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The multiple metal-metal bonds between divalent molybdenum (Mo(Il)) ions in dimers and tetramers were investi-
gated theoretically. The orbital energy gaps, occupation numbers of natural orbitals (NO) and effective bond orders for
the naked Mo(I),; dimer (1) were calculated by ab initio UHF MO and density functional (DFT) methods. The effective
exchange integrals (Ja,) of 1 were calculated by approximately spin-projected UHF and DFT methods, and the complete
active space (CAS) CI by the use of UHF NO. The calculated Jy;, values were discussed in relation to the temperature-
dependent paramagnetism observed for the edge-sharing and face-sharing bioctahedral molybdenum complexes. The
CAS (I calculations showed that the Heisenberg model is not appropriate for 1 under the condition that the Mo—Mo
distance is shorter than 2.5 A. The UHF and DFT MO calculations were also performed for the linear naked Mo(Il)4
tetramer (2) to elucidate possible electronic structures of the d—d conjugated systems. The continuous changes from
closed-shell (diamagnetic) electronic structures to antiferromagnetic states were investigated by elongating the Mo—Mo
distances. Similarities and differences between Mo(Il); (1) and naked Cr(Il); (3) or between Mo(Il)s (2) and Cr(Il)4 (4)
were examined and compared, since the nature of direct exchange couplings between divalent chromium ions in 3 and 4
was already studied extensively in relation to the electron correlation effect. The metal-insulator transitions induced by
elongation of the Mo(Il)-Mo(II) distance in Mo(Il) clusters were discussed from the viewpoint of electron correlation and
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size effects in mesoscopic systems.

The multiple metal-metal bonds between transition met-
als have been investigated extensively by Cotton and his
collaborators."— It is well-established that the dimolybde-
num compounds, Mo, (IDXgL,, possess o2a*5? electronic
configurations, and therefore involve the cores of dinu-
clear divalent molybdenum ions Mo(Il), (1) with quadruple
metal-metal bonds. The Mo(II)-Mo(Il) distances are deter-
mined to be in the order: 2.04—2.21 A, so the atoms exhibit
the diamagnetism.? Theoretically polymerizations of this
quadruple bond are conceivable to afford conjugated metal
polymers like polyacetylene as organic analogs. The linear
tetranuclear clusters with Mo(Il)4 (2) cores would be interest-
ing synthetic targets in this category, but there are no reports
about such polymer complexes, though other linear transi-
tion metal complexes such as Ptg and Pt—-Mo,—Pt complexes
have been synthesized, respectively, by Matsumoto et al.?
and Mashima et al.>® On the other hand, edge-sharing bioc-
tahedral compounds of trivalent molybdenum with the d*—d*
interactions have usually stable 027282 or 02 %(5*)? con-
figurations with the diamagnetism. However, the observed
effective exchange integrals (Jy) for several dimolybdenum
compounds such as Mo,Clg (dppe),”™ are in the range;
—340——470 cm~!. Therefore these compounds exhibit
the temperature-dependent paramagnetism. The face-shar-

ing bioctahedral compounds of trivalent molybdenum, [Mo-
(1), X1, showed that the Mo(I)-Mo(II) distances var-
ied over the range 2.5—2.8 A, depending on the crystalline
environments.'®~*? These compounds exhibited a good cor-
relation between the Mo—Mo distances and the paramagnetic
susceptibilities.” 2

The nature of multiple bonds between transition metal ions
in binuclear complexes has been studied theoretically.’> =22
For example, strong quadruple bonds between Mo(II) ions
in various Mo(Il);Xg complexes have been investigated
by the spin-restricted SCF-Xa-SW method.’®*? Their o,
7, and S-bonding schemes'™ and orbital configurations
(0)2()*(5)? are now well understood on the basis of the
closed-shell molecular orbital picture. The ionization poten-
tials and orbital energy levels revealed by the photoelectron
spectroscopy® are wholly consistent with these theoretical
results.'*22 On the other hand, the quadruple bonds be-
tween Cr(Il) ions in Cr(I);(O,CR)4L, complexes (R=H,
CHj;, L=H,0, etc.) are rather weak because of strong
electron-correlation effects,'* ' leading to its valence-bond
(VB) type description.*—2® In fact, the large variability of
the Cr—Cr distances, a range of 0.3 A, depending on axial
ligands has been experimentally elucidated,” and this may

_indicate that the potential energy curve for the Cr(Il), unit



100  Bull. Chem. Soc. Jpn., 71, No. 1 (1998)

is rather shallow, in conformity with the instability of the
Cr—Cr bond."”?” The Cr-Cr bond distances in the complexes
have been calculated by several electron-correlated tech-
niques such as APSG,'® RHF-CL,'” limited MC-SCF' and
GVB? methods, together with Hartree—Fock—Slater (HFS)
transition state method.”” However, the calculated distances
were too long even at the perfect-pairing (PP) GVB level,”
which involved the pair correlation for the quaduple bond.
Thus multiple bonds between Cr(Il) ions raise exceptional
challenges to the theory of unstable metal-metal (M—M)
bonds.** 29 Since the M—M quadruple bonds include key
elements in most other multiple bonds, theoretical study of
them is indeed essential.

