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The intercalation of d’” ions ZnZ+ and Cd*+ by electron/ion transfer reactions into the Chevrel-type 
molybdenum cluster chalcogenides ModXs (X = S, Se) demonstrates the competitive influence of 
electronic and steric factors upon these processes. The following rhombohedral phases have been 
identified: Zn,Mo&, Zn2Mo&, Zn,Mo6Sex, ZnzMohSes, Cd,Mo&, CdlMo,Se8, and CdzMohSes. 
Thermodynamic data and chemical diffusion coefficients are given. The intercalation of Na+, which 
has an ionic radius close to that of Cd*+, exhibits a strong influence of kinetics leading to the partial 
irreversibility of the reaction and the formation Na,Mo& and NalMoeSeB, the first cubic phases 
among the molybdenum cluster chalcogenides ArMo6XR. Q 1987 Academic PRESS, IK. 

Introduction 

The rhombohedral molybdenum cluster 
chalcogenides Mo6Xs and A,Mo6Xs (X = S 
or Se) are known to exhibit extraordinary 
physical properties-in particular with re- 
spect to superconducting behavior-which 
depend strongly upon the nature of the 
chalcogen anion X, the nature of the ter- 
nary metal A, and the stoichiometry of the 
latter (1, 2). The structure of the binary 
phases can be described by a framework 
matrix of interconnected Mo6Xs cluster 
units containing formally a system of inter- 
secting “vacant channels” along the rhom- 
bohedral axes. It has been demonstrated 
that these structural characteristics as well 
as the specific electronic properties of these 
systems allow the reversible intercalation 
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of guest cations up to a critical size into the 
Mo6X8 matrix at ambient temperature via 
electron/ion transfer (3,4). These reactions 
are most interesting, since they open the 
way to (i) the synthesis of new metastable 
ternary and quaternary phases not accessi- 
ble by thermal preparation and (ii) the re- 
versible modification of the physical prop- 
erties of the host matrix via chemical 
reactions at ambient temperature. A most 
fascinating phenomenon is the observation 
that even bivalent transition metal ions can 
be intercalated reversibly into the Mo6X8 
matrix (4, 5); according to our knowledge 
the resulting phases are the only known 
representatives of transition metal ionic 
conductors at room temperature so far. We 
report here on the formation and properties 
of ternary phases with transition metal ions 
having dfo configuration Zn,Mo,Xs and 
Cd,MoGXs which have not been studied in 
detail so far. Since Cd2+ turned out to be 
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close to the critical radius for intercalation 
with respect to its size, we extended our 
investigations on the monovalent so ion Na+ 
which formally has an ionic radius closely 
similar to Cd2+ in order to compare the in- 
fluence of cation size and charge on the crit- 
ical radius and on the maximum stoichiom- 
etry x which itself is governed by electronic 
as well as by steric aspects. 

Experimental 

The binary phases MO& and Mo6Se8 
were prepared from the ternary compounds 
Cu2M0& which had been obtained by 
heating stoichiometric amounts of the ele- 
ments in sealed quartz ampoules at 1150°C 
for 4 days and subsequent slow cooling to 
room temperature. Rhombohedral lattice 
parameters of the Cu phases agreed with 
literature data (1). Anodic oxidation of the 
latter in 0.1 N H2S04 leads to quantitative 
removal of Cu under formation of MogS8 
and MohSeR (lattice parameters given in 
Table 1). Galvanostatic titration, poten- 
tiostatic reaction with integration of the 
charge consumed, slow voltammetry and 
cyclic voltammetry, short circuit runs, and 

EMF measurements (equilibrium poten- 
tials) were used for the electrochemical 
study of the reactions (300 K). The working 
electrodes consisted of polycrystalline 
pressed samples. In the case of the Na/ 
MO& system 1% wt of Teflon was added 
as binder; in the absence of Teflon the me- 
chanical stress due to the strong increase in 
unit cell volume leads to regions that loose 
electronic contact and thus to significant er- 
rors in the values for the electrochemical 
charge transfer. 

