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some reglolls but not as ue l l  In others. 
A map of the d~fference AXeff b e h ~  een this 

h e a r  relatlon and the calculated Xeff polnts 
(Fig. 3) reflects the implied abundance of neu- 
tron absorbers other than Fe and TI (Fig. 4). The 
highest 1;alues are found over the rim of the 
Imbriunl basin, including the Apeniline moun- 
tains in the east up through the Alps, across 
to the Jura mou~ltains in the nest .  down 
through the Aristarchus plateau and 
through the Fra hfauro formatioil to the 
south. LP gamma-ray spectrometer maps 
show that these regions also haye high Th 
and K concentratio~ls (13). This similarity 
implies that the absorbiilg species are affil- 
iated Rith the i~lcompatible eleme~lts found 
in KREEP; the correlatio~l coefficient be- 
tween the gamma-ray spectrometer Th data 
(13) and A x e f f  is 0.93. The values of A s S f f  
are consisteilt with the range (10 X l o p 4  to 
42 X l o p 4  cm2;g) of Gd and Sin co~ltribu- 
tions listed in Table I .  The K in KREEP 
plays only a very minor role in zeff (Table 
1). Therefore, we conclude that Az- ,  re- 
flects priinarily the coilcelltration of d d a n d  
Sm and, thus. 1s a tracer for KREEP. 

The estunated thennal neutron macroscopic 

absorption coeffic~e~lt that would be expected 
on the bas~s of concentrations of Fe and TI 
den\ ed from CSR data. coupled nit11 an estl- 
mate of Ca concentrat~ons, is m reasonable 
agreement w ~ t h  the LP neutron spectrometer 
results. Discrepancies ai-ise in regions that ha1.e 
significant levels of KREEP, where Gd and Snl 
are major theinlal neutron absorbers. Thus, the 
CSR method appears to be a reliable technique 
for obtaining FeO and TiO, abu~ldances moon- 
n-ide. The inferred KREEP-rich regions form a 
ring around the Imbriuln impact site and are 
directly related to either exca~;atio~~ of this low- 
er crustal chemistry or to volcanisin that extmd- 
ed E E P - r i c h  lava on the surface. On the 
other hand, the much larger. deeper South 
Pole-Altken ~mpact bas~n shou s little KREEP 
enhanceine~lt (14) Thls result appears to con- 
firm the uniqueness of the Imbriuln 1011 er cmst- 
al chemistry and suggests that the moon may 
have considerable regional coinpositional het- 
erogeneity at depth. 
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Fluxes of Fast and Epithermal 
Neutrons from Lunar 

Prospector: Evidence for Water 
Ice at the Lunar Poles 

W. C. Feldman,* S. Maurice, A. B. Binder, B. 1. Barraclough, 
R. C. Elphic, D. J. Lawrence 

Maps of epithermal- and fast-neutron fluxes measured by Lunar Prospector 
were used to search for deposits enriched in hydrogen at both lunar poles. 
Depressions in epithermal fluxes were observed close to permanently shaded 
areas at both poles. The peak depression at the North Pole is 4.6 percent below 
the average epithermal flux intensity at lower latitudes, and that at the South 
Pole is 3.0 percent below the low-latitude average. No measurable depression 
in fast neutrons is seen at either pole. These data are consistent with deposits 
of hydrogen in the form of water ice that are covered by as much as 40 
centimeters of desiccated regolith within permanently shaded craters near both 
poles. 

The moo11 is depleted in all 1;olatile elements 
compared with Earth (I) .  Howe~;er, water 
was brought to the moon by comets and 
asteroids and was formed by the reduction of 
FeO in lu~lar materials by solar wind hydro- 
gen, and some jmre~lile water may have been 
released from the lunar interior o1;er billio~ls 
of years (2 ,  3). Studies of the tra11spoi-t of 
such water over the lunar surface after its 
release indicate that 20 to 50% should be 
retained as frozen water ice within perma- 
ile~ltly shaded craters near both poles (2-6). 
However, losses due to meteoritic bombard- 
ment (3) and erosioil due to particle sputter- 
ing (7); or photodissociatioil by i~lterstellar 
hydrogen Lyman-a (8) ,  may exceed the ac- 
cretion rate pre1;enting the developine~lt and 
retellti011 of pernia~lent ice deposits at the 
poles. 

