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Abstract

The results of an experimental investigation of the electronic structures of
the MZX;L,; (M = Mo, W; X = Cl, Br, I; L = uncharged o-donor ligand) class
of quadruply bonded metal dimers are reported. These results are interpreted
within a theoretical framework that is general for all types of weakly interacting
orbitals; this is set out in Chapter I. In Chapter II we lay the structural founda-
tion for this investigation by presenting the crystal structures of MosBry (PMe3)4
and MoyI4(PMe3)4 and comparing their bonding parameters with those previously
reported for MoyCly(PMes)s. Resonance Raman and far-infrared spectral data
of these complexes are also reported; comparisons to the available structural data
indicate that the metal-metal distance and diatomic force constants, which are fin-
gerprint parameters for the characterization of metal-metal interactions, display dif-
ferent ligand sensitivities. This chapter concludes with a discussion of the energies
and intensities of the !(§ — 6*) transitions of these complexes, cast both in terms
of their molecular structures as well as within the framework of existing theories
of the electronic structural significance of these latter two spectroscopic properties.
The data for the MaX L4 complexes lead to a reevaluation of these standard inter-
pretations, and a new postulate, based on charge transfer mixing, is put forth that
more adequately accounts for the energies and intensities of the (6 — 6*) transi-
tions of nearly all quadruply bonded dimers. The 3(§6*) state is discussed briefly
in Chapter III, wherein it is shown that differing magnetic and spectroscopic prop-
erties of the Mo2X4(PMes)4 and diphosphine-bridged 8-Mo;X4(dmpe), dimers are
readily accounted for by the simple theoretical framework set out in Chapter I. The
analysis of these data leads to experimental estimates of the energies of the 3(66*)

states of these compounds: L = PMe3, E = 5200 cm™!; L, = dmpe, E = 500 cm™1.
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In Chapter IV we consider the photophysical properties of the 1(§6*) state in light
- of its energetics relative to the 3(66*) and 62 states. Of particular interest is the
finding that the photophysical properties of these complexes are perturbed by the
nature of the coordination sphere to a different extent than are their 16 — &%)
energies and intensities. The extensive series of MsX L4 complexes studied allows
the estimation of the intrinsic radiative and nonradiative decay properties of this
chromophore. Chapter V contains the main body of this thesis, namely the analysis
of the high-resolution electronic spectra of the M;X4L4 complexes. The unprece-
dented vibronic detail revealed by these spectra is interpreted using the conceptual
base developed over the preceding four chapters, and results in the proposal of a
double-well potential energy surface for the ! (§6*) state along nontotally symmetric
coordinates; this arises from sudden polarization. In the final chapter, the photo-
chemical manifestations of this new excited state description are outlined. Material

that supplements the discussion in Chapters I - VI is presented in the appendices.
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An understanding of the electronic structures of molecules is central to the in-
" terpretation of their static and dynamic properties. In the case of compounds con-
taining transition metal ions, such an understanding is usually derived from many
different sources; These sources include electronic structural calculations, electronic
and ionization spectroscopy and magnetic measurements, all of which provide direct
information about the energetics of orbitals and states, as well as x-ray crystallog-
raphy and vibrational and magnetic resonance spectroscopy, which provide insight
into electronic structure to the extent that it is manifested in molecular structure
and bonding force constants. A main theme in most such investigations is the iden-
tification of those complexes that possess some feature, such as high symmetry or a
simple coordination sphere, that makes their electronic structural properties both

amenable to study and extendable to other, more complicated systems.

The topic of this thesis is the electronic structure of molecules containing
quadruple metal-metal bonds. Because these complexes are one of the structural
archetypes of inorganic chemistry, much as ethylene and benzene are to organic
chemistry, and inasmuch as they possess one of the simplest geometries for the
study of metal-metal interactions, their physical properties have been closely scru-
tinized, using the techniques described above, in the two decades since this mode of
bonding was proposed by F. A. Cottoﬁ to account for the diamagnetism, eclipsed
geometry, and short metal-metal separation of the Re;C13™ ion.}2 The basic tenet
of this large body of work is set out in Figure 1, which displays the qualitative molec-
ular orbital diagram for this class of complexes; the eight d electrons contributed
by the two square planar d* subunits that make up the dimer are distributed in the
metal-metal bonding levels to give a closed-shell [¢27462] configuration. A more
quantitative molecular orbital scheme is shown in Figure 2 for MoaCl4(PH3)4,2 a

compound that is representative of the class of molecules that are investigated in



Figure 1. Molecular orbital scheme for M3 (Door) and M3Lg (Dyp) dimers.
Figure 2. LCAO-HFS transition-state energy level diagram for Mo;Cly(PHj3)4

(Da24), reproduced from reference 3.
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this thesis. This diagram shows that while the relative spacings among levels differ
- from those of the qualitative scheme, the same order is observed. Moreover, there
| is a clean dichotomy, from an energetic standpoint, of metal-metal- and metal-
ligand-localized orbitals. A number of high-quality calculations on other types of
quadruply bonded complexes support the generality of this orbital pattern,* and
many of these schemes, including the one shown in Figure 2,5 have been borne out
by photoelectron spectroscopic experiments.4

