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Photochemical Studies of the Alkylammoniun Molybdates. Part 5. 
Photolysis in Weak Acid Solutions 

By Toshihiro Yamase,' Ryoichi Sasaki, and Tsuneo Ikawa, Research Laboratory of Resources Utilization, 
Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 227, Japan 

Solution photolysis of hexakis(isopropy1ammonium) heptamolybdate(V1) trihydrate, [ NH,Pr'],[Mo702,]*3H20 
(l), at pH 5.4 leads to reduction to MoV with involvement of hydroxy-radicals, followed by decomposition to 
yellow and blue species. Propylene and acetone were detected as oxidation products but quantum yields for their 
formation were much lower than that for MoV formation. The irradiated single-crystal e.s.r. spectra revealed the 
formation of MoVO,(OH) in a MOO, octahedral site, which corresponded to the primary event in the solution 
photolysis. E.s.r. and Raman spectroscopy and flash photolysis were employed to elucidate the mechanism of 
these reactions. 

WE recently reported an example of photogalvanic 
behaviour based on the photoreduction of MoVE to MoV 
for an aqueous solution of an alkylammonium poly- 
molybdate and its application to water d e c o m p ~ s i t i o n . ~ ~ ~  
Several generalisations with regard to the photochemical 
properties of the molybdates in the solid state and as 
aqueous solutions have been described.l" The purpose 
of the work reported in this paper is to investigate the 
mechanism of the solution photolysis of hexakis( iso- 
propylammonium) heptamolybdate trihydrate, [NH,- 
Pri],[Mo,02,]*3H20 (l) ,  as the molybdate. A mechanism 
for the solution photolysis is proposed which is consistent 
with the results of quantum yield, e.s.r. spectra for 
solution and solid states, Raman spectra, and flash 
photolysis. 

EXPERIMENTAL 

All chemicals were of Tokyo Icasei G.R. or analytical 
grade and were used without further purification. Hesakis- 
(isopropylaminonium) heptaniolybdate trihydrate ( 1) was 
prepared and recrystallised following our procedure and 
its structure (a  = 23.904, b = 10.504. c = 20.652 A, 
(3 = 115.4O, space group P2/n, 2 = 4,  R = 0.053) was deter- 
mined by a single-crystal X-ray diffraction study , (Found: 

[Mo702,].3H20: C, 14.7; H, 4.50; Mo, 45.7; N, 4.35%). 
2-Metliyl-2-nitrosopropane (menp) and N-benzylidene- 

t-butylamine N-oxide (bbao), used for the e.s.r. spin- 
trapping  technique^,^ were prepared as described by 
Emmons.8 Solutions of [NH3Pri][C10J (pH 5-6) were 
prepared by mixing NH2Pri with HC10, aqueous solutions. 
IJnless otherwise specified, all measurements were carried 
out a t  room temperature. The evacuation of solutions was 
carried out by several freeze-punip-thaw cycles to lW4 
Torr. t 

Continuous-irradiation experiments were carried out 
using a 500-W super-high-pressure mercury lamp in con- 
junction with filters.5 Chemical actinometry was carried 
out using the potassium ferrioxalate s y ~ t e m . ~  A gas 
chromatographic method (Shimazu GC-4C chromatograph 
with a Porapak T column) and mass spectrometry were 
employed for analysis of propylene over the aqueous 
solution. Propylene concentration in aqueous solutions was 
calculated by assuming Bunsen's absorption coefficient of 

t Throughout this paper: 1 Torr = (101 325/760) Pa; 1 G = 
I C V  'r; 1 cal 7 4.184 J ;  1 E (EinsCcin) - 1 11101 of photoirs. 

C, 18.36; H, 4.25; Mo, 44.9; N, 5.15. Calc. for [NH,Pr'],- 

0.11 (at 23 T) which was the value for ethylene. Analysis 
of acetone in the plwtolyte was made by colorimetry of 
the monohydrazone formed with oxalyldihydrazine at pH 
1 O."J Absorbance of the aqueous solutions was measured on 
a Hitnclii 624 spectrophotometer. The l€I n.1n.r. data 
were obtained from saturated solutions (0.51 mol dm3) of 
compound (1) in D,O using a JEOL-€3-100 spectrometer 
with SiMe, as the external standard. 

