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Organometallic derivatives of cyclotriphosphazene @precursors of
nanostructured metallic materials: A new solid sta¢ method

Carlos Diaz*, Maria Luisa Valenzueld, Luis Zufigat and Colm O'Dwyer*

tDepartamento de Quimica, Facultad de Ciencias,ddsilad de Chile, Las Palmeras 3425, Santiagoe (himail:
cdiaz@uchile.cl
#Department of Physics, and Materials & Surface r@&dnstitute, University of Limerick, Limerick,diand.

Abstract The cyclic phosphazene trimerssP(OCsHs)s OCH4N-Ti(Cp).CI|[PFg] (3),
[N3P3(OCsH4CHCN-Ti(Cp)Cl)g] [PFe6 (4),

[N3P3(OCsHaBU)s(OCeHACH,CN-Ti(Cp).Cl)][PFs] (5),
[N3P3(OCsH5)sCeH4CHCN-Ru(Cp)(PPB)][PFe] (6),
[N3P3(OCsHs)sCsH4aCH,CN-Fe(Cp)(dppe)][PH (7) and

N3P3(0OCsHs)sOCsH4N-W(CO)s (8) were prepared and characterized. As a model, the
simple compounds [HOEIsN-Ti(Cp).Cl|PFs (1) and [HOGH4CH,CN-Ti(Cp).Cl] PFs

(2) were also prepared and characterized. Pyrolydiseobrganometallic cyclic trimers
in air yields metallic nanostructured materials,ickhaccording to transmission and
scanning electron microscopy (TEM/SEM), energy-disve X- ray microanalysis
(EDX), and IR data, can be formulated as eitheetahoxide, metal pyrophosphate or a
mixture in some cases, depending on the nature quehtity of the metal,
characteristics of the organic spacer and the ianxilsubstituent attached to the
phosphorus cycle. Atomic force microscopy (AFM)adatdicate the formation of small
island and striate nanostructures. A plausible &iom mechanism which involves the
formation of a cyclomatrix is proposed, and thegbysis of the organometallic cyclic
phosphazene polymer as a new and general methodolitaining metallic

nanostructured materials is discussed.



1 Introduction

The development of manometer-sized materials igprofound interest from both
theoretical and practical viewpoints, since theynilkit unique properties that are
observed in neither individual molecules nor in kouhaterials [1-6]. Chemical
techniques are widely used to produce nanostruttureaterials due to their
straightforward nature and the potential for prodgclarge quantities of the final
product. A crucial aspect is the stabilization g tetallic nanoparticles. The majority
of these methods are carried out in solution, aadilization can be electrostatic or
steric [4]. Steric stabilization can be achieved llgands, polymers, oligomers or
solvents. However, few solid state methods for anegy metallic nanoparticles have
been reported [7-11] and almost all of them inva@eéd nanopatrticles [8, 9].

Polyphosphazene polymers [N=RR can bind metal ions and organometallic
fragments through the R containing a donor group 18] (or with basic nitrogen in
some cases). This suggests the possibility of Ieteig metal nanoparticles. In fact,
Allcock et al. [19] reported the preparation in erabf CdS nanoparticles entrapped in a
polyphosphazene network MEEP (MEEP=poly(bis(2-(2’-
methoxyethoxy)ethoxy)phosphazene). Wisian—Neilgijgrepared gold nanopatrticles
in PMPP by reducing Au@lwith NaBH, in the presence of PMPP (PPMP=
poly(methylphenylphosphazene) using a biphasic Mialeene system. Recently
Wisian—Neilsor{21] prepared Au nanoparticles using the method of B8asiffrin in
water/toluene, stabilizing the nanoparticles withioéther groups anchored to a
polyphosphazene backbone (all of these methodsnaselution). We have recently
reported the first solid—phase synthesis of medabparticles using polyphosphazene as
a hybrid inorganic-organic template [22-25], shawiScheme 1.
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Scheme 1. Nanostructured metallic product from plyeolysis of polyphosphazene with anchored
organometallic fragments.



The method consists of the solid-state pyrolysis thie organometallic
polyphosphazene precursor in air at 800°C. Thegeruc polymer acts as a template
permitting a uniform distribution of the metal cers through the chain, which after
burning, looses the organic material as,C&hd the phosphorus forms pyrophosphate
and phosphorus oxides which are precursors of itted products, and/or form the
stabilizer matrix. Although this method is a veilsatoute to metallic nanostructured
oxides and pyrophosphates, some disadvantagedsare\adent, namely the tedious
preparation procedures of the precursors. Thisldaaage could be overcome by using
the organometallic derivatives of cyclotriphospheee as precursors. The aim of this
work was to investigate this possibility.

