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A study of the Doy, to Gy, pseudo-Jahn—Teller distortion in the edge-sharing bioctahedral complex Mox(DXyIF),-
(OoCCHg)a(u0-0), is presented. We have performed extensive density functional theory (DFT) and complete active
space self-consistent field (CASSCF) calculations. For both the full target complex and a model derived by replacing
xylyl and methyl groups with hydrogens we observe that the central Mox(u2-O), motif displays Cop, rather than Dy,
symmetry. Analytical CASSCF frequency calculations prove that the rhomboidal distortion of the complex from D, to
Cop is due to a vibronic mixing of the ground electronic state and a low-lying t6* excited state.

Introduction

The edge-sharing bioctahedral (ESBO) complexes exhibit a
variety of molecular structures.'”* Their central motif with
general formula Mj(u,-X),, where M is a metal and X is a
bridging-ligand (Figure 1), display a range of different M—M
and M—X distances and different XMX and MXM angles
depending on the oxidation state of the metal atom and the
type of bridging ligand.*~’

Metal—metal bonding occurs by overlap of the d-orbitals
on each metal center. Figure 2 shows the o, 0*, , 7%, 0, and
0* interactions between pairs of d-orbitals on each metal
atom (M and M’) in the Moy(DXylF),(O,CCH3),(u,-O),
complex. The energetic ordering is not straightforward with
regards to the 6 and 0* orbitals. For example, it has been
reported that different ESBO complexes can sometimes have
the antibonding orbital lower-lying than the bonding one.>**
Whether the orderis & < 6* or & > &* depends significantly
on the identity of the bridging atoms and their interactions
with the pure metal centered orbitals.

We present computational studies on the structure of the
Moy(DXylIF),(O,CCH3),(1-O), ESBO complex which was
experimentally observed as having the shortest Mo—Mo double
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bond and displays a rhomboidal (C;,) structure, rather than a
square (D) one at the central Mo,(1>-0), motif.” Cotton et al.
have suggested that the distortion from the ideal D, structure is
caused by the pseudo-Jahn—Teller (pJT) effect resulting in a
mixing of the ground electronic state with a low-lying excited
state giving rise to a lower energy structure of C,;, symmetry.

The pJT effect is understood as a vibronic coupling between
a pair of adiabatic electronic states (as obtained in the clamped
nucleus Born—Oppenheimer approximation'®). We note here
that there is an unfortunate ambiguous terminology in the
literature regarding the pseudo-Jahn—Teller effect. In the field
of structural chemistry, one often finds the term “second-
order Jahn—Teller” used interchangeably with pseudo-
Jahn—Teller."' "3 In the field of nonadiabatic chemistry this
term has the more well-defined meaning of the coupling of the
components of a degenerate electronic state via vibrational
motion computed at second-order, that is, true Jahn—Teller
coupling but at second order.'*'* Below we follow this latter
nomenclature and will continue to talk about pseudo-
Jahn—Teller coupling to mean the vibronic coupling between
nondegenerate electronic states via nondegenerate, nontotally
symmetric vibrational motion. The importance of the pJT
effect in structural chemistry is that it can be thought of as a
mixing of the ground state potential energy surface with that of
a nearby excited state along a nontotally symmetric nor-
mal vibrational coordinate (Figure 3), thereby changing the
curvature of the ground state surface and lowering the energy
of critical points."
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Figure 1. Geometrical parameters of the central M(u,-X), motif of an
edge-sharing bioctahedral (ESBO) complex.
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Figure 2. Primary orbitals involved in multiple metal—metal bonding in
ESBO complexes. Schematic interactions between metal (M and M’) centers
shown on the left side, optimized CASSCF orbitals shown on the right side.

Pearson provided the first detailed study of the pJT effect
and developed a perturbative expansion of the ground state
adiabatic potential energy surface in terms of displacements
along normal coordinates Q;.'®'” The Pearson expansion is
given below oV
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Figure 3. Schematic potential energy surfaces of the ground electronic
state (So), and first excited singlet state (S; — '(770*)) of the Mo,(DXylIF),-
(O,CCH3)(42-0), complex. The rhomboidal distortion normal coordi-
nate (Qgrg) of by, symmetry is shown. Pseudo-Jahn—Teller coupling
between the two electronic states gives the lower potential energy surface
negative curvature along this coordinate, leading to equivalent minima of
C,;, symmetry (equivalent Mo—O bonds are colored blue and purple) in
the positive and negative distortions along Q-

where E is the electronic ground state energy, E is the energy
at the expansion point (the high symmetry structure), V'is the
nuclear—nuclear and nuclear—electronic terms of the poten-
tial energy in the Hamiltonian, E; is the energy of the jth
excited electronic state, and W, is the ground state electronic
wave function, while W; is that of excited electronic states.
There is an expansion along each of the 3N — 6 normal vibra-
tional coordinates Q;c3y—¢-