Dried salts of analytical purity (Zn 
(C10J2, Cd(ClO&, and NaC104) in high- 
purity dry acetonitrile or propylene carbon- 
ate, respectively, served as aprotic electro- 
lytes. Reactions with Zn?+ and Cd2+ were 
also performed in aqueous electrolytes. For 
comparison purposes Na3Mo& samples 
were prepared in addition by reaction of 
MO& with Na metal dissolved in liquid 
NH3 at -30°C. All operations were carried 
out in inert gas atmosphere. 

For the evaluation of the chemical diffu- 
sion coefficients the galvanostatic intermit- 
tent titration technique (GITT) was applied 
(6). Wet analysis, atomic absorption spec- 
trometry, and microanalysis were used for 

TABLE I 

LATTICE PARAMETERS AND UNIT CELLVOLUMESOF BINARY ANDTERNARY MOLYBDENUMCLUSTER 
CHALCOGENIDES MO& AND A,Mo&~ 

Compound A x X aR (pm) VR x 106 (pm-‘) aH (pm) CH (pm) 

Ma& 
MoeSes 
Zn,Mo& 
ZnzMo& 
Zn,MocSes 
ZnzMosSes 
CdlMo& 
CdIMo6Ses 
CdzMo,$es 
Na,Mo& 
NajMo& 
Na,Mo6Ses 

- - S 
- - Se 
Zn 1 S 
Zn 2 S 
Zn 1 Se 
Zn 2 Se 
Cd 1 S 
Cd 1 Se 
Cd 2 Se 
Na 1 S 
Na 3 S 
Na 1 Se 

643.0 91.27 266.0 919.2 1088.9 1.1846 796.7 
666.0 91.70 294.9 955.5 1119.6 1.1717 885.2 
648.1 94.56 269.5 952.4 1029.4 1.0808 808.6 
648.6 94.58 270.1 953.3 1028.2 1.0786 809.2 
613.7 94.46 302.9 990.3 1071.2 1.0817 909.7 
683.6 94.69 316.1 1005.3 1082.4 1.0767 947.2 
651.7 92.77 276.0 943.7 1072.9 1.1369 827.8 
675.7 92.53 307.5 976.5 1117.8 1.1447 923.1 
683.2 95.25 328.7 1025.0 1084.0 1.0576 986.3 
650.7 90.00 275.5 923.1 1132.1 1.2264 828.7 
673.3 94.57 302.1 989.7 1072.5 1.0837 909.8 
676.5 90.00 309.5 956.6 1172.2 1.2254 929.0 

cla VH X lo6 (pm3) 

Note. R = rhombohedral, H = hexagonal. 
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analytical determination of the composition 600 -I 
of products. X-ray powder data were ob- I I 
tained from samples in sealed borosilicate 

500 - 

glass capillaries by the Simon-Guinier 6400 - I I I 
technique. Critical temperatures T, for the $300 - 

I 

transition normal conductivity/supercon- E 
ductivity have been measured by the AC G200 - 

(4 II 1 

susceptibility technique (Meissner effect). 100 - 

o- ” , 

1 

Results and Discussion 

ZnlMo& 

The reactions of Mo&Ss electrodes with 
Zn2+ ions had been originally performed by 
us in aqueous galvanic cells of the type 

Zn(lZn2+, HzO[IMO&. 

It turned out that the aqueous cells pre- 
sented some specific problems so that the 
experiments had to be carried out in aprotic 
electrolytes: 

We shall first describe here the results ob- 
tained in the acetonitrile electrolyte and 
thereafter discuss the problems encoun- 
tered with aqueous electrolyte solutions. 