Considering only the § and 6* frontier orbitals of these complexes, a manifold

of four electronic states can be generated:6 -

 — -
s 4 + + —

f($2) 388*) I a

The principle concern of this work will be the elucidation of the properties of the

three lowest energy members of this quartet, namely 1(62), 3(66*), and (66*). Be-
fore enunciating the specific questions to be addressed herein, however, we digress to

present a brief summary of the theoretical framework that will guide all subsequent

discussions.
Theoretical Considerations
The concept of metal-metal §-bonding did not originate with the proposal of the

quadruple bond, but rather was first invoked nearly a decade earlier to account for

the antiferromagnetism of the copper acetaté dimer.” This was the same period that
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witnessed the widespread application of molecular orbital theory to the #-bonding
- in simple planar unsaturated organic molecules such as ethylene. What connects
these seemingly disparate events, aside from their simultaneous development, is
that the vthirty‘year old treatment of the bonding in these systems provides the
simplest and most insightful framework through which to examine the energetics
of the §-manifold of states of quadruply bonded dimers. The following outline of
the electronic structure of these systems is straightforwardly derived from this early
work, and can be found in more detail elsewhere.®

The 6-HOMO and 6*-LUMO of metal dimers possessing an eclipsed geometry
are derived from face-to-face d,y orbitals on metal atoms a and b, as indicated in
Figure 1. The appropriate linear combinations of these orbitals, assuming that they

are pure metal-metal in character, are
6= d:y + dgy =¢1 (1)
§* =d3, —d5, = ¢ (2)

where the normalization factors have been neglected. Four states can be constructed

from these two levels and from the two electrons contributed by a and 5. The

configurations of these states are

1(6%) = |4161|(aB) = 04 (3)
3(66*) = [$142|(f — fo) = @7 (4)
H(86%) = [$162((@B + Ba) = &v (5)

1(6°%) = |22 I’(aﬂ) = &, | (6)

Factoring the secular equation into diagonalized matrix expressions for the energies

of these states gives

Ey =W; +Wa+ Jia + Kjz (7)
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Ep=W; +Wa+ Ji2 — K12 (8)
2Wi+Jii— A K ‘
E(<I>1,<I’z) — 1+ J11 12 =0 _ (g)

K, 2Wo + Joz3 — A

Where thé W; are core integrals consisting of one-electron terms, J;; and J;; are
one- and two-center éoulomb repulsion integrals, and K, is the exchange integral.

The expressions in equations 7-9 are too complex to yield much insight into the
energies of the §-manifold of states, at least from the standpoint of breaking down
the energies into experimentally obtainable parameters. A simplifying assumption
that can be employed, however, again with substantial precedent for organic sys-
tems, is the zero-differential-overlap approximation, which results in Ji; = Ja2 =
Ji2. By additionally referencing all energies to the center of gravity of the one-

electron 6 and 6* levels, namely 1/2(W; + W3), the repulsion and core integrals

drop out and we arrive at

Ev=K (10)
Er=-K (11)
E(®:,85) = |47~ A AWK_ L =0 (12)

These equations give, upon rearranging,
E(®;) — E(®,) =2V AW?2 4 K2 (13)

Ey — Ep =2K (14)

where AW is the energy difference between the one-electron 6§ and 6* levels and K

is given by

K = K3 = 1/2[(aa|aa) — (aalbd)] (15)
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In equation 15, (aa|aa) is the energy required to transfer a & electron from metal
- center a to center b at infinite a-b distance R, and (aa|bb) is an electrostatic correc-
| tion for finite R. The value of this latter integral is roughly e?/R in the point-charge
limit.

The dependences of the state energies of the §-manifold on metal-metal distance
R are qualitatively indicated in Figure 3. At short distances, the atomic orbitals on
adjacent metals interact strongly to generate a large bonding-antibonding orbital
splitting (AW), while the value of K is simultaneously relatively small due to the
size of the (aa|bb) term. This results in the singlet and triplet 66* states lying in
close energetic proximity to each other, and well above the highly stabilized ground
state. As the internuclear separation increases, both AW and (aa|bb) decrease, the
former much more rapidly than the latter. At the point at which AW and K are
of equal magnitude, there is now a large splitting between the singlet and triplet
66* states, with the latter lying relatively close to the ground state. Proceeding to
the sepafated atom limit (R — oo, AW — 0), the ground state and triplet excited
state are degenerate, as are the two singlet excited states some 2K higher in energy.
The covalent and ionic limits formed by the respective collapse of these two sets of

states can be viewed simply as the homolysis and heterolysis of the §-bond:
M-M - 2M (covalent)
M-M - M*M:~ (tonic)

The “bonding-antibonding” electronic transition at this \limit is thus pure metal-to-
metal charge transfer.

The state diagram in Figure 3 is drawn over a much wider range of distances
than are found in quadruply bonded dimers. The question that arises at this point

is thus what the relative magnitudes of AW and K are for typical complexes of
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Figure 3. Metal-metal-distance dependence of the energies of the §-manifold of

states.
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this type. Experimental observations are of little help in terms of resolving this
" question, since the energies of the 3(66*) and !(6*2) states relative to the ground
state have yet to be reported for any quadruply bonded complex. With‘respect to
the size of AW ,' the spatial orientation of the parent d,, orbitals is unfavorable for
strong 6-overlap relative to those from which the o- and n-interactions are derived,
and Figures 1 and 2 suggest that it is this [027*] triple-bond core that determines
the internuclear separation (presumably at distances longer than those required for
optimal §-overlap). Combining the calculated splitting of the one-electron § and 6*
orbitals of Mo2Cly(PH3s)4 (AW = 8390 cm~1) taken from Figure 2 with the 17090-
cm™! energy of the (6 — 6*) transition of the closely related Mo;Cly(PMea)s
complex, which will be discussed in detail in subsequent chapters, yields K = 6490

cm™1; these complexes are thus in the AW = K regime described above.