W. C. Feldman, B. L. Barraclough, R. C. Elphic, D. J. 
Lawrence, Los Alamos Nat ional  Laboratory, MS 
D-466, Los Alamos, N M  87545, USA. 5. Maurice, 
O b s e ~ a t o i r e  Midi-Pyrenees, 1 4  avenue Edouard Belin, 
31400 Toulouse, France. A. B. Binder, Lunar Research 

The iilteipretatio~l of ano~llalously large 
i~lte~lsities of same-sense polarized radar ech- 
oes that are locallzed to per~nane~ltlq shaded 
craters near the poles of Mercury (9-11) as 
caused by deposits of nearly pure uater Ice 
suggests that s~nlllar deposlts should also ex- 
ist 011 the nioo11. Although a report of a 
poss~ble detection of nater Ice 011 the moon 
with Clementine data (12) supports this sug- 
gestion; it is not universally accepted (13, 
14). We address the question of lunar water 
ice using epitherrnal- and fast-neutron data 
measured us111g the Lullas Prospector (LP) 
ileutroil spectrometer (NS) 

Expected signature of H A unlque  den- 
tlficatlon of chelll~cal specles eniiched 111 11, - 
drogen and a characterizatio~l of their spatial 
distribution are possible through ineasure- 
ine~lt  of neutro~l flux spectra (15, 16). The 
magnitude of this effect at 100-lun altitude is 
illustrated with simulated neutron flux spec- 
tra (Fig. 1). The different curves give neutron 
lethargy, L(E); as a fu~lctioil of energy, E, for 
fei~oan-anorthosite (FAX, a major type of 

Institute, 1180 Sunrise Drive, Cilroy, CA 95020,  USA. soil or regolith in the lunar highlands) con- 
* T ~  whom correspondence should be addressed. E- taining various admixtures of H,O (17). 
mail: wfeldman@lanl.gov There are three general energy ranges that 
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Fig. 1. Simulated neutron lethargy-energy 
spectra for a FAN regolith containing various 
weight percent admixtures of H,O (w). These 
spectra were generated with the ONEDANT 
part of the DANTSYS code system (27) as 
discussed in (16). From top to bottom, the 
spectra correspond to mass fractions of H,O 
(w) of 0, 0.01, 0.1, 1, 3, 10, 30, and loo%, 
respectively. R, altitude of spacecraft. 

Fig. 2. Simulated epithermal and fast-neutron 
counting rates as a function of mass fraction of 
H,O (w), added to a FAN regolith. 

Fig. 3. Simulated epithermal and fast-neutron 
counting rates for a desiccated FAN layer of 
varying thickness d that overlays a thick, circu- 
lar deposit of water ice having a radius of 24.3 
km, which is surrounded by a desiccated FAN 
regolith. Here and throughout this study, a 
density of 2 g cmV3 is assumed. Also, inf is an 
effectively infinite depth. 

rate is indepe~ldellt of ileutron energy be- 
cause. for most elements. T/;?a',, 1s constant. 
The number of neutrons absorbed in the epl- 
thermal range then depends only on the tune 
they spend loslllg energy beh~een  the fast- 

coilespoild to loa oi thel-inal. intermediate or 
epithelmal. and high or fast neutrons. nlnch 

and theinlal-neutron energy ranges. Because 
this time decreases rvlth iilcreasiilg hydrogen 

reflect the neutron production and energy 
moderation process. Fast ileutrons are formed 
at high energies as the result of interactioils 
bet~veen galactic cosinic rays and the iluclear 
constituents of the regolith. They transfer 
energ!- to lluclei in the regolith at a nearly 
constant fractional rate during subsequent, 
primarily elastic scattering collisions. This 
process results in an epithelmal flux spectlum 
that is proportio~lal to EV'  [or constailt L(E)]. 
As their energy approaches that of the ther- 
mal inotion of regolith nuclei. they begin to 
absorb energy as fast as they lose it and 
thereby develop a Maxnellian velocity distri- 
bution (the peaks at the lowest energies in 
Fig. 1). The thermal-neutron population 
builds in amplitude until the rate of injection 
froin the fast-neutron population equals the 

content, the spectra flatten out as the % eight 
percent of aater increases from 0 to 100?6 
(Fig. 1). 

