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thiolate substituents effectively block further secondary interactions
or of some more subtle steric or electronic effects remains pro-
blematical.
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The magneto—structural properties and the role of M—M bonding in A;Mo,Xg (X = CI, Br, I) complexes are examined. Structural
and magnetic data are given for the new salts A;Mo,Xg [A = Rb, NH,, RNH, (R = Mg, Et, Bu, Hex), R,NH, (R = Me, Et),
Me;NH], A;Mo,Bry (A = Rb, Mg,N), and AsMo,ly (A = Cs, EtNH;). The structure of (MeNH;);Mo0,Cly was refined by
Rietveld analysis of powder X-ray diffraction data. It has orthorhombic symmetry, space group Cmem (Z = 4), with unit cell
dimensions of @ = 7.187 (1) A, b = 15.086 (1) A, and ¢ = 17.649 (1) A. The MeNH; group is oriented along the b axis, and
the geometry of the Mo,Cly*™ anion is almost identical with that in Cs;Mo,Cl,. The cation effect on the M, X, structure is shown
to result from a size increase along the ¢ axis direction of the A(1) cation lying in the plane of the bridging halogens. For the
strongly coupled Mo,X,y*" anion, calculations show that the ground-pair levels no longer obey a Heisenberg (HDVYV) coupling
although the $ = 0, 1, 2 pair spin levels still follow a Landé type interval separation. The ground exchange coupling is shown
to be very sensitive to the single-ion electron repulsion parameters, and the weakly coupled limit applies only when the single-ion
Coulombic exchange is at least 5 times greater than the largest pair-exchange parameter. The observed correlation between J,,
and the M~M separation in A;Mo,Clg complexes is modeled by using a semiquantitative MO model based on the M—M g-orbital

overlap.

Introduction

The complex salts of stoichiometry A;M,X, represent an ideal
series to study magneto-structural correlations in exchange-
coupled systems since variation in A, M, or X can significantly
alter the observed magnetic and spectroscopic properties of the
M, X% binuclear unit. Studies on a number of such systems
containing paramagnetic M3* transition-metal ions have appeared
previously in the literature.!® Intermediate between the weakly
coupled Cr,Xy* and metal~metal-bonded W,X;* anions are the
complex salts of Mo,X,*. Magnetic studies on this system?6-%°
have shown the ground exchange coupling to be strongly anti-
ferromagnetic and quite sensitive to the size of the univalent A
cation.’®?” An exponential relationship between the ground
magnetic exchange constant J,, and the M—M separation in the
binuclear unit was obtained in the case of spherical A cations.
The metal-metal distances used were derived from the ¢ axis unit
cell lengths on the assumption of a constant z/c fractional co-
ordinate for the Mo atoms. However, we recently reported3’
structural refinements using the Rietveld method® on a number
of alkali-metal and alkylammonium salts of Mo,X,*" (X = Cl,
Br, I). The previous assumption of a constant z/c fractional
coordinate for Mo was not observed, particularly for the alkyl-
ammonium salts. Furthermore, magnetic studies on a number
of substituted pyridinium and piperidinium salts of Mo,X¢* (X
= Cl, Br) have since been reported®® and these salts deviate
significantly from the above J,;, versus M—M separation curve.
Finally, previous magnetic studies**=>® have ignored the effects
of M-M bonding on the ground exchange coupling, yet the
electronic spectrum of Cs;Mo,Cly has now been interpreted on
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the basis of a large M—M ¢ interaction and two weaker = in-
teractions.*’
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In light of the above, Lhe influence of the A cation on the
structural and magnctic properties of Mo,X,*" salts needs to be
rationalized and the relationship between the M-M scparation
and J,, determined over a range of A;Mo,Xy complexes. In
addition, the effect of M—M bonding on the ground ¢xchange
coupling should be examined in order to assess the validity of a
simple Heisenberg—Dirac—=Van Vleck (HDVV) description of the
ground state.

Experimental Section

Preparations. The alkylammonium salts of Mo,Clg* were prepared
by solution methods previously reported.*3? The alkali-metal anad am-
monium salts were prepared in a similar manner with the exception that
the cation was added as its acetale salt in order to afford sotubility in
alcoholic solutions. The corresponding bromide and fodide complexes
were prepared by repeated additions of HBr or HI, followed by conccon-
tralion, (o the original Mo(111)-acid chloride solution 342

Structural Measurements. The X-ray powdcr diffraction data for
(McNH1),Mo,Cl were collected by using a Philips PW 1050 gonjometer
fitted with a PW 1710 controller. Inlensity measurements in the range
7-90° (20) were made at intervals of 0.04° (20) by using Cu Ka radia-
tion and a step-counting time of 5 s. The X-ray tube was operated at
45 kV and 30 mA, with 1° divergence slit, a 0.2-mm recciving slit, and
a 1° scavter slit and Soller slits. For angles less than 14° (26) a peo-
metrical correction was made for the spread of the beam beyond the
sample. The structure refinement of (MeNH;),;Mo,Cl; was carried out
by using a n.odified version®® of the Rictveld Profile Analysis program
DBW3.2.° Starting coordinaltes for the Mo and Cl atoms in Crmem were
those obtained from a single-crystal refinement for the isostructural
cthylammonium salt.s The N and C atoms were located in difference
Fouricr maps. The final refinement utilized data in the range 16-90°
(26). and 36 parameters were refined, including 16 coordinates, S iso-
tropic temperature factors, and 15 profile and unit cell parameters.
Profile refinement parameters used have been described previousty.®
Neutral-atom X-ray scattering factors, including anemalous dispersion
corrections, were taken from ref 56.

