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The crystal structures of the rare-earth members of the series

RMo5O8 (R = Ce to Eu) have been investigated and compared

with those of the La and Gd members previously published in

order to understand the in¯uences of the size and the charge

of the cation on the different MoÐMo bonds. The RMo5O8

compounds crystallize in the monoclinic space group P21/c.

Their crystal structure is characterized by bioctahedral Mo10

clusters forming extended chains. The results of our single-

crystal studies show that the modi®cation of charge predomi-

nantly affects the MoÐMo bonds between the Mo10 clusters

and, to a lesser extent, the intra-cluster distances, while the

cationic size induces only small variations. Theoretical

investigations con®rm this statement and allow the under-

standing of the bonding mode in these compounds.
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1. Introduction

Among the reduced molybdenum oxides, the AMo5O8

compounds, which contain chains of bioctahedral Mo10 clus-

ters running all along the crystal, have been the subject of

electrical resistivity and magnetic studies (Gall et al., 1993,

1995) because of the possibility of modifying the number of

electrons available for metal±metal bonding in the cluster

chains [often called metal electron (ME) count] without

signi®cantly altering the basic structure. In the case where the

A cation is divalent (Ca, Sr, Eu) the AMo5O8 compounds are

semiconducting in the 20±300 K range, whereas when A is

trivalent (La, Ce, Pr, Nd or Sm) they show anomalous semi-

conductor-to-metal transitions near 180 K, followed by a re-

entrant behavior to the semiconducting state between 30 and

50 K (Gall et al., 1995). Recent work on the solid solution

Sr1ÿ xLaxMo5O8 (x = 0±1) showed that when a small percen-

tage of either La or Sr atoms is present, the Sr1ÿ xLaxMo5O8

compounds become metallic (McCarroll et al., 1998). For a full

understanding of the in¯uence of the size and charge of the

cation on the different MoÐMo and MoÐO bonds in that

structure type, we performed a complete structural study of

the rare-earth members of the AMo5O8 family. In this paper

these structural results are presented and discussed in corre-

lation with quantum mechanical calculations that were

performed using the extended HuÈ ckel method.

2. Experimental

2.1. Crystal growth

Single crystals of the rare-earth pentamolybdate RMo5O8

(R = Ce, Pr, Nd, Sm and Eu) were prepared from a stoichio-

metric mixture of MoO3 (Strem Chemicals, 99.9%), Mo (Cime

bocuze, 99.9%) and R2O3 for R = Nd and Sm (Strem



Chemicals, 99.999%). For the Ce and Pr compounds, the

starting rare-earth oxides were CeO2 (Strem Chemicals,

99.999%) and Pr6O11 (Strem Chemicals, 99.9%). Before use

the Mo powder was reduced under a hydrogen ¯ow at 1273 K

for 6 h and the rare-earth oxides were pre®red at temperatures

between 973 and 1273 K overnight and left at 873 K before

weighing. The stoichiometric mixtures were pressed into ca 5 g

pellets, loaded into molybdenum crucibles (depth: 2.5 cm;

diameter: 1.5 cm), which were previously cleaned by heating at

1773 K for 15 min under a dynamic vacuum of ca 10ÿ5 Torr,

and then sealed under low argon pressure using an arc-

welding system. The charges were heated at a rate of

300 K hÿ1 to 1973 K for 5 min and then cooled at 50 K hÿ1 to

1373 K, at which point the furnace was shut down and allowed

to cool to room temperature. The crystals were generally

obtained as thin black truncated plates.
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Table 1
Experimental data.

CeMo5O8 PrMo5O8 NdMo5O8 SmMo5O8 EuMo5O8

Crystal data
Chemical formula CeMo5O8 PrMo5O8 NdMo5O8 SmMo5O8 EuMo5O8

Mr 747.82 748.61 751.94 758.05 759.66
Cell setting, space

group
Monoclinic, P21/c Monoclinic, P21/c Monoclinic, P21/c Monoclinic, P21/c Monoclinic, P21/c

a, b, c (AÊ ) 7.5643 (1), 9.0693 (1),
9.9150 (2)

7.5662 (1), 9.0569 (1),
9.9175 (1)

7.5606 (1), 9.0392 (1),
9.9082 (2)

7.5620 (2), 9.0197 (2),
9.9226 (2)