In this paper we report for the first time the fatmon of nanostructured transition
metallic nanoparticles from the solid state pyr@ysf organometallic derivatives of a
cyclotriphosphazene. We have reported recently syrhesis, characterization and
pyrolysis  studies of the silicon derivatives sM[NH(CH,)3;Si(OEt)]s,
N3Ps[NH(CH2)sSi(OEt)s]s[NCH3(CH)sCN]3 and NsP3[NH(CH>)3
Si(OEt)]3[OCsH4(CH2)CN]3 [26]. The precursors studied in this work are shmaw
Scheme 2. We have previously reported several orgatallic derivatives of cyclic
phosphazenes [27-31] and here report the pyrodysdies of such compounds. We also
report for the first time the organometallic detivas of Ti @)-(5) as precursors.
Although a considerable numbef cyclotriphosphazenes are known [27-3Bpse of

Ti [36] are relatively scarce.
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Scheme 2. Schematic representation of the fornfatathe organometallic derivatives of phosphazene
trimer precursors



2 Experimental Part

2.1 Physico-Chemical Measurements

All reactions were carried out under dinitrogenngsstandard Schlenk techniques. IR
spectra were recorded on an FT-IR Perkin-Elmer 26@€ctrophotometer. Solvents
were dried and purified using standard procedu#®CsHsN, HOGH4CH,CN,
Ti(Cp)Cl, and NHPF were purchased from Sigma-Aldrich. NMR spectra ewver
recorded on a Bruker AC-300 instrument using Gda€Isolvent unless otherwise stated.
'H and'*c{*H} NMR are given ind relative to TMS3!P {*H} are given ind relative to
external 85% aqueous 3PIlO,. Coupling constants are in Hz. Thermogravimetric
analysis (TGA) and differential scanning caloringetfDSC) measurements were
performed on a Mettler TA 4000 instrument and MetDSC 300 differential scanning
calorimeter, respectively. The polymer samples vinerated at a rate of 10 °C/min from
ambient temperature to 1000°C under a constantdfavitrogen.

2.2 Electron Microscopy

SEM photographs were taken with a Philips EM 30@rascope. EDAX (energy
dispersive X-ray analysis) microanalysis was penfest on a NORAN Instrument
micro-probe attached to a JEOL 5410 scanning electricroscope. TEM analysis was
conducted on a JEOLSX100 transmission microscope. finely powered samples
were dispersed im-hexane and dropped on a conventional holey cadopper grid
and dried under a lamp.

2.3 Pyrolysis Experiments

The pyrolysis experiments were conducted by pouaingeighed portion (0.05-0.15 g)
of the organometallic trimer into aluminum oxideab® that were placed in a tubular
furnace (Lindberg/Blue Oven model STF55346C-1) uralflow of air, heating from
25 to 300°C and then to 800°C, and annealing fbr 2he heating rate was 10°C/min
under an air flow of 200 mL/min. The ligands;®(OCsHs)sOCH4N [22],
N3P3(OCGsH4sCHCN)s [31] and  NP3(OCsHs)sOCsH4sCHL.CN  [31], NoP3(OCeHa-
Bu)sOCGH.CH,CN  [27]  and  the  precursors  §R(OCsHs)sOCsH4CH,
CN-Ru(Cp)(PPB)2][PFe] [28] (6), [N3P3(OCsHs)sOCsHACH, CN-Fe(Cp)(dppe)][P#



[28] (7), and NP3(OCsHs5)sOCsH4N-W(CO) [22] (8) were prepared as reported

previously.

2.4 Preparation of [HOEIsN-Ti(Cp)CI|PFs (1)

A mixture of HO-GHy4N (0.072 g, 0.8 mmol), and €pCl, (019 g, 0.8 mmol) in the
presence of NHPF; (0.196 g, 1.2 mmol) in methanol (70 mL), was stirfor 45 min at
room temperature. The solvent was removed underceet pressure and the red-oll
residue extracted with GBI, filtered through Celite, and concentrated tol€amL. A
1:1 n-hexane/diethyl ether mixture was added aedréld-orange powered precipitate
was washed twice with the same solvent mixture émed under reduced pressure.
Yield: 0.25 g (49%). IR (KBr pellet, c) 3327m, 3105s, 2958m, 2930m, 2873m,
1728m, 1638s, 1513m, 1441w, 1360m, 1286m, 1192@1W]11075w, 1041w, 1017w,
834vs, 702w, 558m’H-NMR (CDCk): 8.84, 8.82 ¢-H, OGHN), 7.1-6.91 (m,
OGCgHs), 7.55, 7.531t+H, OGH4N), 6.75 (GHs), **C NMR{*H} (CDClIs, ppm): 142.97,
120.038, 114.41 (O14N), 120.8 (GHs). Anal. Calcd. for GsH1gNFsOPCITi: C 42,88,