Although the extended Hiickel calculations®® have been
already carried out for the d—d conjugated systems, they
do not account for electron—electron interactions, which
play crucial roles in magnetism.>**” In fact, a model
calculation'® showed that the electron correlation effect is
remarkable for the Cr—Cr bond. Ab initio Hartree—Fock and
density functional (DFT) studies on these clusters are there-
fore desirable in this regard. In a previous paper,”, we have
examined several theoretical approaches to direct exchange
couplings between divalent chromium ions in naked dimers
(3), tetramers (4), and clusters. It was found that the orbital
energy gaps are rather small for 3 and therefore the occupa-
tion numbers of the bonding 0-, 77-, and § -molecular orbitals
- and formal quadruple bond orders were largely reduced be-
~ cause of strong electron correlation effects. The reliability

of the Heisenberg-model Hamiltonian was elucidated from
variations of these calculated effective exchange integrals
with the interatomic distance. The calculated J,;, values'¥
were compared with the experimental results'®'? for sev-
“eral binuclear Cr(Il) complexes with different interatomic
distances.

The metal-metal bonds between second- and third row
transition metals are usually stable, exhibiting no magnetism.
The ‘closed-shell pictures by spin-restricted Xa SW method
are reliable for the species.?? However, there are several
unusual cases even for molybdenum complexes mentioned
above. As a continuation of previous work,” we here ex-
amine several theoretical approaches to the d—d conjugated
systems of 1 and 2. First, the quadruple metal-metal bonds
of 1 are investigated by ab initio UHF and DFT methods,
and complete active space (CAS) configuration interation
(CI) methods based on the UHF natural orbital (UNO).*
The occupation numbers of the occupied o-, 7-, and J-or-
bitals and formal quadruple bond orders are calculated by
these methods. The energy differences among singlet, triplet
and quintet states for 1 are also calculated from the total
energies obtained by the UNO CASCI method to elucidate
differences between the metal-metal bonds of Mo(Il) and Cr-
(). The UHF and DFT MO calculations are also performed
for 2 to elucidate possible electronic structures of the d—d
conjugated systems. The difference of electron correlation
effects between linear naked Mo(Il)4 and Cr(I); tetramers
is investigated theoretically. The metal-insulator transitions
induced by elongation of the Mo(II)-Mo(Il) distance are ex-
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plained by localizations of different-orbitals-for-different-
spins (DODS) MOs for 2.2” Implications of the calculated
results were discussed in relation to the temperature-depen-
dent paramagnetism for edge- and face-sharing molybdenum
complexes,”™? and in relation to quantum spin tunneling for
magnetic clusters.”

Generalized Molecular Orbital Description of Binu-
clear Quadruple Bonded Systems

1. Ab Initio MO Calculations. Cotton et al.'™
have extensively investigated the quadruple metal (M)—-metal
(M) bonds for the M,Xg complexes (M = Cr, Mo, Re, etc.).
The transition metal ions MXy in these dimers are for-
mally regarded as the d* configuration with the octahedral
(Oh) ligand field. The divalent molybdenum dimer Mo-
(I),(1) is also regarded as a d*~d* system with a quadruple
bond.’*—?? Quadruple M—M bonds have been described as
the o?m* 82 orbital configuration on the basis of the spin-
restricted MO-theoretical picture. However, the strong elec-
tron correlation effect may reduce the formal bond order
as in the cases of the direct exchange-coupled manganese
dimer (5)**® and chromium dimer (6)** and superexchange
coupled transition-metal complexes (7)*%*9 examined pre-
viously (Scheme 1).

The ab-initio UHF MO calculations of 1 are carried out
using a Tatewaki—Huzinaga basis set®” [4333/433/4] which
is supplemented by the 4p-AO with the same exponent as
that for the 4s-AQO. The basis set dependency of the bond-
ing characteristics was examined previously,?® showing that
this single zeta (SZ) basis set is qualitatively useful to eluci-
date the electronic structures of species containing the tran-
sition metals. The SZ basis set is, thefore, also utilized
for the spin-unrestricted (U) DFT calculations by the use
of the Becke—Lee—Yang—Parr (U-BLYP) functional®>*® and
Becke’s mixing (U-B2LYP) methods. In the latter approach,
the original mixing ratio between the UHF and DFT ex-
change terms (co=0.332 and c; =0.575) by Becke®® was
taken throughout this work. The mixing of the DFT and
UHF exchange potentials expects that the self-interaction
correction for the DFT approach can be accomplished by this
conventional hybrid technique. Though the optimization of
the hybrid methods such as B3LYP and B10LYP are, there-

Mo == Mo Mo Mo Mo Mo
1 2
== Cr Cr Cr Cr Cr
3 4
— — RN
Mn == Mn Cr== Cr M M
5 6 \ x /
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Scheme 1.
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fore, out of our present concern, effective exchange integrals
estimated by B3LYP will be shown as an example for com-
parison with B2LYP. All the MO computations were carried
out on an IBM RS 6000 computer using the GAUSSIAN 94
program package.>®

2. MO-Description of the Quadruple Bond.

The high-spin (HS) UHF and DFT solutions for 1 are easily
obtained by spatial symmetry. The bonding-and antibonding
orbitals for the HS state of 1 are given by the symmetry-
adapted MOs

#(X) =N[dX, +dXp], ¢*(X)=N'[dX. — dXp] 6]

where N (V) is the normalizing factor and dX denotes the d-
atomic orbital symmetry, i.e., 0,7, 7, Oy, and 5xz_y2. The o,
7, and 6-MOs by HS UHF solutions are symmetry-adapted
like those of the extended Hiickel MO and spin-restricted
DFT scattered-wave (SW) methods.'#*? The energy gap be-
tween the bonding and antibonding orbitals is sensitive to
the d—d orbital interaction, as illustrated in Fig. 1. The or-
bital energy gaps are, therefore, calculated to elucidate the
strength of the d—d orbital interactions by

As(X) =" (X) - £(X) @

where ¢ and £* denote, respectively, the orbital energies for
bonding and antibonding MOs by the HS UHF (=Y) and
DFT solutions.