7.5554 (1), 9.1622 (2),
9.9685 (2)

�, �,  (�) 90.00, 109.2113 (8), 90.00 90.00, 109.3293 (7), 90.00 90.00, 109.4513 (7), 90.00 90.00, 109.6643 (12),
90.00

90.00, 109.3560 (9), 90.00

V (AÊ 3) 642.32 (2) 641.30 (1) 638.50 (2) 637.32 (3) 651.06 (2)
Z 4 4 4 4 4
Dx (Mg mÿ3) 7.733 7.754 7.822 7.900 7.750
Radiation type Mo K� Mo K� Mo K� Mo K� Mo K�
No. of re¯ections for

cell parameters
9841 11 309 12 284 6858 12 022

� range (�) 1±37.8 1.0±37.8 1.0±37.8 2.9±37.8 1.0±37.8
� (mmÿ1) 16.42 16.94 17.52 18.61 18.84
Temperature (K) 293 (2) 293 (2) 293 (2) 293 (2) 293 (2)
Crystal form, colour Plate, black Irregular plate, black Irregular plate, black Irregular plate, black Irregular plate, black
Crystal size (mm) 0.14 � 0.10 � 0.08 0.24 � 0.11 � 0.04 0.13 � 0.13 � 0.08 0.09 � 0.06 � 0.03 0.10 � 0.07 � 0.05

Data collection
Diffractometer Nonius KappaCCD Nonius KappaCCD Nonius KappaCCD Nonius KappaCCD Nonius KappaCCD
Data collection

method
� scans (� = 0) +

additional ! scans
� scans (� = 0) +

additional ! scans
� scans (� = 0) +

additional ! scans
� scans (� = 0) +

additional ! scans
� scans (� = 0) +

additional ! scans
Absorption correction Gaussian Gaussian Multi-scan (based on

symmetry-related
measurements)

Multi-scan (based on
symmetry-related
measurements)

Multi-scan (based on
symmetry-related
measurements)

Tmin 0.064 0.090 0.113 0.378 0.168
Tmax 0.181 0.524 0.252 0.513 0.358

No. of measured,
independent and
observed re¯ections

12 944, 3402, 3314 14 762, 3411, 3329 17 433, 3404, 3193 15 935, 3395, 2569 6545, 3471, 3034

Criterion for observed
re¯ections

I > 2�(I) I > 2�(I) I > 2�(I) I > 2�(I) I > 2�(I)

Rint 0.064 0.091 0.052 0.075 0.031
�max (�) 37.8 37.8 37.8 37.8 37.8
Range of h, k, l ÿ12) h) 11 ÿ12) h) 12 ÿ12) h) 12 ÿ12) h) 13 0) h) 13

ÿ15) k) 15 ÿ15) k) 15 ÿ15) k) 15 ÿ15) k) 15 0) k) 15
ÿ12) l) 17 ÿ16) l) 16 ÿ14) l) 16 ÿ17) l) 15 ÿ16) l) 16

Re®nement
Re®nement on F2 F2 F2 F2 F2

R[F2 > 2�(F2)], wR(F2),
S

0.034, 0.080, 1.26 0.029, 0.070, 1.19 0.024, 0.055, 1.16 0.039, 0.087, 1.03 0.032, 0.077, 1.06

No. of relections 3402 3411 3404 3395 3471
No. of parameters 128 128 128 128 128
Weighting scheme w = 1/[�2(F2

o) + (P)2 +
7.228P], where P =
(F2

o + 2F2
c )/3

w = 1/[�2(o
F 2) +

(0.0145P)2 + 1.922P],
where P =
(F2

o + 2F2
c )/3

w = 1/[�2(F2
o) + (P)2 +

2.8951P], where P =
(F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0313P)2], where P
= (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0324P)2 + 2.9295P],
where P =
(F2

o + 2F2
c )/3

(�/�)max 0.001 0.002 0.001 0.001 0.001
��max, ��min (e AÊ ÿ3) 2.54, ÿ2.50 2.45, ÿ3.32 1.63, ÿ1.82 4.49, ÿ2.89 3.59, ÿ4.08
Extinction method SHELXL SHELXL SHELXL SHELXL SHELXL
Extinction coef®cient 0.0171 (5) 0.0874 (12) 0.0185 (3) 0.00439 (19) 0.0189 (4)