Scope of this Thesis

There are two interesting phenomena predicted by the foregoing theoretical
analysis that have been nearly completely ignored in previous studies of these com-
plexes, and.which will be investigated in this thesis.? Both of these have potentially
wide ranging effects on the properties of the §-manifold of states. Considering first
the 1(66*) state, the large size of K relative to the !(§ — 6*) transition energy
of the Mo,Cly(PMe3z)4 dimer suggests that this excited state possesses substantial

ionic character, in contrast to the covalent 3(66*) and 1(62) states:

4 b 1 1 1 — 1
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One consequence of this ionic description of 1(§6*) is that this state is, in principle,
~ subject to sudden polarization,'® whereby an instantaneous dipole is generated by
some type of molecular distortion from the resonance form pictured above.!! The
molecula.f strucf.ure, photophysics, and reactivity of such a polarized excited state
would undoubtedly differ significantly from those of the nonpolar state from which
it is derived. With regard to the 2(66*) state, the above estimates of AW and K, in
conjunction with the energy of the 1(§ — 6*) transition of Moy Cly(PMes)4, indicate
it should lie 13000 cmn~!below its singlet counterpart and only 4100 cm™? above the
ground state in this complex. Aside from presenting an interesting experimental
challenge to the identification of this state (as already noted, it has yet to be di-
rectly observed), this prediction is also of unambiguous photophysical significance,
since in most transition metal complexes such singlet-triplet excited state splittings
are relatively small and their decay properties are thus dominated by intersystem
crossing.

There is a third question that will be addressed in this thesis that, in contrast
to the above predictions, is not derived from the preceding theoretical discussion,
but rather is notable by its absence from it: How are the energies and physical
properties of these states influenced by the nature of the ligands? Our energy
expressions were derived from wavefunctions that were, for simplicity, taken to be
pure metal-metal in character, yet examination of Figure 2 shows that there are a
number of levels of largely ligand parentage that are of the appropriate symmetry
to mix with these. The extent to which this ligand character is manifested in the
properties of the §-manifold of states remains largely unexplored to date.

The approach adopted herein for the study of the é-manifold of states of
quadruply bonded dimers has been to examine the structural, spectroscopic, mag-

netic, and photophysical properties of an extensive series of complexes of the
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M2X4Ls (M = Mo, W; X = Cl, Br, I; L = uncharged o-donor ligand) type. This
class of compounds is particularly attractive for such a systematic study due to
the wide range of ligand perturbations that are available. In Chapter II we lay
the strucfural foundation for this investigation by presenting the crystal structures
of Mo2Bry(PMez)s and Mojl4(PMes)s and comparing their bonding parameters
with those previously reported for Mo2Cly(PMez)4. Resonance Raman and far-
infrared spectral data of these complexes are also reported; comparisons to the
available structural data indicate that the metal-metal distance and diatomic force
constants, which are fingerprint parameters for the characterization of metal-metal
interactions, display different ligand sensitivities. This chapter concludes with a
discussion of the energies and intensities of the !(§ — 6*) transitions of these
complexes, cast both in terms of their molecular structures as well as within the
framework of existing theories of the electronic structural significance of these lat-
ter two spectroscopic properties. The data for the M;X L4 complexes lead to a
reevaluation of these standard interpretations, and a new postulate is put forth
that more adequately accounts for the energies and intensities of the 1{§ — 6*)
transitions of nearly all quadruply bonded dimers. Having obtained a conceptual
feeling for the ligand sensitivity of the §2 and 1(66*) states, we turn briefly to
the 3(66*) state in Chapter III, wherein it is shown that the differences between
the magnetic and spectroscopic properties of the Mo2X4(PMe3)4 and diphosphine-
bridged #-Mo,X4(dmpe); dimers are readily accounted for by the simple theoretical
framework set out in Chapter I. The analysis of these data leads to the first experi-
mental estimate of the energy of a 3(§6*) state. We next consider the photophysical
properties of the 1(66*) state in light of its energetics relative to the 3(66*) and 62
states. Of particular interest is the finding that the photophysical properties of

these complexes are perturbed by the nature of the coordination sphere to a differ-
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ent extent than are their !(6 — 6*) energies and intensities. The extensive series of
M3X4L4 complexes studied allows the estimation of the intrinsic radiative and non-
radiative decay properties of this chromophore. Chapter V contains the main body
of this thésis, nﬁmely the analysis of the high-resolution electronic spectra of the
M2X4L4 complexes. The unprecidented vibronic detail revealed by these spectra is
interbreted using the conceptual base developed over the preceding four chapters,
and results in the proposal of a potential energy surface for the !(66*) state that is
quite different from that offered by the traditional view of this state. In the final
chapter, the photochemical manifestations of this new excited state description are
outlined. Material that supplements the discussion in Chapters I - VI is presented
in the appendices, two of which (II and IV) depart from the main theme of the
text and deal with issues related to the ordering of the levels in molecular orbital

diagrams shown in Figures 1 and 2.
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CHAPTER II

