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Rcactions of MoOCIZ~ with [PW1;0%]7- and [SiW;;03]8 have been studied spectrophotometrically and several transient
complexes have been discovered. Transient specices initially formed are probably [Mo0,04(PW1030)211~ and [Mo20(SiW,,
Ou)2]"~. Spectra change gradually, indicating formation of transient isomers of [PMoW1104]4 and [SiMoW;04] ",
which again transform into the stable isomers. The transient isomers absorb light much more strongly than the stable

isomers in the visible range.

Introduction

The lacunary Keggin anions, [PW;;05]7~ and [SiW,,-
O391%~ are known to accept various transition metal ions
in their lacunae.! When these anions react with MoO?+,
[PMoW,;,0,,]4~ and [SiMoW,;,0,,1%~ are formed.23

[PW11039]7—+M003+ —_—> [PM0W1104()]4_ (1)
[SiW11039]8_+M003+ —> [SiMOWqu]s— 2)

The synthesis and optical spectrum of [SiMoW,;0,,]5~
have been reported and four isomers have been identified
for this anion.3 But isomerism has never been reported for
[PMoW 04,74~

While preparing [PMoW,,0,,]* and [SiMoW;,0,, 5,
we have discovered that transient isomers are formed before
they change slowly to the reported species. In this paper
Wwe report some properties of these isomers and other transient
species. *

Experimental Section

Preparation  of Compounds. H;[PW ;0] -24H,0,
K;[PW;041-15H,0, K3[SiW,05]-12H,0, and (NH,).-
MoOCI; were prepared according to the methods of Wu?,
Téz¢%, Souchay®, and Saha?, respectively.

1.5X1073 mole of H;[PW,,0,0]-24H,0 was dissolved
in 30 m/ of deionized water and 1.5X 10~? mole of (NH,),
MoOCl; was dissolved in 3 m/ of IN HCI, both purged with
nitrogen. Two solutions were mixed and the absorbance
at 494 nm was observed. When the absorbance reached the
maximum, a saturated solution of tetraethylammonium
chloride was added to the half of the solution. A purple
precipitate formed immediately. When the absorbance
decreased to a constant value after several hours, another
precipitate was obtained by adding a saturated solution of
tetraethylammonium chloride to the other half of the solution.
Infrared spectra were recorded for both precipitates.

Spectral Meusurements. Infrared and uv—visible spectra were
recorded on Shimadzu 1R-440 and UV-240 spectropho
tometers, respectively.

Results and Discussion

Isomers of [PMoW 0,071~ When 1 ml of 9.85 103 M
{NH):MoOCl; in IN HCl was added to 10 mi of 1.09
X107 M K,[PW};04] in water, a spectrum (Spectrum A)

with a peak at 494 nm (20.2 kK) and a shoulder at ca. 600
nm (17kK) evolved gradually (Figure 1). During this period
an isosbestic point appeared at 406 nm. After the spectrum
teached the maximum intensity, it changed slowly to another
spectrum (Spectrum B).

Spectra A and B are quite different in shape and intensity
(Figure 2). Spectrum B has a maximum at 500 nm (20.0kK)
and a shoulder at ca. 700 nm (14kK) and it is about half
as intense as Spectrum A. The spectral data are listed below:

Spectrum A 20. 2kK (e 1980 dm®mol~lem™1),
17kK (shoulder)

Spectrum B 20. 0kK (¢ 980 dm3mol~'em™),
14kK (shoulder).

The molar absorptivity is based on the concentration of mo-
lybdenum, for we used solutions containing Mo: [PW;,04]7-
<1 (see below).

Since Spectrum B is very similar to the reported spectrum
of [PMoW,;0,]j%", this spectrum may be ascribed to the
stable isomer at pH < 1.2 The problem is then the species
responsible for Spectrum A. The spectral change indicates
that a transient species (Complex A) is formed first and it
is converted gradually to Complex B (the stablc isomer of
[PMoW,;,0,]%7). Thus both complexes are expected to
contribute to Spectrum A. This explains why the maximum
observable intensity of Spectrum A was dependent upon pH.

The maximum molar absorptivity at 20.2kK that we
measured for Spectrum A was 3040 dm® mol~! cm™! at pH=
2.2.7 This means that the molar absorptivity of Complex
A at 20.2kK is greater than 3040 dm® mol~! cm™1, since
Complex A absorbs light most strongly in the visible range am-
ong the molybdenum complexes which contribute to Spectrum
A Such a strong absorption in the visible range must be
the intervalence charge transfer spectrum due to Mo(V)
-+»W (V1) transitions.® Therefore Complex A is undoubtediyv
an Mo-{PW 0., *

In order 10 identity the structure of Complex A. we have

compiex.