Magnetic Measurements, Magnelic susceptibilities were measurcd on
powdered samples by the Guoy method belween 80 and 450 K. The
magnetic (ield was calibrated by using CuSO,-SH,O packed in a silica
Guoy tube that had a constant diamagnetic correction over the temper-
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ACL) A X,

Figure 1. Closc-packing arrangement in A;M;X, complexes viewed along
[11,2.0]. The bridging X (1) and terminal X(2) balogens occupy hex-
agonal (h) and cubijc (¢) laycers, respectively. The A(L) and A(2) cation
sites are shown, Mctal jons M occupy two-thirds of (he octahedral sites
between hoand ¢ layers.
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Figure 2. Correlation between structural moduli in AyM,X, complexes.
The paramelers 4’ and 4 correspond 1o the M—h and M—c layer sepa-
rations, while the parameters ¢ and  are the X(1)-M-X (1) and M-X-
(1)-M bridging angles. The ratio d’/d” mcasures the displacement of
the metal jons M from the centroids of their octahedra, while 8 — 70.53
measures the deviation of the M -X(1)-M bridging angle from the idcal
value of 70.33° for (wo oclahedra sharing a common trigonal face. The
X{1)-M-X(1) dbridging angle « is related 10 8 through the expression sin
(af2) = (V/3/2) cos (8/2). In order of increasing 4°/d”, the experi-
mental points cortespond w KyMo,Brg, KW ,Cly, Cs;W,Cly. Rb;Mo,Brs,
Rb3 MOZCIQ, (N l']()]MOzClg, CS]MO)BI’Q. CS]MOzCIg‘ CSJMO}IQ»
(Me,N)yMo,Cly, (MegN)MoyBrg, CsyCr,yClg, and CsCryBrg.

4

ature range studied. Diamagnetic corrections for cation A and halogen
X were made in accordance with standard values.’” ESR measurements
were carried out on powdered samples at room temperature by using a
Jeol FE3X ESR spectrometer.

Results

Structures Containing Symmetric Cations. The complex salts
AsMo,X, (A = K, Rb, NH,, Cs, Me,N, E1,N; X = Cl, Br, I)
conaining spherical or pseudospherical univalent cations A
crystallize in either P6,/ntnc or P6y/m (Z = 2) hexagonal space
groups. 3414 [n either case, the structure can be described in terms
ol a closc-packing arrangement of (0001) layers of composition

(57) Earnshaw, A. lntroduction to Magnetochemistry, Academic Press:
New York, 1968; pp 5. 6.
($8) Hill, R, J.; Howard, C. J. J. Appl. Crystallog. 1988, 18, 173.



Exchange-Coupled A;Mo0,X, Complexes

Table I. Structural Data for (MeNH;);Mo,Clg

formula C3H13N3M02C19
mol wt 607.15

cryst system orthorhombic
space group Cmem (Z = 4)

cell params, A: a; b; ¢ 7.1871 (3); 15.0864 (7); 17.6492 (8)
v, A3 1913.6
d(calc), grem™ 2.11

Mo 8(f): y; z; B, A? 0.1974 (2); 0.3258 (1); 2.06 (8)

CI(1) 8(g): x;y; B, A2 0.2491 (9); 0.2679 (4); 2.8 (1)

CI(2) 4(c): y, B, A? 0.0571 (6); 2.8 (1)

CI(3) 16(h): x; y; z; B, A2 0.2331 (7); 0.1307 (3); 0.4009 (2);
2.9 (1)

0.3256 (4); 0.4068 (3); 2.9 (1)

0.563 (2); 2.4 (4)

0.823 (1); 0.060 (1); 2.4 (4)

Cl(4) 8(f): y, z; B, A?
N(1) 4(c): y; B, A?
N(2) 8(0): y; z; B, A?

C(1) 4(c): y; B, A? 0.483 (3); 6.3 (7)
C(2) 8(f): y; z; B, A? 0.914 (2); 0.092 (1); 6.3 (7)
Ryrops % 5.46
wt profy 70 7.25
Rexpy % 1.89
Rpraggs % 4.21
data range (26), deg 16--90
no. of contributing 444
reflens
no. of deg of freedom 1815

AX, having a six-layer stacking sequence chcche. The M** ions
occupy two-thirds of the octahedral sites between hexagonal (h)
and cubic (c) stacked layers. The MX¢* octahedra share a
common trigonal face across h layers and so form discrete M,Xy*
binuclear anions. The packing arrangement of A and X atoms
is shown in Figure 1.

We have recently described the effect of change in A cation
size on the geometry of the M,Xy*™ anion.>®> Whereas increase
in size of the A(2) cation is simply accommodated by displacement
of the binuclear anions, increase in size of the A(1) cation, lying
in the plane of the bridging halogens, results in an expansion of
the binuclear unit along [0001] with accompanying increase in
the M-M separation. The axial distortion of the binuclear anion
resulting from a change in cation size can be measured by using
the structural moduli 4’/d”, (90 — )°, and (6 — 70.53)°* shown
in Figure 2. The first parameter ratio measures the displacement
of the M3* ions from the centroids of their octahedra, where d’
and d” correspond to the M-h and M-c layer separations, re-
spectively. The remaining two angular moduli measure the
amount by which the X(1)-M-X(1) and M-X(1)-M bond angles
deviate from their ideal values of @ = 90° and 6 = 70.53°, re-
spectively. In Figure 2, (8 ~ 70.53)° is plotted against d’/d” for
all A;Mo,X, compounds examined in this study. The results for
Cs;,Cr, X, (X = Cl, Br)* and A;W,Cl, (A = Cs, K)* are also
included for comparison. The majority of Mo compounds fall
within the lower left quadrant, indicative of appreciable M—M
interaction.