Table 1 summarizes the calculated energy gaps for -, -,
and 6-MOs for 1 by UHF, together with U-BLYP and U-
B2LYP. From Table 1, the energy gaps given for o- and
7-MOs by these methods are over 5 eV near the equilib-
rium distance (R=2.0 A), showing the large energy gaps,

O*X)

dXp

9(X)

M, MM, M,
Fig. 1. The orbital interaction scheme for the d—d bond for
transition metal dimer. The notations are given in the text.
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though the value are a little different among the computa-
tional methods and decrease in the order for the o0—c™ and
a—ra* gaps: Ae(X)yar>Ae(X)u-paryr >AE(X)u-pLyp. The
orbital energy gaps for the —8* bond are smaller than 2.0
eV even near 2.0 A. This small gap may entail the triplet
instability for the closed-shell pair given by |¢(X)¢ (X)| as
shown in the case of naked Cr(Il) dimer (3).2” The bonding
and antibonding J-orbitals are nearly degenerate in energy
at a relatively large interatomic distance (R>2.0 A). This
implies that 8-bond should suffer the triplet instability even
near the equilibrium distance.'®

The orbital energy gap becomes smaller than 4.0 eV even
for the o- and 77-MOs when R exceeds 2.5 A. In this situa-
tion, the closed-shell Hartree—Fock solution involves the so-
called triplet instability. Because of the triplet instability, the
bonding o- and #-UHF MOs for the lowest spin LS (S=0)
state of 1 are given by the left-right split-orbitals, which are
described by mixing of the bonding and antibonding MOs in
Eq. 1 as follows

P (X)=cos O¢ (X)+sin O™ (X) = cos wa(X)+sin wb(X), (3a)
Y~ (X)=cos O¢(X)—sin 8¢ ™ (X) = cos wb(X)+sin wa(X), (3b)
where 6 and w are the MO- and VB-orbital mixing param-

eters, and a(X) and b(X) are the localized natural orbitals
(LNO) defined by 8=45° as follows:*”

aX)=1/2{¢pX)+ ¢ (X)} =dXa
bX)=1/2{pX) — ¢*(X)} = dXs

(40)
(4b)

The LNOs mainly localized on one site have generally small
tails on the other site, satisfying the orthogonality condition,
and they reduce to the corresponding atomic orbitals (AQOs)
at the dissociation limit. The different-orbitals-for-different-
spins (DODS) MOs (Eq. 3) for the up- and down-spins in the
singlet state of 1 are more or less localized on the left and
right molybdenum atoms, respectively, because of electron
correlations. The DODS MOs are also obtained by the U-
BLYP and U-B2LYP*® calculations, although 0 and w in
Eq. 3 are different among the three computational procedures
employed here. As shown previously,?” the DODS MOs are
reduced to the symmetry-adapted MOs given by Eq. 1 at
the weak correlation limit (MO limit; #=0°), whereas they
become equivalent to the LNO by Eq. 4 at the VB-limit
(6=45°).

As an example, let us consider variations of the dn—dmn

Table 1. The Orbital Energy Gaps (eV) Calculated for the High-Spin State of the Naked
Mo(II) Dimer (Mo,*") by UHF, U-BLYP, and U-B2LYP Methods

R Aégynr Aégy-pLyp Agy-paryp

A oo™ an* 66* oo™ Tt 60* oo™ s 66*
2.000 7.705 6.634 1.641 6592 5550 1398 6.770 6420 1.682
2.0981 7.054 5.654 1316 5859 4750 1.152 6.205 5.501 1.357
2.1208 6912 5447 1250 5732 4576 1.093 6.085 5306 1.291
2.500 3.943 2854 0527 3861 2309 0459 4327 2839 0.558
3.000 2.618 1.134 0.167 2.005 0.896 0.149 2467 1.177 0.183
3.500 1.176 0424 0.055 0903 0346 0.051 1205 0467 0.061
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bond with interatomic distance (R) between Mo(Il) atoms.
Figure 2 illustrates the z-type DODS MOs obtained for 1
at R=2.0, 2.5, and 3.0 A by the U-B2LYP method. The
sm-orbitals for (A) at R=2.0 A are symmetry-adapted, be-
ing equivalent to the closed-shell MOs (8) given by the spin
restricted DFT calculations.*3 This is evidently different
from the case of Cr(Il); (3).2 On the other hand, they are
almost localized on each atomic site at R=3.0 A, describing
the antiferromagnetic spin-coupling of 1. The DODS s-or-
bitals at R=2.5 A are more or less localized on the left- and
right-MO(II) atoms, respectively, showing an intermediate
characteristic, -Mo(Il)=Mo(Il)-(9), between two extremes
(Scheme 2). In this intermediate electronic state, the en-
ergy difference between the ground and excited higher spin
states becomes small with increasing thermal populations of
the higher spin states at finite temperature. This situation
causes the temperature-dependent paramagnetism. Figure 3
shows variations of the d-orbitals of 1 at R=2.0 and 2.5 A,
respectively. The 6-DODS MOs for 1 are found to be spin-
polarized and more or less localized on an atomic site even at
R=2.0 A, in conformity with the small 5—J* orbital energy
gap in Table 1.

3. Occupation Numbers and Bond orders for Dinu-
clear Metal-Metal Systems. The preceding results clearly
indicate that the MO and valence bond (VB) pictures are, re-
spectively, useful for qualitative understanding of the bond-
ing property of 1 at shorter and longer interatomic distances.

