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Abstract 

The first organometallic syntheses of the ternary phosphides M”M’“P, (M” = Zn, Cd; M *” = Ge, Sn) are described. Reactions 
between the precursors (M”[P(SiMe,),],), and MrVX, (X = OMe, Cl) afford the intermediates [M”M’“P,(X),(SiMe,),] with 
x = 0.3-0.8, which are converted to amorphous M”MwP, compounds by annealing at 250-350°C in uacuo. The amorphous 
compounds crystallize to the corresponding chalcopyrite phases at low temperatures, providing the lowest synthesis temperatures 
yet reported by any synthetic method: ZnGeP,, 700-800°C; CdGeP,, 500-650°C. ZnSnP,, 350-600% CdSnP,, 250-450°C. The 
solid-state MAS 3*P NMR spectrum of the amorphous CdGeP, contains a single feature centered at - 104 ppm relative to H,PO, 
(full width at half maximum, 160 ppm). Spin-echo experiments on a nonspinning sample determine that T2 = 350 ps. These data 
are indistinguishable from data for glassy CdGeP, obtained from conventional melt quenching, suggesting that the amorphous 
CdGeP, phases prepared by the two techniques have very similar or identical structures. Analogies between the new organometal- 
lit syntheses and the sol-gel process for oxides are discussed. 

1. Introduction 

Herein we report organometallic routes to the II- 
IV-V, semiconductors ZnGeP,, CdGeP,, ZnSnP, , and 
CdSnP, . To our knowledge these are the first 
organometallic syntheses of a family of ternary materi- 
als. The II-IV-V, compounds have potential applica- 
tions in light-emitting diodes, in infrared detectors and 
generators, in IR-transmitting ceramics, as nonlinear 
optical materials, and as variable-band-gap semicon- 
ductors [l-4]. The II-IV-V, compounds are conven- 
tionally prepared by high-temperature techniques, in- 
cluding crystallization from the melt, crystallization 
from a metal flux (such as Sn or Zn), and chemical 
vapor transport [ 1,5]. 

Recently, new strategies for the synthesis of binary 
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semiconductors have emerged that are based on 
organometallic elimination reactions [6-141. The ante- 
cedent to the current efforts was most likely the devel- 
opment of MOM using metal alkyls and nonmetal 
hydrides [14]. The new organometallic techniques have 
been undertaken to address a variety of goals, and we 
particularly emphasize the following. Organometallic 
syntheses generally proceed at considerably lower tem- 
peratures than conventional methods [6-141. Thus, they 
may facilitate the intergration of the semiconductors 
into devices having heat-sensitive components, and 
avoid impurities arising from side reactions with con- 
tainer materials in high-temperature procedures. 
Organometallic syntheses allow the preparation of size- 
and morphology-controlled nanoclusters [6,11,15-181. 
By analogy to the sol-gel process [19], organometallic 
syntheses might also afford viscous sols and gels that 
could be processed to give fibers, films, powders, and 
monoliths. Organometallic syntheses should provide 
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kinetic routes to semiconductor materials in new forms 
and phases that are inaccessible from high tempera- 
tures. We now report significant reductions in the 
synthesis temperatures for crystalline II-IV-V, chal- 
copyrite phases over conventional techniques, and ob- 
servations bearing on the ability of our organometallic 
syntheses to address the outlined purity and processing 
goals. A portion of the work has already been pub- 
lished [ 121. 

Some II-IV-V, compounds may be obtained as 
glasses by quenching from the melt [20]; among these, 
CdGeP, has been particularly well studied recently 
[21]. The present study has provided a rare opportunity 
to compare such a glassy semiconductor obtained con- 
ventionally (by melt quenching) with an analogous 
amorphous semiconductor prepared at low tempera- 
ture. Syntheses based on organometallic elimination 
reactions typically yield amorphous products initially, 
which may be annealed to give crystalline phases under 
mild conditions [6-141. The question arises, how do 
these initially obtained amorphous materials compare 
with conventional glasses? We have compared our 
amorphous CdGeP, prepared at low temperature with 
glassy CdGeP, obtained from the melt. On the basis of 
physical and spectroscopic properties, we find them to 
be very similar. The results suggest that the CdGeP, 
glasses made from “the top down” (melt quenching) 
and from “the bottom up” (organometallic synthesis) 
have structures that are closely related, and indeed 
they are probably isostructural. Oxide glasses prepared 
by low-temperature organometallic sol-gel routes and 
the corresponding oxide glasses prepared by quenching 
from high-temperature melts are generally found to be 
isostructural [22]. However, to our knowledge struc- 
tural comparisons of conventional and organometallic- 
precursor-derived nonoxide glasses are not available. 