H 3.81, N 3.33; found C 42.1, H 3.57, N 3.29

2.5 Preparation of [HOE1,CH,CN-Ti(Cp).Cl|PFs (2)

A mixture of HO-GH4CH.CN (0.21 g, 1.58 mmol) and €RCl, (0.464g, 1.86 mmol)
in the presence of N{RFs (0.34 g, 2.11 mmol) in methanol (70 mL) was strfer 24 h

at room temperature. The solvent was removed urediiced pressure and the red-oll
residue extracted with GRlI,, filtered through Celite and concentrated to €anmilL. A
1:1 n-hexane/diethyl ether mixture was added aedréla-orange powered precipitate
was washed twice with the same solvent mixture @meld under reduced pressure.
Yield: 0.25 g (49%). IR (KBr pellet, cif) 3384m, 3113s, 2960w, 2857w, 1616w,
1516m, 1445m, 1266.2m, 1245m, 1145w, 1048s, 8302w, 558s.'H-NMR
(CDCly): 7.20, 7.20 ¢-H, OGH4N), 6.87-6.81 (n-H, OGH4N) 6.81 (GHs), 6.66, 6.5
6.47 (OGH.), 3.73, 3.75 (CH. *C NMR{*H} (CDCls, ppm): 158.48, 130.786, 117.04
(OGsH4N), 130.786, 123.41, 121.851, 120.158H¢), 120.92 (GHs), 116.36 (CN) ,
23.23 (CH). Anal. Calcd. for GgH17/NFsOPCITi: C 46.83, H 3.69, N 3.03; found: C
45.1, H 3.9, N 2.99.



2.6 Preparation of [pP3(OCsHs)sOCsH4N-Ti(Cp).ClPFs (3)

A mixture of NsP3(O-CsHs)s5(OCsH4N) (0.58g, 0.83 mmol) and Ti(Cg)l»(0.211g, 0.84
mmol) in the presence of NAR; (0.207 g, 1.27 mmol) in methanol (70 mL) was
stirred for 3 h at room temperature. The solvens weaamoved under reduced pressure
and the residue extracted with &, filtered through Celite and concentrated to €a. 1
mL. A 4.1 n-hexane/diethyl ether mixture was addewl the yellow powdered
precipitate was washed twice with the same solwaexture and dried under reduced
pressure. Yield: 0.75 g (75%). IR (KBr pellet, OhB8104w, 2967m, 2878w, 1635m,
1591m, 1488s, 1269m, 1243m, 1193s, 1178s, 11614)s1@024w, 953vs, 881w,
839vs, 772m, 689nTH-NMR (CDCL): 8.57, 8.50 ¢-H, OGH4N), 7.04, 7.02 if+H,
OCsH4N) 6.96 (GHs), 6.94, 7.35 (O€H). *C NMR{'H} (CDCls, ppm): 129.69,
120.29. 120.197 (OfEN), 120.9 (GHs). **P NMR{*H} (acetone-g) 8.82 (NP5, ring),
-144.12 (PE). Anal. Calcd. for GgH3gN4FsOsP4CITi: C 54.38, H 3.69, N 5.28; found: C
53.90, H 3.27, N 5.10.

2.7 Preparation of [MP3(OCsH4CH.CN-Ti(Cp).Cl)e][PFels (4)

A mixture of NsP3(OCsH4CH.CN)s (1.0 g, 1.07 mmol), and GpCl, (1.40 g, 5.62
mmol) in the presence of NAR (1.61 g, 9.87 mmol) in methanol (90 mL) was strre
for 3h at room temperature. The solvent was remawvetker reduced pressure and the
red-oil residue extracted with GEl,, filtered through Celite and concentrated to €a. 1
mL. A 1:1 n-hexane/diethyl ether mixture was added the red-orange powered
precipitate was washed twice with the same solw@rture and dried under reduced
pressure. Yield: 2.1 g (52%). IR (KBr pellet, &m3105m, 2967m, 2880w, 2252vw,
1604w, 1507m, 1474m, 1441m, 1270m, 1261m, 116570 958m, 837vs, 739w,
557s.'H-NMR (CDCL) 6.66 (GHs), 6.82, 6.72, 6.55, (Ql4), 3.46, 3.42 (Ch). 3P
NMR{'H} (acetone-d) 9.15 (NPsring), -144.12(P§. Anal. Calcd. for
C120H96NgF3606PsClsTis: C 44.70, H 2.98, N 3.91; found: C 44.89, H 2188.79.