isolated two purple precipitates as described in the Experimen-
tal Section. In these preparations [PW ;04,7 was substi-
tuted by HPW .07 (sce below). The infrared spectra
of 1wo purple precipitates shown in IFigure 3 are both cha-
racteristic of the Keggin structure.? Especially (he absence
of splitting in the 1080 cm™! bands indicates’ that MoQ3*
fills the lacuna of [PW,0,,]7". This band ascribed (o the
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Figure 1. The development of Spectrum A in the [MoOCl;]%2 -
[PW;030]7" system (pH=1.1).
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Figure 2. Spectra A and B in the [MoOCi;]12—[PW,;04]"~
system (pH=1.1) See the text.

asymmetric phosphate stretch splits into two bands when
the lacuna is not filled. Although the precipitate isolated
when Spectrum A reached the maximum intensity is not
pure Complex A, the infrared spectrum shows clearly the
absence of major species having a lacuna. These results
establish that Complex A is a transient isomer of [PMoW,,-
040)¢ having the Keggin structure (we propose to call this
t-isomer); however, how Complex A differs structurally
from Complex B is not clear.

The most interesting property of z-[PMoW 0,1~
is its high intensity. A peak whose molar absorptivily is
greater than 3000 dm® mol-’cm™! in the visible range has
never been reported for the intervalence charge transfer
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Figure 3. Infrared spectra of precipitates isolated when the
visible spectrum reached the maximum intensity (A) and when
the spectrum changed to Spectrum B (B) in the [MoOCI;]2~—
[PW}50,01%~ system.
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Figure 4. The development of Spectrum C in the [MoOCIg]2~~
[SiW;,04]8~ system (pH=1.1).

transition Mo(V) — W(VI).

Isomers of [SiMoW ;0,015 -When 1 m{ of 8.00x 103 M
(NH,);M00CI; in IN HCl was added to 10 ml of 1.07X
1073 M Kg[SiW,039] in water, a spectrum (Spectrum C)
very similar to Spectrum A evolved gradually (Figure 4)
and then it changed to another spectrum (Spectrum D). The
spectral data (Figure 5) are listed below:

Spectrum C 20. 0kK (¢ 1940 dm® mol~! em™),
17 kK (shoulder)

Spectrum D 19. 8kK (¢ 960dm® mol~ cm™1),
14 kK (shoulder)

Spectrum D coincides with the reported spectrum!! of
a-[SiMoW;0,,1%-, one of the four known isomers. But
an intense spectrum like Spectrum C has not been reported
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Figure 5. Spectra C and D in the [MoOCI; 27~ SiW, ;04,14
system. See the text.

for any one of these isomers. Spectrum C was very similar
to Spectrum A in shape and its maximum intensity was pH-
dependent. The maximum molar absorptivity at 20.0 kK
that we measured was 2620 dm?® mol~! cm™! at pH=3.5.
On the basis of the spectral data, we assume that a transient
isomer of [SiMoW;,0,,1% structurally similar to r-[PMo-
W,1040]4 is formed.

Complexes of Mo,O%* with [PW 1103517~ and [SiW,,0341%".
The appearance of isosbestic points in Figures 1 and 4
indicates formation of some other transient complexes
before r-isomers are formed. Here we will consider the
nature of these complexes.

When (NH,),MoOCI; is dissolved in HCl solution,
molybdenum exists mostly in the form of Mo,0?* at pH
< 1.2 Mo,O}* has six coordination sites and forms complexes
with various ligands. Recently we have studied [Mo,0,(P;-
O40):H,]*5, where two P3O} anions coordinate to Mo,0%*
as tridentate ligands.13 We propose that [PW;;05]7" and
[SiW;039]1% ligate to Mo,O%* as tridentate ligands, forming
[M0;0,(PW;;039),]?~and[M0,0,(SiW,,03,),]4~. The molar
absorptivities of these complexes at the isosbestic points
are 1500 M~1cm™ at 406 nm for [MoyO(PW;,05),]12-
and 1460 M~1cm™ at 416 nm for [Mo;0, (SiW,;04),]4.
These absorptions are about ten times as intense as that
of Mo,Oi* in 0.1 N HClL. Such an enhancement’ of
spectral intensity was observed:75 upon complexation of
Mo 0% with P,04~ and P;0%;.

Reactions of MoO3* with {PW ,04]7". The formations of
c-isomers from the above complexes may be represented
by the following equations:

[Mon., (P‘VuOgg) 2] 12- +4H*

—> 2 ’:—[PI\'}IOW] 1040]4-- - .21'120 (3)
[(M03O4(SiW1,039) 5]~ +41*
-—> 2 7-[SiMoW ;0,15 +2H,0 4)

However, these reactions may not represent the correct
mechanisms leading to the formation of the transient isomers.

In fact, there is some evidence that reactions (1) and (2) are
the dominant mechanisms.