Figure la presents the potential/charge 
transfer diagram obtained on galvanostatic 
cathodic reduction of MO&Y& in Zn2+/ 
CH3CN at low current density. It is clearly 
seen that the reaction is terminated after an 
electrochemical charge transfer of n = 4 
(~-/MO,&), where a sharp potential step in- 
dicates the transition to Zn metal deposi- 
tion. The potential step at II = 2 separates 
two potential plateau regions. The first re- 
gion indicated as I in Fig. la should corre- 
spond to a two-phase system, since the 
potential remains constant; i.e., AsG = 
constant. This conclusion is verified by the 
structural data given in Fig. lb which con- 
firm the coexistence of the two phases of 
MO& and a ternary phase with the analyti- 
cal composition ZnlMo6S8. The chemical 
reaction proceeding in region I can thus be 
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FIG. 1. Formation of Zn,Mo& by galvanostatic 
cathodic reduction of Mo6S8 in aprotic ZnZ+ electrolyte 
(2 M Zn(C1O&/CHjCN) at 300 K. (a) Change of poten- 
tial E (vs Zn”/Znz+) of the working electrode with the 
charge transfer n (e-/Mo&) and (b) change of the 
rhombohedral lattice parameters with n (aR = 0, 
(YR = 0). 

described by Eq. (1). Similarly, the second 
region II is a two-phase system 

Zn2+ + 2e- + MO,& ti Zn,Mo&& (1) 

with the coexisting phases Zn,Mo& and 
Zn2Mo& (Figs. la, lb); the reaction can be 
described by 

Zn2+ + 2e- + ZnIMo& e Zn2M06Ss. (2) 

The integral analytical Zn content X of sam- 
ples collected at given II values corresponds 
linearly with the charge transfer according 
to X = n/2; i.e., no side reactions occur. 
The process is fully reversible; on anodic 
oxidation of Zn2MohSs the compounds Zn, 
MO,& and MO&~* appear again. According 
to the X-ray data (lattice parameters given 
in Table I) the two zinc compounds are line 
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TABLE II 

FREE ENERGIES OF FORMATION (ARC) AND CORRESPONDING 

EMF VALUES FOR TERNARY MOLYBDENUM CLUSTER 

CHALCOGENIDES A,Mo6X, 

A X Reaction ARC (kJ/mole) EMF (V) 

Zn S Zn + MO& : ZnlMohSK -91.7 
Zn S Zn + Zn,Mo& = ZnzMohSx -63.3 
Zn S 2Zn + MO& e ZnzMooSx ~ 155.0 
Zn Se Zn + MonSex = ZnlMohSex -73.5 
Zn Se Zn + ZnlMohSex = ZnzMohSen -67.2 
Zn Se 2Zn + Mo6Se8 = ZnzMohSex - 140.7 
Cd S Cd + MO& e Cd,Mo& -21.2 
Cd Se Cd + MohSex e CdlMohSex -66.2 
Cd Se Cd + Cd,Mo,Sex $ CdzMonSex -34.4 
Cd Se 2Cd + MohSex ti CdzMohSex ~ loo.6 
Na S 3Na + MO& ---) NalMohSX -432.5 

0.475 
0.328 

0.381 
0.348 

- 

0.1 IO 
0.343 
0.178 

- 

I.494 

phases. Galvanostatic cycling and com- 
bined potentiostatic/galvanostatic mea- 
surements suggest a rather small phase 
width of 0.97-1.03 for ZniMo& and 1.90- 
2.00 for ZnzMoSs. The free energies of the 
reactions represented by Eqs. (1) and (2) 
are listed in Table II along with the equilib- 
rium potentials. Chemical diffusion coeffi- 
cients for both phases are given in Ta- 
ble III. 

Basically the results in aqueous electro- 
lytes were found to be identical to those 
found with aprotic electrolytes. It turned 
out, however, that the ternary Zn phases 
decompose slowly in water under final for- 
mation of MO& and Hz (Eq. (3)): 

Zn,Mo,& + 2x Hz0 -+ MO& 
+ xHZ + xZn(OH)z. (3) 

Due to this slow side reaction, the overall 
electrochemical charge transfer values be- 
come larger; also an additional “ghost re- 
gion” appears before the potential of Zn 
deposition is reached. Similarly, on reox- 
idation of the terminal phase the charge 
yield is severely reduced in aqueous elec- 
trolytes. 

