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Photochemical Studies of the Alkylammonium Molybdates. Part 6.' 
Photoreducible Octahedron Site of [ 
Electron Spin Resonance 

as determined by 

Toshihiro Yamase 
Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 4259 magatsuta, 
Midori-ku, Yokohama 227 Japan 

The MoV centre formed by u.v.-irradiation of a single crystal of [NH3Pr]6[Mo7024]03H20 has been 
studied by e.s.r. at room temperature. The e.s.r. spectra are attributed to a localized octahedral 
MoVO,(OH) site, resulting from transfer of a hydrogen bonding proton from a [NH,Pr]+ nitrogen to a 
bridging oxygen atom. The principal values of the g, AM,,, and AH tensors are g, = 1.895, g, = 1.925, 

AH(2) = 9.1 4 x 1 0-4, and AH(3) = 12.5 x 1 0-4 cm-l. Analysis of the e.s.r. parameters indicates the 
direct spin polarization between the paramagnetic electron orbital of molybdenum and the hydrogen 
orbital. From the direction of the largest principal value for the AH tensor, which is approximately 
parallel to the H(0) MoV direction, the paramagnetic site in seven Moo6 octahedra is determined 
in correlation with the X-ray crystal structure data. It is proposed that MoV formation occurs at an end 
of three octahedra in a line in the central horizontal level of the [ M 0 ~ 0 ~ ~ ] 6 -  configuration, where the 
molybdenum atom has a long Mo-0 bond (2.5 A). 

g3 = 1.937, A M o ( l )  = 2.34 X lo-,, AMO(2,  = 4.20 X AMO(3) = 6.99 x A H ( 1 )  = 8.15 x 

Photoredox reaction of alkylammonium polymolybdate in 
aqueous solutions, leading to the formation of MoV in poly- 
molybdate and 'OH as an oxidation product of H20, is 
interesting from the standpoint of the water-photoelectrolysis 
achieved by the photogalvanic ~ e 1 1 . ' 9 ~  Based on the fact that an 
initial step for the solution photochemistry corresponds to the 
photochemical step for the alkylammonium polymolybdate 
solid, e.s.r. studies of the irradiated single crystals have been 
carried out to achieve a better understanding of the soIution 
photochemistry.' The localized MoV site for the u.v.-irradiated 
hexakis(isopropy1ammonium) dihydrogenoctamolybdate(v1) 
dihydrate [NH3Prf]6[H2Moa02s]*2H20 has been identified as 
M O ~ O ~ ( O H ) ~  and observed at the octahedral site where the 
molybdenum atom originally co-ordinates a hydroxide group.3 
The u.v.-induced transfer of a proton occurs from a [NH3Pri]+ 
nitrogen to the bridging oxygen atom which is trans with 
respect to the originally co-ordinated hydroxide group. U.v.- 
irradiation of a single crystal of hexakis(isopropy1ammonium) 
heptamolybdate(v1) trihydrate [NH3Pr*]6[Mo7024]*3H20 
results in the formation of a localized MoV05(OH) site.l The 
assignment of the photoreducible molybdenum atom in seven 
Moo6 octahedra has been impossible, since the final R value 
of 0.060 for crystal structure data makes interatomic distances 
and angles of the hydrogen bonds remain ~ncertain.~ It has 
been realized that the three-dimensional studies of hexakis- 
(propylammonium) heptamolybdate(v1) trihydrate [NH3Pr]6- 
[ M O ~ O ~ ~ ] . ~ H ~ O  as a heptamolybdate allows determination 
(R = 0.035) of the cation configurations within the ~tructure.~ 
The geometry of [Mo7024I6- for [NH3Pr]6[Mo7O241*3H2O 
consists of seven MooB octahedra condensed by edge sharing 
into a structure that has the approximate point symmetry 
2rnrn(Czv). The geometry is similar to that for [NH4I6- 
[ M o ~ O ~ ~ ] * ~ H ~ O  or [NH3Pr'I6[ Mo7024]03H20.4*5 Figure 1 
shows the arrangement of [Mo7024]6- in terms of polyhedra, 
in which three octahedra are approximately in a line in the 
central horizontal level, two are attached forward at a level 
above, and two more forward at a level below. In the idealized 
heptamolybdate ion, there are three distinct molybdenum 
atoms, all in distorted octahedral co-ordination : Mo(l), 
Mo(2), Mo(3), and Mo(4); Mo(7); and Mo(5) and Mo(6). 

ffon-S.I. unit employed: 1 G = lo4 T. 