2. Results and discussion 

2.1. Synthesis and characterization 
The chalcopyrite structure of the II-IV-V, com- 

pounds, including the M”M’“P, compounds of inter- 
est here, is related to the cubic, zinc-blende structure 
[23]. All atoms are tetrahedrally coordinated; M” and 
M’” atoms have four covalently bonded P nearest 
neighbors, and P atoms have two Mu and two M’” 
covalently bonded nearest neighbors. Consequently, 
organometallic syntheses must be devised to construct 
the covalent M-P bonds and to incorporate the three 
elements in the appropriate ratios. Several of the 
organometallic syntheses of binary semiconductors 
(ME) use the general elimination strategy shown in 
eqn. (1) [7,9-11,131, in which the bimolecular elimina- 
tion of Me,Si-X (X = halide, alkyl, acetylacetonate) 

drives the formation of M-E covalent bonds. We 
adapted this general strategy to the synthesis of the 
ternary MnM”P2 semiconductors as described below. 

M-X+E-SiMe, - M-E+X-SiMe, (I) 

Our organometallic precursors were the disilylphos- 
phido complexes (Zn[P(SiMe,),],}, and {Cd[P- 
(SiMe,),],},, which have the structure I shown below 
[12,24]. Note that the ratio of M”/P in the precursors 
is 1: 2 as required, and that the P(SiMe,), ligands have 
the correct number of SiMe, groups to incorporate 
M’” with the required stoichiometry by eqn. (1) elimi- 
nations. Consequently, we examined the elimination 
reactions between the precursors (M”[P(SiMe,),],), 
(M” = Zn, Cd) and M’” (OMe), or MrvC1, CM’” = Ge, 
Sn), and found that they proceeded according to eqns. 
(2) or (3), respectively. 

MesSi 
MeaSi SiMe3 

; 
? ,. 1 

Me$i < 
P- M”\M-I’ 

‘PA ““1 SiMea 
. 

,=‘ 
\ 

\ 
SiMen 

MesSi SiMe3 

Equations (2) and (3) were completed in a series of 
stages. In all cases the elimination reactions ensued 

1/2{M”[P(SiMe,),],}, + M’“(OMe), -(4-x)MeoSiMe: 
to1uene 

[M”M’“P2(OMe),(SiMe,),] & 

M”M*“P +xMeOSiMe 2 3 

M”=Zn M’“=Ge x=0.5 
Cd Ge 0.3 
Zn Sn 0.5 (2) 

Cd Sn 0.4 

1/2{M**[P(SiMe,),],), + M’“C1, Q 

[MnM”‘P2(Cl)~(SiMe3).] & 

Mu M’” P 2 + xClSiMe 3 

M”=Zn M’“=Ge x=0.6 
Cd Ge 0.8 
Zn Sn 0.8 (3) 

Cd Sn 0.5 

upon combination of the precursors in room-tempera- 
ture toluene solutions; the Me,SiX (X = OMe, Cl) 
compounds were the only byproducts detected by ‘H 
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NMR monitoring. Some of the solutions darkened but 
remained homogeneous; others formed precipitates, 
sols, or gels as elaborated below. Then the mixtures 
were refluxed for several hours whereupon dark pre- 
cipitates were obtained in all cases. The elemental 
analyses of the insoluble, air-sensitive precipitates fit 
the empirical formulae [M”M’“P,-(X),(SiMe,),l 
where X = OMe or Cl and x varied from 0.3 to 0.8 
(see eqns. (2) and (3)). Infrared spectra confirmed the 
residual OMe and SiMe, groups. Therefore, the solu- 
tion-phase conditions employed were not sufficient to 
complete the thermal elimination of Me,SiX. 

The [M”M’“P,(X),(SiMe,>,] intermediates were 
next heated in the solid state to 2.50-350°C under 
dynamic vacuum (lOA Torr). This step completed the 
removal of Me,SiX. In several of the experiments, the 
volatile organic byproducts were collected and ana- 
lyzed. They were found to be exclusively the expected 
Me,SiX compounds; no other byproducts such as 
Me,SiSiMe,, MeO,Me, Me,O, or Cl, were detected. 
Thus, we conclude that eqns. (2) and (3) proceeded 
cleanly to form new M-P bonds and not P-P or M-M 
bonds; this will be important below. The resulting 
solids were amorphous M”M’“P, compounds except 
that ZnSnP, and CdSnP, were just beginning to crys- 
tallize at temperatures of 350 and 25O”C, respectively. 
All were at least moderately air stable. 