2.8 Preparation of [MP3(OCsHs-Bu')s(OCsHsCH.CN-Ti(Cp).C)][PFgls (5)

A mixture of NsP3(OCsH.-Bu)s(OCsHACH,CN) (1.52 g, 1.49 mmol), and €FCl,
(0.37 g, 1.48 mmol) in the presence of /R (0.31 g, 1.87 mmol) in methanol (50
mL) was stirred for 3h at room temperature. Thevesati was removed under reduced
pressure and the red-oil residue extracted withGIH50 mL), filtered through Celite
and concentrated to ca. 10 mL. A 1.1 n-hexane/dietther mixture was added and the
red-orange powered precipitate was washed twick thié same solvent mixture and
dried under reduced pressure. Yield: 1.5 g (67%)KBr pellet, cn) 3105m, 2967m,
2880w, 2252vw, 1604w, 1507m, 1474m, 1441m, 127@6& 1M, 1165m, 1017m, 958m,
837vs, 739w, 557¢H-NMR (CDCl) 6.74-6.67 OGH4, 6.66 (GHs), 3.46, 3.48, (Ch)
0.99 C(CH)s. **C NMR{*H} 125.77, 120, 114.82 (Ofls) 120.9 (GHs) 120.3 (CN),
28.9 C(CH)3, 23.62 (CH). *'P NMR{*H} (acetone-g) 9.1 (NsPs,ring), -144.11(P§).
Anal. Calcd for GgHgsN4FsOsP4CITi: C 60.20, H 5.80, N 4.01; found: C 58.73, 19&.

N 3.97.

3 Results and Discussion

3.1 Preparation of Organometallic Precursors

According to Allcock's approximation [37], the silapnodel complexesl) and @) of

the most complex cyclotriphosphazene titanium gqyetdadienyl derivatives have been
also prepared. The model) @nd @) were synthesized by reaction of the respective
phenols, HO-GHs;N and HO-GH4CH,CN with CpTiCl, in the presence of NRFs
and in methanol as solvent. Complexg&sdnd @) were obtained as orange solids and
characterized by elemental analysis, IR dit **P and*C NMR spectroscopy.
Coordination of both phenols was also confirmedth®yappearance of a strong band at
834 cm' for (1) and at 830 crhfor (2), assigned t®(PF), as well as by th&'P-NMR
signal of the Pggroup at -144 ppm. In the case of compl&ék ¢oordination of the
organometallic fragment was evident by the typishift of the o-H signal of the
pyridine group, which changed from 7.98 ppm in fr#@-CsH4N to 8.84 and 8.82 ppm
upon coordination [22]. On the other hand, as fofordhitriles, coordination causes a
decrease of the intensity of théCN) band [27, 28]. Other typical IR bands as vesll
'H- and*'P-NMR signals were also observed, see the Expetaheaction. The*C-
NMR signal of the @Hs group of CpTi was observed at 120.03 ppm and 120.92 ppm,
respectively, for]) and @); slightly shifted due to coordination effects.



3.2 [NsP3(OCsHs)sOCsH4N - Ti(Cp)CI]PFs (3)

Reaction of NP3(OCsHs5)sOCH4N with CpeTiCl; in the presence of NfRF; yielded
[N3P3(OCsHs)sOCsH4N-Ti(Cp).Cl]JPFs, as an orange solid. Bonding of the
organometallic fragment to the pyridine-ligand weagdent from the absence of the
strong v(CC) oxypyridine band at 1589 ¢mand the appearance of a new band at
1592cni typical of oxypyridine coordination [18, 29]. Thiise expected(PR;) band
was observed normally at -144.12 ppm. Of specg@iiicance in the NMR spectrum
was the effect of pyridinoxy groups on tbeH signals, which increase from 8.38 and
8.37 in NjP3(OCsH5)5 OCsH4N to 8.50 and 8.57 ppm i8) upon coordination. Thus, in
the "*C-NMR spectrum, the signal observed at 120.9 ppm assigned to thesHs
group of Ti(Cp)CI coordinated with the oxypyridine nitrogen on thasis of the
respective value found for the mod#) 120.8 ppmSimilarly, in the'H NMR spectrum
the signal of this group was seen at 6.96 ppm.gmeement with those observed for
model (), i.e. 6.75 ppmOther'H and **C signals were also found (see Experimental
section). In addition, th&'P-NMR signal was seen at 8.82 ppm, slightly shifiéth

respect to the free ligand [27-38]46 ppm, due to coordination effects.