The first order term is always zero because the gradient of
the optimized molecular structure is zero, that is, in the
terminology of Bersuker et al. the structure is force equili-
brated.'® The relative magnitude of both quadratic terms
determines if the pJT coupling lowers the symmetry of the
optimized structure.'” The first quadratic term is always
positive for an optimized molecular geometry, although the
proof of this is far from trivial (see ref 18. and references
therein). Bersuker and co-workers have proved this for
Hartree—Fock and configuration interaction electronic wave
functions.”® The second quadratic term is always negative,
since the excited state energies E; are higher than the ground
state energy (i.e., £y < E;). This second quadratic term is the
pJT coupling term and allows electronic states to mix via
nonsymmetric vibrations (this term accounts for relaxation
of the wave function at distorted geometries). Thus, whether
the ground state energy rises or is lowered along the direction
Q; depends upon the relative magnitude of both of these
terms. Finally we note that although eq 1 above is very useful
for illustrative purposes, more rigorous nonperturbative
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treatments of the pJT effect have been developed,'®*' and in

fact this body of work has shown that the pJT effect is the
only source of configurational instability in molecules in
nondegenerate electronic states.

Symmetry informs which of these symmetry adapted
normal vibrations (Q;) give rise to zero change in the energy
at second-order. For example, the matrix elements in eq 1
above are nonzero only when the direct product of the
irreducible representations (I') of each symmetry species
contains the totally symmetric irreducible representation of
the molecular point group (I'ts). In the final term,

<%

Thus, a nontotally symmetric distortion that lowers the
energy in a closed shell electronic ground state (I'rg) must
have the same symmetry as that of the excited electronic state
involved in the vibronic coupling.

It has until recently been assumed that the energy differ-
ence denominator in the final quadratic term in eq 1 meant
that only low-lying excited electronic states could give rise to
pJT distortions; however, recent work has shown that even
states quite high in the electronic manifold can overcome the
energetic penalty due to very large vibronic coupling matrix
elements (eq 2).">'®2!>2 Previous work in assigning a pJT
effect has relied upon showing that low-lying electronic states
of the correct symmetry exist and that the potential energy
surface has negative curvature along vibrational coordinates
of the appropriate symmetry.>

Over the years the pJT effect has become very important in
structural chemistry. It has been used to successfully explain
many diverse chemical phenomena including molecular
structure, molecular fluxionality, and electron delocalization
in mixed valence compounds.'® Inor%anic chemistry is a rich
source of such phenomena,'"'>'®2" from relatively small
molecules,”** to many large transition metal complexes,”®*’
to the solid state.”*%?

In this article we present an examination of pJT effect in
the Mo,(DXylF),(0,CCHj3),(u,-O), complex using a Com-
plete Active Space Self-Consistent Field (CASSCF) Hessian
matrix test originally proposed by Bearpark et al.'” The
Hessian is the matrix containing the second derivatives of
the electronic energy with respect to nuclear coordinates
and can be evaluated analytically by differentiating the
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appropriate energy expression. The desirable feature of the
CASSCF symmetry-constrained Hessian method is that it
conclusively demonstrates a vibronic coupling between elec-
tronic states and therefore is capable of showing that a
nonsymmetric distortion is entirely electronic in origin. The
coupling is thus proved to be responsible for the distorted
lower symmetry structure, rather than assumed due to, for
example, small energy differences between electronic states.
Proving that an electronic induced distortion exists in an
isolated molecule is of importance for the solid state also,
showing that any observed distortion in the crystal structure
is not (entirely) due to crystal packing.