Ligand Perturbation of the Molecular and Electronic Structures

of Quadruply Bonded Dimers
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Introduction

The results from electronic, vibrational, and photoelectron spectroscopy, in
conjunction with x-ray crystallography, form the experimental foundation of our
present understanding of the molecular and electronic structures of quadruply
metal-metal bonded complexes.! Investigations employing these techniques have
been directed at many members of this diverse set of compounds and their findings
have been of central importance in allowing the original qualitative bonding scheme
proposed? for these systems to be significantly elaborated upon. Examination of
the trends observed in these studies has, in addition, led to the delineation of several
major electronic and structural subgroups of quadruply bonded complexes.! Metal
dimers bridged by carboxylates, for example, are set apart from those ligated by
halides in that they generally possess, for a given metal, shorter metal-metal bonds,
higher frequency metal-metal stretching vibrations, and higher energy 1(§ — 6*)
electronic transitions. Electronic structural calculations, along with photoelectron
spectroscopic experiments, have frequently been employed to elucidate the origin
of such electronic differences; in the case of the carboxylate-bridged dimers they
are proposed to arise from the mixing of orbitals associated with the M, unit with
n-levels localized on the carboxylate moiety.?

Although the broad variations in the structural and electronic properties of ho-
mologous d*-d* complexes of different metals, or of different ligand sets of the same
dimetal unit, are well documented in many cases,! subtler perturbations resulting
from ligand variation within a given subclass of dimers are less well understood. In
the following chapters, the results of an investigation of the spectroscopic, magnetic,
photophysical, and photochemical properties of a large number of derivatives of the

M3X4L4 type (M = Mo, W; X = Cl, Br, I; L = uncharged o-donor ligand), which
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form one of the largest subclasses of quadruply bonded dimers. One of the more
striking findings of these studies is that parameters such as !(§ — §*) transition
energies,* electronic absorption and emission band shapes and intensities,*~% and
the rates of radiative and nonradiative excited state decay,® which are properties
associated with the formally meta.l—metal—loca.lized manifold of electronic states, dis-
play a marked sensitivity to the nature of ligands X and L. In order to determine
whether this ligand dependence is also reflected in the ground-state properties of
these complexes, as well as to provide a structural benchmark for analyzing lig-
and perturbations of their excited states, we determined the crystal structures of
two such derivatives, Mo Bry(PMes)4 and Mo,I,(PMes)y4, and the vibrational and
electronic spectra of a series of M;X4L4 complexes. These results are reported
herein, along with a general interpretation of the ligand sensitivity of the energies

and intensities of the '(§ — §*) transitions of quadruply bonded dimers.
Experimental Section

General Procedures.

The preparations of the complexes described in this study were carried out
on a high-vacuum manifold (limiting pressure < 10~2 torr) or with Schlenk tech-
niques. Dichloromethane (Burdick and Jackson), de-benzene (Aldrich), and 2-
methylpentane (Phillips) were dried by standard methods,” degassed with five or
more freeze-pump-thaw cycles, and stored under vacuum with, respectively, ac-
tivated 4A molecular sieves, sodium metal/benzophenone, and lithium aluminum
hydride. Trimethylphosphine (Strem) was degassed with five freeze-pump-thaw cy-
cles and bulb-to-bulb distilled into an evacuated storage flask. All other chem-

icals were of reagent grade or comparable quality and were used as received.
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MOg(Oz CCH3)4,8 K4M02Cls,9 W2C14(PM03)4,10 and MOQCl4(PM€3)411 were pre-

~ pared according to standard procedures. Elemental and mass spectral analyses were

performed by Mr. Larry Henling at the Caltech Analytical Laboratory.

Electronic }absorption spectra were recorded on either a Cary 17 or Hewlett-
Packard 8450A spectrometer. Spectra were obtained of solutions prepared on the
vacuum line in a vessel consisting of a 10 mL round bottom flask, both 1 mm and
1 cm pathlength quartz spectral cells, and a teflon high-vacuum stopcock. Solvent
was first vacuum distilled from the appropriate storage flask to a calibrated volu-
metric cylinder, and from there to the evacuated cell. The baselines of these spectra
were corrected for the UV absorption of the solvent. Extinction coefficients were
reproducible to +2%. Oscillator strengths of absorption bands were determined
by the cut-and-weigh method. 3!P NMR spectra were obtained of C¢Dg solutions
prepared and sealed under vacuum and recorded with a Jeol FX90Q FT-NMR
spectrometer at 26°C. Resonances are reported relative to external H3PO4 (aq).
Magnetic susceptibilities were determined with an SHE Corp. 905 VTS SQUID sus-
ceptometer (10 kG field) of crystalline samples contained in an aluminum bucket
of known magnetization. Raman spectra were recorded with one of two spectrom-
eters: a Spex Ramalog EU equipped with a cooled RCA 31034A photomultiplier
tube, an ORTEC 9300 series photon counter, and a Nicolet 1180E Raman data
system; or a Spex 14024 spectrometer equipped with 2400 line/mm holographic
gratings, a thermoelectric cooled Hamamatsu R955 photomultiplier tube, and a
Spex SCAMP data system. Laser excitation was provided by either a Spectra-
Physics 171-01(Krt) or 171-18(Art) laser. Spectra were taken of both solutions
and solids. The former were obtained in the rotating sample mode of Nq-purged
solutions sealed in 5 mm-diameter glass capillaries, while the latter were obtained