(A)R=2.0

(B)R=2.5

(C)R=3.0

Fig. 2. The computer-graphics of the bonding 7-type DODS
MOs for the Mo(Il) dimer (1) obtained by the U-B2LYP
method. A, B, and C denote up («) and down () spin
orbitals at different interatomic distances (see text).
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(A)R=2.0

(B)R=25
Fig. 3. The computer-graphics of the bonding §-type DODS
MOs for the Mo(Il) dimer (1) obtained by the U-B2LYP
method. A and B denote up (@) and down () spin orbitals
at differece interatomic distances (see text).

& — [

closed-shell(8)

non-closed shell(9)
Scheme 2.

On the other hand, it is noteworthy that the UHF and DFT
molecular orbitals for the up- and down-spins are largely
localized on the left and right Cr(Il) ions even at a short
distance for 3.2 To elucidate this difference quantitatively,
the occupation numbers in the perfect-pairing-type spin-pro-
jected UHF or U-BLYP solutions and their effective bond
orders are calculated.*"®

Figure 4 shows variations of the occupation numbers with
R obtained for the o-, 7-, and §-MOs (Eq. 4) by the spin-
projected UHF and U-BLYP solutions. Table 2 summarizes
the effective bond orders calculated for 1. From Table 2, and
Figure 4, the following results are available.
(1) The occupation number of each bonding orbital for the
d*-d* exchange-coupled system 1 by UHF decreases sharply
with the increase of interatomic distance (R).
(2) On the other hand, the occupation numbers of o- and 7z-
NOs by DFT are almost 2.0 in the region; 2.0 A<R<2.5
A. Functional behaviors with R concluded from projected
(P) U-BLYP and PU-B2LYP are quite different from that of
PUHF.
(3) The occupation numbers calculated for the o- and 7-
NOs indicate the following tendency: nx(PU—BLYP)>
nx(PU—B2LYP) > ny(PUHF) (X=0 or mx). Probably, the
PUHF provides the lower limit for the bond order, whereas
the PU-BLYP gives the upper limit.
(4) The occupation numbers of each bonding orbital for 1 by
PU-B2LYP are smaller than the formal value, 2.0 in the re-
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Table 2. The Effective Bond Orders for the Mo(II) Dimer (1) by the PP-Type Projected UHF,

U-BLYP, and U-B2LYP Methods

R PUHF PU-B2LYP PU-BLYP

A o T S o F 2 o) o K2 S
2.0000 0.955 0.940 0.371 1.000 1.000 0.754 1.000 1.000 0.969
2.0981 0.922 0.880 0.294 1.000 0.999 0.620 1.000 1.000 0.885
2.1208 0.914 0.863 0.278 0.999 0.999 0.589 1.000 1.000 0.860
2.5000 0.740 0.545 0.115 0.970 0.864 0.235 0.998 0.977 0.379
3.0000 0.461 0.236 0.037 0.772 0.453 0.076 0.929 0.643 0.118
3.5000 0.233 0.094 0.012 0.455 0.192 0.025 0.641 0.299 0.041

gion: R<2.5 A. Therefore, the coresponding bond order for
each bond is also smaller than 1.0. Judging from the occu-
pation number and bond order, one concludes that the 6—46
bond is particularly weak, in accord with the experiments.'—
(5) The bond orders of the sz and o bonds for 1 are larger
than 0.8 if R<2.5 A, and therefore the Mo(II)-Mo(II) bonds
in the core are rather stable, compared with those of the Cr-
(I)—Cr(I) system.”

From these conclusions, the perfect-pairing (PP)-type
projection® is useful for qualitative descriptions of the d—d
bonding properties for the LS state. The dramatic change of
the nature of Mo—Mo bond indicates the sharp decrease of
the o- and 7z-bond orders in the region; 2.4<R<2.8 A, sug-
gesting (a) that the magnitude of effective exchange integrals
should change sharply in this region, (b) that the nonlinear re-
sponse properties for external electromagnetic fields (second
hyperpolarizability, hypermagnetiability, etc.) exhibit char-
acteristic variations because of electron fluctuation,”*® and
developments of appropriate ligands to control Mo—Mo dis-
tances are necessary for optimizations of electronic proper-
ties under consideration.

4. Effective Exchange Integrals. = When the energy

difference between the ground and excited higher spin states .

becomes small, thermal populations of the higher spin states
become significant at finite temperatures. This situation
is the temperature-dependent paramagnetic state described
by the Heisenberg model.**® From our previous theoretical
study,” this tendency was remarkable for chromium clusters
3 and 4. However, the present UHF and DFT calculations
clearly showed that the Mo(Il)-Mo(II) bond is strong un-
less the intermetallic distance (R) exceeds 2.5 A. Therefore,
binuclear molybdenum complexes should be diamagnetic if
R<2.5A," while they should exhibit the temperature-depen-
dent paramagnetism’—'? in the region of R>2.5 A, as shown
in the preceding sections of MO-description and occupation
numbers. In order to confirm this tendency, the effective
direct exchange integrals (J,) for 1 were calculated by using
an approximate spin-projection (AP)*® procedure for the
UHF and DFT solutions in combination with the Heisenberg
model:

Jas(APUHForAP-DFT) = [E(LS)—E(HS)]/[($*)(HS)—(s*) L)
- ®)
where the E(Y) and S?(Y) denote, respectively, the total en-

ergy and total spin angular momentum for the spin state Y
by UHF or DFT. It is noteworthy that the AP scheme is
approximate but size-consistent.” On the other hand. the
perfect-pairing (PP) type spin projection is inappropriate
for calculations of J?**V since it neglects the spin-decou-
pling (polarization) terms, which often play an essential role
for subtle discussions of the HS-LS energy gaps®” and the
molecular magnetism.*>—** Table 3 summarizes the J,p, val-
ues calculated for 1 by APUHF, APU-BLYP, APU-B2LYP,
and APU-B3LYP. From Table 3, we draw the following
conclusions:

(1) The effective exchange integrals calculated for 1 by all
the methods are negative (antiferromagnetic), showing the
covalent bond formation between the naked divalent molyb-
denum ion. The absolute values of those for 1 by all the
methods are larger than 700 cm™! if R<2.5 A, showing the
strong covalent bond formation between the divalent molyb-
denum ion.

