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Nanoscale metal oxides and control of their structures is an
intensively studied scientific field because of the manifold
industrial applications of such materials."! Most synthetic
routes in homogenous solution require additives to control
the morphology. Only a few synthetic methodologies do not
need any templates. In such approaches, the reaction process
intrinsically leads to nanostructured metal oxides. The non-
aqueous sol-gel process (NASG)? and twin polymerization
(TP),B! which was developed in our group, are two such
template-free syntheses. TP is defined as the simultaneous
formation of two polymers in one process. To date, silicon,
titanium, and boron monomers synthesized from several aryl
methanol derivatives were transformed into metal oxide/
polymer nanocomposites using TP (Scheme 1).”] In the
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Scheme 1. Reaction scheme of twin polymerization.
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formation of the composite material, the organic compound
acts as a template for the inorganic component and vice-versa.

The oxidation of the organic polymer in air leads to a
porous inorganic oxide, which is characterized by its nano-
structure and its very high specific surface area (up to
700 m?g).B!

The motivation and aim of this work was the synthesis of
nanoscale tungsten oxide by TP to demonstrate the potential
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and the limits of the method compared to the NASG process.
In a recently published article about an NASG preparation of
WO;, inorganic precursors such as tungsten alkoxides reacted
with benzyl alcohol directly to give tungsten oxide or tungsten
hybrid materials with a molecular organic component.?*4
There are two interesting aspects of the non-aqueous sol—gel
process: the resulting oxides are halide-free, and the variation
of the reaction parameters could be used to achieve extra-
ordinary morphologies, such as nanorods.™!

On an industrial scale, tungsten oxide is usually prepared
by annealing tungsten® and by calcination! of ammonium
paratungstate. Because of its catalytic,””) photochromic,® and
electrochromic!® properties, tungsten oxide is used for anti-
dazzle mirrors," “smart” windows,['!! gas-sensing devices,"”
and photocatalysts.”?) Some of these applications depend
critically on the accessible surface area. For nanoscale
tungsten trioxide, the published values for Brunauer-
Emmet-Teller (BET) surface areas range from 10 to
26 m2 g—l.[7‘12]

To produce nanoscale tungsten trioxide with a higher BET
surface area, we planned to synthesize a tungsten-containing
monomer W(OR), with a cationic polymerizable aryl meth-
anol derivative, such as thiophene-2-methanol, p-methoxy-
benzyl alcohol (p-MBA), or o-methoxybenzyl alcohol (o-
MBA; see the Supporting Information). However, the aryl
methanol species did not react with WClg to the target
monomers; instead, tungsten oxide/polymer hybrid materials
(HM) resulted in one step. Surprisingly, the morphology of
these particles resembled the titanium dioxide, silicon diox-
ide, and boron oxide/polymer nanocomposites that were
produced by TP of elaborate monomers. It must be stressed
that nanostructured HMs only resulted if there was no base
added to the mixture, which should bind the HCI that is
formed. When organic bases such as N-methylimidazole and
proton sponge (1,8-bis(dimethylamino)naphthalene) were
used,™ compact hybrid materials without a nanostructure
were obtained.

The organic components of the HMs are insoluble in
moderately polar organic solvents such as dichloromethane.
The HMs show very small specific surface areas (Table 1) and
structural features in the micrometer range.

Energy-dispersive X-ray spectroscopy (EDS) measure-
ments (see the Supporting Information) reveal homogene-
ously distributed elements in the completely amorphous
HMs, as known from the SiO,/polymer or TiO,/polymer
hybrid materials produced by TP The TEM (transmission
electron microscopy) images of the HMs show structural
features on a scale of about 20 to 50 nm.
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Table 1: Specific surface areas of chosen polymer/tungsten oxide hybrid
materials and their oxidation product WO,."!

Aryl methanol Sy [m*g™]

derivative hybrid WO, (400°C)®" WO, (900°C)¢
material

thiophene-2-methanol 7.2 39 1

furfuryl acetate 6.5 56 3

p-MBA 17.8 38 8

o-MBA 3.7 56 7

[a] Hybrid materials and oxides synthesized from '/ mol WCls and 1 mol
aryl methanol derivative. [b] Oxidized at 400°C. [c] Oxidized at 900°C.