X-Rand e.s.r. spectra were recorded on a Varian E l 2  
spectrometer. For quantitative e. s .r. measurements, the 
derivative signal due to MoV in u.v.-irradiated powder of 
compound (1)  was doubly integrated and compared with a 
double-integrated signal for the diphenylpicrylhydrazyl 
(dpph) s tan~lar t l .~  The single-crystal e.s.r. spectra were 
recorded as previously described. The crystals were 
niounted such that the magnetic field could be orientated 
in the a*b, bc, and cu* crystallographic planes. 

Ranian spectra of the aqueous solutions were measured 
using the combination of a JEOL Raman spectropliotometer 
and Coherent Radiation CR4 Ar+ laser (514.5 nm) or rhotl- 
amine 6G dye laser (598.8 nm) pumped with the Arf laser. 
The flash-photolysis experiment was carried out using a 
Xenon Corp. model 720 flash-photolysis apparatus. A 
lifetime of 100 p s  was measured for the flash pulse under the 
experimental conditions. The electrical signal was 
measured on a Sony-Tektronix 475 oscilloscope. 

RESULTS 

Photoproducts and Q u a n t u m  Yield .-Aqueous solutions of 
(1 )  showed an absorption maximum a t  205 nni (E 1.66 x 
lo2 m2 mol-l) with shoulders a t  about 230 nm (E 86) and 
285 nm (E 25 m2 mol-l) and much weaker absorptions at 
wavelengths between 310 and 380 nni (E,~, 9.7 and E~~~ 4.1 
m2 mol-1).2 The pH of all the solutions was 5.4 before and 
after irradiation with light of wavelength 313 or 365 nm. 

Steady-state photolysis of a deaerated solution of ( 1 )  
yields blue (Amax. 730, j\(sh) 620 nm) and yellow species as 
final photoproducts. The concentration ratio of the blue to 
yellow species increases with increasing initial concentration 
of (1 )  as shown in Figure l (a) .  The photolysis of the 
solution containing a low concentration ( 6  2.7 nimol dnl") 
of ( 1)  results in the development of a yellow colour due to an 
absorption with a long shoulder sloping into the visible 
region. On addition of (1 )  (or [NHJ,[Mo702~*4H,0) the 
yellow solution turns blue and the blue colour deepens with 
increasing concentration of additional [Mo702Jg-, as 
shown in Figure l ( b )  where the absorbance a t  730 nm is 
plotted against the additional [Mo,02J6-  concentration. 
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The results indicate that the blue species arises from a 
reaction between [Mo,O,J*- and the yellow species. The 
effect of the initial concentration of (1) on the concentration 
ratio of the blue to yellow species in the photolyte follows 
the same pattern as in the aqueous solution of the u.v.- 
irradiated powder of coinpouncl (1) for the first 10% of the 
photolysis reaction . 4 9 5  The photoinetric determination of 
MoV in  t lie de;wratetl solution was therefore carrietl out using 
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AInm 

O 0 1 0.2 0 . 3  0.4 0 5  
Added conc.  of ( 1  ) /  mol 

1 

10 30 50 70 

Concentration of (1 ) I mmol 

FIGURE 1 Effect oi the concentration of [NH3Pri],[Mo,0,,] (1)  
011 the absorption spectrum obtained after photolysis (365 nm). 
( a )  lnitial concentration of (1) : 27.2 niinol dm-3 (-), 13.6 
nimol dm-3 ( - - -  -) , 2.7 mmol dm-3 (- - -). The curves 
(taken from the first 100;, of the photolysis) are normalised to  
the absorbance at 400 nm for comparison. (b)  lLlixiiig of 
(1)  with the photolyte [initial concentration of (1) = 1.7 mmol 
dni-:'] containing 5.5 x mol dm-3 MoV. Mixing of [NH,],- 
[Mo,O2,]-4H,O with the solution gives the same effect as for 
(1 ) .  Absorbance a t  730 nm indicates the value for an optical 
path length of 1 cin. (c) I'hotornetry of MoV in the deaerated 
photolyte (within the first 10% of the photolysis) as a function 
o f  the initial concentration of (1) at 23 "C 