When 1 mlof 9.85X10-3 M (NH,),MoOCI; in IN HCI was
added to 10 ml of 1.22Xx107% M H;[PW,,0,,] in water,
Spectrum A developed until the molar absorptivity at 20.2
kK reached 2370 dm®mol~’¢m~! and then it changed
gradually to Spectrum B. However, during the evolution of
Spectrum A no isosbestic point appeared.

At pH~1 [PW,0,,]% is stable'® and only a small portion
of it is degraded to {[PW,,0.,]7~ and tungstate ions.

[PW,2041*" +nOH~ :==r [PW,,045]"" +tungstate ions
(5)

Although most of molybdenum exists in the form of Mo,0%
at pH~1, a small amount of MoO3* is expected to be in
equilibrium with Mo,02*.

Mo,Of +4H* —= 2Mo0O% +2H,0 6)

We assume that 7-[PMoW,,0,,]¢~ is formed by the reaction
of MoO?* and [PW,;039]7-, which are supplied continuously
from Mo,0%* and [PW,40,]3" respectively, as the reaction
proceeds.

The absence of isosbestic point when H;PW,,0,, was used
indicates that the concentration of [Mo;0(PW;;04),]'%~
is low in this case. Therefore, if reaction (3) were the
main route vig which 7—[PMoW;;0,]*" is formed, the
rate of its formation would be reduced greatly when
[PW,;,030]7" is replaced by Ha[PW,;,0,]. However, the
formation rates were found to be similar in both cases.
This result implies that even when the dominant species is
[Mo;0,(PW,,039)5]1%", 7-[PM0oW ;0,4 is formed by the
direct reaction between MoO3%*t and [PW,;;04]7", which
exists in small concentrations in equilibrium with other
species. See equations (6) and (7).

[Mo004(PW1;,039) 2 1'%~ &== Mo;0}*+2[PW ;051"
¢))

Even when the reaction occurs via this mechanism, reaction
(3) is the overall reaction which can be obtained by combin-
ing equetions (1), (6), and (7). Thus the isosbestic point will
be observed at the wavelength where [Mo0,0,(PW;,04s5),]2~
and z-—[PMoWqu 4~ have the same molar absorptivity.

Concluding Remarks

In this work we have discovered some transient species,
which absorb light strongly in the visible range. Further work
is needed to establish the structural characteristics of these
species. It will be worthwhile to carry out EPR studies to
characterize the transient species. We hope that studies on
the transient species shed light on the origin of the structure
in the spectra of heteropoly blues, which is still elusive in
spite of much work carried out recently 311
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An enhancement of through—bond interaction by bond angle distortion in pyrazine was examined using various MO methods.
Results of MINDO/3 geometry optimization with an angle (a) at C; atom fixed to 120~90° lead to distorted structures in
which the distorted bond is brought closer toward lone pair orbital » of N atom. It was also found that the bond angle
distortion increased the P character at the atom C,, resulting in an increased vicinal overlap between 7 and the C,-Cs bond.
The FMO patterns of o framework showed three-fold degeneracy, one of which was of different symmetry which mixes in
the symmetry adapted pair, n, and n_; both n, and n_ orbitals thus can interact with both FMOs of the ¢ framework.
The LCBO-MO analysis with partial elimination of bonds, antibonds or both, however, revealed that the main interaction
of n, was with the HO-¢ and that of n_ was with the LU-0* orbital of the ¢ framework.

Introduction

According to the perturbation molecular orbital (PMO)
theory of orbital interactions!, through-space (TSI) and
through~bond interaction (TBI) energies of two nonbonding
orbitals, n; and n,, are obtained as first order and second
order perturbation energy terms respectively. It has been
shown! that the evaluation of second order (TBI) terms
is simplified since interaction of the symmetry adapted pair,
ny=ny,+ny; and n_=n;—n,, with one of the frontier MOs
(FMO) always vanishes because of different symmetries
involved in the two interacting orbitals depending on the
number, N, of the intervening ¢ bonds, as summarized in
Table 1. This has been succinctly demonstrated using FMO
patterns of the g-framework obtained based on the “C-
approximation”.

Recently it has been shown in a spectroscopic study of a
cyclobutapyrazine derivative (I) that TBI of the two nitrogen
lone-pair orbitals is enhanced due to distortion of bond

angles at carbons 2 and 3 of pyrazine ring (II)2

This has been ascribed to an enhancement of the P character

of the ¢ bond orbital through which the interaction occurs.
In this work we have carried out detailed analysis of the

enhanced TBI due to bond angle distortion using pyrazine

as a model within the framework of PMO theory of orbital

interactions.

TABLE 1: Through-bond Interaction Schemes between n., and
FMOs of o-framework

framework 0-FMO

N=odd N=even
symmetry
adapted pair HO-¢ LU-0* HO-—¢ LU-o*
(S 4) 4 &)
n, (8) ¥ 0 0 —z
n- (A) 0 —z y 0

S and A refer to symmetric and antisymmetric orbitals respec-
tively. X andy are the second order energy terms which are

positive with y > x.