Although the change in potential and in 
ARG from Zn,Mo& to Zn2Mo& is sig- 

nificant (Table II), the change in lattice 
parameters (Table I) is unusually small. 
The rhombohedral lattice parameters of 
ZnlMohSs agree well with those reported 
for a phase with the composition Zni.i 
MO& prepared thermally from the ele- 
ments (7). Zn2Mo& is a new metastable 
compound that cannot be obtained by ther- 
mal preparation and which undergoes de- 
composition upon heating at higher tem- 
peratures to products that have not been 
identified. The increase in unit cell volume 
(0.2%, Table I) is again very small on going 
from Zn, to Zn2. This is illustrated in Fig. 
2a which gives a comparison of unit cell 
volumes for a series of ternary sulfides 
AxMo6S8 with mono- and bivalent guest cat- 

TABLE III 

CHEMICAL DIFFUSION COEFFICIENTS fi OF TERNARY 

PHASES Zn,Mo& AT 300 K (PREPARED VIA 
ELECTROCHEMICAL INTERCALATION 

IN APROTIC ELECTROLYTES) 

Compound b (cm2 s-l) 

Zn,Mo&+ 1.5 x IO-9 
Zn2M06S8 4.5 x IO-10 
Zn,Mo6Se8 5.9 x 10-x 
Zn2M06Se8 3.0 x 10-S 
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FIG. 2. Comparison of rhombohedral unit cell vol- 
umes of ternary molybdenum cluster chalcogenides. 
(a) A,7M06S8, and (b) A,Mo6Ses. 

ions. The rather small change in unit cell 
volume seems to be characteristic for 
phases A,Mo,&IAZMo& with small bi- 
valent guest cations and has also been 
described recently for Ni,Mo& and 
N&MO&!&, where the change amounts to 
only 0.5% (8). 

Band structure calculations (9, f0) as 
well as the ionic structure model (2) predict 
in electronic terms a maximum possible up- 
take of 4e- per MO&& unit, if a rigid band 
structure is assumed. Since the number of 
vacant sites along the “channels” is rather 
high and the ionic radius of Zn2+ is rather 
smail (74 pm), the terminal product stoichi- 
ometry expected is ZnlMobSs with a charge 
transfer of 4e-/MO&. This is in fact ob- 
served formally, if Eqs. (1) and (2) cor- 
respond to a quantitative transfer of the 
electrons to the host lattice matrix. The 
complete occupation of the upper band 
with four electrons must result in a metal/ 
semiconductor transition (I). Earlier mea- 
surements by us have shown, however, 
that both compounds Zn, and Znz become 
superconducting at 3.3 and 3.1 K, respec- 
tively (If). Literature data report a transi- 
tion temperature of 3.6 K for the thermal 
phase Zn,.,Mo& (12). An explanation 
of the superconducting properties of 
Zn2Mo& has been suggested on the basis 
of a model with partial charge transfer to 
the host matrix, i.e., covalent bonding be- 
tween the guest metal cations (4, 13). We 

have thus two potential models, I and II, 
for the electron distribution: 

I (Zn2f)2[Mo&8]4- semiconductor 

II (+Zn-Zn+)[Mo6S812- 
metal/superconductor 

The extremely small unit cell volume 
change could be explained by the assump- 
tion that Zn,Mo& is to be formulated 
similarly by (+Zn-Zn+)1,2[Mo6S8]- with 
(Zn-Zn)2+ units occupying half of the unit 
cells, so that filling of the residual vacant 
unit cells to ZnzMonSx would result in a 
minor volume change only. 

The original data for the transition tem- 
peratures of Zn, and Znz phases were ob- 
tained from samples prepared from aque- 
ous electrolytes. We have repeated these 
experiments under identical conditions; the 
data observed confirm the earlier measure- 
ments. Additional investigations on sam- 
ples of Zn, and Zn2 prepared in aprotic 
electrolytes showed, however, no super- 
conducting transition down to 1.5 K, the 
limit of our equipment. Preliminary ‘H- 
NMR studies confirmed the presence of 
small amounts of protons in samples pre- 
pared in aqueous electrolytes. It is obvious 
therefore that cointercalation of protons 
strongly affects the physical properties of 
these phases and that the electron transfer 
problem cannot thus be solved at present 
with the available data. 