of either polycrystalline samples mounted in an Air Products Displex cryostat at



-22-

20 K, or of dilute KCl pellets at room temperature. FTIR spectra were recorded of

- nujol mulls on polyethylene supports using Perkin-Elmer Model 1800 and Mattson

Sirius Model 100 spectrometers.
M0214(PMe3 )a-

A vigorously stirred, 0°C suspension of Mo,(02CCH3)4 (1.67 g, 3.7 mmol) and
triméthylphosphine (3 mL, 31.6 mmol) in 35 mL of dichloromethane was treated
dropwise with MesSil (5 g, 25.0 mmol), causing an immediate color change from
bright orange to dark blue. The resulting suspension was stirred for 6 h at 0°C and
then allowed to warm slowly to room temperature, where it was stirred for an addi-
tional 24 h. The solvent was removed under vacuum, and the remaining blue-white
inhomogeneous solid was extracted with toluene and filtered through a 3 x 20-cm
column of 60 - 100 mesh Fluorisil. Vacuum evaporation of the solvent yielded 3.55
g (95 % ) of dark blue, microcrystalline MoyI4(PMes)s. Anal. Caled (found) for
C12Hzel4P4Moy: C, 14.36 (14.26); H, 3.62 (3.47). 3!P NMR: 6 -15.81(s). xas (300
K) =-333x 107; xps (6 K) =-327 x 10~ emu/mol. This compound is air stable in
the solid state and is soluble in hexane, benzene, dichloromethane, acetone, and to a
limited extent, methanol. It can be recrystallized from 4:1 dichloromethane:ethanol
by evapordtion; crystals suitable for x-ray diffraction studies were grown under ni-
trogen by slow evaporation of a hexane solution.

Mo;Br4(PMes),.

This compound was prepared and purified in high yield by the above procedure
using Me3SiBr as the bromide source. Anal. Caled (found) for C;3HagBrsP4Mog:
C, 17.67 (17.80); H, 4.45 (4.32). 3P NMR: § -12.31(s). Mass spectrum: m/z =
816 (parent ion; relative intensity = 28), 740 (816 - PMes; 72), 664 (816 - 2PMeg;
100), 588 (816 - 3PMeg; 41), 508 (816 - 3PMe; - Br; 13). Slow evaporation of a

toluene solution of MozBr_4(PMe3)4 yielded large (up to 5 mm in diameter), dark
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red!? multifaceted prisms that were satisfactory for x-ray diffraction.

‘ ’ MOz Cl4 (ABM63)4.

A suspension of K4MoyCls (0.75 g, 1.2 mmol) and trimethylarsine (1.5 mL, 14.1
mmol) ixi 50 mL of methanol was stirred at room temperature for 5 4. Although
the color of the reaction mixture did not appear to change over this time period,
irradiation of the flask with a UV lamp showed that the red-pink color of the
contents was due to intense luminescence, which is absent in the starting material.
The reaction mixture was filtered in air and the solid washed thoroughly with
methanol, water (until the filtrate was colorless) and methanol again, and dried in
vacuo. Yield: 0.80 g (82 %). Anal. Calcd (found) for C13HagAs4Cl4Mos: C, 17.71
(17.83); H, 4.46 (4.27). The compound is stable to air in the solid state, although
solutions decompose rapidly on exposure to oxygen.

X-ray Diffraction Procedures.

The determination of the crystal structures of MoyBry(PMes)s and
Mo214(PMes)4 was carried out in collaboration with Dr. William P. Schaefer and
Mr. Michael Bronikowski. Appendix I contains tables of those bond distances and
bond angles that are not listed in the text of this chapter, as well as the final
heavy atom parameters; tables of anisotropic thermal parameters, calculated hy-
drogen atom positions, and observed and calculated structure factors for these two
compounds are on file with H. B. G. and W. P. S.

Calculations for both structures were performed on a VAX 11/750 computer
using the programs of the CRYRM Crystallographic Computing System. Scattering
factors for neutral atoms and dispersion corrections for Mo, Br, and I were taken
from the International Tables;!® the function minimized in the least squares was
Zw(F2 - F?), where w = 1/0?(F2).

Crystals that appeared single from oscillation photographs were centered on a
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CAD-4 diffractometer equipped with graphite-monochromated Mo Ko radiation (A

'~ =0.71073 A). Collection of the data at room temperature and refinement of the

structures proceeded as follows.

M023r4 (PMe3)s:** A monoclinic cell was found similar to that of
Mo3Cl4(PMe3)4!! and unit cell dimensions (Table I) were calculated from the set-
ting angles of 25 reflections with 30° < 2 # < 40°. Data were collected for all +4, k,
Iwith 20 < 50°. Altogether 2772 reflections were scanned in a 8 - 26 mode, including
3 check reflections monitored every 5000 seconds of x-ray exposure time. The check
reflections showed no variations greater than those expected from counting statis-
tics. Lorentz and polarization factors were applied and a few duplicate reflections
merged to give 2420 reflections that were used in the refinement. Variances were
assigned to the values of F2 based on counting statistics plus an additional term
(0.02I)2 to account for errors proportional to intensity. Systematic absences in the
data were consistent with space group C2/c. Absorption corrections were not made
because of the small size of the crystal (urmaz = 1.3).

