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Vanadium pentoxide xerogels were prepared by the hydrolysis of VEH&£by the sot-gel process. The
generation of YOs was optimized by a combinatorial approach incorporating rapid screening by Raman
spectroscopy. The latter revealed crystallites of vanadium oxide. Subsequently-gtblylphenol) (PEP)/

V05 nanocomposites were prepared by the-gmll process at the optimized molar ratio of VO(#PIG)s/
H,Ol/acetone= 1/45/300. Evidence from Raman spectra indicated that the presence of PEP did not interfere
in the formation of crystalline YOs in the composites. FTIR also exhibited interaction between PEP and
V,0s. TEM showed a fibrous ¥Os structure dispersed in the PEP matrix.

Introduction polymeric substrate giving layers of large area. They exhibit
mixed electronic conduction properties which originate from
a proton-hopping process between vanadium ions in different
valence states 4/ and \#*. As a consequence these vana-
%Iium oxide layers are useful materials for antistatic coating,
switching and electrochromic devices, and reversible cath-
odes? 10 Recently, the semiconductor®s has been found

to exhibit a large nonlinear optical response with a fast
response timé! For many applications, this translates into
a third-order nonlinear optical susceptibility?), in excess

of 1078 esu, and a response time faster than 10 ps. This
property is particularly important in electrooptical applica-
tions. However, various forms of vanadium oxide such as
V,04, VO,, V205, V305, and V,O; could also exist during
sol—gel processing, thus Raman spectroscopy will be used
in screening optimal conditions for producing crystalline

Hanak’s combinatorial approach, which he called the
“multiple-sample concept”, sparked a revolution in materials
research some three decades ago. It involved using sputterin
to codeposit two or three elements or compounds on a
substrate to create a continuum of composititirwas found
that the new method made materials discovery much more
efficient. The generation of combinatorial libraries is now a
well-established and significant approach in organic chem-
istry and is now utilized extensively toward the rapid
synthesis and screening of biologically active molecéles.
However, this technique is being applied in a limited manner
to the synthesis of materials with enhanced properties, viz,
superconducting, liquid crystalline materials, polymers, and
catalysts® For the synthesis of materials with enhanced
electrooptical properties, such an approach would be highly

advantageous due to the large number of variables involved.V205 in our work. _ .
Instead of approaching this synthesis in a random manner, P Olymer/\20s xerogel nanocomposites, e.g., polyaniline/

we are basing our procedure on established theoreticalV2Cs @nd polypyrrole/\Os, have been reported and exhibited
principles which are elaborated below. improved conductivity compared to pristine,® xero-

12,13 H H
Sol-gel processing of glasses and ceramics has attractecPE|S' Here we represent a combinatorial approach toward

scientific and technological interest during the past decadethe rgp|d screening of polyphenows nanocqmposﬂe .
because it provides an effective method for fabricating materials for their optical properties. The enzymatic synthesis

inorganic nanostructured materials and it has been aIreadymc polyphenols carried out under ambient conditions has
applied in a combinatorial approatiMolecular precursors, rece_ntly bee_n reportéd._Ponphen_o!s have bt_een used as
e.g., metal alkoxides are used as starting materials. Thematrlx materlals_, and their conductivity and optlcgl prop_ernes
process begins with the formation of a homogeneous sol with have peen S‘.tUd'ed (ref15 anq referencgs therein). 065

the desired composition. The sol is then converted to a gel,.Comblned with polyphenols W'th delocah_zed electro.n§ along
while maintaining its homogeneity and purity. A solid |t§ backbone, enhance(_j opt|_cal properties are anucu&é_ted.
network can be obtained through hydrolysis and condensationlt is here that the co_mt_)lpatorlal approaph will be especially
reactions. Most setgel studies have been reported on silicon, advantageou; n optlmllzmg the synthesis eDypolyphenol
titanium, and zirconium systers® Much less work has been hanocomposite materials.