Instrumentation and data reduction. where 11, is the aeight fraction of H,O. These 
relations illustrate the large measurement ad- 
vantage provided by epithelmal neutrons in 
detecting small amounts of hydrogen. A 1% 
ineasmement precision colresponds to a hydro- 
gen weight kaction of [0.01/(61 X 9)J = 18 X 
loV6. We veiified (but do not show here) that 
these spectra and counting rates are not affected 
by a change in the conlposition from FAN to 
norite (another major type of rock abundant in 
the regolith in the lullar highlands). The frac- 
tional reduction in the epithermal-neutron 
counting rate is a factor of 5 higher than that for 

Neutrons were measured with three differ- 
ent spectrometers aboard LP (18). Thermal 
and epithermal neutrons were detected with 
two 5.7-cm-diameter by 20-cm-long 3He 
gas-filled proportional counters pressurized 
to 10 atm. One detector was covered by a 
0.63-mm-thick sheet of Cd and was sensi- 
tive only to epithermal neutrons [labeled 
3He(Cd) ill Fig. 11. The second was covered 
bv a 0.63-min-thicl< sheet of Sn. Both sen- 
sols a ere matched so that the difference 111 
their couiltlng rates provided a measure of 
the flux of thermal neutroils (labeled "ther- 
mal" in Flg 1). Fast neutrons %ere mea- 

the fast-neuhon counting rate 
The trend shoan 111 Figs 1 and 2 for an 

rate of absoll3tion due to thermal capture 
reactions plus the rate of loss to space. 

The dolniilallt effect of llydrogen (here 
assunled to be in the folm of water inole- 
cules) is to monotoilically decrease the inten- 
sity of epitl~elnlal and fast neutrons (Fig. 1). 
In contrast, the effect of hydrogen on the 

sured with the anticoincidence shield 
(ACS) of the gamma-ray spectrometer 
(GRS). Here. events consisting of a time- 
correlated pair of interactions were used to 
positively identify fast neutrons. The pulse 
height of the first of the pair provided a 
measure of their energy spectrum between 
about 0.5 and 8.0 MeV (18). 

The trend of decreasing L(E) with increas- 

assumed surface stratigraphy that has infinite 
horizontal spatial extent does not represent the 
case for spatially confined deposits of enhanced 
hydrogen. Spatially confined deposits are ex- 
pected if nater ice resides in pernlanently shad- 
ed craters near both lunar poles The results of 
a senes of siinulat~ons for clrcular deposits of 

thennal population is not monotonic, produc- 
ing a nlaxinluln between about 3 and 5 
weight 96 of H,O. Also. all the spectra slope 
downward toward loner energies in the epi- 

pure water ice having a radius of 24.3 km. 
which is surrounded by a desiccated FAN re- 

ing water content at epithennal energies was 
simulated by integrating the product of the 

gollth and co\ ered over by a layer of the same 
regollth of larying thickness ci. are shown in 

thei~nal iange because of the absoll3tion of 
ileutroils by regolith iluclei at the rate 

energy spectra (Fig. 1) and the efficiency of 
the jHe(Cd) sensor (Fig. 2). A similar calcu- 

Fig. 3. For nater deposits that are small com- 
pared with the spatial response function of the 

latlon %as made fol fast neutions \\lth the 
efficiency fullctloil estimated for the 4CS of 
the GRS (19 20) Epithel~nal and fast-neu- 
tion countlilg iates (epi-counts and fast- 
counts. iespecti\ely) can be replesented by 
functions of the f o i ~ n  

sensor (as chosen for these simulations). the 
depress1011 in epitherrnal and fast-neutron 

ahere  the sum is over all regolith elelnents i; 
?v; is the number density of element i. and o',, 
is the cross section for absolption of a neu- 
tron having I-elocity V,, by element i. This 

counting iates fol thin co\el layers (d less than 
- 10 cm) satuiates at a alue that 1s go\ eined by 
the solid angle of the deposit as seen by the 
sensor. The relati\ e solld angle for an assumed 
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circular water deposit having a radius of 24.3 scattering as a function of increasing neutron 
km is seen to be about 5%, which is consistent energy. Beyond about 1 MeV, the cross sec- 
with a foot point size for the epithermal-neutron tion for hydrogen becomes less than that for 
sensor of 37,100 lan2. oxygen. Because of this effect, overlying des- 