Structures Containing Nonsymmetric Cations. The results of
a single-crystal structure refinement of (EtNH;);Mo0,Cly were
recently communicated to us.* Using the coordinates of the Mo
and Cl atoms in this structure as starting values, we refined the
structure of the isostructural monomethylammonium salt using
the Rietveld method. The results of the structure determination
of (MeNH,);Mo,Cly are given in Tables I and II, the latter
detailing bond distances and angles relevant to the Mo,Cly* anion.
Values are also given for the Cs salt*! to provide a measure of
the distortion away from Dj; symmetry for the MeNH, salt. The
observed, calculated, and difference diffraction profiles for the
methylammonium salt are shown in Figure 3, while a plot of the
structure viewed approximately along the [100] direction is shown
in Figure 4.

The gross features of the X-ray powder patterns of both
(BuNH,);Mo,Cly and (HexNH;);Mo,Cl initially indicated they
were isostructural with the ethylammonium salt, but closer ex-
amination revealed reflections of type 0k/, k = 2n, which violate
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Table II. Interatomic Distances and Angles for A;Mo,Cly (A = Cs,
MeNH,)

Cs3Mo,Clg? (MeNH;)3Mo,Clg
Distances (A)
Mo-CI(1) 249 (D) 2.475 (6)
Mo-CI(2) 2.49 (1) 2.504 (8)
Mo-CI(3) 2.384 (6) 2.361 (5)
Mo-Cl(4) 2.384 (6) 2.405 (6)
CI(1)-CI(1) 3.643 (8) 3.61 (1)
C6(1)-Cl(2) 3.643 (8) 3.65 (1)
CI(3)-CI(3) 3.401 (6) 3.35(1)
CI(3)-Cl(4) 3.401 (6) 3.386 (7)
Mo-Mo 2.66 (1) 2,675 (4)
Angles (deg)
Mo-Cl(1)-Mo 64.5 (3) 65.4 (2)
Mo-Cl(2)-Mo 64.5 (3) 64.6 (2)
Cl(1)-Mo—CI(1) 94.2 (1) 92,7 (2)
Ci(1)-Mo-Cl(2) 94.2 (1) 94.3 (1)
CI1(3)-Mo—CI(3) 91.0 (3) 90.4 (2)
CI(3)-Mo-Cl(4) 91.0 (3) 90.5 (1)
CI(1)-Mo—-Cl(4) 87.4 (2) 88.6 (2)
Cl1(2)-Mo—-CI(3) 87.4 (2) 86.5 (1)

4Data taken from ref 41.
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Figure 3. Rietveld profile plot for (MeNH,;);Mo,Clg. Crosses correspond
to the observed intensity, the solid line corresponds to the calculated
profile fit, and tick marks correspond to the calculated peak positions.
The bottom solid line is the difference profile corresponding to [y ~ Iegie.
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Figure 4. Structure of (MeNH,),Mo,Cl; viewed approximately down
the [100] direction of the orthorhombic unit cell. The structure is rotated
10° from [100] around the ¢ axis to show more clearly the polyhedral
units. Cation A(1), shown as N;C,, is seen to pack in the plane of the
bridging halogens.

the extinction conditions for Cmcm. However, these reflections
were very weak, indicating that the departure from Cmcem is quite
small. Rietveld refinements were not undertaken due to the likely
disorder of the alkylammonium groups, but the unit cell dimensions
were determined from the X-ray powder patterns and are given
in Table IIT along with the values for the NH,, MeNH;, and
EtNH; salts. The b axis values calculated on the assumption of
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Table III. Unit Cell Dimensions for (RNH,);Mo,Cly (R = H, Me,
Et, Bu, Hex)

Stranger et al.

Table IV. Magnetic Parameters for A;Mo,Xy Salts
Mo-Mo, -J,, 108Na, g

complex salt a, A b, A ¢, A Byess A% complex salt A cm™  cm™  value ref
(NH,)3;Mo,Cly 7.135 12.358 16.993 12.358 Symmetric Cation Salts
(MeNH3;);Mo,Clg 7.185 15.081 17.645 12.445 K3Mo,Clg 2.524 560 79  2.01 35,42
(EINH;);Mo,Cl?  7.226  17.720  17.916  12.516 Rb;Mo,Clg 2590 491 24 1988 35
(BuNH;);Mo,Cly  7.298  21.220 18203  12.641 (NH,);Mo,Cly 2600 471 12195 35
(HexNH,);Mo,Cl,  7.372 25670  18.358  12.769 Cs;Mo,Cl, 2655 414 44 196 35,41, 42
_ (Me,N);Mo,Cly 2778 275 210 195 35
?Calculated by assuming an orthohexagonal cell where b, = (Et,N);Mo,Cl, 237 38 1.96 42
Vv 3@gupo: ° Private communication.* s
K3Mo,Br, 2.57 35
an exact hexagonal cell, where byey = V/3oho, are also given for g:;xg;grr: gg?é 380 147 1.99 gg 41, 42
comparison. (Me,N);Mo,Br, 3106 239 252 2.05% 35
Magnetic Studies. The temperature dependence of magnetic (Et,N);Mo,Brs 215 232 206 42
susceptibility between 90 and 350 K was measured for the complex Cs;Moyl, 3070 467 442 197 35,39

salts A3M02C19 (A = Rb, NH4, MCNHg, MCzNHz, MCgNH,
EtNH,, Et,NH,, Et,N, BuNH,, HexNH,), (MesN);Mo,Br,, and
AiMo,l (A = Cs, EtNH,). In addition, susceptibility data is
available on the complex salts A;Mo,Cly (A = K, Cs, Et;NH,
PyH, PipeH)*#2 and A;Mo,Br, (A = Cs, Et,N).2 The tem-
perature dependence of magnetic susceptibility below 450 K can
be fitted by using either the d?d? or d°d* binuclear susceptibility
equations* with identical results, as the S = 3 spin level is not
significantly populated. However, in view of the large M-M ¢
bonding for this system,*’ the d?d? susceptibility equation

