in {[NP(Ozcleg)]o8[NP(OC6H4CH2CN.[Cr
(CO)slo.132))0.18}» [16], the metal:organic ratio as well
as metal:P, N ratios are smaller than in the analogue
boron:P, N ratio in polymer 2. This is, therefore, a
direct consequence of the low metal content in the
organometallic polymer, presumably due to the low
charge of the organometallic fragments in the polyph-
osphazene, relative to the high boron content of the
carborane cage and its high charge in the polyphos-
phazene chain. The low phosphorus content relative to
boron does not produce sufficient amounts of phos-
phorus oxides to form a matrix that will stabilize the
formation of small particles at nanometer level. Thus,
somewhat larger particles are formed at the micron
level, although some nanoparticles are observed by
TEM. In the pyrolysis of polyphosphazenes that
contain anchored organometallic fragments, due to a
low metal:P, N ratio, the phosphorus content is
sufficient to form metal phosphates that are immersed
in a matrix of P4O; or immersed in the phosphorus
oxide matrix. Thus the carborane substituted polyph-
osphazene (2) offers a possibility of concentrating a
large amount of boron, a situation that is not easily to
obtain by anchoring organometallic fragments to the
polyphosphazene chain as previously reported [15-18].

4. CONCLUSION

The formation of BPO, from the pyrolysis in air
of a carborane-substituted polyphosphazene 2 affords
evidence for the formation of metallic nano structures

from pyrolysis of metal-containing polyphosphazene
polymers. The metal:P, N ratio in the polymer precur-
sor is crucial in determining the nature of the pyrolytic
product; i.e., formation of large or small crystals.
Hence, the results of this study are important to future
work in controlling the size of metallic nanoparticles by
varying the metal:P, N ratio in organometallic polyph-
osphazene precursors prior to pyrolysis.
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