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Abstract

UV-vis spectra of solid stateg®Moy, W, 04 (x=0, 3, 6, 9, 12) catalysts were obtained to elucidate the effect of crystalline water molecules
and to explore the reduction potentials of the heteropolyacid (HPA) catalysts. The UV-vis spectra of HPA catalysts in the solid state varied
a systematic way depending on the number of crystalline water molecules (depending on the treatment temperature). Absorption edges of
HPA catalysts shifted to longer wavelength (to lower edge energy) with decreasing the number of crystalline water molecules (with increas
treatment temperature). Absorption edge energiesBMb,, W, 0,49 catalysts treated under consistent conditions shifted to higher values with
increasing the number of (more electronegative) tungsten atoms in the framework. The absorption edge energigRMbthe W, O, catalysts
were directly correlated with their reduction potentials. A lower absorption edge energy corresponded to a higher reduction potential of the HF
The absorption edge energies determined from UV-vis spectroscopy of HPAs in the solid state could be utilized as a correlating parameter fol
reduction potentials of these catalysts.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction from UV—vis spectra of HPA§16]. It has been demonstrated
that HPA catalysts with higher reduction potentials exhibited
Heteropolyacids (HPAs) have attracted much attention aabsorption edges at longer wavelengths in their UV—vis spectra
oxidation catalyst§1-5]. Fundamental understanding of the in solution. It was also revealed that absorption edges deter-
reduction potential (oxidizing power) of HPA catalysts is of mined from UV—-vis spectra of solid HPA catalysts may serve as
great importance in designing HPA catalysts for selective oxia correlating parameter for the reduction potentials of the HPA
dation reactions. To determine the reduction potential of HPAcatalysts[17,18] A previous work[19] has demonstrated the
catalysts, various theoretical and instrumental techniques haw®rrelation of absorption edges with catalyst activity of vana-
been employed. These examples include quantum chemicdlum oxide catalysts for isobutane oxidative dehydrogenation,
molecular orbital studiefg,7], electrochemical measurements where UV-vis spectroscopy was used to probe the extent of
in solutions[8—11] and scanning tunneling microscopy (STM) reduction of vanadium oxides during this reactja8].
investigations of HPA self-assembled monolayers for the deter- Absorption edges in the UV-vis spectrum of an HPA cata-
mination of negative differential resistance (NDR) peak voltagegyst measure the energy required for electron transfer from the
[12-15] Another promising approach to probe the reductionhighest occupied molecular orbital (HOMO) to the lowest unoc-
potentials of HPA catalysts is to measure the absorption edgesipied molecular orbital (LUMOJ20]. The HOMO energy is
not greatly affected by changes in the HPA framework, while the
LUMO energy is greatly affected by framework polyatom sub-
* Corresponding author. Tel.: +82 2 880 9227; fax: +82 2 888 7295. stitution[7,21]. The band gap energy between the HOMO and
E-mail address: inksong@snu.ac.kr (1.K. Song). the LUMO of an HPA catalyst reflects the reduction potential
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of the HPA catalyst. The smaller band gap energy corresponds
to the higher reduction potential of the HPA catalfg@1]. It

is believed that the effect of framework polyatom substitution
on the band gap energy variation, i.e. on the reduction potential,
can be probed by UV-vis spectroscopy.

Reported in this work is UV-vis spectroscopy studies of solid
HsPMoio_ W, 040 (x=0, 3, 6, 9, 12) HPA catalysts to eluci-
date the effect of crystalline water molecules and to explore the
reduction potentials of the HPA catalysts. This is a typical exam-
ple showing how one can characterize the fundamental catalytic
properties of solid state HPA catalysts by simple UV-vis spec-
troscopy measurements. In particular, this work demonstrates
how one can probe the reduction potentials of solid state HPA BT T e
catalysts by UV—vis spectroscopy measurements. Temperature (°C)

Weight Loss (A.U.)

RRTE RS
600 700

. Fig. 1. TGA spectrum of EPW;2040.
2. Experimental 9 p BPW12040

Fig. 2 shows the UV-vis spectra of 3#W1204 treated at
various temperatures. The treatment temperatures were chosen
Commercially available BPMoyp_,W,O40(x=0,3,6,9,12)  ©N the basis of the TGA results. It should be noted that UV-vis

HPA catalysts were purchased from Sigma—Aldrich ChemicafPectra of solid BPWi204o varied in a systematic way depend-
Co. and Nippon Inorganic Colors and Chem. Each solid HPANY ON the treatment temperature. Th{;\t is, UV—v.|s spectra of the
sample was kept in an open space under ambient conditions f6lPA catalyst were affected in a consistent fashion by the num-
2 days to absorb reversibly as much water as it can. The TGREr of_crystalllne water molecules. What_ls important is that the
spectrum of each HPA was obtained with a TGA-50 instrumeniV—ViS spectra of BPW1,040 catalyst shifted to longer wave-
(Shimadzu) with a heating rate of 1G/min to determine the length with increasing treatment temperatures (with decreasing

pre-treatment temperatures necessary for dehydration of eaffystalline water molecules). This is consistent with the observa-
catalyst. tion that the absorption edge wavelengths of solid HPA catalysts

were consistently longer than those of the corresponding HPA
solution samplegl6].