devoted to other transition metal oxides gels. Vanadium
pentoxide gels have gained interest during the past few years
since the gels can be easily deposited onto a glass or a Materials. Reversed micellar solutions were prepared
using the anionic surfactant bis(2-ethylhexyl) sodium sul-
* To whom all correspondence should be addressed. fosuccinate (AOT) from Aldrich. Vanadium oxytripropoxide,
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Figure 1. Schematic of the combinatorial process to synthesize PER/Nanocomposites.
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Figure 2. Raman spectra of samples: (a) No. 6; (b) No. 5; (c) No. 15; (d) No. 22, (e) No. 30.
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Table 1. Combinatorial Matrix for Vanadate Xerogel Synthesis: Sample Compositions

H,O/NVO(OGsH-)3 acetone/VO(OgEH7)s (molar ratio)
(molar ratio) 25 40 50 60 75 100 150 245 300
10 No. 14 No. 15 No. 1
20 No. 17 No. 18 No. 2 No. 4
30 No. 19 No. 20 No. 21 No. 3
40 No. 22 No. 23 No. 24 No. 40
45 No. 43 No. 44 No. 5
60 No. 25 No. 26 No. 27
80 No. 28 No. 29 No. 30 No. 41
100 No. 31 No. 32 No. 33 No. 6
125 No. 34 No. 35 No. 36 No. 8
150 No. 37 No. 38 No. 39 No. 7

VO(OGC;Hy)3, was obtained form Aldrich as the alkoxide prepared by the seigel process. The alkoxide precursor,
precursor to prepare ;0s. vanadium oxytripropoxide, VO(O#EI7)s (Aldrich), was hy-
Horseradish peroxidase (HRP) type Il enzyme, HEPES drolyzed in acetone and condensed to form a wet gel as
buffer, and hydrogen peroxide were purchased from Sigmafollows: in an array of 20 mL vials, a certain molar ratio of
Chemical Co. The monomepsethylphenol (EP) and isooc-  acetone and water was pipetted, mixed, and stirred rigorously,
tane were obtained from Acros. All were used as received. followed by the dropwise addition of VO(Q8;)s by
Deionized water was used throughout. syringe. The components were mixed homogeneously, and
Synthesis of Xerogel \¥Os-nH,0O by Sol-Gel Method. no catalyst was added. Various molar ratios of VO§Bgs/
The basic material ¥0s (with formula V>0s-nH,O) was H,O/acetone were achieved, and materials were synthesized
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Figure 3. Raman spectra of (a)2®s (No. 5); (b) PEP/\Os (5 wt %:95 wt %).

Table 2. Raman Mode Frequencies and Assignments for Vanadium Oxide in Figures 2 and 3

assignment a(cm) b (cm™) c(cm™) d(cm) e(cm?)
V—0 vibration 1020 1030 1020
V=0 stretch 995 994 995 995 995
V—0 vibration 900 900
V-0 vibration 700 697 700 700 700
V-0 vibration 525 525 486530 4806-530 480-530
V—0 vibration 480 480
V—0 vibration 406 405 408 408 408
V—0 vibration 300 299 300 300 300
V-0 vibration 285 285 265 265 265
skeletal vibration 147 147 147 147 147

over a wide composition range as in Table 1. Red viscous obtain polyf-ethylphenol) (PEP). Then the reaction mixture
V.05 gels were observed instantaneously upon the additionwas centrifuged to collect PEP. The upper liquid was
of VO(OGsHy); into the water/acetone mixture. After 1 h, disposed off, and PEP was rinsed with sufficient isooctane
the V.05 gels were centrifuged, and the upper colorless liquid to remove AOT. After PEP had been dried in a vacuum oven
layer (mostly acetone) was disposed off. A lower layer of overnight, it was dissolved in acetone. Subsequently, distilled
concentrated YOs gel was obtained and lost its water readily water and VO(OgH-); were added into the acetone solution
at room temperature after 4 days of aging, leading to the while stirring, maintaining HO/VO(OGHy7)s/acetone= 45/
xerogel \bOs-nH,0. Longer aging times in open vials lead 1/300 A black viscous gel was formed and dried in air for
to denser gels. 4 days.