3K 54 x*
=2 2% i Na
TS5+ 3xt+ x8

is more appropriate, where x, = xm/2, K = Ng*8*/3k, x =
exp(Ju/kT), and Na is the temperature-independent paramag-
netism (TIP) term. In most cases the g value was not refined but
determined from room-temperature ESR measurements on pow-
dered samples. The best fit values of J,,, N(a), and g are detailed
in Table 1V along with the Mo~Mo distances when known.

Xa

Discussion

Structural Studies. The Rietveld refinement results®® for
A3;Mo,X, complex salts containing spherical or pseudospherical
univalent A cations clearly show the dependence of the Mo,X¢>"
geometry on the size of the A cation, as is apparent from Table
IV. From the packing arrangement within the unit cell, one
predicts that an increase in A cation size only along the ¢ axis
direction of the unit cell will result in expansion of the binuclear
anion. It is possible to test this prediction on the results obtained
for the structurally related alkylammonium salts (RNH;)3Mo,Clg
(R = Me, Et, Bu, Hex). These salts have been shown to crystallize
in Cmcm, which is a subgroup of P6;/mmc in which the majority
of symmetric cation salts crystallize. As such, the packing of A,
M, and X in the monoalkylammonium salts resembles the
close-packing arrangement in P6;/mmc structures. The Cmcm
structure differs from P6;/mmc in that the triangular grouping
of halogens in both terminal and bridging sites are no longer
symmetry related. The close-packing arrangement is distorted
along the b axis direction so that two inequivalent bridging and
terminal halogen sites X(1), X(2) and X(3), X(4), respectively,
are present. This distortion results in loss of trigonal symmetry
of the binuclear anion and leads to gaps in the close-packing
arrangement along [0k0]. The size of these gaps is given by the
deviation of the & axis length from the ortho-hexagonal dimension
of v/3a. Analogous to the hexagonal structures, two distinct cation
sites A(1) and A(2) are present, as can be seen from Figure 4,
with cation A(1) packing in the plane of the bridging halogens.
The distortion of the binuclear anion in the MeNHj salt from D;,
to C,, site symmetry is shown by a comparison of bond lengths
and angles with those for the Cs salt (Dj; site symmetry) given
in Table II. Overall, the C,, distortion is relatively small with
the majority of interatomic distances and.angles close in value
to those for Cs;Mo,Cl,.

The crystal structures of the MeNH, and EtNH, salts, as well
as a comparison of the unit cell dimensions given in Table III,
clearly show that the alkyl group in the monoalkylammonium salts

Asymmetric Cation Salts
(MeNH3;);Mo,Clg 2,665 410 69 195
(EtNH;);Mo0,Clg 2,670 393 86 195 46

(BuNH,);Mo,Cl, 388 54 1.95
{(HexNH,);Mo,Cl, 343 57 195
{(Me,NH,);Mo,Cls 323 137 1.95
(Et,NH,);Mo,Cl, 310 113 1.95
(Me;NH);Mo,Cl, 289 81 2.09°
(Et;NH);Mo,Cl 279 34 195 42
(PipeH);Mo,Cl, 2734 267 64 195 38,45
(PyH);Mo,Cl, 2685 341 38, 45
(EtNH;);Mosi, 477 557 198 39

¢ g value refined in susceptibility fit.

orientates along the b axis of the orthorhombic unit cell. Exam-
ination of Table IV shows that the increase in cation size from
MeNH; to EtNH; has had negligible effect on the Mo-Mo
separation. This observation is in agreement with the earlier
prediction that only a size increase of the A(1) cation in the
direction of the ¢ axis would result in expansion of the binuclear
unit.

Metal-Metal Bonding. Previous magnetic studies’¢3° on
A;3;Mo,X4 complexes have assumed that all three d electrons on
each Mo center are active in the exchange-coupling process and
therefore have ignored the possibility of strong M-M ¢ bonding.
The detailed analysis of the electronic spectrum of Cs3;Mo,Clg*?
has shown that the excited-state spectrum below 16 000 cm™ can
be attributed to pair states derived from an effective ty,2t;,>
configuration where the t,, orbitals on each Mo center are involved
in a M-M ¢ bond. However, although the ¢ interaction is strong,
the ty, electrons are not fully paired off, and as a result, the
ground-state exchange is still dominated by the ¢ contribution.
This is in contrast to the fully paired case where only the M—M
= interaction can contribute to the ground exchange coupling. In
order to appreciate the role of significant M—M interaction in
Mo,X¢* complexes, the effects of the single-ion and pair-inter-
action parameters on the ground-state exchange splitting are now
examined. Details of the method of calculation have already been
given.®

For a weakly coupled pair system where the single-ion ground
state is orbitally nondegenerate, the pair levels can in most cases
be adequately described by the well known HDVV spin Hamil-
tonian