The method relies on analytical CASSCF Hessian calcula-
tions. If the CASSCF wave function is constructed by
restricting the configuration state functions (CSFs) to func-
tions of a particular symmetry class, then pJT coupling (eq 1)
is automatically precluded if that symmetry class does not
contain the coupled states in eq 1. The Hamiltonian matrix is
block diagonal in a basis of symmetry adapted CSFs, so CSFs
of a different symmetry do not contribute to the energy of a
given state. Likewise for a nondegenerate state the gradient
vector is totally symmetric, and geometry optimization only
requires CSFs with the same symmetry as the state of interest.
However, at second-order CSFs of different symmetries can
mix under a nuclear perturbation. In calculating CASSCF
second derivatives the coupled-perturbed multiconfiguration
self-consistent-field (CP-MCSCF) equations are solved, and
these include both orbital mixing and configuration mixing
(the so-called derivative coupling contributions).*® The deri-
vative coupling terms represent the real mixing of electronic
states under a nuclear perturbation,' and the presence of
these terms in the CP-MCSCF equations can be controlled via
symmetry constraints. If separate CASSCF calculations using
different symmetry restrictions are performed (e.g., building
the CASSCF wave function from the set of CSFs spanning all
irreducible representations of the point group vs building the
CASSCF wave function from the set of CSFs spanning only
the irreducible representation of the ground electronic state),
then the pJT effect is manifest in a change of curvature for a
particular nontotally symmetric normal coordinate (i.e., a
change from real to imaginary vibrational frequency) when
the vibronically coupled state is included in the calculation of
the perturbed wave function.

This method has been used successfully in several studies
and has been used to explain the structures of both closed-
and open-shell organic molecules such as pentalene, cyclo-
butadiene, and cyclohexane.'*!*! We have recently used
this method to explain the pseudorotation barrier in singlet
Cr(CO)s as arising from a pJT coupling (as opposed to true
second-order Jahn—Teller coupling) between the closed shell
ground state and a metal-centered ligand-field excited state.>’
This result confirmed previous conclusions obtained in trying
to fit a model vibronic coupling Hamiltonian for the Cr(CO)s
system, used to perform wavepacket dynamics simulations of
the ultrafast electronic relaxation.™

As discussed above, the pJT effect has been of prime
importance in the field of structural inorganic chemistry,
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Figure 4. Structures of the Mo,(DXylF),(O,CCHj3),(1>-O), complex: (a) optimized target system taken from crystal structure in ref 9 and (b) model
complex used in multiconfiguration calculations of pseudo-Jahn—Teller vibronic coupling.

and this represents quite a challenge for multiconfigurational
wave functional methods. The system studied here, a large
transition bimetal complex, is such a system. We have thus
developed a model of the full target system shown in Figure 4
below. Although the primary objective in this paper is to
explain the pJT effect in the model using CASSCF, we have
additionally undertaken extensive density functional theory
(DFT) calculations on both the target (Figure 4a) and model
(Figure 4b) systems.

Computational Details

DFT calculations were performed on the target system
starting from the crystal structure in ref 9 and a model system
(in which xylyl and methyl groups were substituted with
hydrogens) using a range of standard functionals in conjunc-
tion with the SDD effective core potential basis set on the
molybdenum atoms, and the 6-311G** basis set for nitrogen,
oxygen, carbon, and hydrogen atoms. The exchange correla-
tion functional was found to have minimal effect, and so only
the B3LYP results are quoted below. CASSCF calculations
were performed using a hierarchy of active spaces: a basic
active space consisted of four electrons distributed among the
o, 7, and 0 bonding orbitals, and their correlating ™, 7%, and
O0* antibonding orbitals (shown in Figure 2). This active space
was used for geometry optimization, and analytical frequency
calculation. Single-point CASSCF calculations were also
performed using augmented active spaces obtained by adding
in-plane metal—oxygen bonding and antibonding orbitals:
two different (6,8) active spaces and a (8,10) active space. For
the CASSCF geometry optimization and frequency calcula-
tions the 3-21G* basis was used on the molybdenums, with
the STO-3G basis on all other atoms, while for the single-
point calculations the same basis as discussed above for DFT
was used. We note that the general features of the ground
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X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A_;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision
D.01; Gaussian, Inc.: Wallingford, CT, 2004.

state CASSCF wave function were found to be insensitive
to the one-electron basis set used. All computations were per-
formed using the Gaussian 03 program® on a Linux cluster
with Intel Xeon Harpertown processors.