Synthesis of Polyphenol/YOs Nanocomposite The com- Screening. Rapid screening of the XDs xerogels was
ponent ratio for No. 5 xerogel was used to make polyphenol/ established via Raman spectroscopy, on a Renishaw rama-
V.05 composites. Polytethylphenol) was synthesized ina scope at a wavelength of 514 nm. Before the measurements,
manner similar to our previous stuéyln a modification of a piece of silica wafer was placed on the microscope stage
our early procedure, the enzyme horseradish peroxidaseto focus and calibrate the peak position (at 521 nm) as the
(HRP) in water was added to the surfactant (AOT) in reference material. The accumulated scanning times and
isooctane, followed by the addition of EP monomers, to make laser power were adjusted to acquire optimum Raman
up the final reaction mixture. The latter reaction condition spectra. YOs spectra were obtained in the range of 1100 to
was wp = 15 (H,O/AOT ratio), 0.5 M AOT, 0.15 M 100 cmL,
monomers, and 0.5 mg/mL HRP. The polymerization was Characterization. After comparing the Raman spectra of
initiated by the dropwise addition of 0.2 M hydrogen V,OsXxerogels and selecting the optimized samples, PEP was
peroxide. The above synthesis was maintainad4fd to intercalated into YOs to form PEP/\(Os composites. Their
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Figure 4. FTIR spectra of (a) PEP; (b) PEPA5 (5 wt %:95 wt %); (c) PEP/YOs (30 wt %:70 wt %); (d) \4Os.
Table 3. Infrared-Active Mode Frequencies, Relative Strength, and Assignments,y, YEP, and YOs/PEP Composites

assignment PEP XDs  PEP/N\AOs (5 wt %:95 wt %) PEP/YOs (30 wt %:70 wt %)
OH stretch ~3400 (s) ~3400 (w) ~3400 (s)
aromatic CH stretch 3039 (w) 3039 (w)
aliphatic CH stretch 2962 (s) 2962 (w) 2962 (s)
(CHz; and CH) 2929 (m) 2929 (w) 2929 (m)
2871 (m) 2871 (w) 2871 (m)
C=0 stretch 1662 (m-w) 1662 (m-w)
aromatic G=C ring stretch 1589 (m), 1504 (s), 1458 (s) 1589 (m), 1504 (s), 1458 (s)
CH, scissor 1458 (s) 1458 (s)
C—OH stretch 1213 (vs) 1213 (vs)
aromatic CH in-plane bend 1061 (w) 1061 (w)
1014 (w) 1014 (w)
V=0 stretch 981 (s) 982 (s) 1004 (m-s)
aromatic CH out-of-plane bend 877 (m) 877 (m)
823 (m) 823 (m)
V—0-V stretch {asymandysym) 767 (M) 768 (m) 784 (m-w)
527 (s) 526 (s) 543 (m)

FTIR spectra were obtained on a Nicolet Magna 560 FTIR  The alkoxide precursor, vanadium oxytripropoxide, VO-
system and UV-vis absorption spectra on a Perkin-Elmer (OCzH5)s, was hydrolyzed in acetone and condensed to form
Lambda 6 spectrophotometer. a wet gel which gradually lost water and producegDy/
The morphology of the polymerA®s nanocomposites was  However, the molar ratios of the components play an
characterized by transmission electron microscopy (TEM). important role in the formation of s since vanadium
For TEM analysis, micrographs were obtained at an ac- glkoxides are very reactive toward hydrolysis. This arises
celgration voltage of 200 kV on an analytical Philips CM200- rom the high electrophilic power of the vanadium atom and
Twin TEM. the possible coordination expansion from 4 to 5 éf Ghe
hydrolysis ratich = H,O/VO(OGHy)3 controls the formation
The combinatorial approach for the optimized rapid of V:Os. Here we have extensively varied the molar ratios
synthesis, screening, and fabrication of PERAhanocom- of the components to obtain the optimizedO¢ xerogel.
posites is shown schematically in Figure 1. Raman spectroscopy provided a rapid and effective screening