TABLE 1. Melting points and synthesis temperatures of crystalline 
MnMrvP, compounds 

Compound m.p. PC) Lowest Organometallic 
conventional synthesis 
synthesis temp. (“0 
temp. (“0 

ZnGePz 1025, = 
congruent 

950-980 b 700-808 c 

CdGeP, 776-800, a,d 
congruent 

800 e 500-650 ’ 

ZnSnP, 930, a 800’ 350-600 ’ 
incongruent 

CdSnP, 570, a 
incongruent 

520-570 E*h 250-450 c 

a Ref. 1, p. 11. b Ref. 5. c This work; the low temperature corre- 
sponds to the emergence of a resolved XRD pattern, the high 
temperature is the limit for further resolution improvements. d The 
7” for glassy CdGeP, obtained by quenching from the melt is 
445-450°C [21] and the crystallization temperature is 500°C [29]. 
e Ref. 21. ‘ Ref. 36. 8 Ref. 37. h Ref. 38. 

The crystallization of the amorphous M”M’“P, 
compounds was studied by annealing the samples for 
several hours at progressively higher temperatures and 
monitoring by X-ray powder diffraction (XRD). Crys- 
tallization occurred over cu. 200°C ranges, and at the 
temperatures recorded in Table 1. Clearly resolved 
reflections corresponding to the chalcopyrite phases 
had emerged at the low end of the ranges; these 
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Fig. 1. Simulated (A) and observed (B) XRD patterns for organometallic-derived crystalline ZnGeP,. 
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Fig. 2. XRD pattern for organometallic-derived crystalline ZnSnP,; reflections due to a /3-Sn impurity are labeled ( v). 

reflections continued to sharpen over the stated ranges tallization temperatures reflect the efficient atomic- 
as the crystalline domains grew. The observed crystal- scale mixing afforded by the organometallic syntheses, 
lization temperatures were 200-400°C lower than have resulting in short diffusion distances for atoms to tra- 
been obtained by conventional methods (see Table 0, verse to their equilibrium positions in the crystal lat- 
and to our knowledge they represent the lowest re- tice. Consequently, little structural reorganization was 
ported temperatures for the synthesis of crystalline necessary to convert the amorphous M”M’VP, phases 
M”M’“P, chalcopyrites. We believe that the low crys- to crystalline phases and the activation barriers were 
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Fig. 3. XRD pattern for organometallic-derived crystalline CdSnP,; reflections due to a Sn,P, impurity are labeled ( v ). 
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therefore lowered. The organometallic syntheses thus 
provided materials that were preorganized for crystal- 
lization. We note that organometallic, sol-gel syntheses 
of polymetallic oxide glasses and ceramics provide dra- 
matically lowered processing temperatures for the same 
reason [19,22,25-271. 

The crystalline M”Mn’P, powders were obtained 
from eqns.(2) and (3) in varying degrees of chemical 
purity. Figure 1 shows the XRD pattern of ZnGeP, 
from eqn. (21, which revealed it to be phase pure. 
Similarly, ZnGeP, prepared by eqn. (3) and CdGeP, 
prepared by eqns. (2) and (3) exhibited clean, single- 
phase XRD patterns. Residual silicon was present in 
the samples in < 1%. However, both ZnGeP, and 
CdGeP, contained residual carbon at levels of l-3%, 
which are outside the acceptable range for electronic 
materials, but common for such organometallic synthe- 
ses [6-141. We initially undertook eqn. (3) using M’“C1, 
reagents to determine whether less carbon incorpora- 
tion would result than with eqn. (2) using M’“(OMe), 
reagents. Very little difference was observed. No other 
optimization experiments were conducted. We believe 
that further reaction engineering such as inclusion of 
annealing periods under appropriate reducing atmos- 
pheres would eliminate the carbon impurities. Interest- 
ingly, the conventional high-temperature syntheses of 
the M”M’“P, compounds are often carried out in 
vitreous carbon vessels [28], but because such syntheses 
are optimized to produce large single crystals (rather 
than polycrystalline powders as in our syntheses) impu- 
rities that collect at grain boundaries are incorporated 
only in small amounts. 

Neither ZnSnP, nor CdSnP, could be obtained as 
phase-pure powders according to eqns. (2) and (31, but 
contained at least small quantities of /3-Sn (ZnSnPJ or 
Sn,P, (ZnSnP,, CdSnP,). Representative XRD pat- 
terns are given in Figs. 2 and 3, which show the typical 
amounts of the impurity phases. In contrast to ZnGeP, 
and CdGeP,, both ZnSnP, and CdSnP, melt incongru- 
ently and form peritectically. Consequently, single crys- 
tals are conventionally grown from dilute (e.g., off- 
stoichiometric) solutions of Zn or Cd and P in molten 
Sn [281; they cannot be obtained from stoichiometric 
mixtures. The excess Sn must be subsequently sepa- 
rated to purify the crystals. When the Cd-P-Sn solu- 
tions are cooled too rapidly, Sn,P, precipitates as an 
impurity phase [281. Obviously, ZnSnP, and CdSnP, 
participate in complex phase equilibria and thermal 
behavior. We believe that such phase equilibria occur 
under our Table 1 annealing conditions and produce 
the observed impurities. It is likely that the annealing 
conditions could be optimized to eliminate the impuri- 
ties, as has been done for the conventional syntheses 
1281. Indeed, it is significant and intriguing that ZnSnP, 

and CdSnP, form from the organometallic syntheses in 
such high purities considering that the Mu-Sn-P ra- 
tios are fixed at the stoichiometric values. 