(2) The magnitude of the J,, values decreases with the in-
crease of the Mo(Il)-Mo(Il) distance (R) in an exponential
manner.

(3) The magnitude of the J,, values shows the follow-
ing tendency: |Jap(APU-B2LYP)| > |J.(APU-BLYP)| >
\Jas(APUHP)|.

(4) The Jy, values given by APU-B2LYP and APU-B3LYP
are comparable with each other, indicating that the U-B2LYP
method is sufficient for describing qualitatively the exchange
interactions, though many parameters would be necessary for
quantitative purposes.

From conclusion (1), one see that the d—d interaction
between the Mo(Il) ions is strong in conformity with the
diamagnetism.!— But, the elongation of the Mo(Il)-Mo(II)
bond beyond 2.5 A induces the electron fluctuation and tem-

Table 3. The Effective Exchange Integrals (cm™") Calcu-
lated for the Mo(Il) Dimer by the Approximate Spin Pro-
jected UHF, U-BLYP, U-B2LYP, and U-B3LYP Methods

RIA APUHF APU-BLYP APU-B2LYP APU-B3LYP
2.000 —3225. —3552.7 —4956. —5031.
2.0981 —2444. —3274.0 —3930. —4018.
2.1208 —2291. —3123.8 —-3712.- —3808.
2.500 —-737.8 —1281.3 —1421.3 —1489.1
3.000 -132.9 —346.5 —-331.7 —380.7
3.500 —172 —121.0 -59.3 —97.7
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Fig. 4. Variations of the occupation numbers for the o-,

Jr-, and J-type natural orbitals (UNO) with the interatomic
distance (R). A, B, and C show the calculated values by the
spin-projected (P) UHF, U-BLYP, and U-B2LYP methods.

perature-dependent paramagnetism. This is consistent with
several experiments.”—'?

CASCI Calculations by the Use of UNO

The spin-unrestricted approaches such as UHF and
U-B2LYP often suffer the so-called spin-contamination
errors.?” The PP and AP spin projection procedures de-
scribed above are utilized to remove them, particularly in
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the low spin (LS) state. However, the projection UHF and
U-B2LYP are not applicable to the excited states in many
cases. The configuration interaction (CI) or MCSCF calcu-
lations are necessary for well-balanced descriptions of the
ground and lower-excited states, though they are impossi-
ble for larger clusters. Unfortunately, the GVB PP method,
which is regarded as a simplified MCSCE, is not so effec-
tive for computations of the magnetic interactions.?® So, the
complete active space (CAS) CI and CASSCF treatments
involving the spin decoupling (polarization) terms are in-
evitable for the purpose.*®*” UNOs are classified from the
occupation numbers into three different groups; (1) core or-
bitals with n;=2.0, (2) active orbitals where 0.0<n;<2.0, and
(3) virtual orbitals with 7;=0.0. Therefore, the complete ac-
tive space (CAS) among UNOs can be easily determined for
a property under consideration. The full CI wave function
¥ within the UNO CAS is called UNO CASCI one,?”

Y= CG®& (i=1—full), 6)

where C; and @; denote UNO CASCI coefficient and config-
uration state function respectively. Judging from the occupa-
tion numbers, the eight active orbitals and eight electrons {8,
8} are at least necessary for the CASCI**? calculations of 1
in order to confirm the APUHF and AP-DFT results. Here,
UNOs determined by UHF were utilized for UNO CASCI
calculation.”® The UNO CASCI calculations were carried
out using the HONDO 95 program package.*®

In the above UHF and DFT calculations combined with
the Heisenberg model,?” all the -, -, and d-electrons were
assumed to contribute to the temperature-dependent para-
magnetism, giving an average Jy-value over the five spin
states. The CASCI calculations were performed to elucidate
each energy difference between spin multiplets for 1 and also
to elucidate the relative importance among o-, 7-, and J-
electrons for the paramagnetism. To this end, the Jy, values
for the direct exchange coupling between the Mo(Il) ions
were calculated from total energies E(Z) by UNO CASCI
methods®” as follows: '

Jan(1) = (E(S) — E(Q))/6 (7a)
Jan(2) = (E(T) — E(Q))/4 (7b)
Jan(3) = (E(S) — E(T))/2 70

where S, T, and Q (=Z) denote, respectively, the singlet,
triplet, and quintet states. Therefore, if these J,, values are
nearly equal: Jp=Jp(1)=J5(2)=J5(3), the energy splittings
are reduced to those of the Heisenberg model, where all
the o-, - and J-electrons are assumed to be magnetic;
Sa=Sp=2. Table 4 summarizes the J,(1), J5(2), and J,(3)
values obtained for 1 by UNO CAS CI {8,8} method.

From Table 4, one can draw the following conclusions:
(1) The calculated J,(n) (n=1—23) values for 1 are largely
negative in the region R<2.5 A, showing that 1 is diamag-
netic in nature.