Results and Discussion
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Figure 6. Electron diffraction pattern of ¥0s from TEM: (a)

i original diffraction pattern; (b) schematic diffraction pattern and
_J, the assignments of indexes.

and indicated a mixture of three components;Oy (285,
300, 406, 480, 525, 700, and 995 ¢ty V,0, (295, 408,

m_- 430, 530, and 695 cm) and vanadyl (265 and 1020 c#),
—

whereas a single phase of crystallingdy is ascribed to the
Figure 5. TEM of PEP/\,Os composites (30 wt %:70 wt %): (a) ~ SPectra in Figure 2a,b. It has been reported thaO¢V
high magnification; (b) low magnification. stretching vibrations of polyvanadates appear at—48uD

cm 119 The broad peaks at about 500 ¢hare probably
of products. The Raman spectra of the samples are depictediue to the -O—V bond. Figure 2ad demonstrates that
in Figure 2. The spectrum obtained for pure crystallin®y/ the various compositions of JA@/VO(OPr}/acetone give
vibrations is quoted here for reference. Pure crystallig@sV  various inorganic vanadium oxide structures: sample Nos.
is dominated by strong bands appearing at 995, 700'cm 5 and 6 give the optimum products. We observed that the
and 285, 147 cm' and by less intense bands at 525, 480, optimum molar ratid = H,O/VO(OGH-)s was ca. 46-100.
and 406 cm®'® Parts a and b of Figure 2 show,®s This is a high hydrolysis ratio and it causes the-sygl
crystalline characteristics for sample Nos. 5 and 6, respec-products to be mostly X0s. Probably \4Os resulting from
tively, indicating the formation of YOs: the peaks at 995 red gels was completely formed due to the presence of
cm! (V=0) and 147 cm! (the skeletal vibration of Os, sufficient water. On the other hand, ldwalues 40) may
not shown here) indicated the formation of crystallin®y cause a mixture of gels and colloidal solutions with VO-
All other samples exhibited a mixture of oxides. A few other (OC;Hy); and, therefore, a complex mixture of vanadium
sample spectra are presented here (Figuree2to illustrate oxides upon drying. Thus high hydrolysis ratios lead to the
the coexistence of vanadium oxides. For example, sampleformation of \,Os during the sot-gel process. In addition,
Nos. 15, 22, and 30 gave broad peaks from-99042 cm* acetone could assist the formation of a homogeneous red
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Table 4. Indexed Diffraction Pattern of Vanadium Raman spectrum is much weaker than that of pristipg®sV
Pentoxide (Figure 3a). This indicates that the presence of PEP does
d-spacing from JCDPS measured not interfere with the formation of 3Ds through the sot
file: 411426 d-spacing hkl gel process, and PEP can be intercalated intosVTable 2
5.768 5.752 200 lists the details of Raman mode frequencies and assignments
4.379 4.308 001 for various vanadium oxide samples.
4.090 4.041 101 . .
3.482 3.508 201 Further characterization of the xerogels by IR established
3.408 3.318 110 the formation of \MOs through observation of bands between
2.882 2.636 400 1100 and 400 cm. The bands in this region are diagnostic
of V,0s and are assigned in Figure 4d. Due to the presence
gel. Higher acetone/VO(Qfl;); ratios tend to produce s, of V—0-V in the structure, two vibrational modes exist in
that is, the nature of the vanadium products depends onthe 406-800 cni? region, corresponding to the symmetric
acetone amounts as well. (ysym) and asymmetricy(asyn) Stretching. They are at 526