Computer programs: COLLECT (Nonius, 1998), DENZO and SCALEPACK (Otwinowski & Minor, 1997), SHELXL97 (Sheldrick, 1997), DIAMOND (Bergerhoff, 1996).
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2.2. Single-crystal X-ray diffraction
studies

Intensity data were collected on a

Nonius Kappa CCD diffractometer

using graphite-monochromated

Mo K� radiation (� = 0.71073 AÊ ) at

room temperature. The frames were

recorded using �! = 2� rotation scans

with X-ray exposure times of 20 or

40 s. Re¯ection indexing, a Lorentz±

polarization correction, peak integra-

tion and background determination

were performed using the programs

DENZO and SCALEPACK (Otwi-

nowski & Minor, 1997) of the Kappa

CCD software package (Nonius,

1998). All structures were re®ned in

the monoclinic space group P21/c

using SHELXL97 (Sheldrick, 1997).

Positional parameters of LaMo5O8

(Hibble et al., 1988) were used in the

®rst stages of the re®nements. The

®nal re®nement cycles included the

atomic coordinates and anisotropic

displacement parameters for all

atoms. Re®nement of the occupancy

factor of the rare-earth site showed

that it is fully occupied in all the crystals investigated. The

details of the X-ray single data collections and structure

re®nements for the RMo5O8 compounds are summarized in

Table 1.1 Selected interatomic distances are given in Table 2

and compared with those observed in the previously published

compounds LaMo5O8 (Gall & Gougeon, 1994b) and

GdMo5O8 (Gougeon et al., 1991).

3. Results and discussion

3.1. Structural aspect

The structural type LaMo5O8 was ®rst described by Hibble

et al. in 1988 (Hibble et al., 1988). The structure was deter-

mined from X-ray and neutron powder-diffraction data and

subsequently by various authors from single-crystal data for

other cations such as Sn (Gougeon et al., 1990), Pb (Drons-

kowski & Simon, 1989; Dronskowski et al., 1991), La (Gall &

Gougeon, 1994a), Gd (Gougeon et al., 1991) and Sr (Gall &

Gougeon, 1994a). The basic structural building block is the

bioctahedral cluster unit [Mo10Oi
18][Oa

8, which results from the

metal edge condensation of two [Mo6Oi
12][Oa

6 -type clusters

(Fig. 1). The [Mo10Oi
18][Oa

8 cluster units are linked on opposite

edges via common O atoms to form chains extended all along

the crystal, the connectivity formula of which is

[Mo10Oi
12Oiÿi

4=2Oiÿa
2=2 ][Oa

6Oaÿi
2=2 (Fig. 2). Within these chains, the

Mo10 clusters are bonded through one short intercluster

Mo1ÐMo1 bond and two weaker Mo1ÐMo2 bonds (Fig. 3).

Two long intercluster Mo1ÐMo3 bonds are also observed.

These chains which run parallel to the a axis then share the

remaining Oa atoms to create one-dimensional channels which

can accommodate a large variety of cations (Fig. 4). The latter

can be divalent (Ca, Sr, Sn, Pb or Eu) or trivalent (La±Sm and

Gd). As a consequence, the MMo5O8 compounds are

described by the following connective formula, (Mx+)2

([Mo10Oi
6Oiÿi

4=2Oiÿa
8=2 ][Oaÿi

8=2 )2xÿ (2 � x � 3).

Figure 1
The bioctahedral [Mo10Oi

18][Oa
8 cluster unit with the numbering scheme

used in the RMo5O8 compounds.

Table 2
Selected bond distances (AÊ ) for RMo5O8.