The positional parameters of the MoyCly(PMes)4 structure!! and reasonable
isotropic thermal parameters served as the starting point of the refinement. The
nonhydrogen atoms were given anisotropic thermal parameters after three cycles,
and hydrogen atoms, positioned from difference Fourier maps, were included in the
structure factor calculations after six cycles. The hydrogen atoms and their isotropic
thermal parameters were not refined but were repositioned once. At convergence,
R = E|F, - |F.||/ZF, = 0.048; the goodness of fit [Ew(F2 - F2)2/(n - p)]1/2 = 2.37,
with n = 2420 data and p = 106 parameters.

Mog 14 (PMe3),: A monoclinic cell was found and cell dimensions (Table I) were
calculated from the setting angles of 25 reflections with 21° < 26 < 27°. Data were

collected in the 20 range 2° - 50° for all +h,k,+l. Altogether 10810 reflections



-25-

Table I. Crystal Data for MogBry(PMe3)s and Mojls(PMej)y

MojBr4(PMej)y Mo3gIs(PMe3)y
Formula weight 813.85 1003.81
Space group C2/c P241/c
a(A) 18.472(2) 17.069(3)
b(A) 9.384(2) 10.784(3)
¢ (A) 17.519(3) 16.788(3)
g (deg.) 114.89(1) 105.39(1)
V(a3 2755(3) 2979(2)
z 4 4
Pcalc(g cm™3) 1.97 2.24
F(000)(e™) 1548.9 1849.8
plcm™1) 72.7 23.36

crystal dimensions (mmj)

0.15 x 0.20 x 0.24

0.16 x 0.17 x 0.27
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were scanned in a § - 20 mode including 3 check reflections monitored every 10000

- seconds of x-ray exposure time. The data were corrected for a slight linear decay

and merged to give 5219 independent reﬂectibns, of which 4689 had F2 > 0 and
4035 had F2 > 30(F2). Variances were assigned the individual values of F2 based
on counting statistics plus an additional term, 0.014F32; variances of the merged
reﬁecfions were obtained by standard propagation of error plus another additional
term, 0.014 F3. Systematic absences in the data indicated space group P2;/c (#
14); assuming four molecules in the unit cell led to a reasonable density (2.24 g
cm™3). Again, no absorption corrections were made (urmaz = 0.4).

The structure was solved by Multan,'® which gave the coordinates of the two
molybdenum atoms and three of the iodine atoms. One structure factor-Fourier
cycle led to the positions of the remaining nonhydrogen atoms. The hydrogen
atoms were found in Fourier maps after six cycles of least squares, refining the
positional parameters of all nonhydrogen atoms, anisotropic thermal parameters
of Mo, I and P atoms, and isotropic thermal parameters of the carbon atoms in
a single matrix. The hydrogen atoms were included as constant contributions in
a final three cycles of least squares, with idealized C-H geometries and a thermal
parameter .equa.l to that of the carbon atom they were bonded to. At convergence,
R = E[F, - |F||/ZF, = 0.048 for all data with F2 > 0 and 0.039 for the strong
data. The goodness of fit, [Ew(F2 - F2)2/(n - p)]/2, is 2.38 for n = 5219 data and
p = 140 parameters. A secondary extinction factor!? was refined, with a final value

of 0.34(1) x 10-S.



-27-

Results and Discussion

Molecular Structures of Mo,X(PMe;)4 (X = Cl, Br, I).18

In view of fhe vast body of structural data on quadruply bonded complexes,? it
is surprising that the crystallographic results reported here for Moy Bry(PMes)4 and
Mozls(PMes)4, along with that reported by Cotton et al. for Mo,Cly(PMe3)4,!?
complete the first series for which the structures of homologous chloride, bromide
and iodide-containing dimers are known. The important bond distances and bond
angles of the MoaX4P4 cores of Mo;Bry(PMes)s and MoyI4(PMes)4 are given in
Table II. As might be expected, all three compounds possess the idealized Dyq
molecular symmetry usually found!® for species of the MaX4L4 type (Figure 1).
The principal crystallographic difference among these halogen derivatives is that
the iodide adduct crystallizes in a lower symmetry space group (P2;/c) than do the
isomorphous (C2/c) chloride and bromide complexes, although examination of the
former’s symmetry-unrelated metal-ligand bond distances and bond angles (Table
II) shows that its geometry is nonetheless very regular. In fact, even though the
crystallographically imposed symmetries of Mo;Brs(PMeg) 4 and MogI4(PMes)4 are
C3 and C,v, respectively, the overall deviations of their Mo;X4P4 cores from Dyg
symmetry are quite small.