E ' , ~ ~  values which were obtained from Beer's law [ i . e .  the 
relationship between the MoV concentration in the u.v.- 
irradiated powder of (1) and the absorbance of the solution 
at 730 nm as a function of the initial concentration of ( l ) ,  see 
Figure 1 (c)] . 

The effects of the initial concentration of ( l ) ,  the light 
intensity, antl [NH3Pri][C10,] concentration on quantum 
yields (4) of MoV formation for the deaerated solutions are 
sumniarised in Table 1 ,  where (b increases slightly with 
increasing concentration of ( 1) and decreasing light intensity 
antl increases considerably with increasing [NH3Pri] [ClO,] 
concentration. No significant difference in between 313 

nm and 365 nm photolysis suggests that  the photolysis is 
wavelength independent. The quantum yield was little 
affected by the variation of ionic strength with Na[ClOJ, 
when other parameters were kept constant. During the 
continued photolysis of the solution, propylene and acetone 
were detected. The formation of acetone was also evi- 
denced by the IH n.m.r. investigation. The prolonged 
irradiation (about 10 h) of the saturated solution of (1) in 
D,O resulted in the appearance of a single line due to acetone 
with a chemical shift of 2.48 p.p.m, relative to SiMe,. 
Quantum yields of propylene and acetone formations were 
about 8 x and 3 x lod4 respectively for 313 nni photo- 
lysis ( 1 . 1  x E dm-3 min-1) of a deaerated solution 
containing 13.6 minol dm-3 of (1). These values are much 
lower than the quantum yield (0.28) of MoV formation, 
indicating that there is little destruction of NH3Pr' cations 

g=1.921 g =  1.910 

FIGURE 2 E.s.r. spectra for deaerated photolyscd solutions: (a) 
(1) a t  23 "C, 2.7 inmol ~ l m - ~  (1) a t  0-66 "C, (b) 27.2 rnmol 

(c) 27.2 mmol dm-s (1) at about 56 "C 

in the photoreaction. Solutions of [NH,Pri] [ClOJ (pH 
6--6) did not give any significant yield of propylene and 
acetone under irradiation with 313-nm light in the absence 
of the molybdate. 

Electron .Spin Resonance.-Two paramagnetic species are 
found for the deaerated photolyte a t  pH 5.4 and the inten- 
sity ratio of their e.s.r. signals depends on the initial con- 
centration of ( I ) ,  as shown in Figure 2. A t  low concen- 
tration (6  2.7 mmol dm-3) of (1)  two weak signals a t  g = 
1.921 and 1.910 were detected. At high concentration of 
(1) a well defined signal a t  g = 1.921 developed with six 
weak satellite lines due to g5Mo and g 7 M ~  (nuclear spin 
I = -g, natural abundance 25%).  The hyperfine splitting 
constant was 51 G (4.6 x cniP). The intensity ratio of 
the signal a t  g = 1.921 to that at g = 1.910 increased revers- 
ibly with increasing temperature, with an accompanying 
fading of the blue colour (blueegreenish yellow) ; the heat 
of reaction (AH,) was about 15 kcal mol-l, as shown pre- 
v i ~ u s l y . ~  In conjunction with the results (Figure 1) of the 
dependence of the initial concentration of (1) on the ratio of 
concentrations of the blue to the yellow species in the 
photolyte, these results indicate that the yellow form must 
consist of a t  least two different paramagnetic species, one 
(g  = 1.921) of which is involved in the thermochromism with 
the blue species with AH, GU. 15 kcal niol-l. 