H:x = _zjabSa'Sb (1)
where J,;, is the exchange integral defined by
Joo = TJ;/4S.S, 2)
ij

and the energies of the pair spin levels are given by
E(S) = JuSS+ 1) 3)
In (2) J,p takes the average value summed over all possible ex-

change pathways, which are parametrized by the orbital-dependent
exchange parameters J,;. To second order one obtains

Ty = (ol1) 942)le*/rilei(2) ¢;(1)) = 2h(ENH/U - (4)



Exchange-Coupled A;Mo,X, Complexes

2000 T T i —

Energy (cm-1)

5=0
100 000

o 1 i 1 i
0 20 000 40 000 80 000 80 000

Ju (cm-1)

Figure 5. The energy of t,’t,’ ground-state pair spin levels as a function
of J,. The energies of § = 1, 2 spin levels are plotted relative to that of
the S = 0 spin state. Dashed lines correspond to the energies of S = 1,
2 pair spin states calculated from HDVV model (3). Single-ion param-
etersaresetat B =467 cm™, C=4B, Dg=1920cm™, K =0, { = 0,
and J, = 0. For large J, the pair spin levels still approximately obey a
Landé type interval separation in terms of Je.

The first term on the right corresponds to potential exchange and
is purely electrostatic in nature. The second term corresponds
to kinetic exchange and involves the transfer integral h(i,j) as well
as the energy denominator U, which gives the average Coulombic
repulsion between the two electrons when located on the same
metal ion.

Configuration interaction results in a deviation of the pair spin
levels from a Landé€ interval separation given by (3). In the case
of moderate to strong M-M-bonding interactions, the off-diagonal
exchange coupling can lead to extensive configuration interaction
between different multiplets. In this case the validity of a simple
HDVYV description of the ground-pair levels is questionable. To
examine this situation, the energies of the ground-state spin levels
were calculated by using the full t,%,? pair basis. Their dependence
on J, (=-2J,,) is shown in Figure 5. For this set of calculations
the single-ion parameters were given the values B = 467 cm™,
C=4B,Dg=1920cm™, K =0, and { = 0. The values of the
Racah and cubic field parameters are those appropriate to the
electronic spectrum of cubic MoCls>~ moieties.#”* The spin—orbit
coupling and trigonal-field parameters were arbitrarily set to zero,
since for large J, their effect on the ground spin levels is negligible.

As J, increases, there is a corresponding increase in the energies
of the ground-state S = 1, 2, 3 spin levels relative to the S = 0
spin state. However, the energies of the S = 1, 2 spin levels reach
a maximum around J, = 15000 cm™ and then gradually fall off
to zero as J, — ». The dashed lines in Figure 5 correspond to
the spin-state energies (eq 3) calculated on the basis of the simple
HDVYV Hamiltonian (eq 1). Clearly, for J, > 2000 cm™! the pair
spin-state energies no longer obey (3) and the HDVYV description
of the ground-state spin levels is no longer adequate. In this case
the magnitude of J,, cannot be used as an indicator of weak or
strong M-M interaction. For example, from Figure 5 the sin-
glet-triplet separation for J, & 63000 cm™ (J,, = -31 500 cm™)
results in —J,, = 125 cm™. However, from the HDVV model (eq
2) we have J,, = J,,/9 = 3500 cm™!, which is approximately 30
times larger. Clearly, when the M—M interaction is no longer
weak, J,;, cannot be regarded as the average sum of all possible
exchange pathways as given in (2).

The breakdown of the HDVYV description of the ground spin
levels results from the fact that for large J, the single-ion spins
S, and S}, are no longer good quantum numbers. This can be
intuitively seen in the case where the o exchange becomes so large
that two electrons, one on each metal center, are fully paired off
in a M—M o bond. In this case the exchange coupling within the
ground-state spin manifold will be described by the HDVV
Hamiltonian (eq 1) but with S, = S, = 1, not 3/,. However, one
can envisage the intermediate situation where the o exchange is
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Figure 6. Dependence of ground-state exchange on the Racah B sin-
gle-ion electron repulsion parameter. The energy of S = 1 pair spin state

is shown relative to that of the § = 0 spin level. Calculations are for C
=4B,Dg=1920cm™, K =0,{=0,and J, = 0.

not large enough to fully pair off electrons into a M—M ¢ bond.
In this realm the single-ion spins take on effective values ranging
from S, = S, = 3/, through S, = S, = 1 in the o-bonded case.
Although the HDVYV description of the ground spin levels breaks
down as J, increases, the remaining S = 0, 1, 2 pair spin levels
continue to obey an approximate Landé type interval separation
given by

E(S) = -21aS(S + 1) (5)

where Jr is an effective exchange integral that does not conform
to (2).

For weakly coupled pair systems the exchange splitting of the
ground-pair levels is only dependent on the magnitudes of the
various orbital-exchange parameters Jii. However, as J, increases,
the ground-state exchange splitting becomes increasingly sensitive
to the single-ion electron repulsion parameters. To illustrate this,
the effect of the single-ion Racah B electron repulsion parameter
on the energy of the S = 1 ground spin level is shown in Figure
6. As B is lowered from 500 to 100 cm™, the energy of the S
= 1 spin state is markedly reduced for any constant value of J,.
Although not shown, the same trend is also observed for the S
= 2 pair spin state. Of course, near either extreme limit where
J,— 0or J,— =, the exchange splitting becomes independent
of these parameters.