3.3 [NsP3(OCeH4CHzCN-Ti(Cp)Cl)el[PFel6 (4)

Reaction of NP3(OCsH4CH,CN)g with Cp.TiCl; yielded [NsP3
(OCsH4CH.CN-Ti(Cp).Cl)¢][PFe]s as an orange solid. Coordination of the
organometallic fragment with the cyanide-ligand veaglent from the increase in the
frequency of the(CN) band from 2247 cthin the free ligand to 2252 ¢ha behavior
typical of the coordination of nitriles with orgametallic complexes [27-31]Thus the
expected/(PFs) band was found normally at -144.12 ppm.

In the*P-NMR spectrum the signal at 9.15 ppm was shiftih wespect to that of the
free ligand, to 11.89 ppm, clearly indicating theoidination of the ligand. Th&H-
NMR spectrum shows a signal at 6.66 ppm assignéaet@roton of the §Hs group of
Ti(Cp).Cl coordinated to nitrile, which compares well witiose of 6.81 ppm found for
the CpTiCl moiety in model 2). OtherH and**C signals were also observed (see

Experimental section) in agreement with those efréspective modep).



3.4 [NsP3(OCsH4-Bu)s(OCsH4CHLCN-Ti(Cp),Cl]PFs (5)

Reaction of NP3(OCsH4-Bu')s(OCsH4CHLCN) with CpTiCl, vyielded
[N3P3(OCsH4CH.CN-Ti(Cp).Cle][PFs]e as an orange solid. Coordination of the
organometallic fragment with the cyanide-ligand veaglent from the increase in the
frequency of the(CN) band from 2245 cthin the free ligand to 2252 ¢ha behavior
typical of the coordination of nitriles with orgametallic complexes [27-31]. Thus the
expected)(PFs) band was observed at -144.12 ppm.

In the 3'P-NMR spectrum, the signal normally observed atpht was shifted with
respect to that of the free ligand, to 11.88 ppiearty indicating the coordination of the
ligand. The'H-NMR spectrum shows a signal at 6.66 ppm assigméide proton of the
CsHs group of Ti(Cp)Cl coordinated to nitrile. OthetH and *°C signals of the
OCsH4CH,CN group were observed normally (see Experimemetien), in agreement
with those observed for modd)(lIt is interesting to note that notwithstanding treat
amount of organometallic derivatives of cyclotrispbazenes [27-36], those with Ti are
scarce. The only reported derivative issPMCHs)e TiCly, which was  poorly
characterized [36]. Thus, the derivat8f (4) and 6) reported here, constitute the first
containing an organometallic fragment coordinatewugh the titanium atom to the
cyclophosphazene ring. Trimer phosphazene compo@d&) and @) were prepared

as reported previous]§7, 22]and will not be discussed here.

3.5 Pyrolysis of Organometallic Derivatives of Gymigano-triphosphazenes

It is now well known that the thermal degradatioh oyclotriphosphazenes often
produces cyclolinear and cyclomatrix materials [38;41]. In these cases the cross-
linking of the polymeric chains of the cyclophospbiaes produces a high char yield.
For the pyrolysis of the organometallic derivativéshe cyclotriphosphazene, a similar
mechanism to that of the analogous organometaéivatives of polyphosphazenes
could operate [12-14]. The high pyrolytic yields thiese systems were attributed to
their extensive coordination cross-linking upontimga Relatively few thermal studies
of organometallic derivatives of cyclotriphosphazérave been reported [32, 33, 38-41].
It is possible that during heating, the organontietaragments produce vacant
coordination sites (especially metal carbonyls 442that are able to coordinate several

cyclophosphazenes rings, and in turn each of thiewgs coordinates with other



organometallic fragments as soon as they are farmesalting in the formation of a
cyclomatrix with the organometallic fragment bondea the cyclophosphazenes
(Scheme 3).

Scheme 3. Schematic representation of the cyclemé&irmed in the pyrolysis of organometallic

derivatives of phosphazene trimer.

Pyrolysis of the organometallic derivatives of ttyeelophosphazenes)¢(8) yields
nanostructured metallic materials with compositaord morphologies that depend on
the nature of the metal, the donor spacer, andhenrdtio between the number of

organometallic fragments and the number of phospi@ring units.