ZnlMo+Ye~ 

The potential/charge transfer diagram for 
the cathodic reduction of MohSes in gal- 
vanic cells with aprotic electrolytes Zn/ 
Zn2+, CH3CN\/Mo&e8 is given in Fig. 3a. 
The shape of the curve is closely similar to 
that for the sulfide system Zn/Mo&$. The 
X-ray data (Fig. 3b) confirm the existence 
of two two-phase regions, I and II, with the 
coexisting phases Mo,$e!.+‘ZnlMoGSe8 and 
Zn$lo&81Zn2Mo&e8 according to Eqs. 
(4) and (5). 
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FIG. 3. Formation of Zn,Mo6Se8 by galvanostatic 
cathodic reduction of Mo6Se8 in aprotic Zn2+ electro- 
lyte. (a) Change of potential E with the charge transfer 
n, and (b) change of rhombohedral lattice parameters 
with n (aR = 0, CQ = 0). 

Zn*+ + 2e- + Mo$es e ZniMo6Ses 
(4) 

Zn*+ + 2e- + ZnlMo6SeB e Zn2M06Se8. 

(5) 

Analytical data prove a clear correlation of 
the integral Zn content X with the electro- 
chemical charge transfer iz according to 
X= n/2. The phase width of Zn,MosSes 
as determined electrochemically (cycling 
experiments) amounts to z = 0.06 in 
Zni.,Mo&leg. In contrast with the sulfide 
system the change in AaG from ZnlMosSes 
to ZnzMo$es is rather small (Table II), but 
the changes in unit cell volume (4.3%, Fig. 
2b) and in the lattice parameter aR (Table I) 
are quite significant. The lattice distortion 
as expressed by the changes in (YR and cla is 
much smaller, however, as compared to the 
sulfide system (Table I). 

Earlier cyclic voltammetry investigations 
by us on the Zn/Mo& system demon- 
strated a rather high ionic mobility of Zn 
ions in the MO/S framework (5). We have 
now measured the chemical diffusion coeffi- 
cients for the zinc sulfide and selenide 
phases by the galvanostatic intermittent ti- 
tration technique (6). The values obtained 
are given in Table III. They confirm the rel- 
atively high mobility of Zn ions at 300 K; 
the change of d with the stoichiometry is 
rather small. Closely similar values for d 
have been observed by us recently for the 
Ni/Mo,& system (8). One would expect in 
fact a rather high activation energy for the 
site change of cations with a high charge/ 
radius ratio such as Zn*+ or Ni’+. An expla- 
nation of the unusually high mobility of 
small transition metal ions in the Mo6XS 
framework has been suggested recently (4, 
13, 14). It was assumed either that these 
ions are formally monovalent as discussed 
above (partial charge transfer) or that an 
equilibrium exists with a small fraction of 
the metal ions being monovalent and a 
rapid electron transfer via the MohXs ma- 
trix, A*+ + e- s A+. 

Measurements of the diffusion coeffi- 
cients of Zn,MobXs phases in aqueous elec- 
trolytes yielded values that were two orders 
of magnitude higher than those obtained in 
aprotic electrolyte systems. This discrep- 
ancy is attributed to the cointercalation of 
protons under those conditions which ex- 
hibit far higher mobilities as compared to 
ZrP. The same phenomenon has been 
observed in the Ni/Mo& system, where 
nonstoichiometric hydrogen bronzes Ni,H, 
MO& could be identified (8). 