Thc fact that dissolution of crystals of the irradiated solid 
in water 4 , 5  leads to the same species as the solution photo- 
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TABLE 1 

Quantum yield (4) for MoV formation * for deaerated solutions 
[NH,Pr'] [ClO,] Na[CIO,] 

Incident light intensity/ concentration / concentration / 
10-5 E dm-3 miii-1 nimol d ~ n - ~  mol dm-3 

1 

Initial 
concentration of 
( 1) /mmol dm-3 

29.2 
27.2 
19.0 
13.6 
2.7 

136 
4313 $385 

0.55 
0.48 
0.51 

0.48 
0.48 
0.49 
0.32 
0.28 

I 

I 4.5 (313 nm), 
19 (365 nni) 

0.47 
0.43 
0.50 
0.58 
0.67 
0.67 
0.68 

(66 1 

4.7 

I 0.9 
0.28 

4.5 0.29 
18.0 0.34 1 45.0 0.31) 

{ 89.9 0.57 11 (313 nm) 
1179.9 0.80 
359.7 0.97 

0.05 
0.5 
1.5 

1899.4 1.10 

19 (365 nm) 

27.2 

13.6 

0.53 
0.42 
0.42 

27.2 

* $313 and 43R5 indicate the quantum yields obtained by using the exciting light of 313 iim and 365 nm, respectively. Data arc 
extracted within the first 5% of the photolysis. 

a main line arising from the non-magnetic 9 6 R l ~  nucleus, 
split into two hyperfine lines ( 1  : 1) owing to superhyperfine 
interaction with a hydrogen atom, with six weak satellite 
lines due to 95Mo and 97Mo. Each of the hyperfine lines 
due to 95Mo and 97Mo is resolved into two superhyperfine 
lines a t  several orientations of the magnetic field. The 

A B  

lysis, and that the predominant molybdate anion a t  pH 5.4 
is [Mo,024]6-,11 suggestt that  the photochemical process 
in the solid state represents a priniary event in the 

TABLE 2 
Electron spin resonance parameters for MoV(A) and (B) 

centres 
Principal values 
MoV (A) centre 

Direction cosines with respect t o  
(a*) (b)  (4 

0.726 0 -0.687 6 0.010 5 
-0.618 2 -0.717 0 0.147 9 

0.094 1 0.114 5 0.989 0 

1.899 
1.935 
1.924 
1.919 
7.45 
3.07 
3.40 
4.64 
8.63 
6.36 

11.85 
8.95 

0.936 8 -0.327 8 0.129 8 
-0.351 5 -0.839 6 0.414 1 

0.026 8 0.433 1 0.900 9 

0.840 8 0.258 6 -0.475 7 
0.309 3 -0.950 5 0.029 9 
0.444 4 0.17% 3 0.879 1 

FIGURE 3 E.s.r. spectrum of an  irradiated single crystal, 
with H ,  in the a*b plane making an angle of 7" with the n* 
axis 

occurrence of a six-line hyperfine structure is characteristic 
of an unpaired electron localised on one molybclenutn atom 
only. Furthermore, the lines are narrow and no exchange 
broadening is observed. From these results i t  is inferred 
that one rnolecule of ( 1 )  contains a t  best one MobT centre. 
This is in agreenient with the crystal structure whicli sliows 
a total of four molecules per unit cell (two sets of two 
equivalent niolecules related by a centre of inversion in the 
unit cell). l h e  e.s.r. results were fitted to the Hamiltoiiian 
(i). In  two magnetically inequivalent M o V  centres per 

,x = PHgS + I&v4MoS $- 1,.4,s ( i )  
unit cell the final e.s.r. parameters were obtained by  ;ti1 

iterative least-squares procedure utilising exact diagonalis- 
ations of the Harniltonian matrix according to the previom 
method 1 The g ,  IA4nI,,I, and ] A H /  tensors for the tuw No\. 
centres (A anti B) are shown in 'Table 2. The Mo\ X and 13 
centres differ only in the orientation of the principal rnolc- 
cular g values: .gl -- 1.899 (1.898 for H ) ,  gr = 1.9R.j (1.936),  