The percentage of reduction in the epi- iccated layers of regolith (which contain 
thermal counting rate drops off slowly with about 45% by mass of oxygen) will effective- 
increasing burial depths, whereas that in the ly screen buried hydrogen-rich layers &om 
fast-neutron counting rate drops by a factor of detection by fast neutrons. 
2 for a burial depth of 15 cm (assuming a Obse~ations. The LP neutron data ana- 
density of 2 g ~ m - ~ )  and a factor of 20 for 50 lyzed and reported here cover the period be- 
cm. This difference reflects the decreasing tween 16 January and 27 June 1998. Epi- 
cross section of hydrogen for elastic neutron thermal and thermal counting rates were con- 

Fig. 4. Histograms of counts per 
areal pixel of thermal, epither- 
mal, and fast-neutron counting 
rates. The histogram labeled 
"epithermal*" is constructed by 
subtracting 6.8% of the thermal 
histogram from the epithermal 
histogram. 

1m 7.00 400 m 
Count. 

NwrSkk & North Pole Fw-Side & South Pole 

Fig. 5. A full-moon map of the epithermal* counting rates. Both globes are tilted by 4S0 in latitude 
with the nearside and North Pole at the left and the fanide and South Pole at the right. The scale 
given in the middle corresponds to the counts registered by the Cd-covered 3He gas proportional 
counter in 32 s. 

structed b m  sums of 3He(Cd) and 3He(Sn) 

EQ Fig. 6. Averages and standard 520 , , , , , , , , , , , , , , North , , , , , , , , , , , , , , , , E? , , , , , , , , , , , , , , S O U I ~  , , , , , , , , , , , , , , , , EQ , 

pulse-height spectra measured every 32 s (18) 
over a range of channels that bracket the 763- 
keV peaks of the 3He(n,p)t reaction. These 
peaks correspond to detection of low-energy 

deviations of all epithermal* 
counts for all equal area pixels in 
Fig. 5 within successive 2O wide 

neutrons. Fast-neutron counting rates were gen- 
erated by summing all background-subtracted, 
correlated double-interaction events detected in 
the ACS of the GRS [see (18) for details]. 
Counts were mapped with nearly equal area 
pixels, each having a bin size equal to that 
contained within a 2" latitude by 2" longitude 

I I 
I I 
I I 

box at the equator. All pixel counts were nor- 
malized to a constant neutron production rate 
by galactic cosmic rays with the intensity of the 
6.13-MeV oxygen gamma-ray line measmid 
by the LP GRS. Corrections were also made for 
the latitudinal dependence of instrument-re- 

latitude bins that i re  bounded in f f -  I I 
I I - 

azimuthal angle by planes that 6 - 

are parallel to the lunar polar ? 
axis and separated by 2O in lon- 480 1: 
gitude at the equator (EQ). 2 - - :  

II( e :; I 
1 

I 
I - 

- :  I 

sponse functiorls. 
Histograms of thermal, epithermal, and fast- 

neutron counts (Fig. 4) show that the epithermal 
counting rate distribution is narrower than those 
for the thermal and fast neutrons. This narrow 
distribution reflects the relatively low sensitiv- 
ity of epithermal neutrons to composition (21). 
Their residual sensitivity can be reduced M e r  
with Eq. 1, which for all elements except Gd 

440 

and Sm applies equally to thermal and epither- 
mal neutrons. Effects of composition on epi- 
thermal counting rates can therefore be mini- 
mized by subtracting a fmction of the measured 
t h d  counting rate. We found that histo- 
grams of epithd-neutrcm counts have a 
minimum width if this fraction is 6.8%, which 

1 I 
I I 
I I 
4 

we use to define the population of epithermal* 
neutrons [epithermal* = epithermal - (0.068 