We have emphasized the similarity of the proce- 
dures of eqns. (2) and (3), but a few differences be- 
tween them were noted. The eqn. (3) reactions using 
M’” chlorides were more vigorous at room tempera- 
ture than the analogous eqn. (2) reactions. The eqn. (2) 
reactions initially gave homogenous solutions at room 
temperature. The eqn. (3) reactions initially gave pre- 
cipitates (CdGeP, and CdSnP,), a viscous sol (ZnSnP,), 
and a gel (ZnGeP,) at room temperature. Recall that 
the sol and gel (and all other cases) were ultimately 
converted to crystalline chalcopyrite phases at low tem- 
peratures. The results suggest that the organometallic 
reactions could be optimized to generally produce sols 
or gels suitable for casting films or monoliths, or draw- 
ing fibers, which could then be converted to II-IV-V, 
semiconductors under mild conditions. Therefore, eqn. 
(3) is analogous to the popular sol-gel process for the 
fabrication of oxide materials [ 19,25-271. 

2.2. Comparing conventionally derived and organometal- 
kc-derived glassy CdGeP, 

As described above, annealing the precipitates from 
eqns. (2) and (3) at 250-350°C completed the elimina- 
tion of Me,SiX and afforded amorphous M”M’“P2 
products. We sought to compare the properties of one 
of these products, amorphous CdGeP, prepared at 
350°C to the glassy phase obtained by quenching from 
the melt [20,21]. Of the four M”M’“P, compounds 
studied here, only CdGeP, can be quenched rapidly 
enough to afford a glass [20]. Conventionally derived 
CdGeP, has a TB of 445-450°C [21], and was reported 
to crystallize at 500°C over several days [291. We found 
that amorphous CdGeP, from the organometallic route 
crystallized slowly at 500°C and much more rapidly at 
600°C. Therefore, conventionally and organometallic- 
derived amorphous CdGeP, exhibited very similar 
thermal behavior. Additional data were collected by 
solid-state 31P NMR, as described below. 

We compared the solid-state 31P NMR data ob- 
tained from the organometallic-derived amorphous 
CdGeP, to the data recently reported by Eckert and 
co-workers in a study of conventionally derived glassy 
CdGeP, [21]. The solid-state MAS 31P NMR spectrum 
of organometallic-derived amorphous CdGeP, is shown 
in Fig. 4. The spectrum contained a single broad fea- 
ture centered at - 104 ppm (relative to H,PO,), and 
having a full width at half maximum (FWI-IM) of 160 
ppm. This is nearly identical to the spectrum reported 
by Eckert et al., which contained a feature centered at 
ca. -95 ppm with a FWHM of ca. 200 ppm [21]. We 
also obtained the nonspinning spectrum of our sample; 
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it was centered at -104 ppm with a FWHM of 180 
ppm. Thus, the MAS and nonspinning spectra were 
very similar indicating that the average chemical-shift 
anisotropy of the sites within the amorphous solid was 
significantly smaller than the distribution of isotropic 
shifts. 

We next collected spin-echo-decay data on the non- 
spinning sample for comparison to the data of Eckert 
et al. 1211. When the sample is held stationary rather 
than spun, all spin interactions (chemical shift, ‘13Cd- 
31P, etc.) except 31P-31P dipole couplings are refocused 
by the 180” pulse of the spin-echo pulse sequence. 
Thus, the decay of the echo envelope is entirely due to 
the 31P-31P dipole interaction, which is a function of 
P-P distances and numbers of P neighbors in the 
sample [30]. Consequently, the nonspinning 31P spin- 
echo decay measurements contain structural informa- 
tion about local P environments. 