After rapid screening by Raman spectroscopy, the opti- and 767 cm?, respectively. The stretching at 981 chis
mized molar ratio of VO(OgH-)s/H,O/acetone= 1/45/300 assigned to the ¥O band {v—o). The IR spectra of PEP
(sample No. 5) was used to prepare PERY/nanocom-  (Figure 4a) and polymerDs (Figure 4b,c) were also
posites. Due to the aromatic ring structures in the PEP back-examined and indicated the formation of the composite.
bone, fluorescence will significantly interfere with the Raman Comparing the spectra of the composite, pure polymer and
spectra. To acquire Raman spectra, a PEB{\¢omposite V,0s, it was observed that thpy—o (Figure 4d) shifts up
with a minor amount of PEP (5 wt %) was prepared to from 981 cm? in V,0s to 1004 cm? in PEP(30 wt %)/
investigate the nature of vanadium in the composites obtainedV,0s composites (Figure 4b), implying the incorporation of
from the sot-gel process. Figure 3b shows that the PEP/ polymer to \bOs. Therefore the vibrational frequency o/
V.05 nanocomposites contain crystalling®4, although its O is anticipated to increase, probably due to the strengthened

Normalized Absorbance

T T T
300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 7. UV—vis spectra of samples in THF: (a) PERD (30 wt %:70 wt %); (b) PEP/YOs (5 wt %:95 wt %); (c) PEP; (d) YOs.
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V=0 bond resulting from the interaction between polymer
and \,0s.2® Both the V=-O—V ygym andyasymmodes in the
composite shift to higher wavenumbers (from 767 to 784
cm!and from 526 to 543 cni, respectively), compared to
the pure inorganic ¥Os and implying the interaction between
polymer and ¥Os, and a reduced ¥O—V bond length was
proposed? In addition, all three bands exhibited decreasing

Wang and Gonsalves

composites increases as the wavelength approaches the UV
region. The absorbance edge is red-shifted by the nano-
sized \0Os.

Conclusion

Nanocrystalline YOs was synthesized by the sajel
process via a combinatorial approachQOy products were

absorbances because of the existence of polymer in PEPsCreened and optimized by Raman spectroscopy. Subse-

V,0s hanocomposites. Table 3 lists the details of infrared
mode frequencies and assignments fg®y PEP, and YOs/
PEP composites (5 wt % and 30 wt %, respectively).

The molar ratio of VO(C@Pr)/H,O/acetone= 1/45/300
(sample No. 5) was used to obtain thgD¢d/PEP composites,

quently PEP/YOs nanocomposites were also obtained by
the sol-gel method. Both FTIR and Raman spectroscopies
verified the formation of the PEPA®s composites. TEM
illustrated the possible nanofeatures of PERAtomposites.
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and simultaneously the PEP contents were changed to prepargs cimAV. Mexico. for TEM measurements and analyses.

varying PEP:\Os ratios. Thus we have combined the-sol
gel process with a chemo-enzymatic method, to prepare
hybrid organic/inorganic materials, optimized by a combi-
natorial approach.

The morphology of pristine ¥0s and PEP/YOs compos-
ites was investigated by TEM. The fibril nature ofQ% was
exhibited with the width of ca. 20 nm, which is consistent
with the reported YOs structure® that is, four 27 A wide
fibrils consist of a fiber in thea axis. The fibril nature of
V205 in the PEP/\MOs nanocomposites has also been illu-
strated: it is much like pristine XDs, and fibrils have a 27
A width dimension (Figure 5). Both pristine,@s and PEP/
V,0s nhanocomposites give identical electron diffraction
patterns shown in Figure 6a. The rings and their assigned
indexes are listed in Figure 6b. These indexes are consisten
with those reported for crystalline X?s.1¢ The first ring is
an artifact from the microscope optics. The diffuse nature
of the electron diffraction peaks could be indicative of the

presence of small domain sizes. It was observed that the rings

are more pronounced along a certain direction; this would
suggest that the particles are elongated, i.e., fibrillar, along
that direction. The diffraction pattern indexes are listed in
Table 4.