0 30 60 90 120 150 180 210 240 270 300 330 360 
Latltude along 2"-Wlde Polar Bands (deg) 

x thermal)]. Comparison of both epithermal 
histograms reveals that the width of the epi- 
thermal* histogram is narrower, as evidenced 
by the increase in peak amplitude (for the same 
number of epithermal pixel counts). The effect 
is more noticeable in the full map of epithermal 
counting rates. W h m  the epithermal map 
(not shown here) contains shadows that enclose 
the maria, which are outlined-in a map of the 
thermal neutrons [figure 2 of (22)], these shad- 
ows are much reduced in the map of epither- 
mal* neutrons (Fig. 5). In addition, two con- 
centrations of dark pixels are visible at the lunar 
poles, which are neither circular nor centered on 
the poles. 

Longitudinal averages of epithermal* 
counting rates as a function of latitude (Fig. 6) 
show only two prominent minima, one at €he 
North Pole and one at the South Pole. The 
fractional decreases in polar counting rates have 
slightly different shapes and are both offset 
from the poles. Although not demonstrated 
here, both depressions are broader than the 
spatial response function of the epithermal-neu- 
tron sensor. Whereas the peak of the depression 
at the north is 4.6% relative to neighboring 
latitudes within about ?30° of each minimum, 
that at the south is 3.0%. An integration of 
epithermal counting rates poleward of 285" 
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yields fractional depressions in epithermal* 
counting rates of 3.0 and 2.6% relative to the 
full moon value, at the North and South Poles, 
respectively. A similar calculation poleward of 
3 0 "  yields fractional depressions of 2.0 and 
1.6%, respectively. 

A map of fast-neutron counting rates [figure 
3 of (22)] shows no evident decrease in the 
fast-neutron flux at either pole that is consistent 
with the decreases in flux observed in the epi- 
thermal* map of the moon (Fig. 5). This per- 
ception is quantified by constructing longitudi- 
nal averages and their standard deviations of the 
fast-neutron counts as a function of latitude 
(Fig. 7). Although no substantial effect is seen, 
we can use these data to establish an upper limit 
for fast neutrons by comparing the lowest 
counting rate within ?5" of each pole with a 
smoothed interpolation of counts within a 230" 
range of each pole. This procedure gives upper- 
limit relative fast-neutron flux decreases of 
0.35% in the north and 0.5% in the south. The 
statistical precision of averaged counts at both 
poles is 0.25%. The effect in fast neutrons is 
therefore more than about a factor of 10 smaller 
than that seen in epithermal* neutrons. 

Support for interpretation of the enhanced 
deposits of hydrogen evident in epithermal- 
neutron data in terms of water ice is given by 
comvarin~ the locations of observed decreases - - 
in epithermal* counting rates with locations of 
permanently shaded polar areas (Fig. 8). The 
largest decreases of counting rates in the north 
(shown by the colors between purple and ma- 
genta) are seen to cover the north-facing rim of 
Peary crater and a linear trend parallel to the 
+ 130" meridian that extends to +77O latitude. 
They also cover parts of the rims of the Her- 
mite, Rozhdestvenskiy, and Plaskett craters. 
The largest decreases in the south (shown in 
purple) are close to the pole but on the nearside 
of the rim of the South PoleAitken basin. 
Reduced counting rates (shown in blue) follow 
a linear trend along the -50" to + 130' merid- 
ian and also cover patches of the rim of the 
Schrodinger crater. Comparison with Clemen- 
tine 750-nm images (23) shows that all of these 
locations contain many (unresolved by the NS) 
small areas that appear to be in permanent 
shadow. 