CdlMo6 X8 

The critical radius for the intercalation of 
guest ions in MogX8 systems must be below 
-100 pm, since rare-earth ions with hard 
sphere radii of - lOO- 110 pm cannot be in- 
tercalated into the binary phases or deinter- 
calated from ternary phases prepared by 
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thermal reaction. The ionic radius of Cd2+ 
(97 pm) is ca. 30% greater as compared to 
the radius of Zn2+ and should be close to 
the critical radius. It is clear that under 
these circumstances, small differences in 
the size of the available lattice sites must 
become of influence, i.e., differences be- 
tween the lattice parameters of the sulfide 
and the selenide host matrix. This is in fact 
what we observed. The intercalation of 
Cd*+ in aqueous electrolytes into MO& 
leads to a maximum charge transfer n = 2 
(e~lMo&) consistent with the formation of 
the line phase CdlMohSs. Figure 4a shows a 
clear two-phase system Mo&/Cd,Mo& 

Cd2+ + 2e- + MO& ti CdlMo&, (6) 

which is confirmed by the structural data 
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n i-91 643 -.P.-,-.-.--- 
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FIG. 4. Formation of Cd,Mo& by galvanostatic 
cathodic reduction of MO& in aqueous Cd*+ electro- 
lyte (2 M CdS04). (a) Change of potential E (vs CdO/ 
Cd*+) with the charge transfer n, and (b) change 
of rhombohedral lattice parameters with R (uR = 0, 
(YK = 0). 

given in Fig. 4b. Cyclic voltammetry stud- 
ies showed similarly only a single peak, be- 
fore the potential of Cd metal deposition is 
reached. Potentiostatic measurements of 
the charge transfer are also in agreement 
with a value of H = 2. The lattice parame- 
ters of CdlMohSs (Table I) are in accor- 
dance with those given in the literature for 
a phase Cd,.,Mo& obtained by thermal 
preparation from the elements (7). The 
strong influence of kinetics upon the reac- 
tion as indicated by the strong variation in 
apparent potential with the current density 
is obviously due to the lower mobility of the 
large Cd ions in the Mo6S8 framework; dif- 
fusion coefficients for Cd could not there- 
fore be measured with reliable accuracy by 
electrochemical methods. The critical tem- 
perature for superconduction was T, = 2.1 
K; this value is in agreement with the data 
reported in the literature for Cdr.,Mo& 
prepared from the elements (1). The Cd/ 
MO,& system clearly demonstrates the 
competing influence of electronic and steric 
factors. While band structure consider- 
ations only would predict a terminal com- 
position Cd2Mo&, the composition found 
in reality seems to be limited by steric as- 
pects. The lattice distortion as indicated by 
the rhombohedral angle ffa is much less as 
compared to the Zn phases and Cd behaves 
in the MO& lattice more like a “large ion” 
in terms of the classification given by Yvon 
(2). It is likely thus that the position of Cd 
ions in Cd,Mo& is close to the unit cell 
origin, like in IniMo& which has a closely 
similar (YR value of 93” (2). 

“Normal” behavior is encountered again 
in the selenide system. The larger anions 
lead to more favorable dimensions of the 
vacant sites and the system is thus able to 
intercalate two Cd ions corresponding to a 
maximum charge transfer of n = 4. Electro- 
chemical, structural, and thermodynamic 
data are given in Fig. 5 and Tables I and II. 
Again two two-phase regions as described 
by 
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FIG. 5. Formation of Cd,Mo6Se8 by galvanostatic 
cathodic reduction of Mo6Se8 in aqueous Cd*+ electro- 
lyte. (a) Change of potential E with the charge transfer 
n, and (b) change of rhombohedral lattice parameters 
with n ( aR = 0, CQ = 0); dashed line refers to primary 
reduction. 

Cd2+ + 2e- + Mo$e 8 $ CdiMo$es 
(7) 

Cd2+ + 2eP + CdlMo&e8 * Cd2MohSes 
(8) 

are observed. The influence of kinetics is 
still clearly visible, however. The first re- 
duction curve shows a strong deviation 
from the equilibrium potential in the range 
of n = 1 to n = 2, which disappears on 
further oxidation/reduction cycling. Cd;! 
Mo$es is a new metastable phase which 
decomposes at elevated temperatures; Cd, 
MohSe8 exhibits lattice parameters closely 
similar to those given in the literature for a 
thermal phase with the composition Cd1.2 
MO&e8 (I). In agreement with the classi- 
fication of Cd ions as “large” cations the 

unit cell volume change Mo6Se8/CdlMo6 
Ses/Cd2M06Ses is rather large (Fig. 2b). 