Figure 1. Structure and atomic numbering scheme for [ M O , O ~ ~ ] ~ -  

The octahedral site of Mo(5) or Mo(6) differs from other 
molybdenum sites by having a long Mo-0 bond (2.5 A)." 

We decided to study the paramagnetic site in the u.v.- 
irradiated single crystal of [NH3Pr]6[Mo7024]*3H20, since 
e.s.r. spectra result from a localized paramagnetic site in the 
molecule, in order to determine which site in seven condensed 
octahedra is paramagnetic. 

Experimental 
Solid [NH3Pr]6[Mo7024]*3H20 was synthesised using an 
already published method.6 Single crystals were obtained by 
slow evaporation from an aqueous solution. The crystallo- 
gaphic structure has been reported by us4 The crystal belongs 
to the space group PI, the two molecules being related by a 
centre of inversion: a = 14.118, b = 15.977, c = 11.368 A, 
a = 90.23, p = 93.00, y = 11 1.79", a n d 2  = 2. An orthogonal 
axis system was chosen in the crystal: the y axis coincident 
with the c direction, the z axis perpendicular to the flat face 
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Table. Electron spin resonance parameters for MoV centre 

Figure 2. E.s.r. reference axes (xyz) and crystallographic directions 
for an idealized crystal of [NH3Pr]6[Mo7024]*3H20 

Figure 3. E.s.r. spectrum of a u.v.-irradiated single crystal of 
[NHJPr]6[Mo7024]*3H20, with Ho paralleling the c axis in the yz 
plane 

of (1 1 0), and the x axis perpendicular to y and z. This ortho- 
gonal axis system and the crystal morphology are indica.ted in 
Figure 2. The orientation of the body-fixed orthogonal axes 
with respect to the crystallographic axes was determined by 
both oscillation and Weissenberg photographs. The single 
crystal was irradiated at room temperature with u.v.-light of 
h 3 313 nm. After irradiation, the sample is reddish brown. A 
spectrometer Varian E-12 X-band (1 00 kHz field modulation) 
was used for the e.s.r. study and the experiments were per- 
formed at room temperature according to the method des- 
cribed in previous papers.'*3 The decay of the e.s.r. signals due 
to the back reaction was small during measurements;6 and 
data were taken at least every 10" in each of three orthogonal 
planes. 

Results 
An example of the e.s.r. spectrum obtained with a u.v.- 
irradiated single crystal of [NH3PrI6[ Mo7024]03H20 is given 
in Figure 3. The two intense central lines (1 : 1) with a line- 
width equal to ca. 5 G clearly result from the superhyperfine 
coupling with 'H (I = 3). On each side of the central spectrum, 
six lines of low intensity are detected. The splittings between 
two consecutive lines of the central spectrum are the same as 
those between two consecutive side bands, and the intensity 
between a central and a side signal is ca. 5%. These observ- 
ations indicate that the side-lines result from the hyperfine 
coupling with the two molybdenum isotopes 95p97M~ in 
natural abundance (25.15%) which have the same nuclear 
spin (I = 9) and nearly the same magnetic moment so that it 
is not possible to resolve the separate hyperfine lines and that 

Angles (") with A respect to Principal values 7 

MoV centre X Y z 

g1 1.895 32.0 72.3 64.2 
105.8 26.9 

1.937 112.9 24.0 83.0 
1.919 

A M O ( ~ )  2.34 109.0 130.6 46.7 
A ~ ~ c 2 )  4.20 101.6 40.9 51.5 
A M o ( J )  6.99 22.5 93.8 67.9 
AM~(o)  4-51 
AH(') 8.15 33.4 63.7 71 .O 

26.3 99.7 
AH(3)  12.5 11 1.5 89.5 21.5 
A H ( 0 )  9.93 

a go = (gl -1 gz + g3)/3. A M o :  units in 10-~ cm-', A M o ( , , )  = [AMo( l ,  

f A M ~ ( z )  + Ah1~(3)1/3. AH: units in lo4 cm-', AH(o) = [AH(' )  + 
AH(2)  + A H ( 3 ) 1 / 3 -  

each of .the hyperfine lines is resolved into two superhyperfine 
lines due to 'H. The occurrence of the 95p97M~ hyperfine and 
'H superhyperfine structures is characteristic of an unpaired 
electron localized on one molybdenum only. Furthermore the 
lines are narrow and no exchange broadening is observed. All 
these observations are in accordance with the paramagnetic 
site MoV05(OH) localized in seven condensed octahedra. The 
spectra were interpreted in terms of the spin Hamiltonian 
[equation (l)] with S = 3, I M o  = $, and I,., = 3. The final 
e.s.r. parameters were obtained by an iterative least-squares 

= PHgS + J M J M O S  + IHAHS (1) 
procedure utilizing exact diagonalizations of the Hamiltonian 
matrix, according to the previous m e t h ~ d . ~  The results are 
given in the Table. In Qgure 4 the angular variations of experi- 
mental g, AMo, and A H  values, in the planes xy, yz, and zx, are 
reported. 