La Ce Pr Nd Sm Eu Gd

RÐO1i 2.442 (3) 2.410 (3) 2.397 (2) 2.379 (2) 2.355 (3) 2.535 (3) 2.315 (5)
RÐO1ii 2.459 (3) 2.443 (3) 2.423 (2) 2.406 (2) 2.384 (4) 2.545 (3) 2.364 (5)
RÐO4iii 2.487 (3) 2.459 (3) 2.440 (2) 2.425 (2) 2.398 (4) 2.596 (3) 2.387 (5)
RÐO7ii 2.574 (3) 2.568 (3) 2.550 (2) 2.540 (2) 2.517 (3) 2.657 (3) 2.506 (5)
RÐO5iv 2.675 (4) 2.648 (3) 2.632 (2) 2.614 (2) 2.584 (3) 2.715 (3) 2.556 (5)
RÐO3v 2.731 (3) 2.709 (3) 2.697 (2) 2.676 (2) 2.652 (3) 2.744 (3) 2.634 (5)
RÐO8iii 2.703 (3) 2.713 (3) 2.721 (2) 2.725 (2) 2.748 (3) 2.751 (3) 2.779 (5)
RÐO2i 2.763 (3) 2.758 (3) 2.757 (2) 2.752 (2) 2.750 (3) 2.771 (3) 2.739 (5)
RÐO6iii 2.806 (4) 2.862 (3) 2.868 (2) 2.867 (2) 2.894 (3) 2.932 (3) 2.905 (5)
RÐO2vi 2.919 (3) 2.930 (3) 2.933 (2) 2.936 (2) 2.947 (3) 2.947 (3) 2.959 (5)
Mo1ÐMo2vii 2.6816 (5) 2.6874 (7) 2.6867 (3) 2.6847 (4) 2.6876 (5) 2.6947 (4) 2.682 (1)
Mo1ÐMo4 2.7876 (5) 2.7906 (5) 2.7937 (3) 2.7923 (4) 2.7964 (5) 2.7549 (4) 2.795 (1)
Mo1ÐMo5viii 2.8094 (5) 2.8086 (5) 2.8094 (3) 2.8070 (3) 2.8073 (6) 2.7678 (4) 2.807 (1)
Mo1ÐMo3vii 2.8124 (5) 2.8111 (5) 2.8116 (3) 2.8085 (4) 2.8077 (5) 2.7749 (4) 2.802 (1)
Mo1ÐMo1vii² 2.6890 (7) 2.6851 (5) 2.6855 (4) 2.6822 (5) 2.6818 (8) 2.7670 (6) 2.674 (1)
Mo1ÐMo2² 2.9108 (5) 2.9066 (5) 2.9058 (3) 2.9035 (4) 2.9050 (6) 3.0366 (4) 2.904 (1)
Mo1ÐMo3² 3.0911 (5) 3.0840 (5) 3.0845 (3) 3.0815 (4) 3.0787 (6) 3.0869 (5) 3.078 (1)
Mo2ÐMo4vii 2.7288 (5) 2.7279 (5) 2.7275 (3) 2.7253 (4) 2.7249 (6) 2.7420 (4) 2.722 (1)
Mo2ÐMo5 2.7609 (5) 2.7579 (5) 2.7579 (3) 2.7546 (4) 2.7527 (6) 2.7218 (4) 2.750 (1)
Mo2ÐMo3 2.8279 (5) 2.8282 (5) 2.8300 (3) 2.8276 (4) 2.8309 (6) 2.8286 (4) 2.832 (1)
Mo3ÐMo4ix 2.6102 (5) 2.6072 (5) 2.6057 (3) 2.6028 (4) 2.6020 (6) 2.6067 (4) 2.598 (1)
Mo3ÐMo5x 2.6727 (5) 2.6726 (5) 2.6731 (3) 2.6715 (4) 2.6727 (6) 2.6951 (4) 2.669 (1)
Mo3ÐMo5 2.7558 (5) 2.7569 (5) 2.7591 (3) 2.7585 (4) 2.7647 (5) 2.7529 (4) 2.765 (1)
Mo4ÐMo5viii 2.7505 (5) 2.7474 (5) 2.7458 (3) 2.7413 (4) 2.7393 (5) 2.7430 (4) 2.735 (1)
Mo4ÐMo5vii 2.7605 (5) 2.7594 (5) 2.7599 (3) 2.7584 (4) 2.7580 (6) 2.7720 (4) 2.757 (1)
Mo5ÐMo5x 2.8172 (7) 2.8183 (6) 2.8201 (4) 2.8192 (5) 2.8215 (7) 2.8327 (6) 2.822 (1)

Symmetry codes: (i) ÿx� 1; y� 1
2 ;ÿz� 3

2; (ii) x;ÿy� 1
2 ; zÿ 1

2; (iii) x;ÿy� 1
2 ; z� 1

2; (iv) ÿx� 1; y� 1
2 ;ÿz� 1

2; (v)
ÿx; y� 1

2 ;ÿz� 1
2; (vi) ÿx; y� 1

2 ;ÿz� 3
2; (vii) ÿx� 1;ÿy;ÿz� 1; (viii) x� 1; y; z; (ix) x; yÿ 1; z; (x)

xÿ 1; y; z. ² Intercluster distance.