Discussion. Comparison of the upper-lim- 
it ratio of fast to epithermal depressions in 
counting rates at both poles (about a factor of 
10) with the simulations (Fig. 3) shows that 
LP epithermal and fast-neutron data are con- 
sistent with models of buried water-ice de- 
posits. If accumulation of more fast-neutron 
data in succeeding LP map cycles confirms 
our present upper-limit estimate as real de- 
pressions, then the measured epithermal- and 
fast-neutron fluxes are consistent with theo- 
retical expectations for pure water-ice depos- 
its buried beneath a dry regolith having a 
thickness of about 40 cm. These deposits 
would then have total effective surface areas 

of about 1850 km2 at both poles. 
This model is not unique because similar 

results could be obtained with different com- 
binations of (i) lower water-ice abundances in 
the buried deposit, (ii) different surface area 
and surface distribution of the deposit, (iii) 
different burial depth below dry regolith, and 
(iv) a multilayered geometry containing alter- 
nate layers of water ice and dry regolith. This 
last configuration could result from a series 
of comet impacts that occurred at different 
times in the past. 

If our interpretation of the LP neutron data 
is correct, a partially buried water-ice deposit is 
consistent with interpretations of existing radar 
backscatter data (24). These data provide only 
questionable evidence for polar water ice on the 
moon, including areas that are within the few 
permanently shaded lunar craters that are visi- 
ble to Earth-based radar [see, for example, (24) 
and references thereinl. These null observations 
are consistent with the presence of buried water 
ice because the Fe and Ti abundance of lunar 
regolith at its poles is sufficiently high (25) to 
absorb backscatter radar signals from water-ice 
deposits that are buried at depths by more than 
about 20 cm (26). 

We can estimate the amount of water ice 

that may be found in permanently shadowed 
polar areas if we assume that (i) the ice deposits 
are below a 40-cm-thick layer of dry regolith, 
(ii) they are pure water ice, (iii) they reach a 
depth of 2 m, that is, the depth estimated to be 
gardened in 2 billion years (3), and (iv) the 
surface area of permanently shadowed crater 
deposits is 1850 lan2 at each pole as simulated 
above. Then each polar region could contain as 
much as roughly 3 x lo9 metric tons of water 
ice. This amount is about an order of magnitude 
less than that predicted as possibly delivered to 
and retained on the moon by comets over the 
past 2 billion years (3). 

This estimate may be wrong by a large 
factor if the actual area in permanent shadow 
at both poles differs from our assumed value 
of 1850 km2. Estimates based on Clementine 
data (12, 23) yield 530 km2 north of +87.5" 
and 6361 km2 south of -87.5" latitude. There 
is a potential inconsistency here because the 
measured epithermal-neutron effect is larger 
in the north, yet the permanently shaded area 
appears to be larger in the south. This dis- 
crepancy implies either that all of the excess 
hydrogen is not in the form of water ice or 
that the permanently shaded areas estimated 
from Clementine data do not represent con- 

EO ~ EO ~ Eo Fig. 7. Averages and standard 
3 9 0 .  deviations of all fast-neutron 

counts for all equal area pixels in 
figure 3 of (22) within successive 
2" wide latitude bins that are 
bounded in azimuthal angle by 
planes that are parallel to the 
lunar polar axis and separated by 
2" in longitude at the equator. 

0 90 60 W 120 150 1m 210 240 270 S#I XI0 SdQ 

Latlcud. .long r-wwm PolU Bmdn (d.0) 

Fig. 8. Overlay of epithermal* counting rates in each 2" by 2" equal area pixel poleward of +7O0 
with surface relief maps of the lunar poles (28). 
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ditions near the poles at latitudes equatorward 
of t 8 7 . j 0 .  This last possibility is supported 
by the fact that the South Pole of the moon 
was viewed by Clementine during winter. 
Areas that appear to be shaded during the 
winter months may receive sunlight during 
other times of the year. 

However, it is also possible that some of the 
excess hydrogen inferred from epithermal*- 
neutron data near the lunar poles is dispersed 
throughout relatively large areas of the polar 
regolith, having been delivered to the moon at 
more equatorial latitudes by the solar wind but 
transported to the poles through multiple colli- 
sionless hops through the lunar exosphere (2- 
6). By the rs thod of constsuction, our polar 
estimates made from Fig. 6 are additions to the 
average mass fraction of hydrogen implanted in 
the regolith by the solar wind at lower latitudes. 
We believe a solar wind for most of the ob- 
served excess hydrogen is unlikely because the 
lack of a fast-neutron signature rules against a 
surface deposit. 
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Low-Tem~erature Svnthesis 
of Zintl Compounds with a 