The experimental echo heights for the organometal- 
lit-derived amorphous CdGeP, fit a gaussian decay 
with T2 = 350 us as defined by expp[ -(~T/T,)‘] where 
T is the pulse spacing. The data are plotted in Fig. 5. 
For comparison, the data reported by Eckert et al. for 
conventionally derived glassy CdGeP, are also plotted 
in Fig. 5 [21], and the two data sets agree within the 
limits of experimental error. The results strongly sug- 
gest that the conventionally derived and the 
organometallic-derived glassy CdGeP, materials have 
the same structure. Of course, different structures may 
exhibit the same spin-echo decays if, for example, 
fewer P neighbors were perfectly offset by shorter P-P 
distances in one structure relative to the other. How- 
ever, we consider this scenario to be very unlikely in 
view of the other evidence: (1) the materials obtained 
from the two syntheses exhibit the same crystallization 
temperature; (2) they exhibit very similar average 31P 
chemical shifts; and (3) they exhibit very similar 
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Fig. 4. Solid-state MA.5 31P NMR spectrum of organometallic-de- 
rived amorphous CdGeP, (spinning rate = 8 kHz). The peak is cen- 
tered at - 104 ppm and has a full width at half maximum of 160 

ppm. 
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Fig. 5. 31P spin-echo-decay data for organometallic-derived amor- 
phous CdGeP, ( H ) and conventionally derived (melt-quenched) 
glassy CdGeP, of Eckert et al. from ref. 21 (V ). The curve is the 
gaussian fit to the points for the organometallic-derived CdGeP, 
(7.2 = 350 us). 

isotropic-shift distributions. We conclude that the glassy 
CdGeP, materials made from the high- and low-tem- 
perature techniques are either isostructural or very 
nearly so. 

Eckert ef al. examined their spin-echo data to ana- 
lyze the statistics of P-P uerSuS P-Cd and P-Ge bonds 
in glassy CdGeP, 1211. They used a combination of a 
random-site-occupancy model and the ideal crystalline 
chalcopyrite structure to model chemical disorder in 
the glass. The random-site-occupancy model retains 
the chalcopyrite atomic lattice but stipulates that the 
atomic sites are randomly occupied by the constituent 
elements. The best fit to their data was obtained with a 
55 : 45 admixture of the two models, respectively. Thus, 
they inferred that significant quantities of P-P bonds 
were present in glassy CdGeP,. However, our 
organometallic syntheses proceeded by formation of 
M-P covalent bonds exclusively; no organic byproducts 
(e.g., Me,SiSiMe,) consistent with the formation of 
P-P covalent bonds were detected (see above). Con- 
sequently, substantial rearrangements to higher- 
energy local structures, requiring atomic migrations at 
5 350°C would be necessary to produce significant 
numbers of P-P bonds in our amorphous CdGeP,, if 
such P-P bonds were actually to exist. We suspect that 
other structural models should be considered for glassy 
CdGeP,, including models that are not based on chal- 
copyrite-like lattices, and therefore are not based on 
simple chemical disorder. 

Our results show that, as in sol-gel routes to oxide 
glasses, II-IV-V, glasses can be made from the “bot- 
tom up”. Studies on sol-gel-derived oxide glasses have 
shown that when they are manipulated at temperatures 
approaching the glass temperatures (T,), they exhibit 
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very similar or identical structures to the analogous 
glasses quenched from high-temperature melts 
[22,31,32]. Our organometallic-derived glassy CdGeP, 
was prepared at 350°C; apparently that was close 
enough to Tg (cu. 450°C) to result in essentially the 
same structure as exhibited by the conventionally de- 
rived CdGeP, glass. One advantage of the organo- 
metallic synthesis is that only a few II-IV-V, com- 
pounds can be quenched rapidly enough to give glasses 
from high temperatures 1201; thus, the organometallic 
routes will provide glasses that cannot obtained by 
conventional techniques. In the present study, both 
ZnGeP, and CdGeP, were obtained as glasses well 
below their crystallization temperatures, whereas 
ZnSnP, and CdSnP, were beginning to crystallize at 
the temperatures required to complete the elimination 
of Me&X. Because the known glassy II-IV-V, phases 
have different densities, band gaps, and optical proper- 
ties than their crystalline chalcopyrite counterparts 
[20,21], new glassy II-IV-V, phases are worthy of 
study and our new techniques provide a means of 
preparing them. 

3. Conclusion 

We have described the first organometallic routes to 
ternary II-IV-V, semiconductors, which are analo- 
gous to the sol-gel process for oxides. The precursors 
{M”[P(SiMe,),]& (Mu = Zn, Cd) and M’“X, (M’” = 
Ge, Sn; X = OMe, Cl) underwent smooth elimination 
reactions to afford sols, gels, solutions, or precipitates 
that were converted to amorphous M”M’“P, phases 
at 250-350°C. The amorphous materials were subse- 
quently annealed to give crystalline chalcopyrite phases 
at the lowest temperatures yet reported for the com- 
pounds studied. Amorphous CdGeP, prepared by the 
organometallic synthesis was found to be isostructural 
with glassy CdGeP, prepared by conventional melt 
quenching, suggesting that other and new II-IV-V, 
glasses can be made by this technique. The organo- 
metallic reactions described herein form the basis for a 
new method of preparing ternary-semiconductor sols, 
gels, glasses, and polycrystalline powders. 