Comparison of the molecular structures of these halide derivatives of
Mo2X,4(PMeg)4 affords an interesting opportunity to gauge the effects on the metal-
metal bond of systematic steric and inductive perturbations by these ligands. The
average bond distances and bond angles of MopX,(PMes)4 are listed in Table
HIa. Most notéworthy is the fact that the metal-metal distances of these species
are independent of the nature of X across this series, spanning a range of only

0.005A. These distances are comparable to those of the related Mo, Cly(SMej)42°
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Figure 1. The molecular structure of the Mo2X4(PMe3)4 complexes, taken from
the parameters for X = Br. This view, drawn by ORTEP, represents

the projection of the structure onto the (101) face of the crystal.
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Table II. Bond Distances and Bond Angles of the MogpX4P, Cores of MogBrg(PMeg)y
and MojI4(PMe3s)s. “

Bond Distances

[o]
Distance (A)

Atom Atom X =Br X=1
Mol Mo2 2.125(1) 2,127(1)
Mol X1 2.547(1) 2.755(1)
Mol X2 -- 2.732(1)
Mol P1 2.553(2) 2.568(2)
Mol P2 -- 2.570(2)
Mo2 X3 2,551(1) 2.762(1)
Mo2 X4 -- 2.753(1)
Mo2 P3 2.540(2) 2.559(2)
Mo2 P4 -- 2.564(3)

Bond Angles

Angle (deg)

Atom Atom Atom X =Br X=1
Mo2 Mol X1 113.65(3) 115.5(1)
X2 -- 114.7(1)
P1 102.60(5) 103.5(1)
P2 -- 103.6(1)
Mol Mo2 X3 113.34(3) 115.5(1)
X4 -- 114.8(1)
P3 102.91(4) 103.2(1)

P4 -- 103.7(1)
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Complexes
. Distances [f\)) Angles (deg) Ref.
X L M-M M-X M-L MMX MML
@ C1 PMes 2.130(0) 2.414(1) 2.545(1) 112.2(1) 102.3(1) 11
Br PMe3 2.125(1) 2.549(1) 2.547(2) 113.5(1) 102.8(1) b
I PMe3 2.127(1) 2.751(1) 2.565(2) 115.1(1) 103.5(1) b
(b)
CHj PMeg 2.153(1) 2.439(5) 2.513(2) 115.3(1) 102.5(5) 21
Cl SMep 2.144(1) 2.404(2) 2.530(2) 108.7(1) 98.4(1) 20
OCHz--But PMeg 2.209(1) 2.03(2) 2.54(2) 110 a 28

a4 Not reported.

b This work.
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and Moy (CH3)4(PMes)4?! compounds (Table IIIb), and are well within the range

"~ considered normal for complexes containing the Mo4* unit.! It is clear from these
- . 2

results that structural accommodation of the increasing interligand repulsion in the
series Cl < Br < I does not occur along the metal-metal bond for complexes of this
type, instead being reflected solely in their metal-ligand bond distances and bond
angles. Specifically, the differences between the lengths of the metal halide bonds
in this series are (d(MoBr) - d(MoCl)) = 0.135A and (d(Mol) - d(MoBr)) = 0.2024,
in reasonable agreement with the corresponding differences between the ionic radii
of these halides, namely rp, - rc; = 0.15A and rf - rp, = 0.244.22 In addition,
there are small increases in both the Mo-Mo-X and Mo-Mo-P bond angles in the
order Cl < Br < I, although the former only changes by 3° across this series and
the latter by slightly over 1°, as well as a small lengthening (0.0ZA) of the Mo-P

bond of the iodide adduct relative to the chloride and bromide derivatives.23

Although the structural insensitivity of the metal-metal bond to the nature
of the halogen ligand seems reasonably accounted for by the small perturbations
to the metal-ligand environment of these systems, the electronic interpretation of
this finding is less straightforward. The electronic structures of the model systems
Mo,Cl4(PH3)4 and W3Cly(PH3)4 have been previously investigated by SCF-Xa-
SW calculations.?® Of primary importance to this discussion is the fact that the
metal-localized 6- and m-bonding levels possess, at least at this level of theory, non-
negligible halogen orbital character.?®6 Given the increasing ligand polarizability
in the series Cl < Br < I, it seems very likely that the metal-metal bonding lev-
els of all three derivatives undergo, to quite different extents, strong metal-halide
orbital mixing,"with increasing ligand-d-orbital participation along this series.2”
That metal-ligand 7-interactions can be sufficiently strong to influence the extent of

metal-metal bonding is demonstrated by M02 (OCH;Buf)4(PMe3s)42® (Table IIIb),
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whose internuclear separation is the longest known for a dimolybdenum quadruple
bond, being nearly 0.1 A longer than those of the halide deriva.tivgs. In this in-
stance, substantial multiple bond character is attributed to the Mo-O bond, with
this repolarization of the d-electron density of the metals resulting in a significantly
weakened metal-metal bond.?%2® We see no simple explanation for the total absence
of such structural changes in the case of the halogen adducts, except to note that
less dramatic perturbations of metal-metal overlap may not manifest themselves in
the metal-metal bond length. We are currently pursuing this problem further by
examining the photoelectron spectrum of Mo;Br, (PMegs)q, in collaboration with
Dr. Jennifer C. Green of Oxford University, for the purpose of comparison with
that reported?® for Mo;Cly (PMeg3),.

Vibrational Spectroscopy.