1.898 
1.936 
1.922 
1.919 
7.47 
3.71 
2.85 
4.58 
9.39 
5.98 

11.58 
9.98 

0.800 2 0.599 4 -0.018 0 
0.558 6 -0.756 0 -0.341 :< 
0.218 1 -0.263 0 0.989 8 

0.960 8 0.234 4 0.147 7 

0.266 2 0.624 0 0.735 0 
0.080 1 -0.745 4 0.661 7 

0.755 6 -0.532 7 --0.381 2 
0.507 1 -0.844 7 0.174 4 
0.414 7 -0.061 5 0.907 9 

solution photolysis. Bearing this in mind, e.s.r. spectra of 
the irradiated single crystal of (1 )  were measured. -4 
typical e.s.r. spectrum is shown in Figure 3, where there are 
two sets oi lines arising from two magnetically inequivalent 
Mo" centres (A and B). Each of the MoV centres exhibits 
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and g, = 1.924 (1.922), with respect to the crystallographic 
axes. The go, I-4hcO(,,)l, and l A ~ ( , , ) l  values of the MoV(A) 
centre are fairly close to those of the MoV(B) centre, as 
shown in Table 2. This suggests that there is structurally 
no significant difference between the two magnetically 
inequivalent MoV centres. From the correlation with X -  
ray crystal-structure data,6 the paramagnetic centre can be 
associated with MoVO,(OH), resulting from the u.v.- 
induced proton transfer from a NH,Pri cation (not from 
water in the lattice) to an 0 atom in an MOO, octahedral 
site. A similar conclusion has been described for the 
irradiated [NH,Pri],[H,Mo,02,] *2H,O single crystal.', l2 

In order to detect short-lived free radicals in the solution 
photolysis, spin-trapping techniques using menp or bbao 
as spin traps were applied. Photolysis (5-15 s ,  A = 365 
nm) of the deaerated solution containing 68 mmol dm-, (1) 
and 0.1 mol ~ l m - ~  nieiip gave an e.s.r. spectrum comprising 
a triplet of doublets with a N  = 16.1, U H  = 4.0 G a t  pH 5.4, 

which can be assigned to menp spin-adduct radicals of 
hydroxy (.OH) or perliydroxy (HO,*) radicals (Figure 4). * 
In the absence of (1) no such signals were observed. Solu- 
tions of (1) with 0.1 mol dn1-3 bbao gave after 5 s irradiation 
a spectrum of a triplet of doublets with ax -= 16.3, aH = 3.8 
G. In studies of bbao spin adducts of O H  and HO,. it 
has been reported that both a s  and UH values vary with 
different sources of these radicals and that approximately 
linear relationships (aH 0.604 U N  - 6.53 and a~ 7 1.26 
ax - 16.7 G) between aA antl a s  are observed for *OH and 
HO,. respectivclv.l3 If this relationship is valid for tlie 
present system, the bbao spin aclltluct produced is assuinetl 
to be tlie -OH ad(1uct.t 

Raman Spectra ct nd Flasli I'h ololysis . - 1< m i  an spec t r ; ~  o f  
solutions before am1 after U . V .  (313 nni light) irradiation are 
shown in 1;igure 5,  where the spectrum o f  Na,[MoO,] 
solution is acldetl for comparison. Comparison of the Rainan 
spectra [Figure 5 ( a )  antl (h ) ]  measured with laser light (514.5 
nni) scattering indicates that the pliotolysis leads to an 
increase in intensities a t  310 and 898 c n r l  xnd a shift o f  tlie 
Mo=O stretching mode (938 cni l) in the octahedral MOO, 
unit to 945 ~ 1 n - l . l ~  'The spectrum [Figure 5(c)] nieasured 
with 598.8-nm dye laser excitation differs froni that [Figure 
f i (b) ]  using laser light of 514.5 nm, suggesting that Figure 
5(c )  shows the resonance Raman spectrum for tlie blue 
species in the photolyte. The interesting feature in this 

* An irradiated solution of [NH2Jle2]2[Rlo,0,,]~H20, wliosie 
crystal structure has not yet been determined, gave similar e.s.r. 
signals for an menp spin adduct a t  pH 4.3, showing ' 3 x 2 ' line 
structure (OH = 2.5, LZN = 15.4 G). 

spectrum is an appearance of new bands at 315, 335, and 
965 cm-1. 