From the pyrolysis of the titanium containing cymhosphazenes3), (4) and §),
mixtures of the nanostructured materials Fi{35-48] and TiRO; [49-57] were
obtained. The proportion of these phases dependhemproportion of the titanium
fragments around the phosphazene ring. For instdheepyrolysis product from3j,
which contains a low metal content, yields mainignostructured Ti#®,;, while
pyrolysis of the titanium rich cyclophosphazedAgdives a mixture of Ti@and TiRO;.
Figures 1 and 2 show the TEM, SEM, EDAX and X- dhfyraction patterns of the

pyrolytic residues from(3) and @), respectively. As shown in the respective SEM

10



images, the morphology of the products fra3h i6 dense, while that o#l) is mostly
porous.

On the other hand, the morphology of the pyrolptioducts also depends mainly on
the nature of the donor spacer. For instance, ymelygic product from 4) and (5),
which have the same spacer (HzCH,CN), exhibit a porous morphology, although
the residue from5) is mostly a three-dimensional monolithic netw¢ske Figure 3b).
In contrast, the pyrolytic residue fror8) (with an oxypyridine spacer, exhibits a dense
granular morphology. The morphology of the produstsherefore highly sensitive to
the nature of the spacer for a specific metal. XR®D patterns exhibited the typical
peaks corresponding to Bi®; and/or TiQ, in all cases.

From the TEM image of product)( (Fig. 2e), nanoparticles with dimensions of ~20
nm can be estimated. The nanodiffraction imagéhefproducts, shown in the inset of
Figs @) and 6), respectively, indicate a transition from cryite to amorphous
material. EDAX analyses of the pyrolysis produ@s (4) and §) confirm the presence
of titanium and phosphorus, and good agreement twélexpected relative amounts of
TiOL/TiP,Oy, i.e. the Ti/P contents

Nano-sized titanium dioxide particles have beensiligect of a great deal of research
because of the unique physicochemical properties applications in the areas of
pigments, catalysis and supports, fine ceramias, nmatrices, gas sensors, inorganic

membranes, environmental purification and dielecatraterials [45-48].
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Fig. 1 (a-c) SEM images at several magnifications (d) KOX8) TEM image and (f) XRD pattern, of the
pyrolysis product from precursas)(
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Fig. 2 (a-c) SEM at several magnifications (d) EDAX (elEM image and (f) XRD pattern, of the
pyrolysis product from precursof)(
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Fig. 3 (a,b) SEM at several magnifications (c) EDAX adii XRD pattern, of the pyrolysis product from
precursor %).

In the biomaterials field, the use of Ti ceramisshard tissue replacement implants
involves an interaction with the pyrophosphate angresent in bones [49-54].

13



Although their synthesis [49], structural, speatmgEc [55] and 2D-NMR [56]
properties have been studied, to the best of oawledge no nanoparticles of BBy
have yet been reported.

A noticeable effect of the metal on the naturehefpyrolytic residue was seen when the
Ru-containing cyclophosphazene, compoul)l (vas pyrolysed. In this case only
nanostructured RuQwvas obtained. Figure 4 shows the SEM, the XRDepadtand the
EDAX of this product. Full details of the synthesisprecursor§)[17] as well as their
pyrolytic product have been recently reported [98]e XRD data clearly confirms the
presence of tetragonal Ru{59]. The EDAX analysis confirms the presence olyo
ruthenium, phosphorus and a small amount of oxylfam diffraction peaks were seen
at 260 = 28.08, 35.18 and 54.8 (Fig. 4c) and agree wigll those reported for Ry(60-
62]. The average particle size was estimated tdIb@m from the Debye- Scherrer
relation [58]. The phosphorus atom can arise froenpresence of4,®; which itself acts

as a solid-state stabilizer [22, 23].

RR»JLJ i WM

30 a0 50 60
28 (degrees)

Fig. 4 (a-c) SEM at several magnifications (d) EDAX, loé tpyrolysis product from precurs@)(

From the pyrolysis of the iron-containing cycloppbazene, compound?)( the
product FeFes(P.O;), was obtained, similar to that obtained in the pgis of the
polyphosphazene containing the same iron organdimefeagment anchored to a
polymeric chain. Full details of the synthesis of precurs@) bave been recently
reported [63]. The morphology of the pyrolysis prodis porous, as shown in Fig. 5,
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and is noted to be similar to the polymer contajriime OGH,CH,CN spacers. EDAX
displayed peaks from P and Fe, consistent withfdhmation of FeFe(P.O;), as the
product.

Finally, the pyrolysis of the tungsten containingclophosphazene8) yields a
complex mixtureof products which were identified by XRD analysse¢ Supporting
Information, Fig. S1). Among others, WP,O79and the oxidized 12-tungstate phase
with Keggin structure [64-66] were found. It is W&hown that the preparation of
nanostructured W@is usually joined with the oxidized 12-tungstatepe with Keggin
structure [64-66].