Single-Source Molecular 
Precursor 

Michael A. Beswick,* Nick Choi, Christopher N. Harmer, 
Alexander D. Hopkins, Mary McPartlin, Dominic S. Wright* 

Thermolysis of the heterobimetallic phosphinidene complex {[Sb(PCy),],- 
Li;GHNMe,} (Cy = C6H,,) at 303 to  313 kelvin gives Zintl compounds con- 
taining (Sb,),- anions. The complex thus constitutes a stable molecular single- 
source precursor to Zintl compounds and provides a potential low-temperature 
route to photoactive alkali metal antimonates. The new chemical reaction 
involved, which is driven thermodynamically by the formation of P-P bonds, has 
implications in the low-temperature synthesis of other technologically impor- 
tant materials (such as gallium arsenide). 

Zintl compounds, which contain polyatomic 
posttransition metal anions and alkali or al- 
kaline earth metal cations; were discovered 
over a hundred years ago (1). In the 1930s, 
Zintl and co-workers investigated the compo- 
sition of solutions of group 14 or 15 elements 
with alkali metals in liquid NH, and showed 
that, depending on the concentration, a 
wealth of polyatomic main-group anions are 
present in equilibrium (2). To control their 
stoichiometry and to obtain single compo- 
nents, direct dissolution of binary alloys of 
the alkali and posttransition elements (pre- 
pared typically at 873 to 1473 K) is required 
(3). Corbett and others have used 2,2,2-crypt- 
[4,7,13,16,2 1,24-hexaoxa-1 ,lo-diazabicyclo- 
(8.8,8)hexacosane], which strongly complex- 
es Nat and KT cations and separates them 
from the polyatomic anions, to proyide stable 
crystalline materials that are amenable to 
x-ray structural determination (4). Such 
structural inyestigations revealed that a 
wealth of bonding patterns are adopted by the 
polyatomic posttransition metal anions and 
these studies have had a fundamental impact 
on modem bonding theoly (4). 

Recently, by using stepwise metallation of 
primary amines and phosphines, we showed 
that a variety of heterometallic alkali metal 
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Sb(II1) imido and phosphinidene complexes are 
accessible (5,  6). We report here that thermol- 
ysis of the heterobimetallic phosphinidine com- 
plex {[Sb(PCy),],Li,.6HNMe2} 1 (Cy = 

C,H,,) (6) in toluene at 303 to 3 13 K gives the 
Zintl compound [Sb,Li3.6J3NMe,] 2 and, with 
excess TMEDA; it giyes [{(TMEDA)Li}, 
Sb,].toluene 3 [TMEDA= (Me,NCH,),] (7). 
The isolation of (CyP), from these reactions 
indicates that this process involyes reductive 
elimination (7 ) ,  with the formation of P-P 
bonds (having the highest bond energy between 
any group 15 elements) proyiding the thermo- 
dynamic driving force. Complex 1 thus consti- 
tutes a stable molecular single-source precursor 
to Zintl compounds. 

Low-temperature x-ray studies of 2 (Fig. 1) 
and 3 (Fig. 2) (8) show that they consist of 
discrete heterobimetallic cage molecules in 
which ( S ~ J , ) ~  ions are complexed at the equa- 
torial Sb atoms by three Lewis base solvated 
Lit cations. The S b L i  bond lengths in both 
complexes (ayerage 2.92 A in 2 and 2.89 A in 
3) are comparable with those found in the other 
known S b L i  bonded complexes (9-11). The 
minor differences in the bond lengths and an- 
gles observed in the (Sb,)'- anion of 2 and 3 
compared with the previously reported ion-sep- 
arated complexes (12; 13) imply that only weak 
Sb-Li bonding is occurring here. The recent 
synthesis of the only other LI'Sb Zintl com- 
pound, [Li(NH,),],[(NH,),Li,Sb,], containing 
the cyclic (Sb,)'- anion from the direct reac- 
tion of metallic Li and Sb in liquid ammonia is 
of particular relevance here (11). The same 
[Sb,I3- ion is fo~med by the~molysis of 1 as is 
produced by addition of 2,2,2-ciyipt or ethyl- 
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