
are also used by taxonomists and pale- 
ontologists to distinguish species of liv- 
ing and extinct representatives of sev- 
eral different phyla of invertebrate 
organisms (for example, mollusks, 
brachiopods, ostracods). Similar uses 
for patterns of attachment scars should 
now be considered by specialists deal- 
ing with scleractinian corals (9). 
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We report a new liquid photo- 
voltaic cell based on the disproportion- 
ation of excited Mo4 + to Mo3 + and 
Mo +. The sequence of reactions in 
the illuminated side of the cell is 

Mo4+ - (Mo4+)* 

(Mo4+)* -> Mo5+ e 

The reaction in the dark side is 

Mo4+ + e -- Mo'+ 

The net reaction is 

2Mo4 + hv -> Mo+ +- Mo&+ 

The photovoltaic effect is due to the 
accumulation of Mo5+ in the illumi- 
nated side and the simultaneous ac- 
cumulation of Mo3+ in the dark side. 

The experimental cell is shown in 
Fig. 1. The cell is made of two Pyrex 
test tubes 25 mm in inside diameter 
connected by glass tubing 6 mm in 
inside diameter with a very fine glass 
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frit. The two sidearms are used to flush 
the solutions with nitrogen, the stream 
of which also stirs the solution. The 
platinum electrodes have an area of 
0.5 cm2. The thermometers in the two 
sides are necessary so that the tempera- 
ture in the illuminated side does not 
exceed the temperature in the dark 
side. 

To ensure temperature uniformity 
and to rule out thermal potential differ- 
ences, the whole cell is immersed in 
a thermostated water bath (25.0? ? 
0.5?C). The light source used is a tung- 
sten halogen lamp (General Electric 
"quartzline," model FAL). The 420-watt 
lamp is kept at a distance of 15.3 cm 
from the cell. To exclude light from the 
dark side, one of the test tubes is wrap- 
ped with aluminum foil. 

The materials used were colorless 
hydrated ammonium molybdate (NH4)6- 
Mo7024'4H20, and red "(NH) 2MoCl5 
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H20." In the first compound, which is 

commercially available, molybdenum is 
hexavalent. The second compound, in 
which molybdenum is trivalent, was 
prepared as described by Palmer (1, pp. 
413-415), except that we used nitro- 
gen rather than carbon dioxide as our 
oxygen-free atmosphere. We obtained 
Mo4+, also as described by Palmer (1, 
pp. 410-413), upon mixing a solution 
containing one equivalent of the Mo6+ 
compound with two equivalents of the 
Mo3+ compound. The formation of 
Mo4+ requires about 5 minutes. By 
mixing equal amounts of an 0.05M 
Mo3+ solution and an 0.025M Mo6+ 
solution, we obtained an Mo4+ con- 
centration of 0.0375M. The Mo4+ so- 
lution, which has a deep green-black 
color, was used to fill both sides of the 
photovoltaic cell. 

Figure 2 shows the voltage develop- 
ment after the light is switched on. A 
plateau of 88 mv is reached in about 
15 minutes. The cell is capable of stor- 
ing electrical energy. When the light 
is switched off, the drop in the cell's 
voltage is very slow unless a current 
is drawn (there is no substantial drop in 
potential in 2 hours). As the voltage 
develops, the color of the solution 
changes from dark green to light 
brown in the illuminated side and from 
dark green to brown-green in the dark 
side. We assign, by polarographic ex- 
periments, the yellow-brown solution 
and the crystals precipitated in the 
illuminated side to Mo5+, and the 
brown-green solution in the dark side 
to Mo3+. The color changes are con- 
sistent with the formation of Mo5+ 
and Mo3+. On the illuminated side the 
Mo5+ precipitates as the light brown 
"MoO(OH)3," which dissolves in con- 
centrated hydrochloric acid to give the 
dark green Mo5+ solution (1, pp. 406- 
407). If ammonium carbonate is added 
to the solution in the dark side, a red 
compound, characteristic of Mo3+, pre- 
cipitates (2). 

To prove the nature of the light- 
induced reaction, we subjected the 
starting solution and its photoproducts 
to a polarographic study. The solvent 
and supporting electrolyte for the po- 
larography in all cases was 3N HCI. 
All of the reactions described below 
were carried out in a nitrogen atmo- 
sphere. 

To establish that the molybdenum 
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To establish that the molybdenum 
was indeed in the tetravalent state prior 
to irradiation, the molybdenum in the 
solution was precipitated as "py2H2Mo- 
(CNS)6" (where py represents pyri- 
dine), and then converted to "Cd2Mo- 
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Inorganic Liquid Photovoltaic Cell: 

Tetravalent Molybdenum in Water 

Abstract. An inorganic liquid photovoltaic cell is described. The cell is based on 
the reaction 2Mo4+ ~ Mo5+ + Mo3+, with pentavalent molybdenum formed in 
the illuminated half-cell and trivalent molybdenum formed in the dark half-cell. 
In the photochemical reaction pentavalent molybdenum precipitates. Consequently, 
the cell has the capability of storing energy. 
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Fig. 1. Schematic drawing of the experi- 
mental cell. 