U.v.-irradiation of the deaerated aqueous solution (13.6 
mmol dm-3) of [NH3Pr]6[Mo7024]*3H20 revealed the presence 
of two paramagnetic species of (g) = 1.921 and 1.910 as 
shown in Figure 5 where a well defined signal at (g) = 1.921 
developed with weak satellite lines ( ( A )  % 50 G = 4.5 x 

cm-I) due to 95,97M~. Observable (g) and ( A )  values are 
almost the same as for the photolyte of a solution of [NH3Pr*l6- 
[ M O ~ O ~ ~ ] - ~ H ~ O , ~  suggesting that the formation of the two 
paramagnetic species found for the photolyte is hardly 
affected by the variation of the alkylammonium cations6 

Discussion 
The Table shows the principal values of theg, hyperfine (AM,,), 
and superhyperfine (AH) tensors. It has been reported that the 
oxygen-containing ligands for molybdenyl compounds are 
characterized by gl > gll and that this can be qualitatively 
explained in terms of a small spin-orbit coupling constant (1 52 
cm-') of oxygen atoms bonded to ~ I o . ~  The relative mag- 
nitude of the components of the g tensor (Table) supports this 
conclusion, if g l  = (gz + g3)/2 and gll = g ,  are taken. The 
usual difficulty in analysis of e.s.r. parameters is determining 
the signs of the components of the hyperfine and superhyper- 
fine tensors. It is most likely that all of the principal values of 
the 9 5 * 9 7 M ~  splitting tensors have the same sign, since the thus 
derived isotropic component (4.51 x cm-') is quite 
similar to that (4.5 x cm-') observed for the paramagnetic 
species of (g) = 1.921 in the photolyte (Figure 5 )  which gave 
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Figure 4. Angular 

W 
' ( - j  = 1~910 

<g> = 1.921 
(A> =50  G 

Figure 5. E.s.r. spectrum for the photolyte of the deaerated aqueous 
solution containing 13.6 mmol dm-3 [NH3Pr]6[Mo7024J*3H20 

good agreement with the average (go = 1.919) of principal 
values of the g tensor for the MoV centre for the single crystal. 
The signs of the components for the AMo tensor in the Table 
are taken to be positive, as described for AMo parameters of 
various oxomolybdenum ions.' The non-coincidence of the 
principal axes of the g and  AM^ tensors, has its origin in 
mixing between the various metal-based antibonding molecular 
orbitals allowed by the low ~ymrnetry.~ 

To proceed we have to decide on a choice of signs for the 
components of experimental 'H tensors. The decomposition 
into isotropic and anisotropic coupling constants for the 'H 
superhyperfine coupling components gives us the different 
combinations of signs. The odd spin in the MoVOH fragment 
may be distributed in orbitals on the oxygen and molybdenum 
atoms. If the spin density on a molybdenum atom does not 
contribute to spin polarization of the OH bond, the coupling 

constant for H ( 0 )  is simply related to the spin density on the 
oxygen atom located in a 2p orbital and the known para- 
meters of the CH mradical system enable us to estimate the 
spin density distribution.'O Reasonable agreement with both 
sign and magnitude of this estimation may be obtained only 
with the choice of the same signs. Any other choice of signs 
results in an improbably high ratio (>2) of anisotropic and 
isotropic components,* since the principal values (B) of the 
anisotropic tensor found for an a-proton in a n-electron radical 
is within 70% of the isotropic hyperhe interaction 
Thus, the tensors may now be broken up as shown below. 

[ $l!:ii] x 104cm-' = k9.93 + F0.79 x 104cm-' 

The OH bond has been assumed to be 40% ionic so that- the 
spin density on the oxygen atom is taken to be Also (=9.93 x 
10-4)/12.0 x 10-4 cm-' = 0.8.'O*11 The value is unreasonably 
large, considering that the totality of the spin in this hypo- 
thesis is shared among the molybdenum, oxygen, and hydro- 
gen atoms. Furthermore, applying the above hypothesis to 
the MOV04(OH)2 centre in the [Mo~O~,,(OH)~]~- lattice which 
gave similar 'H superhyperfine principal values (f 8.69, 
&9.28, h10.14) x 10-4 cm--',3 the total spin density is cal- 
culated to be unacceptably large, exceeding 0.8 x 2 = 1.6. 