Results and Discussion

The framework of the Mo,(DXylF),(O,CCH3),(u4>-O),
complex is very interesting due to the shortest metal—metal
distances among all the Mo(IV) ESBO complexes.” To
understand its structure we performed a series of DFT
optimizations on the target and model systems. The starting
geometry of the target was taken as the crystal structure from
ref 9. The optimized geometrical parameters for the central
Mo, (u,-0), motif are given in Table 1. For the large target
system the difference between nonequivalent bondlengths
(aand b, c and d in Figure 1) is quite small, but nevertheless
it is nonzero and shows that the central motif adopts a C»,
geometry. The ordering of the Kohn—Sham orbitals here
reflects previous work in that the 6* orbital is the lowest
unoccupied molecular orbital (LUMO) and lies below the 6
orbital (the LUMO + 1); the highest occupied molecular
orbital (HOMO) is the 7-bonding orbital.

The distortion in the model system is more pronounced
and closer to the experimental difference. The rhomboidal
distortion vibrational frequency (vg,) is 47.91 i cm™" for
geometries optimized under D,;, constraints, which becomes
23.34 cm ! at the true C», minimum. The Kohn—Sham
orbital ordering has the 7r* orbital as the LUMO, although it
is almost degenerate with the 6* orbital, which again lies
below the 0 orbital.

Time-dependent density functional theory (TD-DFT) cal-
culations were also performed to determine the nature and
energy of the lowest lying singlet electronic state. The results
of the TD-B3LYP calculations are given in Table 2. For the
target system the first singlet excited state (alBlg) has a
dominant particle—hole configuration involving an electron
transferred from the HOMO to the LUMO, that is, from the
m-bonding to the d-antibonding orbital. Likewise for the
model system the first excited state is ' (70), corresponding to
HOMO — LUMO + 1. The energy gaps for the model and
target systems are quite close (1.280 vs 1.251) at the C»,
minima. The energy gap for the model at the constrained D»,,
geometry is lower at 1.266 eV as is expected in a pJT situation
(see for example Figure 3). The next state of B, symmetry of
the model is at 4.292 eV. We note that the S; (alBlg) state is
not optically bright via a one-photon transition by virtue of
symmetry selection rules.
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Table 1. Optimized Geometrical Parameters of Mo(u»-O),

D, —Cy, distortion)

Zurek and Paterson

Motif: Bond Lengths (a—e), Angles (o, 5), and Rhomboidal Vibrational Frequency (vg,) (corresponding to

Mo (u2-0),

optimized geometrical parameters

motif point group a, c(A) b, d (A) Aab = Acd (A) e(A) o (deg) B (deg) Vra! (cm™h)
B3LYP*
Target
Cap 1.961 1.964 0.003 2.329 107.2 72.8 55.06
Model
D2, 1.957 1.957 0.000 2.329 107.0 73.0 4791
Cap 1.974 1.941 0.033 2.330 107.0 73.0 23.34
CAS(4,6)"
D2, 1.933 1.933 0.000 2.553 97.4 82.7
Cap 1.860 2.004 0.144 2.765 88.7 913
CAS(4,6)°
D3, 1.910 1.910 0.000 2.527 97.2 82.9 45291
Cap 1.760 2.087 0.327 2.542 97.7 823 156.61
Experiment®
Cop 1.960 1.913 0.047 2.306 107.0 73.0

“SDD basis on Mo; 6-311G** basis on C, N, O, and H. ”3-21G* basis on Mo; STO-3G basis on C, N, O, and H. ¢ Reference 9. ¢i = «/(—1).

Table 2. Comparison of Vertical Excitation Energies of the S, '(0*) State for the
Model (AEy) and Target Systems (AEt) Using Time-Dependent Density
Functional Theory (B3LYP exchange correlation functional) and CASSCF*

AEr (eV) AEy (eV)
method Dy, Cyy, Dy, (&7
TD-B3LYP 1.251 1.266 1.280
CAS(4,6) 1.084
CAS(6.8) 1.544
CAS(8.10) 1671

“ All calculations reported here used the SDD effective core potential
on Mo and the 6-311G** basis on N, O, C, and H.

Our final point regarding DFT is that the pJT effect is one
area where DFT has some inherent problems due to the single-
configurational nature of the underlying Kohn—Sham state.
Static correlation effects are poorly described in DFT, and as
the CASSCF results below show, the model system studied
here exhibits a fair degree of this. However, since the electronic
state is closed-shell across the ground adiabatic potential
energy surface, DFT can probably be used with caution.