Flash pliotolysis of the deaerated solution was carried out. 
Two intermediates are formed by photoexcitation of ( l ) ,  as 
shown in Figure 6. The first intermediate, I ,  with its 
broad absorption a t  tlie near-u.v.-visible range was pro- 
duced during the lifetime of the flash. These absorptions 

q cn 
a 

1 

(0 *t 
0 
Q) 

q cn 
a 

1 

c 
(0 ' .  

0 : :  

J 1 1 I I i -1 i l - - . l - - l  
1000 800 600 400 200 0 

I 

3 /cm- '  
FIGURE 5 Raman spectra of deaerated solutions I initial con- 

centration of (1) - 54.4 mmol dm-,]. (u) Before photolysiq, 
514.5 iiin laser-light scattering; (b)  photolytc containing 
about 3 mmol dtnP MoV, 514.5 nm laser-light scattering; 
(c) wnie solution :is ( O ) ,  69H.8 i i m  dye-laser excitation. Spec- 
trum o f  NnJRloO,] solution (0.1 niol (1tnP) reprtwntr~tl by 
(. . . .) 

tlisappearctl by a transicjrinatioii to tlie second i titeriiictli;~te, 
11, exhibiting AlllilX. = 500 nm, with a first-orcler rate. The 
value of tlie decay rate constant, (8  & 1) x 1 0 3  s-', was 
almost unchanged on variation o f  the concentration of (1 )  
(<  30 nirnol when the decay of these absorptions was 
followed a t  450 nni. The sanie value was obtained for tlie 
forination of I1 followed at 700 nm. Under high concen- 
trations ( 10 mmol ~ l rn - .~ )  of ( l ) ,  intermediate I 1  trans- 
formed very slowly by means of a pceudo-first-order reaction 
into the blue species which was the same species as under 
the steady-state irradiation [see Figure l ( a ) ] .  A rate 

t The photolysis of aqueous 30"/0 H 2 0 2  and bbao gave a bbao 
spin adduct o f  .OH with OH = 3.1 and U N  -= 15.7 G. 
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constant C(1.5 f 0.5) x s-l] was obtained for such a 
decay followed at 500 nm. At low concentration (< 10 
niniol d n ~ - ~ )  of ( l ) ,  low absorbance for the spectrum of IT 
resulted in a difficulty in measuring the fate of 11. 

0.15 I 
L / \ 

...... 
_._--- 

. .. ... .. . .' 

I I 1 I I I I 

400 500 600 700 800 
X / n m  

FIGURE G Transient elcctronic spectriim obtained in flash 
photolysis (250-J pulse) of deaerated solutions o f  ( I )  (27.2 
niniol Curves arc. obtained a t  thc following reaction 
times: (I() 0 ms, (b )  0.4 ins, (c) 1 ins. (a') 10 niin; ( h )  a n d  ( r )  cor- 
rcymnd to intcrnirdiate\ 1 aritl 11 respccti\~elv 

1) IS c u s s I ( JN 

Although details of the S- ray  crystal-structure (tat a 
will be given elsewhere,6 the [Mo,O2,I6 anion of ( I )  
consists of seven MOO, octahedra condensed by edgc 
sharing and the Mo-0 distances and 0 -Mo-0  angles 
in these octahedra are in fair agreement with the cor- 
responding ones found in the octahedra of [NH4]6- 
jMo,02,] l5 and [NH,Pri],[H2Mo,02,] .I2 Tlie mode of 
the solid-state photoreaction which corresponds to the 
priniary process for the solution pliotolysis can be pro- 
posed as follows in  reaction ( 1 )  sliowing a pliotorcduciblc 

0 0 

( i )  