(2) The absolute J,,(1), Jau(2), and Jo(3) values for 1 are
quite different from each other in the region R<2.5 A, show-
ing the following tendency: |Ja(3)| < |[Jan(1)| < [Jap(2)], in
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Table 4. The Effective Exchange Integrals J,, (cm™") Cal-
culated for the Mo(Il) Dimer by the Three Different Com-
putational Procedures Based on the Total Energies by the

UNO(UHF) CASCI Methods

R UNO CASCI

A Jab(l) Jab(z) Jab(3)
2.0000 —5841.5 —7098.8 —3326.8
2.0981 —4425.1 —5375.5 —2524.3
2.1208 —4136.0 —-5014.3 —2379.3
2.5000 —1097.5 —1156.2 —980.1
3.0000 —147.16 —147.33 —146.8
3.5000 —-17.23 —17.24 —-17.19

sharp contrast to those of 3. Therefore, the energy splittings
among the singlet (S), triplet (T), and quintet (Q) states are
quite different from those obtained by the Heisenberg model
assuming the localized spins: S,=S,=2.

(3) The magnitude of the J,,(3)-value, which is mainly re-
lated to J-orbitals, is only one-half of the J(2)-value at
R=2.0 A. This means that only the -electron is rather weak
in the Mo(I) dimer.

(4) The absolute J4, (1), Jap(2), Jap(3) values for 1 are almost
equivalent in the region R>2.5 A. The multiplet splittings
become close to the Heisenberg type, showing the typical
magnetic behavior.

(5) The J,,(1) by CASCI and J,, by AP-UHF are close in the
magnetic region (R>2.5 A), showing the reliability of the
approximate spin projection procedure.

(6) The magnitude of J,, values by AP-UBLYP, -UB2LYP,
and -UB3LYP becomes larger by several times than those of
the CASCI and AP-UHF in the region (R>3.0 A).

From these conclusions, we see that the Heisenberg model
assuming that S,=S$,=2 is not appropriate for 1 because of
[Ja(3)|#|Jap(1)]. Thus, the nature of metal-metal bonds
is quite different between Cr(II) and Mo(Il) ions. A similar
tendency is recognized for magnetic behaviors between first-
and second-row transition metal ions in general.

The J,, values in Tables 3 and 4 decrease with the increase
of the Mo—-Mo distance (R), as shown in Fig. 5. They can be
fitted with the single exponential function with R

Jab = —p exp(—¢gR) (8)

where p and g are the fitting parameters. The p and g val-
ues are —3.0x10° and 3.003 for J,,(3) by CASSCF, and
—4.0x10° and 4.000 by UB2LYP, respectively. The abso-
lute J,p, values estimated by both the methods become over
3000 cm™! for 1 with short Mo—Mo bonds (R<2.0 A), which
are diamagnetic, in conformity with experiments.—

On the other hand, |J,p| values become smaller than 500
cem~! if R>2.5 A, and therefore the temperature-dependent
paramagnetism should be important.”—'? It is noteworthy
that the DET method overestimates the magnitude of anti-
ferromagnetic J,;, values in the magnetic region (R>2.5 A).

Tetranuclear Mo(II) and Cluster Systems
1. Natural Orbitals, Occupation Numbers, and Bond
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Fig. 5. Variations of calculated effective exchange integrals
with interatomic distance (R) by APUHF and UNO CASCI

{8.8}.

Orders: Mo(I), dimer (1) has too strong d—d bonds
for large electronic polarizations by the external electromag-
netic fields. Exotic electronic properties arising from elec-
tron fluctuation may appear by elongation of d—d conjugated

. systems, as in the case of 7— conjugation in polyacetylene.

Here, the linear equilateral tetramer {Mo(Il),—Mo(II),—Mo-
(IM)c—Mo(M)4} (2) of the Mo(Il) ion with the equivalent in-
teratomic distance was investigated to examine the d—d bond
fluctuation using the SZ basis set.>?

In principle, these d—d conjugated o-, -, and J-type
orbitals can be obtained by the extended Hiickel?® and spin-
restricted DFT calculations.?” Here, they were determined by
the UHF and UB2LYP methods to incorporate static electron
correlation effects.?® Figure 6 shows the conjugated o-, -,
and J-type natural orbitals obtained by the UB2LYP method.
The first-order density matrices obtained by these methods
were diagonalized to obtain the natural orbitals and their
occupation numbers for 2.

Judging from the occupation numbers, we think that four
valence orbitals should be active for each symmetry. There-
fore sixteen active orbitals and sixteen active electrons are
regarded as CAS {16,16} for 2 as well as for chromium
tetramer (4). Since the UNO CASCI and CASSCF {16,16}
calculations would be impossible at the present time, the
spin-projected UHF and DFT calculations were carried out
for a qualitative purpose. The four bonding DODS MOs for
each symmetry are given by the mixing of the UNOs

P (X) = cos O (X) +sin 6 gu(X) (92)
¥ (X) = cos & ¢ (X) +sin & ¢s(X) (9b)

where ; is the orbital mixing parameter for UNOs: ¢i(X):
i=2(3) for HOMO(LUMO) and i=1(4) for the next HOMO-
(LUMO) with each symmetry. The UNOs are given by .

A(X) = N[cadX, + codXp + ccdXe +cadXa] (i=1—4)  (10)

where ¢y is the LCAO coefficient at the site f (=a;b,c,d) and
N (N') is the normalizing factor. The occupation numbers
for two z-bonding natural orbitals in Eq. 10 are calculated
as described previously.?

Figure 7 illustrates variations of the occupation numbers
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(V)

with the change of the interatomic distance (R) for 2. From
Fig. 7, the following results are availabel:

(1) The occupation numbers for the HOMO with each sym-
metry by UHF are uniformly smaller than those of UB2LYP
as are usuall in other cases.”