2.1. Materials and thermal analyses

2.2. UV-vis spectroscopy measurements

In order to determine the effect of crystalline water molecules’-2- Effect of dehydration on edge energy of solid
on the UV-vis spectra, the HPA catalysts were thermally treate&3PW12049
at various temperatures on the basis of the TGA results. UV—-vis
spectra of solid state #PMogo_,W,O40 (x=0, 3, 6, 9, 12) In order to find a correlation between absorption edge energy
HPA catalysts were obtained with a Lambda-35 spectrometeind treatmenttemperature ofPW; 2040, absorption edge ener-
(Perkin-Elmer). The Kubelka—Munk functioA(R«)) was used gies were directly determined from the profiles derived from the
to convert reflectance measurements into equivalent absorptidfiibelka—Munk functior{22]. Fig. 3 shows the F(Roo)hv]"?
spectra using the reflectance of Ba@@ a referend@2], andto ~ curves of solid HPW1204 treated at various temperatures.
obtain absorption edge energies directly from thgf.)hv]/2  Absorption edge energies were determined by the intercept
curves.

3. Results and discussion
3.1. TGA and UV—vis spectra of solid H3PW ;5,049

Fig. 1 shows the TGA spectrum of PW;5040. The HPA
catalyst lost weight continuously with increasing temperature
due to the removal of crystalline water molecules, and finally
started to decompose at around 580(according to the DTA
spectrum, not shown here), in good agreement with a previous
report[23]. Weight loss in the low temperature region (<1€0)
was much smaller than that at higher temperatures. Although the
exact number of water molecules removed frosPM/12040 -
was not quantitatively determined, it is clear thaf\V; 2040
catalyst experienced relatively little dehydration in the low tem-
perature region. Fig. 2. UV-vis spectra of EPW;2049 treated at various temperatures.
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Fig. 3. [F(R)hv] 12 curves of HPW; 2040 treated at various temperatures.

Fig. 5. TGA spectrum of EPM0;2040.
of a linear fit to the absorption edg€ig. 4 shows the cor-

relation between edge energy and dehydration temperature PingW1204o sample, weight loss of §PMoy2040 in the low
H3PW12040. The correlation profile irfrig. 4was very similar  emperature region (<15€) was much larger than that in the
to the TGA profile inFig. 1 The variation of edge energy at low high temperature region. The;AMo; 2040 catalyst experienced
temperatures was much smaller than that at the high temperatuggysigerable dehydration in the low temperature region.

region, consistent with the TGA result, which showed that fewer Fig. 6shows the correlation between edge energy determined
water molecules were lost below 180. Atthe hightemperature  fom the [F(Roo)iv] Y2 curve and the treatment temperature of

region, where the larger amqunts of Wa.lt.er molecules dgsorbernd HsPMoy2040. One again, the edge energy profile versus
the HsPW12040 sample exhibited a significant decrease in dggemperature ifFig. 6 resembled the TGA profile iRig. 5. The

engrgies. This result demonstrates that UV-vis spectrum of the; iation of edge energy in the low temperature region was much
solid HPA catalyst was strongly affected by the number of crySypger than that in the high temperature region, consistent with

talline water molecules, that is, by the thermal treatment, in ghe TGA result, which showed extensive dehydration at below
similar fashion observed for typical semi-conducting materials;sgec. This result also demonstrates that UV—vis spectrum
[17,24] of solid HsPMo12040, like that of HsPW;2040 was strongly

affected by the number of crystalline water molecules. However,
since dehydration occurs at different temperatures for different

_ ~ HPAs, some caution is required in comparing results obtained
The effect of water molecules on the UV-vis spectra of solidy, gifferent materials at arbitrary temperatures.