MoO, site (the RloVr atom is surrounded by a distorted 
octahedral set of six oxygen atoms, two oi which are of 
cis terminal doubly bonded dioxo-groups and four are 
Ix-ictging). Pliotoreduction of &lovr to MoV may proceed 
via u.v.-induced charge transfer in the terminal Mo=O 
bond with an accompanying transfer of a hydrogen- 
bonding proton from the isopropylamnionium nitrogen 
atom to a bridging oxygen atom, followed by an inter- 
action of the non-bonding electrons of the amino- 
nitrogen with the terminal 0x0-group leading to a charge- 
transfer complex (i), as was discussed previous1y.l In 
solution, structure (i) must undergo attack of a solvent 
water molecule to give rise to the formation of hydroxy- 
radicals 'reaction (2)] which presumably form H20,. 
Sincc NE-I,Prl is a strong base in  the system, it must lw 

protonated just as i t  is formed. As a result, the overall 
reaction scheme for the initial step in solution is given by 
equation (3). The spin-trapping results provide clear 

0 

0 

( i i )  

evidence for the formation of *OH and HO,* (prob- 
ably formed by oxidation of H20,, H202 - HO,. + 
FI+ -+- e- ;  or by a reaction between H202 and *OH, 

[NH,Pri@lo,02,] + H20 2 
H202 +- .OH -+ H02* -+ H,0),16 supporting tlie above 
rcaction scheme. Table 1 sliows tliat 4 increases witli 
an increase in [N€I,Pri] + concentration when tlie con- 
centration of (1)  was liept constant. Tliis p r ~ ~ i t l ~  
atlditional support to reactions (1)-(3), since the 
formation of coii~plex ( i )  in solution would be facilitatcd 
by a n  iiicroase i n  I NH,Z'rl I +  concentration. 

If ;L cliarge-transfer complex mechanism for tlie initial 
step is assumctl, a polar solvent water molecule may 
incrtanse tlic cstcnt of the cliargc seljaration in  complcx 
(i) [ccliiation (4)j .  Tllis i.s rcp-cxwntecl in  thv rcdox 

[NH,Prll,l Mo,O,,(OH)] -+ 0011 (3) 

0 

0 

reaction (5 )  with the readily reducing NH,Pri ligand 
promoting a qucncliing process of *OW which is procluccd 
by reactions (2) or (3). 

0 0 

(5) 
The electrochemical oxidation of a primary aliphatic 

amine has been examined and it dual mechanism has been 
suggested for the pathways to tlie amino-cation radical. 
One is the decompositioii to a carboniuni ion and amido- 
radical; the other is the loss of an cx-proton to leave tlw 
neutral a-nniino-rat1ical.l' Tlie formation of propylenc 

H 
I 

[ ~ H 2 P r i ] + ~ H 3 C - - C +  i- 'NH, 

1 dH3 1 
propylene + H+ N-containing product 

and acetone as minor photoproducts from jNH,Pri] + can 
be accounted for by these two pathways, as shown in 
rcwtioris (6) a n d  (7) .  Tltc ionnation of  propylenc and 
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acetone, therefore, supports the occurrence of reaction 
(4) or (6) and the involvenient of *OH in the photolysis. 
Analysis of gaseous content over the photolyte by mass 

[ I ~ H ~ P ~ ' ] +  - - - + H ~ c - ~ - N H ~  t H+ 
I 

( 7 )  

acetone + N H 3  

spectrometry gave no evidence of hydrazine whicli might 
be expected to be degraded to nitrogen gas. Reaction 
(8), which causes a recovery of [NH,Pri]+ and an increase 
in *OH yield, may be considered. However, the poten- 

[fiH2Pr1]+ t- H 2 0  + [NH,Pri]+ + *OH 

tial [2.5 V vs. n.1i.e. (normal hydrogen electrode) a t  pH 
5.41 for oxidation of H20 to *OH is more positive than 
that for the oxidation of NH2Pri (ca. 1.6 V us. n.h.e.),lGfl* 
so that we can exclude the possibility of reaction (8) 
corresponding to the reverse process of reaction (5). 