The Racah parameters are related to the single-ion Coulomb
and exchange integrals C(i,j) and K(ij), respectively. Using the
transformations

V2 1

ta = x(xz -y - —\/—E(XZ)
N CA
2y \/3 y \/5

t7.z = 22 (6)

»z)

where t,, t,,, and t,, are the real trigonal t, orbitals expressed
in terms of cubic t, orbitals quantized down the C axis, we can
express the trigonal electrostatic integrals in terms of the Racah
parameters as

C(x,x) = C(y,y) = C(z,2z) = A+ 4B + 3C
C(x,p) = Cx,2) = C(y,z) = A~ 2B+ C
K(x,y) = K(x,z2) = K(y,z) =3B+ C (7)

Anisotropy in electron repulsion will result in a further distinction
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Figure 7. Effect of single-ion Coulombic exchange K(x,z) on the pair
ground-state exchange. The parameter ratio K(x,z)/J(z,z) is a measure
of the single-ion Coulombic exchange relative to the pair-exchange
parameter J(z,z) = -J,/2. Weakly coupled pair applies when Jyr = Jyp
and K(x,z)/J(z,z) > 5. A similar plot also occurs for K(x,z)/J(x,x)
where J(x,x) = ~J,/18.

between electrostatic integrals involving the trigonal t,, orbital
and those which do not.

The ground-state exchange splitting is found to be dependent
on the single-ion exchange integrals K(x,z) = K(y,z) as shown
in Figure 7, where the parameter ratio J¢/J,, is plotted against
K(x,2)/J(z,2). A similar plot also occurs for K(x,z)/J(x,x). The
latter two parameter ratios are simply a measure of the single-ion
Coulombic exchange relative to the pair-exchange parameters
J(z,2) = -J,/2 and J(x,x) = -J,/18.% The former ratio Jog/Jop
is a measure of the deviation away from a weakly coupled pair
for which J; = J,,. It is apparent that as J, is increased, J is
progressively reduced in value relative to J,,. Deviation from the
weakly coupled pair approximation is observed to occur when
either K(x,2z)/J(z,z) or K(x,z)/J(x,x) is less than 5. In general,
the weakly coupled pair approximation should apply when the
single-ion exchange is approximately 5 times greater than the
largest pair-exchange integral.

Magnetic Susceptibility. Consideration of M—M bonding effects
in A;Mo,X, complex salts implies that the d3d? binuclear sus-
ceptibility equation*® may not be appropriate in the analysis of
the magnetic susceptibility. In fact, depending on the extent of
M-M interaction, the effective exchange can vary anywhere
between a d%° and d*d® spin-coupled system. From (7) the
single-ion exchange integral is given by K(x,z) = 3B + C ~ 7B.
Since for MoCl*™ moieties B is approximately 470 cm™, we have
K(x,z) =~ 3300 cm™. For Cs;Mo,Cly a value of J,, = -420 cm™
was obtained.’” Assuming that the ground-state exchange is
dominated by the M—M ¢ interaction, we have J,, =~ J(z,2)/9
= —420 cm™!, and therefore J(z,z) =~ 3800 cm™. From these
experimental values one obtains the ratio K(x,z)/J(z,z) = 0.87,
indicating significant departure from a weakly coupled t,’,® pair.
Furthermore, from the analysis of the electronic spectrum J, is
approximately 20000 = 5000 cm™. Using the HDVV model (eq
2), one obtains —J,, = J,/18 =~ 2200 cm™. Since this value is
over 5 times greater than the observed value, it is clear that the
HDVV model does not apply.

In order to determine which d"d"-coupled model is appropriate
to describe the ground exchange coupling in A;Mo,Xg complexes,
it is first necessary to appreciate how the theoretical susceptibility
curves will differ in each case. To show these differences, the
temperature dependence of magnetic susceptibility is shown in
Figure 8 for d'd!, d%d?, and d*d? spin-coupled systems with —J,;,
= 200 and 400 cm™!. In these calculations the g value was set
at the spin only value of 2.0 while the temperature-independent
term Na was arbitrarily set to zero. For —J,, = 200 cm™! the d'd!
susceptibility curve begins to separate from the d?d? and d*d?
curves at around 250 K whereas for —J,, = 400 cm™ this does
not occur until approximately 450 K. Much higher temperatures
are required to distinguish between the dd® and d*d? susceptibility
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Figure 9. Temperature dependence of magnetic susceptibility for

(Et4N)3Mo,Clg and (Me,N);Mo,Bry. Theoretical curves shown corre-

spond to the best fits for d'd! (dashed), d*d? (dotted), and d*d® (solid)

spin-coupled models. Above 250 K the d'd' model no longer gives a

satisfactory fit to experimental data.

curves. For —J,, = 200 cm™ this separation occurs around 450
K whereas for —J,, = 400 cm™! no separation is apparent below
800 K.

From Figure 8 it is obvious that susceptibility measurements
on A;Mo,X, complexes need to be taken up to relatively high
temperatures in order to determine which d"d" spin-coupled model
is applicable. Unfortunately, for both the alkali-metal and al-
kylammonium salts of M0,Xg*", the temperatures required to
discriminate between the d%d? and d*d® models are in excess of
their respective melting or decomposition points. However, for
both the chloride and bromide complexes, it is possible to show
that the d!d' spin-coupled model does not apply. In order to
demonstrate this, the magnetic susceptibility of (Et;N);Mo,Clg
and (Me,N);Mo,Brg were measured up to 450 K and are shown
in Figure 9. The best fit susceptibility curves calculated for d'd!,
d?d?, and d*d? spin-coupled models are also plotted. It is clear
that at temperatures above 250 K the d!d' model no longer
provides a satisfactory fit to the observed magnetic susceptibility.
The difference between the d%d? and d’d models on the other hand
is virtually imperceptible, indicating that the S = 3 level, if present,
is not significantly populated. As such, the magnetic susceptibility
data fit to the d3d® model cannot be used as evidence for the
absence of a M—M ¢ bond.