Figure 7 compares the optical absorbance fgdy/ PEP/
V.05 (30 wt % and 5 wt % of PEP), and PEP in THF. The
V.05 exhibited an optical absorption edge between 400 and
500 nm with a peak absorption above 400 nm and a
minimum in the high absorption region near 370 nm. The
PEP/\4Os composite shows an absorption edge at 400 nm,
which is attributed to the ¥0s component in the composite,
and a higher absorbance in the UV region compared with
the pristine PEP due to the introduction 0fQ4. Because
the photo energy of ultraviolet light corresponds to the energy
gap of semiconducting oxidés?? the absorption of the

We also acknowledge discussions with Dr. J. A. Akkara at
the U.S. Army Soldier System Center, Natick, MA.

References and Notes

(1) J. J. Hanak,. Mater. Sci 197Q 5, 964.

(2) For general reviews on combinatorial chemistry, please refer to a
special issue o€hem. Re., Vol. 97,1997.

(3) Mater. Res. Soc. Fall 98 Meeting Abstract, Symp: @@mbinatorial
Chemistry and Materials SciencBoston, 1998, pp 514519.

(4) Siegel, A.Can. Ceram1998 67 (2), 17.

(5) Ultrastructure Processing of Ceramics, Glasses and Composites
Hench, L. L., Ulrich, D. R., Eds.; Wiley: New York, 1984.

(6) Ultrastructure Processing of A@nced CeramigsMackenie, J. D.,
Ulrich, D. R., Eds.; Wiley: New York, 1988.

(7) Better Ceramics Through Chemistigrinker, C. J., Clark, D. E.,
Ulrich, D. R., Eds.; North-Holland: New York, 1984.

(8) Better Ceramics Through Chemistry Brinker, C. J., Clark, D. E.,
Ulrich, D. R., Eds.;Mater. Res. Soc. Symp. Proeittsburgh, PA
(1986).

(9) Barboux, P.; Baffier, N.; Morineau, R.; Livage Sblid State Protonic
Conductors Il] Odense University Press: Paris, 1985; p 173.

(10) Livage, JMater. Res. Soc. Symp. Prd984 32, 125.

(11) Ando, M.; Kadono, K.; Haruta, M.; Sakaguchi, T.; Miya, Mature
1995 374, 625.

(12) Kanatzidis, M. G.; Wu, CJ. Am. Chem. Sod 989 111, 4139.

(13) Dave, B. C.; Dunn, B. S.; Leroux, F.; Nazar, L. F.; Wong, H. P.
Mater. Res. Soc. Symp. Prd996 435

(14) Ayyagari, M.; Akkara, J. A.; Kaplan, D. LActa Polym 1996 47,

t

193.

(15) Wang, J.; Montville, D.; Gonsalves, K. H. Appl. Polym. Sciln
press.

(16) Boyd, R. W.; Fisher, G. L.; Gehr, R.Bolym. Mater. Sci. EngL995
73, 214.

(17) Livage, J.Chem. Mater1991, 3, 578.

(18) Dutoit, D. C. M.; Schneider, M.; Fabriziodi, P.; Baiker, A.Mater.
Chem 1997, 7 (2), 271.

(19) Griffith, W. R.; Wickins, T. D.J. Chem. Soc. A966 1088.

(20) Baddour, R.; Pereira-Ramos, J. P.; Messina, R.; Perichod,
Electoanal. Chem1991, 314, 81.

(21) Nadkarni, G. S.; Shirodkar, V. $hin Solid Films1983 105, 115.

(22) Aita, C. R,; Liu, Y.-L.; Kao, M. L.; Hansen, S. Ol. Appl. Phys
1986 60, 749.

CC980038W