4. Experimental details 

All procedures were carried out under dry nitrogen 
using standard inert-atmosphere techniques. Com- 
pounds (Zn[P(SiMe,),l,], and {Cd[P(SiMe,),],], were 
prepared as reported earlier [12,24]. Ge(OMe), [33] 
and Sn(OMe), [34] were prepared by literature proce- 
dures. GeCl, and SnCl, were purchased from Aldrich 
and used without further purification. Toluene, hex- 

ane, and THF were distilled from sodium benzophe- 
none ketyl. After all annealing runs, the samples were 
cooled to room temperature in ca. 1 h. 

C, H analyses were performed by Onieda Research 
Services, Whitesboro, NY. Zn and Cd were estimated 
by EDTA titration [35]. Efforts to estimate Cl gravi- 
metrically as AfCl were unsuccessful because of inter- 
ference by PH, generated in the digestion of the 
samples. X-Ray powder data (XRD) were collected on 
a Rigaku DMaxA diffractometer. Simulated XRD pat- 
terns for the II-IV-V, chalcopyrites were obtained by 
using the known atomic positional parameters [23] as 
input to the program XPOW, which is part of the SHELXTL 
PLUS program package (Siemens Analytical X-Ray In- 
struments, Inc.). Solid-state MAS 31P NMR spectra 
were obtained in an 8.0 T field (137.9 MHz) with a 
locally built spectrometer and a Doty Scientific spin- 
ning assembly. The sample was placed in 5 mm zirco- 
nia rotors, and spectra were referenced to external 
85% H,PO,. 

4.1. Preparation of ZnGeP, 

4.1.1. Method A 
Ge(OMe), (550 ~1, 0.73 g, 3.7 mmol) and 

{Zn[P(SiMe,),l,], (1.57 g, 1.87 mmol) were combined 
in toluene (20 ml) at room temperature. The solution 
changed from colorless to red brown in cu. 1 day. The 
reaction mixture was then heated to reflux whereupon 
a brown precipitate formed. The solution was refluxed 
for 48 h and the very air-sensitive brown solid was 
collected by filtration, washed with 2 x 20 ml of ben- 
zene, and dried under vacuum (yield 0.70 g). Anal. 
Found: C, 11.01; H, 2.04; Zn, 25.47. ZnGePz- 
(SiMe,),,(OMe),, talc.: C, 9.52; H, 2.38; Zn, 25.95%. 
IR (KBr): v(SiMe) 1251m; v(O-C) 1016m; v(Si-C) 
840s cm-‘. 

A portion of the brown powder (0.31 g> was heated 
under a dynamic vacuum (10e2 Torr) at 350°C for 12 h 
to produce a dark brown solid (yield 0.25 g), which was 
amorphous according to XRD. Anal. Found: C, 3.29; 
H, 0.43; Zn, 31.86 ZnGeP, talc.: C, 0; H, 0; Zn, 
32.70%. A ‘H NMR spectrum of the organics collected 
in a liquid-N, cold trap during heating showed only 
Me,SiOMe and a trace of toluene. A portion of the 
material from the 350°C treatment (0.12 g> was heated 
to 800°C in an evacuated quartz tube for 18 h to give a 
black solid, which was crystalline ZnGeP, according to 
XRD (JCPDS#33-1471). Analysis showed 3.01% resid- 
ual carbon. The stability of the solid to cont. HNO, 
and HCl precluded a Zn analysis. Energy-dispersive 
X-ray spectroscopy showed only background levels of 
Si. 
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4.1.2. Method B 
GeCI, @IO ~1, 0.94. g, 4.4 mmol) and {Zn[P 

(SiMe,),],), (1.82 g, 2.19 mm00 were combined in 
toluene (30 ml) at room temperature. The solution 
changed from colorless to brown in 1 h and a rigid gel 
formed. The gel was allowed to stand overnight (15 h) 
without any noticeable change. The reaction mixture 
was then heated to reflux for 24 h resulting in the 
formation of a very air-sensitive brown powder, which 
was collected by filtration and washed with 2 x 5 ml 
hexane and dried (yield 1.09 g). Anal. Found: C, 8.30; 
H, 2.02; Zn, 24.92. ZnGeP,(SiMe,),,Cl,, talc.: C, 
8.15; H, 2.05; Zn, 24.67%. IR (KBr): v(SiMe) 1250m; 
v(Si-C) 841~s cm-‘. 