Magneto-Structural Correlations. The structural results for
the alkali-metal and tetraalkylammonium salts of Mo,Clg* clearly
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show a progressive increase in the Mo—Mo separation as the size
of the univalent A cation increases. This in turn leads to a
reduction in the magnetic exchange, as is confirmed by the data
given in Table IV. In fact, if we range from the K salt through
to the Et,N salt of Mo,Clg*", the value of —J,, has decreased by
a factor of 3, corresponding to an observed increase in the Mo—Mo
separation of over 0.25 A. The dependence of J,, on the M—M
separation is shown in Figure 10 and is approximately linear for
the chloride complexes examined in this study. The linear de-
pendence of J,, on the Mo—Mo separation is unlikely to continue
as J,;, approaches zero, since for large M~M distances superex-
change processes involving bridging ligands will compete favorably
with direct exchange pathways as a result of negligible M—M
orbital overlap. Even so, the observed linear dependence between
Ja» and Mo-Mo separation is not without precedence, since similar
trends have been observed for Mn?*- and Cr**-doped metal ox-
ides. 505!

Although the complex salts containing nonsymmetric A cations
no longer adopt hexagonal structures, examination of Table IV
shows that there is still a decrease in ~J,, with increasing size of
the A cation, although the trend is not as dramatic as first might
be expected on consideration of the relative sizes of these cations.
For instance, —J,, decreases by only 20 ¢cm™ in going from the
MeNH, to BuNH; salt. However, these magnetic results are
consistent with the structural findings in that the alkyl group is
directed along the b axis of the orthorhombic unit cell, leading
to similar M-M distances and magnetic exchange in these salts.

As seen from Figure 10, the pyridinium and piperidinium salts
of Mo,Cl,>" 3845 deviate slightly from the linear correlation ob-
served for all other chloro salts examined in this study. However,
both these salts bear little resemblance to the close-packing ar-
rangement in the hexagonal structures. Furthermore, the Mo,Cly*>
anion is considerably distorted from trigonal symmetry and as
a result the M~M = interaction will be asymmetric (J,, = J,,).

The extent of magnetic exchange in A;Mo,X salts is clearly
sensitive to the halogen type X. From Figure 10 the observed
magnetic exchange increases in the order Cl < Br < I for any
given M-M separation. This is not unexpected as the single-ion
electron repulsion is reduced in going from the Cl to I complexes;
consequently, the metal ion d orbitals are dilated, leading to
increased M—M orbital overlap and antiferromagnetic exchange.
In addition, superexchange pathways will be more efficient due
to the increased metal-ligand orbital overlap.

Modeling the Correlation. Since the M~M interaction in
Mo,X¢*~ complexes is significant, it is instructive to approach the
problem from a molecular orbital perspective. For a binuclear
system involving pairwise molecular orbital interactions with one
electron in each of the two single-ion orbitals involved, the spin
singlet—triplet separation A,q is given by*2

(e - €*)?

Ao = -2 = 2Ky, + C.-Ca

(8)
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where K, is the two-center Coulombic exchange integral defined
by

Koy = (6a(1) ¢u(2)[1/ry2ldp(1) ¢2(2))

C,. and C,, are the one- and two-center Coulomb integrals, re-
spectively, defined by

Caa = (4)5(1) ¢a(2)|1/r12|¢a(1) ¢a(2)>
Car = (9a(1) Su(D1/r12fa(1) $6(2))

and ¢ and €* are the bonding and antibonding MO energies,
respectively. In the above expression ¢, and ¢y, refer to orthog-
onalized MO’s localized on centers a and b, respectively.

According to Anderson’s treatment of superexchange,” A, is
given by

4h(a,b)?

Do =2 = K + ————
10 ab ab Caa N Cab

&)

where A(a,b) is the transfer integral common to kinetic exchange
and the denominator C,, ~ C,, corresponds to U in expression 4.
Equating expressions 8 and 9, one obtains

2h(a,b) = e — ¢* (10)

implying the equivalence of Anderson’s transfer integral to the
pair-wise bonding—antibonding MO separation. Substituting (10)
into (2) and neglecting potential exchange terms, one obtains

Jab = _1/9[(€z - ezl.)z/ZIJz + (ex - ex*)z/UX] (1 1)

Ignoring configuration interaction, one obtains the bonding and
antibonding energies for each MO pair by solving the appropriate
two by two secular equation involving metal centers a and b. For
the symmetrical case, one obtains the result

_ Z(Hab - HaaS)

1 -8 12

e* - ¢

where the H;; are matrix elements involving the single-ion and
pair kinetic and potential energy terms and S is the overlap in-
tegral. For relatively small overlaps ($? << 1) the approximation
1 - 82 =1is valid. Furthermore, the transfer or resonance integral
H,, is usually approximated by

Hab= F(Haa+be)S/2 (13)

where F is a constant. On the incorporation of the above ap-
proximations, expression 12 reduces to

e—e¢*=2H,(1 - FS (149)

implying that the bonding-antibonding MO separation is pro-
portional to the overlap integral S. In order to relate J,, to the
various MO overlaps, expression 14 is simply substituted into (11),
giving the result

Jap = —olaiS2/2 + a,S /7] (15)
where
a; = 4H,X1 - F)*/U,

From the transformations given in (6), the trigonal t,; M—-M
orbital overlaps are given by

S, = (24 = S,

S, =8, = ¥(x? - yx? - y?) + Yy(xzlxz) = %S, + S,
(16)

Substituting the above relations into (15) gives the desired result
~Jao = $ola1S.2/2 + ax(S,2 + 45,7 + 28,5,) /9] (17)

where J,, is expressed in terms of the cubic M—M orbital overlaps
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Figure 11. Metal-metal s, 7, and 8 d orbital overlaps for Mo™ (n =
0-3).