HPA catalysts was also confirmed by examining™#¥10;204o. The role and effect of water molecules on the catalytic proper-
Fig. 5 shows the TGA spectrum of 3#M012040. The HPA e of solid state HPA catalysts were also well characterized by
catalyst lost weight continuously with increasing temperaturgymr [25], ESR[26] and theoretical calculatigi27]. In theH

due to the removal of crystalline water molecules, and wasjas NMR spectroscopy study for $PWi2040-n1H-0 at room
finally decomposed at around 430 (DTA spectrum not shown - temperature, three different states of protons were detg2%5d
here), in good agreement with a previous reji28]. Unlike the

3.3. Effect of water molecules in solid H3PMoj2049

3.10 2.30
3.05} 225
3.00F 220
Z 295F 2 215f
> 290 -
g:f 2210}
5 2851 S
g A 205
3 280 E
275} 200m
2.70F 1.95
2.65 | | | I I ! 1.90 | ] | | \ I
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Treatment Temperature (°C) Treatment Temperature (°C)

Fig. 4. Correlation between absorption edge energy and treatment temperatufeg. 6. Correlation between absorption edge energy and treatment temperature
of H3PW12040. of H3PMo012040.
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Fig. 7. UV-vis spectra of sPMoyo_ W, Oug (x=0, 3, 6,9, 12) catalysts treated  Fig. 9. UV-vis spectra of fPMo12_xW.Os0 (x=0, 3, 6, 9, 12) catalysts treated
at room temperature (2%). at 330°C.

In the ESR study for solid statesRMo;2,04q catalyst reduced To elucidate the effect of water molecules, and in turn, to
by Hy, it was reported that heat treatment eliminated oxide iongninimize the effect of water molecules,zPMoy2_,W, 049

from heteropolyanion and led to development of ¥signal, catalysts were thermally treatment at 380 before UV-vis
indicating the localization of electrorf26]. The interaction of ~spectra of these samples were taken. TGA and DSC measure-
anhydrous HPW;,040 with water molecules was also well elu- ments confirmed that this temperature was sufficient to remove
cidated by density functional theory (DFT) quantum chemicalthe bulk of the crystalline water in each case without causing

calculation[27]. decomposition of any sampl&ig. 9 shows the UV-vis spec-
tra of HsPMop2_ W, Oyp catalysts treated at 33C. Absorption

3.4. UV-vis spectra and edge energies of edges of HPMoy o W, Oy catalysts treated at 33C shifted to

H3;PMoj>_ W04 (x=0, 3, 6,9, 12) longer wavelengths with decreasing tungsten substitution (with

increasing molybdenum substitution), in the same fashion as

Fig. 7 shows the UV-vis spectra of 3#Mo1o_ W, Ouo (but with greater separation between absorption spectra of dif-
(x=0, 3, 6, 9, 12) catalysts treated at room temperaturéerent compounds than) those ogPMoy2.W.Oqo catalysts
(25°C). These HPAs exhibited characteristic differences in theifféated at 25C. Itis noticeable that absorption edges of HPA
UV-vis spectra. Absorption edges o&PMoys_ W, 04 cat- catalysts treated at 33C appeared at Ionger wavelengths in all
alysts shifted to longer wavelengths with decreasing tungstef2Ses than those of HPAs treated at@5in good agreement
substitution (with increasing molybdenum substitutidfiyy. 8  With the result inFig. 2 Fig. 10shows the F(Roc)v] "2 curves
shows the F(Roo)hv] Y2 curves of HPMoyo_ W, Ouq catalysts ~ OF H3PMo12_,W; 040 (0, 3, 6, 9, 12) catalysts treated at 38
treated at room temperature (35). A systematic variation of 1he HPA cqtalysts shOV\{ed a systematic variation in absorption
edge energies was also observed. Absorption edge energies&f9€ energies. Absorption edge energies of the HPA catalysts
H3PMoro_ W, Oug catalysts increased with increasing tungstentreated at 330C also increased with increasing tungsten sub-

substitution (with decreasing molybdenum substitution). stitution (with decreasing molybdenum substitution). This trend
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Fig. 8. [F(Roo)v]Y? curves of BPMoro— W, Os0 (x=0, 3, 6, 9, 12) catalysts  Fig. 10. [F(Rso)hv]Y2 curves of HPMo1o_xW,Oso (x=0, 3, 6, 9, 12) catalysts
treated at room temperature (25). treated at 330C.
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0.0 and 330°C were parallel to each other. This implies that the

I absorption edge energies of HPAs measured at consistent extents
of dehydration may serve as a correlating parameter for the
reduction potentials of these solid catalysts. Similar correlations
appear to hold for the reduction potentials of HPA catalysts with
the absorption edges measured in aqueous sol[it&n

In an aqueous solution, heteropolyacids are dissociated and
the heteropolyanions fully solvated by water molecules. There-

H,PMo,,0,,

-0.1F
H,PW.Mo,0,,
2 0.2k H,PW Mo, 0,, &
H,PW,Mo0,0,, A

1st Electron Reduction Potential
(Ag/AgCl, volts)