The interesting influence of steric param- 
eters upon the reactivity of Cd2+ ions with 
the MO&& chalcogenides led us to investi- 
gate the reactivity of the host lattices with 
sodium cations, since Na+ has an ionic ra- 
dius of 95 pm, which is closely similar to 
that of Cd2+. Since sodium is monovalent, a 
terminal stoichiometry of NadMo,& is to be 
expected under electronic aspects; the 
large ionic radius of Na+ might in terms, 
however, induce steric restraints for the in- 
sertion of a large number of these ions. 

The reactions were performed in gal- 
vanic cells NaIlNat, propylene carbonate11 
Mo6Ss with sodium metal as counter and 
reference electrodes. Figure 6a shows the 
potential/charge transfer diagram for this 
reaction. After a transfer of 4eP/Mo,& the 
potential of Na deposition is reached and 
analytical data confirm that an uptake of 
4Na’ is in fact observed (X = n). The reac- 
tion exhibits a severe influence of kinetics 
which leads to an unexpected kind of par- 
tial reversibility of the process. As illus- 
trated in Fig. 6a the cathodic reduction 
shows a potential plateau in region I up to il 
= 3. Structural data prove the coexistence 
of MO& and a sodium phase Na3Mo&. 
This transition is related to the largest 
change in unit cell volume observed so far 
for the AxMogX8 cluster chalcogenides 
(13.6%, cf. Figs. 6b and 2a and Table I). 
Further reduction (region II) leads to the 
terminal phase NadMo&. This reaction 
does not proceed, however, at the equilib- 
rium potential and strong line broadening is 
observed in the X-ray pattern. Both factors 
are responsible for the fact that a clear deci- 
sion between a two-phase system and a 
one-phase system is not possible in this re- 
gion. There is evidence that partially irre- 
versible decomposition accompanies the 
reaction in region II. 
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FIG. 6. Na,Mo&: (a) Potential/charge transfer dia- 
gram indicating a reduction/oxidation cycle, and (b) 
diagram illustrating the change in rhombohedral cell 
volume in the course of a reduction/oxidation cycle. 

The reaction was found to be fully re- 
versible only in the limited range of n = 1 to 
n = 3 (referring to the abscissa given in Fig. 
6a). On reoxidation of Na3Mo& a newly 
defined metastable phase is formed after a 
transfer of 2e-lNa3Mo& with the idealized 
composition NaiMo& (two-phase system) 
which cannot be further oxidized under the 
conditions applied to MO&!& but can be re- 
duced again to Na3MohSR. The reactions 
observed can be described thus by 
(9)-(11). 

3 Na+ + 3e- + MO& + Na3Mo& 

Na+ + e- + NajMo& e Na4Mo& 

Eqs. 

(9) 

(10) 

Na3Mo& e 2 Na+ + 2e- 
+ NaiMo&. (11) 

While NajMo& and Na4Mo& are-as ex- 
pected-strongly susceptible to air and 
moisture, the phase NaiMo& is com- 

pletely stable in air and water and even af- 
ter a storage of one year under Hz0 no 
change in composition or X-ray pattern 
could be observed. Larger amounts of this 
phase have been prepared by us via chemi- 
cal intercalation of MO&& by Na metal dis- 
solved in liquid ammonia at -30°C in a ratio 
Na/Mo& = 3. The resulting compound 
Na3M06Ss was transformed to NalMohSs ei- 
ther by reaction with an aqueous ethanol 
solution or by reaction with JJCH$N. 
Small numbers of protons have been ob- 
served in NaiMo& by microanalysis and 
‘H-NMR, if the oxidation reaction is car- 
ried out in protolytic solvents. The exact 
analytical composition of the phase ob- 
tained by oxidation in aprotic solvents var- 
ies slightly between Nal.osMo& and Nai., 
MO&&. MogS8 can be obtained again, how- 
ever, from Na,Mo,&, e.g., by reduction in 
aprotic Li+ or Zn2+ electrolyte (until the 
potential of metal deposition has been 
reached) and subsequent anodic reoxida- 
tion. 