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: NA5000). Services for accessing these data are described
at the back of the journal.



The rare-earth members of the AMo5O8 series provide a

favorable system to study the in¯uence of the size of the cation

and that of its charge on the different MoÐMo and MoÐO

bonds in that structure type. Fig. 5 shows the variation of the

unit-cell volume as a function of the cube of the ionic radius.

For the R3+Mo5O8 compounds with R = La±Sm and Gd, we

observe a linear decrease of the unit-cell volume from La to

Gd, in agreement with the lanthanide contraction. The larger

unit-cell volume (similar to that of the strontium analog) of

the europium compound clearly indicates that the europium is

in the divalent state, while the other rare earths are trivalent.

This has also been con®rmed by magnetic susceptibility

measurements, which have lead to a magnetic moment of

7.77 m�, in good agreement with the free-ion value of divalent

europium (�th = 7.94 m�).

3.1.1. MoÐMo bonds. Fig. 6 shows the different MoÐMo

distances within the Mo10 cluster against the rare-earth ionic

radius. The latter was taken as the difference between the

average RÐO distances and the ionic radius of O2ÿ. Exam-

ination of these plots reveals that the increase in the rare-earth

ionic radius only induces small quasi-linear variations

(maximum difference of 0.016 AÊ for the Mo1ÐMo1 and

Mo4ÐMo5 bonds) on the intra- and intercluster distances for

the RMo5O8 compounds containing a trivalent rare earth (R =

La±Sm and Gd). On the other hand, the different MoÐMo

distances in the europium analog do not follow the general

trend observed for the RMo5O8 compounds. Indeed, most of

the MoÐMo distances in EuMo5O8 have values which are not

commensurate with the average ionic radius of the rare-earth

site. For instance, the Mo1ÐMo3, Mo1ÐMo4, Mo1ÐMo5,

Mo2ÐMo5, Mo3ÐMo4 and Mo4ÐMo5 (represented by thick

lines in Fig. 3) distances are smaller by ca 0.03±0.06 AÊ than the

values extrapolated from the linear laws followed by the MoÐ

Mo distances when the rare earth is trivalent, whereas the

Mo1ÐMo2, Mo2ÐMo3, Mo2ÐMo4, Mo3ÐMo5, Mo4ÐMo5

and Mo5ÐMo5 (thin lines in Fig. 3) distances are slightly

larger by ca 0.01 to 0.02 AÊ . The difference in behavior between

the R3+Mo5O8 compounds and Eu2+Mo5O8 results principally

from the diminution of the cationic charge transfer towards
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Figure 3
Detail of the interconnection between the Mo10 clusters in the RMo5O8

compounds. See text for the explanation about the thin and thick lines.

Figure 4
Projection of the crystal structure of RMo5O8 along the monoclinic a axis
showing the interchain linkage.

Figure 2
Fragment of the extented chain in the RMo5O8 compounds.

Figure 5
Variation of the unit-cell volume as a function of the cube of the ionic
radius of the cation.
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the Mo network in the Eu compound. This electronic effect is

particularly important for the two intercluster Mo1ÐMo1 and

Mo1ÐMo2 distances. These distances deviate by ca 0.08 and

0.12 AÊ , respectively, from the values expected from the ®t of

the curve d(MoÐMo) versus the rare-earth ionic radius. This

behavior is followed by the R3+Mo5O8 compounds (Fig. 7).

This curve clearly suggests that the extra electrons brought by

the trivalent cations are principally included in these two

intercluster bonds. On the other hand, one can also notice that

the electronic effect is also very sensitive, as illustrated by the

two compounds Sr0.90La0.10Mo5O8 and Sr0.11La0.89Mo5O8 of

the solid solution between SrMo5O8 and LaMo5O8, which

both differ only by ca 0.2 eÿ per Mo10 cluster from the end

members.