Turning now to the CASSCF calculations, the ground
electronic state (Sy) is lAg, and the first thing to note is the
orbital occupations shown in Table 3. These are the diagonal
elements of the one-clectron density matrix and give an
indication about the multiconfigurational nature of the wave
function. For all of the active spaces detailed in Table 2 it is
clear that the electronic structure is slightly more complicated
than just o’z> as would be imposed in a single-configuration
calculation. We observe significant correlation between elec-
trons in the o-bonding and o-antibonding orbitals and
electrons in the z-bonding and s-antibonding orbitals: in-
dicated by the significant population of the antibonding
orbitals. The larger active spaces obtained by adding in-plane
M—O orbitals (denoted by the largest O centered component
in Table 3) do not qualitatively change the nature of the wave

function. We also note that the CASSCF density of S in the
various active spaces changes very little with the quality of
basis set, giving us confidence that the smaller basis used in
the analytical frequency calculations (vide infra) generates
accurate CASSCF wave functions.

The first excited state S; clearly involves the transfer of
electron density from the z-system to the d-system. S; can
therefore be identified as the "(;10*) state, and again there is
significant correlation between electrons in the 0 and 0*
orbitals. The CASSCF state based results confirm the idea
of d and 0* ordering as in the S; state the occupation of the
0* orbital is significantly greater than that of the ¢ orbital;
that is, the electronic structure of the S; state can be
approximated as o*'0*!, although again there is significant
correlation in the ¢, 77, and ¢ systems.

We now turn to the CASSCF frequency analysis of the pJT
effect causing the D,,—C»;, distortion of the central pattern in
this complex. The CAS(4,6) optimized geometrical para-
meters for both the D,, and Cy, structures are given in
Table 1. Analytical frequency calculations using a CASSCF
wave function expanded in a basis of all the CSFs (total =
105) confirms that the D, structure is a transition state. The
transition vector is the rhomboidal distortion coordinate
(Ora) and has blg symmetry, with a vibrational frequency
of 452.91 i cm™ . This transition vector is shown schemati-
cally in Figure 3 for the central Mo,(u,-O), motif. When we
restrict the frequency calculation to include CSFs of only the
ground state symmetry A, (total 21), this vibrational
frequency is no longer 1mag1nary (37.70 cm™"). We can
conclude here that there is a v1bron1c coupling between the
ground electromc state (Sp = g) and the first excited state
(Sl = 31 < !(70*)). The symmetries of the various entities are
given in eq 3. The CASSCF energy gap between the two
electronic states is 0.947 eV (Table 2). Thus, the fact that the
curvature along the rhomboidal distortion mode changes
when CSFs of Bj, symmetry are included in the frequency
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Table 3. Orbital Occupations Obtained as the Diagonal Elements of the CASSCF One-Electron Density Matrix for the Sy and S; States”
orbital occupation
state O sp, O sp, o T o* o a* o* O sp.* O sp,*
CAS(4,6)
So 1.732 1.301 0.001 0.001 0.699 0.266
S 1.722 0.650 0.648 0.351 0.353 0.276
CAS(6,8)

So 1.999 1.873 1.701 0.001 0.002 0.299 0.123 0.000
Sy 1.999 1.865 0.783 0.781 0.220 0.218 0.133 0.000
CAS(6,8)

So 1.962 1.879 1.723 0.021 0.019 0.278 0.117 0.000
Sy 1.804 1.876 0.929 0.912 0.191 0.167 0.121 0.000
CAS(8,10)
So 1.974 1.968 1.887 1.730 0.003 0.004 0.269 0.113 0.029 0.023
Sy 1.970 1.977 1.881 0.806 0.803 0.200 0.196 0.119 0.027 0.022

“In addition to the basic (4,6) active space shown in Figure 2, augmented active spaces including bonding and anti-bonding oxygen centred orbitals

were also investigated. All calculations reported here used SDD effective core potential on Mo and the 6-311G** basis on N, O, C, and H.

calculation indicates that a pJT coupling operates (eq 2 is
fulfilled). CASSCF calculations also confirm that the S,
!(70*) state has its minimum energy geometry at a D,
structure (Figure 1).

W, —'4,

Ora = big

W) ='(w0") = 'B
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Conclusions

We have studied the pseudo-Jahn—Teller effect in the edge-
sharing bioctahedral complex Mo,(DXylF)»(O,CCH3),(1»-O),

using a variety of computational techniques. Our results
show that in both the large target, and a smaller model
system, the central Mo,(u,-O), motif has a rhomboidal
shape and C,;, symmetry. CASSCF calculations reveal that
the distortion from D,;, to C,;, symmetry is caused by a
vibronic coupling between the ground electronic state and the
first excited singlet state, which can be characterized as
a !(7o*) state.
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