A portion of the brown solid (0.52 g) was heated 
under a dynamic vacuum (lo-* Torr) for 12 h at 400°C 
to yield 0.40 g of dark brown solid. A ‘H NMR 
spectrum of the volatile organics collected in a liquid-N, 
cold trap during heating showed only Me,SiCl. A por- 
tion of the heated material (0.25 g) was further heated 
in an evacuated quartz tube at 800°C for 15 h to yield 
0.19 g of a black solid, which was crystalline ZnGeP, 
according to XRD. Analysis of the black solid showed 
2.14% residual carbon. The stability of the solid to 
cont. HNO, and HCl precluded a Zn analysis. 

4.2. Preparation of CdGeP, 

4.2.1. Method A 
The procedure was similar to the preparation of 

ZnGeP, (Method A) and used Ge(OMe), (290 ~1,0.39 
g, 2.0 mmol), {Cd[P(SiMe,),l,l, (0.93 g, 1.0 mmol), and 
toluene (25 ml). A very air-sensitive black solid (0.48 g) 
was collected after 48 h of refluxing. Anal. Found: C, 
5.94; H, 0.63; Cd, 40.79. CdGeP,(OMe),,(SiMe,),, 
talc.: C, 5.18; H, 1.30; Cd, 40.40%. IR (KBr): u(SiMe) 
1243 m; v(O-C) = 1019m; &WC) = 836s cm-i. 

A portion of black solid (0.30 g) was heated at 350°C 
for 12 h in an evacuated Pyrex tube to yield 0.21 g of 
black solid, which was amorphous to XRD. Anal. 
Found: C, 1.47; H, 0.14; Cd, 44.40. CdGeP, talc.: C, 0; 
H, 0; Cd, 45.51%. The heated solid (0.20 g) was further 
heated at 600°C for 12 h in an evacuated quartz tube to 
yield 0.18 g of black solid, which was crystalline CdGeP, 
according to XRD (JCPDS#24-162). Analysis showed 
0.93% of residual carbon. Sharper diffraction intensi- 
ties were observed when the material was similarly 
heated to 650°C. The stability of the solid to cont. 
HNO, and HCI precluded a Cd analysis. Energy-dis- 
persive X-ray spectroscopy showed only background 
levels of silicon. 

4.2.2. Method B 
GeCI, (0.56 g, 2.63 mm00 and lCd[P(SiMe,),1212 

(1.23 g, 1.32 mmol) were combined in 50 ml of toluene 

at room temperature. A solid precipitated, which was 
initially white but became brown in 3-4 min. The 
reaction mixture was then refluxed for 15 h and the 
resulting air-sensitive dark-brown precipitate was col- 
lected by filtration, washed with 15 ml of hexane, and 
dried (yield 0.83 g). Anal. Found: C, 9.57, H, 2.03; Cd, 
34.64. CdGeP,(SIMe,),,Cl,,s talc.: C, 8.63; H, 2.17; 
Cd, 33.68%. IR (KBr): v(SiMe) 1251m; v(Si-C) 840s 
cm-‘. 

A portion of the brown solid was heated under a 
dynamic vacuum (lo-* Torr) at 300°C for 4 h to yield 
0.35 g of black powder. Anal. Found: Cd, 43.78. CdGeP, 
talc.: Cd, 45.51%. A 0.20 g portion was further heated 
in an evacuated quartz tube at 600°C for 15 h. The 
resulting black solid (0.18 g) was crystalline CdGeP, 
according to XRD, and contained 1.26% residual car- 
bon. 

4.3. Preparation of ZnSnP, 

4.3.1. Method A 
The procedure was analogous to the preparation of 

ZnGeP, (Method A) and used Sn(OMe), (0.58 g, 2.4 
mmol), (Zn[P(SiMe,),],}, (1.00 g, 1.19 mmol), and 
toluene (20 ml). The mixture was refluxed for 2 days 
resulting in an air-sensitive black precipitate, which 
was collected by filtration, washed with 10 ml of hex- 
ane, and dried (yield 0.62 g). Anal. Found: C, 8.55; H, 
1.95; Zn, 21.8. ZnSnP,(SiMe,),, (OMe),, talc.: C, 
8.06; H, 2.02; Zn, 21.94%. IR (KBr): v(SiMe) 1252m; 
~(0-0 1024m; v(Si-C) 84Ovs cm-‘. 

A portion of the black powder (0.3 g) was heated at 
300°C under a dynamic vacuum (lo-* Torr) for 4 h 
and then at 450°C in an evacuated Pyrex tube for 12 h. 
The resulting solid (0.22 g) showed a slightly broad- 
ened XRD pattern corresponding to ZnSnP, and a 
small amount of p-Sn (JCPDS#4-0673). The solid was 
further heated at 600°C in an evacuated quartz tube. 
The XRD pattern of the resulting solid was sharpened; 
the /3-Sn impurity remained. The solid was similarly 
heated to higher temperatures; decomposition to 
unidentifiable phases resulted. 