The result implies the possibility of the direct spin polariz- 
ation between the paramagnetic electron orbital of molyb- 
denum and the H orbital, which would produce positive spin 

'f 1.78 

{ [*2.57]} 

* [AH(I), AH(*), A H ( ~ J  = (f8.15, f9.14, F12.5), (f8.15, F9.14, 
f12.5), and (F8.15, f9.14, f12.5) x lo4 cm-I imply lBlrnx/ 
~ A i s 0 ~  = 8.8, 3.4, and 2.7, respectively. These combinations con- 
stitute an unacceptably high ratio, 
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Figure 6. Stereoscopic drawing of 
to the dashed line on the zx plane 

N 4  
>O 

8' 86"" 
the molecular structure looking down the y axis. Plausible H[0(16)] * Mo(6) direction corresponds 

density at the proton. The hydrogen in this case is analogous 
to the P-hydrogen of a hydrocarbon free radical and such 
coupling components are definitely positive as shown in the 
Table.l0*l2 The large isotropic H(0) value of 9.93 x lo4 cm-I 
strongly supports this possibility and yields a proton 1s 
contribution to the semi-occupied orbital of 0.02 which can 
be estimated from the isotropic hyperfine interaction (1 420 
MHz = 474 x 1W cm-') for unit spin density in the 1s 
orbital of the H a t ~ m . ~ ~ * ' ~  The coupling constants * respec- 
tively associated with a 5s and 4d orbital of 95*97M~ are 1 984 
MHz = 66.2 x loa3 cm-' and 150.7(2/7) t = 43.06 MHz = 
1.44 x lW3 cm-'.l4 The isotropic coupling value for 9 5 * 9 7 M ~  
is 4.51 x lW3 cm-' (Table); hence a 5s contribution of 0.07 
is indicated. For the 95997Mo(4d) contribution the anisotropic 
parameter can be estimated to be  AM^,, - AM01)/3 = 1.24 
x cm-l, taking AMoII = 6.99 x lW3 cm-1 and A M o l  = 
E(4.20 + 2.34)/2] x = 3.27 x loW3 cm-' (see Table).14 
Hence, 95*97Mo(4d) orbitals contribute an estimated 0.86 to 
the semi-occupied orbital. The total spin count is thus 
0.02 (H 1s) + 0.07 (Mo 5s) + 0.86 (Mo 4d) = 0.95, which is 
close to unity. This indicates that 4d orbitals appreciably 
contribute to the semi-occupied molecular orbital and that 
the direct spin polarization between the paramagnetic elec- 
tron orbital of molybdenum and the H orbital is reasonably 
possible. 

Accordingly, the maximum principal component 4 3 )  was 
expected to be ncarly parallel to the H(0) * MoV, as well 
as the case of the COH system in which the hydroxyl-hydrogen 
maximum coupling was approximately parallel to a line H(0) 
***c.lovlz The plot of the angular dependence of the AH 
values in the crystal y z  plane gains its maximum (12.7 x 
10-4 cm-') at ca. 5" from the z axis (Figure 4). The value 
almost approaches the highest of the principal AH values, 
&3) (12.5 X 10-4 cm-'). Furthermore, the relatively large 
AH value (12.1 x 10-4 cm-') in the zx plane, at ca. 20" from 
the z axis, approaches AH(3), since AH(3) is nearly perpendicular 
to the y axis and is gained at 11 1.5 and 21 .5" from the x and 
z axes, respectively (Table). Hence, these directions in the yz 
and zx planes were considered to be nearly coincident with 
the direction of the H(0) MoV. Since [NH3Pr]6[Mo@24]- 
3H20 is a photochromic compound and exhibits no significant 
change in the i.r. spectra and X-ray diffraction powder patterns 
after u,v.-irradiation,6 it is assumed that the structure of the 
parent oxidized form [Mo7024]6- is retained upon u.v.- 

* Values of A and P in ref. 14 for 9 7 M ~  can be estimated to be equiv- 
alent to those for 9 S M ~  because of an approximate equivalency of 
the absolute value of gyromagnetic ratio of the nucleus in question. 
7 (2/7) is the angular factor for d orbitals. See Table 2 in ref. 14. 