Within the Mo10 cluster, the overall effect of the reduction

of the cationic charge transfer is a slight diminution of the

average MoÐMo distance from 2.7483 (1) AÊ when the cation

is trivalent to 2.7417 (1) AÊ for divalent europium. For

Sr0.90La0.10Mo5O8 and Sr0.11La0.89Mo5O8 the mean values are

2.7420 (1) and 2.7467 (1) AÊ , respectively, in agreement with

the progressive augmentation of the cationic charge transfer

towards the bioctahedral Mo10 cluster.

3.1.2. MoÐO distances. The various MoÐO distances

show no well de®ned variations with respect to the ionic radii

of the cations in the compounds containing trivalent rare

earths and range from 1.990 to 2.146 AÊ , with mean values of

2.0755 (6), 2.0756 (6), 2.0764 (4), 2.0756 (4), 2.0765 (6) and

2.0747 (6) AÊ for the La, Ce, Pr, Nd, Sm and Gd compounds,

respectively. On the other hand, the effect of the charge

transfer is particularly important for the Mo2ÐO6 bond,

which increases by ca 0.08 AÊ when the charge increases by

2 eÿ per Mo10 cluster (EuMo5O8 to LaMo5O8). The general

trend of the MoÐO bonds is an increase in length with

increasing charge of the cations, as re¯ected by the average

MoÐO bond which is 2.0639 (6) AÊ in EuMo5O8 and

2.0758 (2) AÊ in the RMo5O8 compounds containing trivalent

cations. This trend is con®rmed by Sr0.90La0.10Mo5O8 and

Sr0.11La0.89Mo5O8, in which the mean values are 2.0657 (6) and

2.0748 (4) AÊ , respectively.

3.1.3. RÐO distances. The variations in the RÐO distances

as a function of the ionic radius of the rare earths is shown in

Fig. 8. For the R3+Mo5O8 compounds, the ®rst seven RÐO

distances increase quasi-linearly when the rare-earth ionic

radius increases. This indicates that these O atoms are the

nearest neighbors of the rare earth. The remaining three RÐO

distances decrease when the rare-earth ionic radius increases,

indicating that these three O atoms are second nearest

neighbors. The larger rare-earth oxygen bond lengths

observed in EuMo5O8 re¯ect the divalent state of the euro-

pium again.

3.2. Theoretical considerations

In order to understand the structural variations encoun-

tered in RMo5O8 compounds, electronic structure calculations

were carried out on EuMo5O8 and LaMo5O8 using extended

HuÈ ckel theory (EH; Hoffmann, 1963). Previous EH tight-

binding (EHTB; Whangbo & Hoffmann, 1978) calculations

Figure 6
Variations of the MoÐMo distances within the Mo10 cluster as a function
of the crystal radius of the rare-earth cation.

Figure 7
Variations of the intercluster MoÐMo distances as a function of the
crystal radius of the rare-earth cation. Triangles: Mo1ÐMo3. Squares:
Mo1ÐMo2. Circles: Mo1ÐMo1.



were carried out with the aim of understanding the physical

properties of these compounds, especially the unusual elec-

trical behavior of the trivalent cations in RMo5O8 compounds

(Koo et al., 1998). The theoretical analysis here is devoted to

the study of the bonding properties of these materials.

Molecular and tight-binding calculations were carried out

using the programs CACAO (Mealli & Proserpio, 1990) and

YaEHMOP (Landrum, 1997), respectively. The exponents (�)
and the valence-shell ionization potentials (Hii in eV) were

(respectively): 2.275, ÿ32.3 for O 2s; 2.275, ÿ14.8 for O 2p;

1.956, ÿ8.34 for Mo 5s; 1.921,ÿ5.24 for Mo 5p; 2.14. Hii values

for Mo 4d were set equal to ÿ10.50. A linear combination of

the two Slater-type orbitals of exponents �1 = 4.542 and �2 =

1.901, with equal weighting coef®cients, was used to represent

the Mo 4d atomic orbitals. The density of states (DOS) and

crystal orbital overlap populations (COOP) of EuMo5O8 and

LaMo5O8 were obtained using a set of 27 k points.