A further unusual phenomenon is the fact 
that NaiMo$s can be indexed with a cubic 
lattice parameter of 650.7 pm (Table I); it is 
the only cubic phase observed so far among 
the A,Mo6Xs compounds. Na,Mo& with 
&!a = 90” should correspond therefore for- 
mally to the category of compounds with 
“large” ternary atoms like PbMo& and 
SnMo& which exhibit rhombohedral an- 
gles rather close to 90”. In the latter com- 
pounds the ternary atoms are located ex- 
actly at the unit cell origin and are immobile 
(1). The sodium ions in Na,Mo& are obvi- 
ously similarly immobile and we assume 
that Na is located also at the unit cell origin. 
The lack of Na+ transport in this phase is 
responsible for the fact that Na,Mo& can- 
not be oxidized to MO&&. The absence of 
Na+ transport in the cubic phase also pre- 
vents the formation of this compound on 
reduction of MO&+ NaiMo& can be 
formed, however, from Na3M06SR-which 
has an extremely high unit cell volume (Fig. 
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6b)-by oxidation under volume contrac- 
tion. The microscopic mechanism of the re- 
action, which proceeds in a two-phase sys- 
tem, is hard to understand in terms of Na+ 
transport since the Na+ atoms in the newly 
formed Nai phase are immobile and are 
blocking Na+ transport. We found, how- 
ever, by electron microscopy studies that 
upon formation of Na3Mo& due to the 
strong volume increase and resulting lattice 
strain the crystallite size is severely re- 
duced and diffusion lengths for the oxida- 
tion reaction are thus strongly diminished. 
It is conceivable that in the course of the 
oxidation process (Eq. (11)) small domains 
of Na3Mo& remain isolated in terms of 
Na+ transport by the surrounding Na, 
MO& phase formed which would explain 
in a kinetic model that the ideal stoichiome- 
try NaiMo& cannot be attained quantita- 
tively. The mechanism of the inverse path- 
way Nai + Na3 does not provide similar 
problems since the new phase Na3 growing 
at the interphase boundary is an ionic con- 
ductor. 

Preliminary investigations on the interca- 
lation of Na+ into MohSee demonstrated 
that the reactivity of the selenide is closely 
similar to that of the sulfide. Reoxidation 
of rhombohedral Na3MohSe8 yields cubic 
NaiMo$es (Table I) which is metastable 
but kinetically inert with respect to further 
oxidation to Mo6Ses. 

Conclusions 

The molybdenum cluster chalcogenides 
Mo6XsIA,Mo6Xs are quite obviously highly 
interesting model systems for a systematic 
investigation of the correlations between 
composition, structure, physical proper- 
ties, and chemical reactivity of solid sys- 
tems. The results of the present study 
demonstrate the competition between elec- 
tronic and steric factors as well as the influ- 
ence of kinetics upon the topotactic reac- 
tivity of MogX8 at low temperatures. The 

value of the qualitative models used for dis- 
cussion of the experimental facts is limited, 
however. It can be understood, e.g., that 
upon oxidation of Na3Mo& one of the so- 
dium ions falls into a combined energetic/ 
steric trap and simulates the behavior of a 
“large” cation with the consequence of a 
rigid lattice position and blocked sodium 
transport. It is not clear on the other hand 
why even Mod& is able to take up four so- 
dium ions with a significant negative free 
enthalpy of formation, while the ionic ra- 
dius of Na+ is close to the critical radius 
for intercalation. Similarly, the validity of 
models proposed for describing the phe- 
nomenon of transition metal ion conduc- 
tivity at ambient temperature cannot be 
evaluated at present. Major contributions 
for a better understanding of the systems 
under discussion should be expected from 
refined structural data which are not 
easy to obtain, however, since the re- 
action products are usually polycrystalline 
phases. 
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