T d
i A B A (d)
- . F
B 3 g
- "
Lt \ L b .’ fo
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kel

Fig. 5(a,b) SEM at several magnifications (c) EDAX ddiiXRD pattern, of the pyrolysis product from
precursor 7).

EDAX analysis, TEM and nanodiffraction image of ggolytic product containing
W from trimer @) are shown in Fig. 6. The morphology of the malezikhibits a dense
ceramic-like structure. EDAX analysis shows thespreee of W and P. The TEM image
(Fig. 6e) shows nanostructures of various sizesiaghe, some of them on the order of
~10 nm in size.

The electron nanodiffraction image shown in theeired Fig. 6e indicates a somewhat
amorphous material. Thus similar pyrolytic productsere obtained from
polyphosphazene containing anchored tungsten pabtatyl fragments [22].

WO; is of great interest because of its electrochrd®ifg, gas sensing [68, 69], and

catalytic [70] properties, many of which dependmarphological characteristics such
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as patrticle size, shape and structure. Thus, adarable effort has been devoted to the
synthesis of nanostructured \W'he majority of the preparation methods involke t
direct reaction of metallic W with oxygen in a \&i of experimental conditions [71-
74] or evaporation/ deposition of W{T5]. These techniques require complex sample
pretreatment and preparation conditions. Few diaect simple chemical methods for
obtaining nanostructured W@ave been reported due to a lack of simple preparat
methods for such materials. Among others, nancstred WQ has been prepared
from thermal decomposition of W(CgJ¥5]. The method reported here for preparing
WO; nanoparticles, although mixed with other phasesstitutes a facile and quick

route to obtaining such nanostructured materials.

k 151“%3.«*‘:

Fig. 6 (a-c) SEM at several magnifications (d) EDAX arg) TEM, of the pyrolysis product from
precursor §).
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3.6 Mechanism of Formation of Metallic Nanostruesifrom Organometallic Cyclic

Phosphazenes

Some insight into the mechanism of formation of thetallic nanostructures from
pyrolysis in air of the organometallic cyclic phbsgenes can be obtained from the

TGA curves (in air) of the cyclic phosphazen&sand @), shown in Figure 7.

x (a)

% Weight

100 300 500 700 900 1100

{b)

% Weight

100 300 500 700 900 1100
Temperature (°C)

Fig. 7 TGA curve in air of the cyclic phosphazenes @)and (b) 4).

For cyclic phosphazen8)( the initial small weight loss of 33.6% (calc@dt33.19%)
can be attributed to a loss of fluorine, chlorined gphosphorus, probably as the
respective oxides, in addition to the carbonizatdrthe pyridine group. The second
weight loss is assigned to the carbonization of@@gHs groups, Exp. 30.53%, Calcd.
31.23%. The final weight loss is attributed to kbes of CQ from the carbonization of
the Cp groups, Exp. 20.78%, Calcd. 21.49%. Thel fida99% of the residue was
mainly consistent with the formation of LB with some small amount of,®; that is
almost always present in the final residues, prigbal a stabilizer of the metallic
nanoparticles [22-25]. Consistent with this, thBIBC curves showed two intense
exothermic peaks at 365°C and 483°C in the same ndrere the oxidation of the
organic matter occurs (see Supporting Informatiag, S$,,S;). In agreement with this,
their TGA in N is different from that in air (see Supporting Imf@tion, Fig. $S;).
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Although several TGA curves in,Nor organometallic derivatives of polyphosphazenes
have been discussed [12-18], similar studies ofmogetallic derivatives of cylic
trimer phosphazenes are scarce. The TGA curv&)ah(N, shows a gradual weight
loss of 4% to 10% between 20°C and 120°C due tdase of solvent molecules and
volatiles generated during the condensation reastidbove 120°C a sharp weight loss
of 75% occurred that is attributed to the totalrddgtion of the material, losing volatile
phosphorus compounds similar to those found intke@mal degradation of cyclic
trimer without metal [22]. The 12% residue can bglained by the formation of
cyclomatrix structures containing metal/organontietfdlagments linking several trimer
units, similar to the model described in Schemé addition, the DSC curve, also in
N, (see Supporting Information, Figgs)Sdisplays three strong endothermic events at
350°C, 340°C and 270°C as well as another lesasetendothermic peak at 91°C. The
latter low intensity peak is assigned to the evafion of the solvent residues, and the
three more intense peaks to evaporation of vofatimlecules generated during the
decomposition process. The exothermic peak at 1986@ever, can be attributed to
the decomposition processes occurring at around@88 second at 487°C is most
likely due to decomposition of some metallic
Similar TGA curves, both in air and in,Nwere seen for the cyclic organometallic
titanium phosphazend)( also with similar DSC (Fig. 7b).
Thus, the formation in air of the metallic nanostae from the organometallic cyclic
phosphazenes can be summarized in the followimgste
1) loss or decomposition of some ligands of the orgsetallic fragment to produce
vacant sites, producing a cyclomatmetwork;
i) calcination of the organic matter, which producekes in the cyclomatrix network,
causing the agglomeration of the metallic particles
lii) oxidation of the phosphorus chain to form phospkarkides which bond to the
metals to give metal phosphates and/or phosphortige® acting as a solid-state