(2) The occupation numbers for the o- and 7-HOMOs are
almost 2.0 in the region R<2.2 A. This is ascribed to the
strong d—d conjugation effect for Mo(Il) ions.

(3) The occupation numbers for the o-HOMO and the next
0-HOMO for 2 are larger than 1.5 even at R=2.5 A under
the UB2LYP approximation. The d—d conjugation effect is
strong for the o-orbitals. In fact, the 0-DODS MOs by
UB2LYP are almost paired even at R=2.4 A.

(4) The occupation number for the z-HOMO of 2 is smaller
than the corresponding value for the 0-HOMO. The x-
DODS MOs are therefore spin-polarized and are more or
less localized on the left and right Mo(II) dimer groups of 2
at R=2.5 A.

Conclusions (1) and (2) for the tetramer 2 are consistent
with the metallic character. The sharp variations of the 7-
bond orders in the region; 2.3 <R<2.7 A suggest that sev-
eral electronic properties such as the hyperpolarizability and
hypermagnetiability are controlable by changing the inter-
atomic distances for the tetranuclear Mo(Il) complexes with
ligands and other structural factors.>” Therefore experimen-
tal studies on electronic properties of the d—d conjugated
systems are very interesting from this point of veiw.

2. Metal Insulator Transitions: In principle, the metal-
metal distances are controlabel by chemical and physical
techniques which arrange them. Here, let us elucidate how
the DODS MOs given for 2 by Eq. 9 vary with the Mo-

Theoretical Studies of Multiple Mo—Mo Bonds

®) (&)
Fig. 6. The computer graphics of UNO for 2. A, B, and C denote, respectively, o, 77, and §-UNOs (see also Figs. 8 and 9).

(IN-Mo(I) distance (R). Figures 8, 9, and 10 illustrate their
variations with R. These figures show that the delocalized
closed-shell MO configuration (10) changes into the localized
nonclosed-shell structure (11) (Scheme 3). For example, the
0-HOMOs for up- and down-spins are equivalent, closed-
shell in nature, at R=2.0 A, but they are slightly spin-polarized
at R=2.5 A, and finally they are almost localized on the left
and right terminal Mo(Il) atoms, respectively as shown in
Fig. 8. This orbital bifurcation is much more remarkable
in the case of z-bond. 7-HOMOs for up- and down-spins
are strongly paired, namely closed-shell in nature at R=2.0
A, but they are quite spin-polarized even at R=2.5 A, and
they are almost localized on the left and right terminal Mo(II)
atoms, respectively, as shown in Fig. 9. From Fig. 10, 7-
next HOMOs for up- and down-spins are also closed-shell at
R=2.0 A, but they are moderately spin-polarized at R=2.5 A,
and finally they are localized on the right and left inner Mo(II)
atoms, respectively. Therefore, the st-electrons are localized
s0 as to satisfy the antiferromagnetic spin alignment near the

Ty

Scheme 3.
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dissociation limit (12) (Scheme 4).

The above examples show that the bifurcation from the
closed-shell MO to nonclosed-shell MO occurs near R=2.5
A in the case of Mo(Il) tetramer, though the Cr(Il) tetramer
remains magnetic even at R=2.0 A. Probably the on-set region
of the metal—-insulator transitions is very interesting from the
view point of electron fluctuation responsible for nonlinear
optical phenomena,*”*® while the magnetism is expected in
the near dissociation region (R>2.5 A) in accord with the

12
Scheme 4.

experiments.” %

3. Spin Densities: The UHF and spin-polarized DFT
calculations provide spin density alternation of the spin-den-
sity-wave (SDW)-type. But it disappears because of the very
fast quantum spin tunneling (or fluctuation) in the case of
small clusters such as 2. In fact, the spin projection pro-
cedure is responsible for the isotropic rotation of the spin
vector, retaining the antiferromagnetic spin correlation de-
scribed by the scalar product of the spin vector Sa-Sb<0.2”
Tables 5A and 5B summarize, respectively, the total atomic
spin densities (Qs) obtained for 1 and 2 by UHF, U-BLYP,
and U-B2LYP. From Table 5A, the magnitude of the cal-
culated spin densities for 1 is quite different between UHF
and U-B2LYP. The UHF calculation clearly overstimates
the spin polarization on the inner Mo(II) atoms for 2. On the
other hand, the U-BLYP values would be too small because
of the lack of the self-interaction correction (SIC).3? Itis well
known that the DFT without SIC overstimates the stability of
the antiferromagnetic state for copper oxides and other tran-
sition metal complexes. The magnitude of the atomic spin
density on Mo(Il) ions becomes almost 2.0 in the region:
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R=2.5 (Ba) (Bp)

R=3.0 (Ca) (Cp)

Fig. 8. The computer-graphics of 0-HOMOs for the Mo(II) tetramer (2) obtained the by the U-B2LYP method. A, B, and C denote,
respectively, the o-type HOMOs for the up (@) and down () spins at R=2.0, 2.5, and 3.0 A.