0‘4_ fore, UV-vis spectra of HPAs at constant concentration in
ol solution may give directly comparable results. On the other

Solution  25°C  330°C hand, UV-vis spectra of solid HPAs appeared to be sensitive
) R N S O R A S to the number of coordinated water molecules, as revealed in

3.8 36 34 32 3.0 28 26 24 22 20 18 16

this work. This may be understood by the fact that solid HPA
Edge Energy (eV)

catalysts form flexible secondary structures depending on the
Fig. 11. Correlation between absorption edge energy and reduction potential éflentity of substituted metal species and the number of crys-
H3PMor2_W:Os0(x=0, 3,6, 9, 12) catalysts. Solid HPAs were treated 25 talline water molecules. Therefore, some caution is required in
(squares) and 33 (circles) for the UV—vis spectroscopy measurements. Edgecharacterizing the solid HPA catalysts by UV—-vis spectroscopy.
energies determined by direct extrapolation of the absorption spectra of aqueo . . . :
(0.01 M) solutions of these HPAs (triangles) were taken from referfi@le tfompa”_son of catalytlc properties of solid HPA catalys_ts prObed
by UV-vis spectroscopy should be made under consistent con-
] ) ditions of hydration, these are most easily achieved by utilizing
was well consistent with that observed fogPMo12-.WxO40  \yell hydrated or well dehydrated samples, rather than by relying

catalysts treated at 2& (Fig. 8), as well as that observed for o, yreatment at consistent temperatures if these are intermediate
agueous solutions of these compoufi. along the dehydration profile.

3.5. Edge energy as a correlating parameter for reduction 4. Conclusions
potentials of H3PMoj2—xW,049
UV-vis spectroscopy studies of solidsPMoy2_ W, 040

Fig. 11shows the correlation between absorption edge enefx=0, 3, 6, 9, 12) catalysts were carried out to determine the
gies and reduction potentials ogPAMor>_,W,O40 (x=0, 3, 6,  effect of crystalline water molecules and to explore correlations
9, 12) catalysts. Absorption edge energies gPMo1o_,W,O40  with the reduction potentials of these catalysts. The UV-vis
catalysts measured after thermal treatment &C28-ig. 8y and  spectra of solid HPAs varied in a systematic way depending on
330°C (Fig. 10 were represented Ffig. 11 Reduction potential  the number of crystalline water molecules. Absorption edges of
data for the HPMoy,— W, O49 catalysts from electrochemical solid HPAs shifted to longer wavelength (to lower edge energy)
measurements in solution were taken from apreviousrglrt ~ with decreasing numbers of crystalline water molecules (with
The trends of reduction potentials ogPIMo1o_,W,O49 cata-  increasing treatment temperature). The dehydration profiles of
lysts in the referencid 1] were quite consistent with those deter- solid HPA catalysts were very similar to the absorption edge
mined from quantum-chemical molecular orbifd) and scan- profiles plotted with respect to treatment temperatures. Absorp-
ning tunneling microscopy studig$5,28] Molecular orbital  tion edge energies of4PMo;o_,W,O49 catalysts treated under
studies[7,21] for polyatom-substituted HPA catalysts revealedconsistent conditions shifted to higher values with increasing
that the energy gap between the HOMO and the LUMO washe number of more electronegative tungsten atoms substi-
consistent with the reduction potential of the HPAs; the moreguted in the framework. The absorption edge energies of the
reducible HPAs showed smaller energy gaps. Those studiddsPMoro_ W, 049 catalysts could be directly correlated with
[7,21] also showed that electrons added to the polyatomthe reduction potentials of the HPA catalysts. HPA catalysts
substituted HPAs were localized on the less electronegativaith higher reduction potentials showed lower edge energies in
metal center (note that molybdenum is less electronegative thamV—vis spectra. Thus, the absorption edge energy determined
tungsten). Itis inferred that the less electronegative polyatom ifrom the UV-vis spectrum of a solid HPA catalyst under con-
the HsPMoy2_ W, Oy catalysts was much more efficient in the sistent conditions may serve as a correlation parameter for its
role of electron localization. Therefore, the reduction potentiateduction potential.
of H3PMoyp2_ W, 040 (x=0, 3, 6, 9, 12) catalysts increased with
decreasing the number of more electronegative tungstens in tdeknowledgement
framework.

As shown inFig. 11, the absorption edge energies of the  The authors acknowledge the support from KOSEF (RO1-
HPA catalysts could be directly correlated with the reduction2004-000-10502-0).
potentials of the polyatom-substituted HPA catalysts. Reduc-
tion potentials of HPMo1,_,W, Oy catalysts increased with References
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