(CN) 88H20," and finally to "K4Mo-. 
(CN)8-8H2O" (1, pp. 410-413). In 
parallel, the same preparative route to 
"K4Mo(CN) 8 8H20" was followed, 
starting with a concentrated HC1 solu- 
tion of "MoC14" (Research Organic/ 
Inorganic Chemical Corporation, Sun 
Valley, California). The polarograms 
of the two substances were identical, 
showing a half-wave potential E1/2 of 
-0.12 volt. 

The formation of Mo5+ on the il- 
luminated side of the cell was estab- 
lished as follows: The brown precipi- 
tate formed upon irradiation was 
dissolved in HCI and reprecipitated 
with ammonium carbonate as brown 
"MoO(OH)3" (1, pp. 406-407). The 
polarogram of this substance in 3N HCI 
was identical with a polarogram ob- 
tained from a sample of "MoO(OH)3" 
prepared by adding ammonium car- 
bonate to a concentrated HC1 solution 
of "MoCl5" (Research Organic/Inor- 
ganic Chemical Corporation). Both 
samples show polarograms with half- 
wave potentials of -0.11 volt and 
-0.45 volt. 

That Mo3+ was formed in the dark 
side of the cell was shown by compar- 
ing the polarogram of a known sam- 
ple of "(NH4)2MoCl5'H20" with that 
of the dark red precipitate obtained by 
adding ammonium carbonate to the 
solution in the dark side (1, pp. 413- 
415). The polarograms of these two 
materials were identical (E1/2 =-0.43 
volt). 

The concepts that we applied to 
identify the present photovoltaic liquid 
were the following: 

1) Ions, atoms, and molecules all 
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become stronger reducing agents upon 
excitation: The electron promoted to 
a higher energy level requires less 
energy for its removal. 

2) To obtain efficient electron trans- 
fer reactions it is necessary to have 
relatively long-lived excited states. If 
either the radiationless or the radiative 
transitions are excessively rapid rela- 
tive to the electron transfer reaction, the 
quantum yields are small and the effects 
negligible. Criteria for adequately long 
life are (i) photochemical reactivity of 
the excited species and (ii) lumines- 
cence with long decay. Molybdenum 
(IV) is known to undergo photochem- 
ical reactions, and photoelectron ejec- 
tion has been reported in the cyano 
complex of Mo4+ (2). 

3) The absorption spectrum of the 
product in the illuminated cell must 
not mask the spectrum of the reactant. 
The Mo4+ ion is deep green; the prod- 
uct (the Mo5+ formed in the illumi- 
nated side) is light brown and precipi- 
tates out. 

4) The rate of reverse reaction, in 
which the photooxidized species is re- 
duced by the ejected solvated electron, 
or by a reduced material that is pro- 
duced, must be slow relative to the 
diffusion of the solvated electron to the 
electrode or the diffusion of the re- 
duced intermediary to the electrode. 
This criterion is met in our experiment 
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In our study of lunar sample 12021 
returned by the Apollo 12 mission, we 
have identified three grains of garnet. 
This rock was described by the Lunar 
Sample Preliminary Examination Team 
(1) as a porphyritic gabbro, and we 
have examined a small rock chip 
(12021,22) and a polished thin section 
(12021,2). The rock chip, wrapped in 
aluminum foil, was partly disaggregated 
when received, and the enclosing foil 
contained several hundred mineral and 
rock fragments ranging in size from a 
few micrometers to a millimeter. Dur- 
ing examination of the fragmental ma- 
terial under a binocular microscope, 
three distinctive grains were observed 
and isolated (2). These grains were pale 
brown in color with a distinct pink 
tinge and were free from inclusions, 
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Fig. 2. Development of the potential after 
exposure of the half-cell to light. 

because the solubility of Mo5+ in our 
solution at pH 4 is limited and the 
oxidized product is removed from the 
equilibrium when formed. Indeed, our 
photovoltaic cell cannot be operated in 
strongly acid solutions, in which Mo5+ 
dissolves. 
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having a gem-quality appearance. They 
were anhedral and somewhat flattened, 
varying from 100 to 300 tum in the 
largest dimension and averaging less 
than 40 ,tm in thickness. 

The three grains were used for an 
x-ray powder pattern, microprobe 
analysis, and refractive index determi- 
nation. The x-ray powder pattern (3) 
identified the grain as garnet, with a 
cell edge of 11.624 ? 0.005 A. The elec- 
tron microprobe analysis (4) showed 
that the garnet is rich in iron and calci- 
um, with minor amounts of manganese 
and magnesium (see Table 1). No evi- 
dence of chemical zoning was detected 
in this grain. In calculating the atomic 
formula (Table 1), all of the iron is as- 
sumed to be divalent. This assumption 
is reasonable in view of the highly re- 
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Garnet: First Occurrence in the Lunar Rocks 

Abstract. Three grains of almandine-rich garnet isolated from lunar sample 
12021 have the composition Alm70.7Gro25.0Sp2.7PyrI.6, with cell edge of 11.624 

angstroms and refractive index of 1.81. The garnet probably formed late in the 
crystallization sequence. 
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