matrix, stabilizing the metallic nanopatrticles.
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3.7 Surface Morphological Studies

Adequate samples for AFM measurements were achibyedepositing a CyCl
solution of the precursor over a silicon or $&dirface and dried at room temperature.
Subsequent pyrolysis at 8@ in air was conducted to graft the product toshdace.
As is shown in Fig. 8a, the morphology of the pytial product from 8) exhibits
irregular small islands with reasonably uniformpaission. More detailed features are
resolved at higher resolution where in Fig. 8b, sipsériated structures are observed
routinely on top of the rough surface shown in F8g. The deposited islands for
pyrolysis of 8) have a mean height of ~20 nm.

Fig. 8 AFM images of (a,b) the deposited pyrolytic praduitom @) on silicon surface and (c,d) the
deposited pyrolytic products from)(on silicon surface.

Similarly, the morphology of the pyrolytic produitom (4) on silicon surface shows
enlarged high aspect ratio structures with an @eteight of 64.5 nm, without voids.
Higher magnification images exhibit detailed feajrdominated by the presence of
two height-level structures/islands: one with ageraeight of 67 nm and other of ~140
nm, but of identical phase.

Some of the advantages of this method in prepametgpllic nanostructures in the
solid-state are the following:

1) the synthetic simplicity in the preparation of tipeecursor (compared with
analogous polymers for instance);
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i) the inorganic metal atom can be distributed unifgrat the molecular level by the
formation of a cyclomatrix network;

iii) The holes, or voids formed by the segregation @& ¢inganic moieties upon
pyrolysis, act as templates for the growth of taeaparticles. Thus, by choosing
different organic spacers in the polymeric chahlre size of the holes may be
modulated and the size of the nanoparticles carobtolled.

Iv) The diversity of the chemical composition of thgammometallic fragments (diverse
metals, auxiliary ligands, electron density, eshpuld make it possible to obtain
nanostructured materials with predetermined proaggeruseful for catalysis (Ru, Pt
and Au organometallic fragmentshagnetics (Fe, Co organometallic fragments),
and energy storage/intercalation (Ti organometéifigments), etc.

v) magnetics (Fe, Co organometallic fragments), aretggnstorage/intercalation (Ti

organometallic fragments), etc.

The possibility of obtaining solid-state metallianoparticles by such a synthetic
route could potentially allow their application $olid-state sensor materials, catalysis,
nanoelectronic devices etc., in addition to fundatalestudies of metal nanostructure

synthesis.

4 Conclusions

In  summary, solid-state pyrolysis of organometalliderivatives of
cyclotriphosphazene in air at 800°C yields nanasimed metallic materials with
particle sizes on the order of 10-20 nm. The omapacer of the trimers strongly
influences the morphology of the pyrolytic produdtse pyridine spacer yields dense
structures, while the bencylcyanide spacer yieln®ys materials. The metal/P ratio of
the trimer directly influences the nature of thexostructured material: a high metal/P
ratio yields mostly oxide rich materials, whileav metal/P ratio induces the formation
of mostly metal phosphate materials. The auxilismpstituents linked to the cyclic
phosphorus also influence the morphology of theolgyic products:t-butyl groups
around the phosphazene ring induce a three-dimmsadsioonolithic network more than
those with phenyl groups linked to the phosphohussphazene ring, i.e. trimef®),((6),
(7) and @). Similar to the organometallic derivatives of yjghosphazenes as precursors
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of nanostructured metallic materials, during pystdyof trimer precursors3)—(6), the
phosphazene trimer acts as a solid-state tempiéte the phosphorus atoms acting as
precursors of the stabilizer as well as of the plasphate.

Supporting Information X-Ray diffraction patterns of pyrolysis from presor 8), TGA and DSC of
trimer 3) in nitrogen, DSC of trimerd) in air, TGA and DSC of trimer4j in nitrogen, and DSC of
trimer @) in air.
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