Table V. Best Fit a; Coefficients for Cl and Br Complexes

coeff Mo® Mo* Mot Mot
Chloride

ay a -518 -78 78

a, a 3934 3077 3791
Bromide

a -568 27 127 171

a, 4082 1867 2379 4261

4Values for Mo? for the Cl series are not given due to poor fit.

quantized down the trigonal C? axis.

Using the SCF-AQ’s given by Richardson et al.,* one can
calculate the g, 7, and § M—M orbital overlaps for Mo™ (n =
0-3) for internuclear separations between 2 and 4 A, The results
are plotted in Figure 11. From the calculated overlaps, expression
17 can be used to model the observed correlation in Figure 10.
However, from (16) the trigonal = overlaps (S, = S,) are reduced
to one-third and two-thirds of the cubic = and & overlaps, re-
spectively. In this respect, and in view of the much larger o overlap
in the 2.5-3.2-A region, the M—M = and § overlaps can be ne-
glected. Accordingly, expression 17 reduces to

-Jp = ag+ a,S,2/18 (18)

where the term g, has been added to account for relatively constant
superexchange contributions at large M—M distances.

The results listed in Table IV were fitted by using expression
18 with the formal charge on the Mo varying from zero to 3+
in integral steps. The best fit values of @y and a, for the chloride
and bromide complexes are given in Table V. For the chloride
complexes the best fit occurs for Mo!* but the value of ay, apart
from being negative, is too large considering its source should be
predominantly from superexchange processes effective at large
internuclear distances. In this respect, the values for Mo?* and
Mo** are more realistic. In fact, assuming a, =~ 0 for the chloride
series, the charge on the Mo will be approximately 2.5+ and this
seems quite reasonable.

For comparison the best fits are shown in Figure 12 for all three
halogen series with the charge on the Mo maintained at 3+. Since
there was only one data point for the iodide series, no unique fit
was possible. The increasing value of ag in the order Cl < Br <
I is expected, since the effective charge on the Mo should be lower
for the bromide and iodide salts due to increased covalency effects
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and therefore superexchange processes should be enhanced. The
linear correlation between J,, and M~M for the chloride series
is simply a consequence of the narrow range of Mo—Mo distances
involved. Increasing the internuclear separation beyond 2.8 A
should see a significant deviation from linearity for this series.

Conclusion

The variation in magnetic and structural properties exhibited
in close-packed A3;Mo,X, structures results from the unique
packing effect of the A(1) cation in the plane of the bridging
halogens. Increase in size of this cation along the ¢ axis direction
of the unit cell results in an expansion of the Mo,X¢* binuclear
unit and consequently a reduction in the antiferromagnetic ex-
change coupling. Theoretical calculations have shown that a
Heisenberg (HDVYV) model of exchange coupling does not apply,
even though the ground S = 0, 1, 2 pair spin levels still obey an
approximate Landé separation. The observed correlation between
Jap and the M—M separation has been modeled by using a sem-
iquantitative molecular orbital approach based on the M—-M ¢
orbital overlap.

Acknowledgment. We thank Dr. Bryan Gatehouse of Monash
University, Melbourne, Australia, for communicating to us the
results of the structure determination on (EtNH;);Mo,Cl,. We
also thank Ian Madsen of the Mineral Products Division, CSIRO,
Melbourne, Australia, for help in relation to computing matters
involving the Rietveld refinement of (MeNH;);Mo0,Cly. Finally,
R.S. gratefully acknowledges receipt of a Commonwealth of
Australia postgraduate research award.

Registry No. (NH,);Mo0,Cly, 29013-05-6; (MeNH3)Mo,Clg, 22087-
47-4; (EtNH;)Mo,Clg, 105132-60-3; (BuNH;)Mo,Cly, 105132-61-4;
(HexNH3)Mo,Clg, 105132-62-5; K3;Mo,Clg, 24355-00-8; RbyMo,Cly,
56376-82-0; Cs;Mo,Clg, 29013-02-3; (MeyN)3;Mo,Clg, 24354-28-7;
(Et4yN);Mo0,Clg, 29013-04-5; K;Mo,Br, 111533-06-3; Rbs;Mo,Br,
111533-07-4; Cs;Mo,Br, 29013-06-7;, (MeyN);Mo,Br, 111533-08-5;
(Et4N);Mo,Br, 29116-32-3; Cs,Mo,l,, 105132-59-0; (Me,NH,);Mo0,Cly,
105132-63-6; (Et,NH;);Mo0,Cl;, 105132-64-7; (Me;NH);Mo,Cl,
105132-65-8; (Et;NH);Mo,Clg, 33540-32-8; (PipeH);Mo,Cl,, 39723-
18-7; (PyH);Mo0,Clg, 103727-40-8; (Et,NH,;);Mo,l,, 119414-43-6.

Supplementary Material Available: Tables S1 and S2, containing
observed and calculated peak intensities and the step-scan intensity data
(22 pages). Ordering information is given on any current masthead page.