Reaction (3) would involve formation of significant 
amounts c)f *OH, considering the fact that  the photo- 
reduction to Mo" occurred efficiently (see Table 1). 
Back reaction between the photoreductioii niolybdate 
and *OH was assumed to be depressed under high con- 
centration ( s 2 . 7  mmol dnr3) of complex ( l) ,  since 
decreased very slightly with increasing light intensity 
and with decreasing conccntration oi ( I ) ,  as shown in 
Table 1. There was no detection of H,O,, O,, or 
diperoxohept amolybdate l9 in significant quaiit i t ies, 
although we could detect -OH aiid HO,* as intermediates 
in the photolysis. Judging from the fact that the 
quantum yield of MoV formation is more than 30 times 
liiglier than for the formation oi propylene or acetone 
resulting from reaction (51, *OH appears to react rapidly 
with [I'VIO~O,~]~ - to yield highly condenscd molybdate. 
From tlie above results, however, furtlicr speculation of 
the fates of *OH is inappropriate. 

I t  must be noted that the standard redox potential, 
Eo(MoV1-MoV), for the electrochemically active species, 
whicli can be photochemically produced in solution, 
cshibited an approximately linear pH dependence with 
a slope of about -59 mV/pH., This indicates that the 
anode reaction of the electrochemically active species is 
given by a protonation--deprotonation process [equation 
(9)]. In connection with tlie observation of a LCIoVO,(OH) 

RloV-OH + Mo"=O + H +  4- c 

sitc in  tlie irradiated single crystal, therefore, it is 
reasonable to assume that the co-ordination of the 
hydroxide to the paramagnetic MoV atom is also main- 
tained in solution. No indication of a lH superhyperfine 
signal in the solution e.s.r. spectra (Figure 2) would be 
expected because of a line broadening due to two 
anisotropies of g and 95Mo and 9 7 M ~  hyperfine tensors. 
Values of g = 1.921 and a M o  = 51 G (4.6 x lop3 cm-l) 
for one of the two stable paramagnetic species in the 

(8) 

(9) 

pliotolyte are in good agreement with the averages [go 
and J A  Mo(o)l in Table 21 of corresponding principal values 
measured from the irradiated single-crystal e.s.r. spectra. 
This result suggests that the species havingg = 1.921 in the 
photolyte possesses the same structure as the octahedral 
M o V  centre in [MO,O,~(OH)]~- for the single crystal. 
The presence of another paramagnetic species having 
g = 1.910 in the photolyte implies the further reaction 
of [MO,O~(OH)]~-  in solution. The decomposition of 
[MO,O,,(OH)]~- can be also suggested by the decomposi- 
tion of [Mo,0,,I6- in the polarographic reduction.,O In 
addition, a change in the pattern of tlie Raman spectrum 
after photolysis supports this possibility, as shown in 
Figure 5. From these results it is possible to say that the 
flash photolysis represents the decomposition process for 
!MO,O,,(OH)]~-. The recent result that the blue species 
isolated from the photolyte consisted of two ' Keggin ' 
structural 12- and 13-Mo atom molybdates (in a 2 : 1 
ratio) 21 leads us to postulate tlie decondensation to 1- 
inolybdate as the decomposition pathway for [Mo,O,,- 
(OH)l6-. If reaction (10) is operative, the long-livecl 

[.IIO,O,,(OH)]~- -+ 1-molybdate (10) 

second species (11) with a lifetime of T lo3 s and A ~ , , ~ ~ , .  =- 500 
niii ( i n  Figure 6) may be tentatively assigned to the otie- 
electron reduced octahedral 1-iiiolybdate (with g =: 
1.910), consiclering that 1-molybdate has a tendency to 
increase its co-ordination number from four to six a t  
moderate concentration below yH Thus tlic first 
intermediate (I)  with 7 ca. lo-* 5 may be assigned to the 
one-electron reduced 7- or 6-molybdate (with = 
1.921). At present, we cannot explain how 1 %  an(l 13- 
molybdates are formed as the blue spccies. The 
explanation at  the molecular level iiiust be left to furtlicr 
investigations. 

[0/1071 / i c c c r u d ,  TI//  J l t l v ,  l!)XOj 
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