0 0 

0 0 

irradiation. Thus the present e.s.r. results are in agreement 
with the site symmetry determined for [NH3Pr]6[Mo7024]* 
3H20.4 The stereodiagram of the molecular structure viewed 
down the y axis is shown in Figure 6. The Mo-0 bonds for 
isopolymolybdates can be classified into four types by their 
bond distances: a (1.69-1.73), b (1.90-1.97), c (2.16- 
2.30), and d (2.46-2.55 From the results of X-ray 
analysis and e.s.r. studies for the [NH3Pri]6[H2M~S02~]02H20 
single crystal, it has been proposed that the photo- 
reduction of MoV1 to MoV proceeds via u.v.-induced charge 
transfer in an a-type terminal Mo=O bond with an accom- 
panying transfer of a hydrogen-bonding proton (N+ -H 
distance of ca. 0.9 A) from an alkylammonium nitrogen to a 
6-type bridging oxygen atom (the N * * * O  distance of ca. 
2.86 A), followed by an interaction of the non-bonding elec- 
trons of the amino nitrogen with the terminal 0x0-group 
leading to a charge-transfer complex (I) as shown in reaction 
(2).3 Reaction (2) shows a photoreducible Moo6 site, in which 
the MoV' atom is surrounded by a distorted octahedral set of 
six oxygen atoms, two (a-type) of which are of terminal doubly 
bonded dioxo-groups and four (b-d-types) which are 
bridging.'g3 Based on the assumptions that the proton trans- 
ferred at the photoreduced Moo6 site is located around the 
N 0 line and that such a 0-H bond length $ is compara- 
tive to one third (cu. 1 A) of the N 0 distance, the AH(3) 

vector direction was matched with the plausible H(0) *MoV 
direction using the stereodiagrams of the molecular structures 
viewed down the x ,  y, and z axes. The result indicates that the 
A H ( 3 )  direction is close to the H[0(16)] Mo(6). Consider- 
ing that the short distance (2.81 & $ between N(2) and O(16) 
renders the postulated proton transfer from N(2) to a b-type 
O( 16) (Mo-0 1.93 A) eminently reasonable: the H[O( 16)] - 
Mo(6) direction postulated as a result of the proton transfer 
is observed at ca. 110 and 20" from the x and z axes in the zx 
plane, respectively (Figure 6). This direction is nearly coin- 

$ The 0 - H  distance may be taken as the same (0.9 A) as the 0 - H  
distance for [MO~O~,(OH)~]~- .3*15 

The hydrogen bond distance of H[N(2)] O(16) is cu. 2 A. 
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(11) (111) 

Figure 7. Bond distances (A) in the environment of the Mo(6) site 
and the mode of the photoreaction. The large-dashed line rep- 
resents the H[0(16)] * * * M O ( ~ ) ~  direction which is nearly coin- 
cident with the &,, vector direction 

- N ( 4 )  MO(5) 

Figure 8. Environment of the Mo(5) site 

cident with the &(3) vector direction. Figure 7 shows the 
configuration (11) about the environment of the Mo(6) site 
with the mode of the solid-state photoreaction given by the 
charge-transfer complex (111) formation. The long distance 
(2.93 A) of N(6) O(14) is a factor which decreases the 
probability of the proton transfer. This excludes the possibility 
of the H[0(14)] Mo(6) direction as the &(3) direction, 
which results from the proton transfer from N(6) to O(14). 

Any other molybdenum site was not found to accord well 
with experimental data. The octahedron environment of the 
Mo(5) is similar to that of the Mo(6), as shown in Figure 8.4 
One should note the long distance (3.86 or 3.61 A) between 

O(11) and N(4) or N(l) in the Mo(5) site, compared with the 
O(12) N(2) distance (3.45 A) in the Mo(6) site. Since the 
photoeffect is possibly to induce charge transfer (O+Mo) in 
an a-type terminal Mo=O bond, causing the oxygen to inter- 
act with the amino nitrogen as a result of the proton trans- 
fer,lJs4 the long distance in O(11) * - * N(4) or O(11) * * * N(l) 
may lead to a lowering in the probability of the charge-transfa 
complex (I) formation in the Mo(5) site, resulting in a relative 
insensitivity to the photoreduction of the Mo(5). Interesting, 
also, is the fact that for diperoxoheptamolybdate anion 
[M0~02~(0,)~]~-, two peroxo groups replace two a-type 
terminal oxygen atoms, one at either end [corresponding to 
Mo(6) or Mo(5) site] of [ M O ~ O ~ ~ T - . ' ~  
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