4.3.2. Method B 
SnCl, (0.62 g, 2.4 mmol) and {Zn[P(SiMe,),l,}, (1.00 

g, 1.19 mmol) were combined in toluene (50 ml) at 
room temperature giving an exothermic reaction. The 
solution changed from colorless to brown and became 
a very viscous sol (approaching a gel). The reaction 
mixture was kept at room temperature for 5 h without 
any noticeable change in color or viscosity. The reac- 
tion mixture was then heated to reflw for 24 h where- 
upon an air-sensitive black solid precipitated, which 
was collected by filtration, washed with 2 X 5 ml of 
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hexane, and dried (yield 0.71 g). Anal. Found: C, 8.38; 
H, 1.88; Zn, 20.39. ZnSnP,(SiMe,),sCl,s talc.: C, 8.66; 
H, 2.18; Zn, 19.64%. IR (KBr): v(SiMe) 1248m; v(Si-C) 
841~s cm-‘. 

A portion of the black solid (0.36 g) was heated at 
350°C under a dynamic vacuum (10m2 Torr) for 7 h to 
give 0.23 g of solid, which showed a broad XRD 
pattern for ZnSnP,. This solid was further heated at 
600°C in an evacuated quartz tube for 12 h. The 
resulting solid showed a sharp XRD pattern for ZnSnP, 
with a small amount of Sn,P, (JCPDS#20-1294) as an 
impurity phase. 

4.4. Preparation of CdSnP, 

4.4.1. Method A 
The procedure was analogous to the preparation of 

ZnGeP, (Method A> and used Sn(OMe), (0.44 g, 1.8 
rnmol), (Cd[P(SiMe,),l,), (0.84 g, 0.90 mmol), and 
toluene (25 ml). The reaction mixture was refhrxed for 
24 h and the resulting air-sensitive black precipitate 
was collected by filtration, washed with 10 ml of hex- 
ane, and dried (yield 0.60 g). Anal. Found: C, 5.59; H, 
1.09; Cd, 33.31. CdSnP,(SiMe,),,(OMe),, talc.: C, 
5.74; H, 1.45: Cd, 33.38%. IR (KBr): v(SiMe) 1259m; 
~(0-0 1095m, 1028m; r@i-C) 837~s cm-‘. 

A portion of black solid (0.40 g) was heated at 300°C 
under a dynamic vacuum (lop2 Torr) for 4 h. The 
XRD pattern of the resulting solid (0.32) was broad 
and corresponded to CdSnP, (JCPDS#22-517) along 
with a small amount of Sn,P, (JCPDS#20-1294) as an 
impurity. When the black solid was further heated to 
450°C in an evacuated Pyrex tube, the XRD pattern 
sharpened; however, the Sn,P, impurity remained. 

4.4.2. Method B 
SnCl, (0.56 g, 2.1 mmol) and {Cd[P(SiMe,),],), (1.00 

g, 1.07 mm00 were combined in toluene (50 ml) at 0°C. 
The solution turned from pale yellow to brown imme- 
diately and a brown precipitate formed. The reaction 
mixture was then reflwed for 8 h and the resulting 
air-sensitive black solid was collected by filtration, 
washed with 2 X 10 ml of hexane, and dried (yield 0.75 
g). Anal. Found: C, 5.57; H, 1.21; Cd, 34.68. 
CdSnP,(SiMe&Cl,, talc.: C, 5.19; H, 1.30; Cd, 
34.17%. IR (KBr): v(SiMe) 1257m; v(Si-C) 839vs cm-‘. 

A portion of the black solid (0.48 g) was heated at 
250°C under a dynamic vacuum (10d2 Torr) for 2 h to 
give 0.38 g of solid, which exhibited a broad XRD 
pattern corresponding to CdSnP,. The solid was then 
heated to 450°C in an evacuated Pyrex tube. The XRD 
pattern for CdSnP, sharpenend and an appreciable 

amount of Sn,P, impurity was evident. No effort was 
made to quantify the amount of Sn,P, present. 

4.5. 31P NMR spin-echo decay for CdGeP, 
A sample of CdGeP, prepared by Method A and 

heated at 350°C was used. Spin echoes were generated 
on the nonspinning sample by the following pulse se- 
quence: 90”-r-180“-r-echo. Data (27 in ms, normal- 
ized echo height): 0.062, 0.970; 0.110, 0.882; 0.160, 
0.792; 0.210, 0.594; 0.258, 0.536; 0.308, 0.414; 0.356, 
0.372; 0.406, 0.259. The data are plotted in Fig. 5. 
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