The metallic electron (ME) count per Mo10 motif in

RMo5O8 compounds is equal to 32 and 34 for divalent and

trivalent cations, respectively. Suprisingly, this is higher than

the optimal ME count of 30 for isolated Mo10 clusters, which

are present in R16Mo21O56 compounds (Gall et al., 1999), in

contrast to the general idea that the number of electrons of a

system decreases when the connectivity increases. The study

of a hypothetical Mo20O48 dimer, built with two Mo10 units

linked in the same manner as in RMo5O8 compounds, seems to

be a good starting point for the bonding analysis in Mo5O8

chains in order to detect which molecular orbitals (MO) of the

Mo10 isolated units were involved in the inter-cluster bonding.

In Mo5O8 chains the oxygen environment is the same as in

isolated Mo10 clusters; the only difference is in the metallic

environment of some metallic atoms. Metallic MOs of the

isolated Mo10 units must be more perturbed than other MOs

when considering inter-cluster interactions. EH calculations

on the Mo20O48 dimer model con®rm this. The largest inter-

action occurs between the lowest unoccupied MOs (LUMOs)

of the Mo10 units (see Fig. 9). These MOs are essentially

localized on the Mo1 atoms and their orientation allows a �-

type overlap between clusters in the Mo1ÐMo1 direction. The

magnitude of the interaction is large enough so that the

resulting in-phase combination is low enough to be occupied

and is separated by a gap of 0.34 eV from the highest-energy

MOs (see Fig. 9). This gap becomes the HOMO/LUMO gap

for the ME count of 30 + 30 + 2 = 62. The Mo1ÐMo1 inter-

cluster overlap population is increased by 50% when the

Mo1ÐMo1 bonding MO is occupied and equal to 0.172; this

value is quite large, indicating that inter-cluster bonding is of

the same order of magnitude as intra-cluster bonding.

Considering two electrons per inter-cluster contact, the

optimal ME count per Mo10 cluster in the Mo5O8 chain is 32,

as observed in the divalent cation compounds. To a lesser

extent, LUMOs for 62 MEs in the dimer model show some

inter-cluster MoÐMo bonding character. For larger electron

counts (such as 34 ME per Mo10 motif, as observed in trivalent

rare-earth compounds; 64 ME for the dimer model), the

shortening of some MoÐMo inter-cluster bonds is foreseen.

An increase of the intra-cluster bonds in RMo5O8 compared

with those of isolated Mo10 clusters in R16Mo21O56 compounds

is explained by the occupation of these MOs, which assume

inter-cluster bonds and present some antibonding intra-cluster

MoÐMo character.

In order to con®rm these conclusions, EHTB DOS and

COOP calculations were carried out on the Mo5O8 network

with EuMo5O8 and LaMo5O8 crystallographic structures

(Fig. 10); the EHTB approximation allowing the treatment of

Eu and La atoms as Eu2+ and La3+, giving their valence

electrons (2 and 3, respectively). DOS and COOP curves of

EuMo5O8 and LaMo5O8 are very similar because of their
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Figure 9
Correlation diagram relating molecular orbitals of the Mo10O26 cluster to
those of the Mo20O48 dimer.

Figure 8
Variations of the RÐO distances as a function of the crystal radius of the
rare-earth cation.
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rather small crystal structure differences. One can recognize

the general features of the dimer model MO diagram: the

Mo1ÐMo1 bonding DOS peak below the small energetic gap

and DOS peak with Mo1ÐMo1 and Mo1ÐMo2 bonding

character just above it. For the RMo5O8 structure with triva-

lent ions, this latter DOS peak is partially occupied. The

occupation of these states explains the shortening of the

Mo1ÐMo1 and Mo1ÐMo2 distances by ca 0.1 AÊ . MoÐMo

inter-cluster overlap populations increase from 0.149 to 0.193

between Mo1 atoms, from 0.009 to 0.052 between Mo1 and

Mo2 atoms, whereas Mo1ÐMo3 overlap populations is still

equal to 0. This indicates rather strong Mo1ÐMo1 bonding in

both divalent and trivalent compounds and signi®cant Mo1Ð

Mo2 bonding only in trivalent ones.
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Figure 10
DOS and (I) MoÐMo intra-cluster, (II) Mo1ÐMo1 inter-cluster, (III)
Mo1ÐMo2 inter-cluster and (IV) Mo1ÐMo3 COOP curves of (a)
EuMo5O8 and (b) LaMo5O8.