The different reactivities of the aryl groups of the aryl
methanol derivatives also affects the composition of the
hybrid materials, which can be explained by the different
nucleophilicity of the aromatic parts of the different alco-
hols."™ The polymers produced from WCl, and thiophene-2-
methanol show signals in the “C{'H} CP MAS NMR
spectrum that indicate a small amount of cross-links in the
solid state (see the Supporting Information). The HMs
produced from WClg and furfuryl acetate are, similar to the
well-known systems of furfuryl alcohol,l highly cross-linked
(Figure 1).
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Figure 1. Top: "C{"H} CP MAS NMR spectrum of the solid composite
synthesized from furfuryl acetate and WClg. Bottom: *C NMR spec-
trum of furfuryl acetate in solution.

The products of the cationic Friedel-Crafts polymeri-
zation of p-MBA do not show any signs of cross-linking
(Figure 2), but poly(p-methoxybenzyl alcohol) (PMBA) is
still insoluble in organic solvents. One explanation for the
insolubility is the existence of active cationic o complexes
after the Friedel-Crafts-polymerization. This theory is sup-
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Figure 2. Top: "C{"H} CP MAS NMR spectrum of the solid composite
synthesized from p-MBA und WCl. Bottom: *C NMR spectrum of
p-MBA in solution. ssb=spinning side band.

ported by the fact that the hybrid material is blue-purple
colored, which is characteristic for such species.'¥! The
organic PMBA component can be partly isolated by treating
the HM with water and extracting with THF. The carbon
content decreases from 22% to 12-13%, and crystalline
tungsten trioxide hydrate is formed during the procedure (see
the Supporting Information).

To check whether WCl; acts as initiator, as in a conven-
tional cationic polymerization, or as a preferred reaction
partner for the aryl methanol derivative, the influence of the
aryl methanol/WCl, ratio on the resulting carbon content of
the HMs was investigated. If WCl, were to act as initiator, we
would expect an increase in the amount of organic monomer
to lead to an increase in the molecular weight and the amount
of polymer. However, an organic/inorganic HM is formed,
independent of the monomer/WCl ratio. In the reaction of
WCl¢ with various amounts of aryl methanol, the carbon
content in the case of p-MBA is near (22 +1.7) % (Figure 3).
It is therefore likely that the HM is formed from an in situ
monomer or from a mixture of monomers. The yields of the
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Figure 3. The polymer content (represented by the carbon content in
%) of the hybrid material as a function of the WClg/ROR’ mass ratio.
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HMs for different WCl¢/p-MBA ratio are approximately
equal (see the Supporting Information), thus indicating the
formation of similar intermediates.

The carbon contents and yields of HMs produced with
thiophene-2-methanol rise steadily up to a WClg/alcohol ratio
of 1:5 and then remain constant for larger amounts of alcohol.
The reactivity of the aryl group of thiophene-2-methanol is
higher than that of p-MBA. Concentration-dependent cross-
linking of the organic polymer results, which reaches its
maximum at a starting-material ratio of 1:5. Above that level,
excess alcohol no longer contributes to the cross-linking and
can be separated. Furfuryl acetate has the highest aromatic
reactivity of the investigated compounds. It was preferred to
furfuryl alcohol because the acetyl chloride is released upon
reaction of furfuryl acetate with WCly. The extremely reactive
furfuryl alcohol tends to form highly cross-linked structures,
so inhomogeneous HMs result under the same reaction
conditions. If furfuryl acetate, the most reactive organic
component employed herein, is used, the carbon content and
the yield of the resulting material both steadily increase with
the proportion of furfuryl acetate. The *C{'H} CP MAS NMR
spectra indicate that the degree of cross-linking of the
polymers is correlated to the nucleophilicity of the aromatic
parts of the alcohols.')

The tungsten trioxide was obtained from the HMs by
thermal oxidation at different temperatures in air. Nanoscale
tungsten trioxide is even accessible from oxidation at 400°C.
The products still contain small amounts of carbon (less than
0.5%), but they are free from chlorine. It is likely that the
minimal amount of residual carbon is responsible for the
stabilization of WO; nanoparticles. If the oxidation takes
place at 900°C, larger tungsten trioxide particles are obtained.
The SEM images of the oxides obtained from HMs formed
from WClg and p-MBA are exemplary for all synthesized
oxides (Figure 4). The composites synthesized from WCls and
furfuryl acetate or o-MBA were also calcined and led to WO;
with similar nanostructures (Figure 5).