Table 5. (A) Spin Densities for the Mo(I) Dimer (1) bonds between Mo(Il) ion are usually stable, exhibiting no
magnetism.'—> The edge-sharing bioctahedral compounds
R URF UBLYP U-B2LYP of trivalent molybdenum with the d*~d® interactions have
A a(-b) a(-b) a(-b) usually stable 02728 2 or 022%(8*)? configurations with
2.000 3.152 0.856 1.406 the diamagnetism. However, there are several unusual cases
2.098 3429 1.168 1.751 even for molybdenum complexes, as summarized in Table 6.
2.1208 3.479 1.231 1.850 The observed effective exchange integrals (J,,) for sev-
2.500 3.918 2.555 3.325 eral dimolybdenum compounds such as Mo,Clg(dppe),™™
3.000 - 4.030 3.648 3.871

are in the range; —340——470 cm™!, exhibiting the tem-

3500 4025 . 3934 3.982 perature-dependent paramagnetism. Similarly, the face-
sharing bioctahedral compounds of trivalent molybdenum,
(B) Spin Densities for the Mo(1I) Tetramer (2) [Mo(IIl), Xo]*~, showed that the Mo(Tll)-Mo(III) distances
R UHF B2LYP varied over the range 2.5—2.8 A, depending on the crys-
A ) o o) Y talline environments.'“'? These compounds exhibited a good
correlation between the Mo—Mo distances and the param-
2000 3107 —2725 1718 —~1.389 ) e 71 s ; o
2.096 3327 —3.006 2138 1732 agnetic susceptibilities, in accord with that in Fig. 5.
2098 3331  —3.013  2.149 —1.740 Thus the metal—insulator transitions induced by elongation
21028 3374 —3.074 2249 —1.825 of the Mo(Il)-Mo(ll) distance are explained by localiza-
2.250 3568 —3.372 2741 —2.278 tions of different-orbitals-for-different spins (DODS) MOs
2.500 3.800 —3.751 3.316 —2.980 in Figs. 3,4, 5, 8,9, and 10 for 1 and 2.*”
2750 3930 3951  3.606 —3424 Linear tetranuclear complexes with d—d conjugated bonds
3.000 3994 4035 3755 —3.665 are in principle synthesized by chemical synthetic methods as

has been performed by Mashima et al.>® Both soft and hard
ligands can be selectively used to arrange transition metal
R<22A. ions. Bi- and polynuclear complexes play important roles
in bioinorganic chemistry.*=? The present computational
methods will be applied to these systems elsewhere.
Bi- and Polynuclear Complexes: The quadruple Low-Dimensional Systems:  The present calculations

Discussions and Concluding Remarks
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(Bp)

R=3.0 (Ca)
Fig. 9.

(Cp)

The computer-graphics of the 77-HOMOs for the Mo(Il) tetramer (2) obtained the by the U-B2LYP method. A, B, and C

denote, respectively, the 7z-type HOMOs for the up () and down () spins at R=2.0, 2.5, and 3.0 A.

Table 6. The Observed Ju, (cm™!) Values for Edge-Shared and Face-Shared Molybdenum

Complexs

Edge-shared d(Mo—Mo) Jab Face-shared d(Mo—Mo) Jab
Mo, CLLL(dppm)» 2.827 —875 K3Mo,Cly 2.524 —556
Mo, Brs(dppm), 2.879 -~704 RbsMo,Cly 2.590 —491
Mo, I;(dppm); 3.061 —564 Cs3Mo,Cly 2.655 —414
Mo, Clg(dppm), 2.789 —600  (EtNHs)sMoCly 2.670 —393
Mo, Cls(uSEt), (dpme), 2.712 —340 (PyH)3Mo,Cly 2.685 —341
Mo, Cls(dppe)z 2.762 —471  (PipeH)3:Mo0,Cly 2.734 —267

show that the d—d bonds for binuclear Mo(Il) complexes are
too hard for electron fluctuations with the external fields.
However, the HOMO-LUMO gaps become smaller from
the d—d conjugation effect if the linear Mo(Il) cluster sizes
become larger. This implies that the d-d electron sys-
tems of larger low-dimensional Mo(Il) cluster become soft
(polarizable) when their sizes exceed a certain limit. The sit-
uation is similar in the case of polyenic systems.” Therefore
the linear and ring clusters of Mo(Il) ions and their analogs
are particularly interesting from the view point of electronic,
magnetic and optical properties as illustrated in Fig. 11.
These systems could be formed by physical techniques de-
veloped recently. Probably the interatomic distances (R)
are controlled, depending on properties under considera-
tion, since their electronic structures change sharply with
R. Mashima et al. have developed a new ligand (phphs) to

synthesize the d—d conjugated systems such as M'-M=M-M’
(M=Cr(Il), Mo(Il); M'=Pd, Pt).>® Probably another new li-
gand (L=A-B-C) would be necessary to synthesize the linear
tetranuclear Mo(Il) systems depicted in Fig. 11B. The Mo-
(ID)-Mo(1I) distances should be also controllable by choosing
appropriate ligands. The oxidation and/or reduction of these
d—d conjugated systems would be very interesting from the
view point of cooperative phenomena of both charge and spin
freedom. The present results show that the hybrid methods
such as UB2LYP and UB3LYP method can be applicable for
complex systems to elucidate such variations of electronic
structures with R as illustrated in Figs. 8, 9, and 10.

The authors gratefully acknowledge the financial support
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R=2.5 (Ba) (Bg)

R=3.0

(Ca) (Cp)

Fig. 10. The computer-graphics of the next 7-HOMOs for the Mo(II) tetramer (2) obtained the by the U-B2LYP method. A, B, and
C denote, respectively, the next sz-type HOMOs for the up (&) and down () spins at R=2.0, 2.5, and 3.0 A.

B
/ /B\ / A/ \C ﬁ /B\ ;
/A gt (I/I) \M (D N (D
L Mo(II O L
?( ) /C/M '\A C/ /‘{A\ /C/M ?
s ~p” B
A -B-C=Ligands
(A) Linear
== Mo(Il) _—=Mo(Ix = O
Mo(TI) Mo(@)  Mo(ID) Mo) C
] \ 1 \\ K \
T oMom T Mo T e 7
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Fig. 11. Linear clusters (A) and ring clusters (B) of Mo(I) ions.
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