5

Figure 4. Electron microscope images of WO; synthesized by calcina-
tion of the hybrid material that was synthesized from WCl; and
6 p-MBA and calcined at a) 400°C and b) 900°C.
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Figure 5. Electron microscope images of nanostructured WO; synthe-
sized by calcination of the materials from WClg and a) 6 furfuryl
acetate and b) 6 o-MBA at 400°C.

The XRPD patterns clearly show that the oxide materials
only contain pure tungsten trioxide (see JCPDS, 01-071-
0131). The diffractograms of the oxides resulting from the
reaction of WCly and p-MBA serve as a representative
example for all the synthesized oxides (Figure 6). These
results support the assumptions that were made on the basis
of the BET surface areas (Table 1) and the electron micro-
scopic images.

The BET surface area decreases with increasing oxidation
temperature (Table 1), as expected. The largest BET surface
area for tungsten oxides synthesized at 400°C is 56 m?g .
This result confirms that the in situ polymerization of reactive
tungsten aryl methoxide adducts is a possibility for synthesiz-
ing nanoscale tungsten oxides with unprecedented BET
surfaces areas.

In summary, it can be noted that the concept of the TP of
complex monomers is not always transferable to metals with a
high oxidation number or with a high Lewis acidity, because
complex monomers and mixture of monomers can polymerize
spontaneously. However, nanostructured hybrid materials
can be produced from easily accessible educts, as shown by
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Figure 6. XRPD patterns of the oxides of the hybrid materials from
WClg and 6 p-MBA compared with WO, (JCPDS: 01-071-0131).
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the example of WO; prepared by in situ TP (ISTP). WCl,
served as a starting material for halide-free WO;. In contrast
to large-scale production, two steps are needed to synthesize
tungsten trioxide. At room temperature a hybrid material is
obtained. The HM is oxidized in air and leads to tungsten
oxide. Thus, the ISTP procedure offers a new perspective to
synthesize industrially relevant nanomaterials. The somewhat
larger synthetic effort is justified by the nanostructuring and
the achievable large BET surfaces.

The ISTP procedure differs from NASG, as a WO;/
polymer hybrid material results, as from known from TP.
From this hybrid the oxide is obtained by removal of the
organic polymer. In this oxidation process it is possible to
adjust the particle size (see Figure 4, Figure 5, and the
Supporting Information).

It is obvious that the reactive intermediate that leads to
the oxidic component of the hybrid material is similar to the
intermediates of the NASG. The ISTP is therefore concep-
tually between NASG and TP, and it builds a bridge between
the two procedures (Table 2). The extension of this concept,
even in combination with TP or NASG, to other metal oxides
and hybrid materials, is currently being investigated.

Table 2: Comparison of the reaction steps of twin polymerization, in situ
twin polymerization, and the non-aqueous sol-gel process to synthesize
nanoscale metal oxides.

Experiment/result TP ISTP NASG
defined monomer as starting material yes no no
polymerization of the organic component yes yes no
product: polymer/MO, hybrid material yes yes no
nanoscale MO, after isolation yes yes yes

Experimental Section

In a typical hybrid material synthesis, WClg (2.0 g, 5 mmol) was
dissolved in anhydrous CH,Cl, (400 mL) at room temperature
(25°C). An aryl methanol derivative or furfuryl acetate (30 mmol)
was dissolved in CH,Cl, (10 mL) and added to the solution of WCl.
While being stirred, the solution evolved HCI, the color changed after
a few seconds from red to blue, and a blue solid precepitated (in the
case of p-MBA). The mixture was stirred for approximately 15 h at
room temperature. Then the solid was filtered off, washed with
CH,(Cl,, and dried under vacuum. The yield is between 31% (p-
methoxybenzyl alcohol, o-methoxybenzyl alcohol) and 93% (thio-
phene-2-methanol, furfuryl acetate).

To obtain WO;, the hybrid materials were heated to 400°C or
900°C (2 Kmin™') in an air stream of 400 Lmin~' and kept there for
3h.

Details of analytic methods are given in the Supporting Informa-
tion.
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