Several detailed studies of the Raman spectroscopy of the Mo, X3~ (X = Cl, Br)
ions have demonstrated that these species exhibit strong resonance enhancement
of the totally symmetric v, (Mog) vibration upon excitation into the 1(§ — 6 *)
absorption band, as is dramatically manifested in the spectra of these complexes by
long overtone progressions (up to 11v1) in this mode.29~32 Resonance Raman (RR)
spectral data have also been reported for over twenty Mo;X4L4 complexes,33—35
and although they display much shorter progressions (< 3v;) in the a1, (Mo2)
mode, this frequency has been clearly identified in every instance, falling in the
range (330 < vy < 358 cm™!). Since for only one of these latter complexes were
both the metal-metal distance and its corresponding stretching frequency known,
we obtained RR spectra for the structuralljr characterized Mo X4 (PMeg) series in
order to facilitate comparisons among these systems. In addition, complementary
far-infrared spectra were obtained for Mo;Cly (PMes)4 and MoyCly(AsMe3)4 in the
range 50 - 500 cm™!.
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The RR data for Mo2X4(PMe3)s and Mo;Cl4(AsMe3), obtained upon exci-
tation into their 1(6§ — 6*) absorption bands (vide infra) are given in Table IV.36
In benzene solution the -extremely strong a;v;(Moz) fundamental for the chloride,
| bromidé, and iodide derivatives of Mo2X4(PMegs),4 is observed at 355, 352, and 343
cm™!, respectively, é.nd that for MosCly(AsMe3), is seen at 356 cm~!. In each
instance, two or three overtones of this mode are also observed. The bands at-
tributable to v; are polarized, with the depolarization ratios of the fundamental
of this mode for Mo3Cl4(PMes3)4 and Mo;Br4(PMes)4 being p = 0.33 and 0.34,
respectively, upon excitation at 514.5 nm, in perfect agreement with the value of
1/3 expected for a totally symmetric vibration of a linear oscillator in resonance
with an electronic transition between nondegenerate states (atzx >> azz = ayy).37
RR spectra obtained of polycrystalline samples of these four complexes at low tem-
pefa.ture are qualitatively similar to their solution counterparts, and although they
display more, and sharper bands, corresponding features between the two sets of
spectrd seldom differ in frequency by greater than 1 cm~!. The most noticeable im-
provement in the quality of these spectra arises from a red shift of the fluorescence
background, allowing longer overtone progressions in v; to be observed. The low
temperature RR spectrum of polycrystalline Mo;Br,(PMes)4 (Figure 2) is typical
in this regard, showing the sharp fundamental at 352.9 cm™1, along with five over-
tones before the onset of fluorescence. Calculation of the harmonic frequency and
anharmonicity constant for this compound from the frequencies of 1v;1-5v; indicates
that this vibration is highly harmonic, these values being wy; = 352.6 cm=! and X11
=-0.2 cm™1, respectively. While comparable data for other Mo3yX4L4 systems have
not yet been reported, the magnitude of this anharmonicity is in good agreement
with those of the Mo, X3~ ions,3!32 and is probably typical for the metal-metal

vibrations of the Mo;X,L,4 class as a whole.
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Figure 2. Raman spectrum of polycrystalline Mo3Br(PMes)4 at ca. 20K (A

€ex —

530.9 nm). The peak marked with an asterisk is a laser plasma line.
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In addition to displaying bands attributable to the a1, (Mog) mode, the RR
spectra of these complexes contain a number of lines arising from both metal-ligand
and ligand-localized vibrations (Table IV). Few of these bands are very infense, how-
ever, and most' are observed only in the solid state spectra; in the absence of depolar-
ization ratios and isotopic shift data, definitive assignments for these modes cannot,
for fhe most part, be offered here, nor have they been assigned in previous studies
of these complexes.?3=3% The solid state RR spectrum of MogCl(AsMe3)y, repro-
duced in Figure 3, illustrates the low intensity of these bands relative to v;. The
band at 278 cm™! in this spectrum, which is the most intense of the low frequency
lines, and one of comparable intensity observed for Mo;Cly (PMes)4 at ~274 cm ™1,
are assigned to the totally symmetric metal-halide stretch (a;v2(MoX)) by anal-
ogy to the assignment for MOgClg", whose various salts display this band between
270-280 cm~*.3! Previously unassigned lines reported for Moz Cl4Ly (L = PBuj,33
SMeg,“”4 SEt3,34 AsEt33%) in the 277-285 cm~!range are probably also attributable
to this vibration. The band at 159 ¢cm™! in the spectrum of Mo;Brs(PMes)y
(Figure 2), while slightly weaker than its counterparts in the chloride spectra, is
similarly assigned to v3; the corresponding frequency for Mo2Brj~ is 169 cm™!,32
and MOgBr4(AsEt3)4 shows a weak line at 170 cm~1.35 As has been observed for
the Mo;X3™ ions,?!:32 the spectra of both MoyBrs(PMes)s and Mo;3Cly(AsMes)4
display the combination band of this mode with v, with the latter complex addi-
tionally showing a combination tone progressing in v, (2vy + va; Figure 3).

In contrast to those of the chloride and bromide complexes, the RR spectrum of
MogI4(PMes), displays only weak lines of nearly equal intensity in the low frequency
region.3® Comparing the M-X frequencies of Rez X3~ 39 to those of MosCl4L4 and
Mo;3Brs(PMes)4 and extrapolating to MozI4(PMe3)4 yields a value of ca. 110
cm™! for a v, (Mol). The only RR mode near this frequency for Moyl (PMe3),
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Figure 3. Raman spectrum of a KCl pellet of Mo;Cl,(AsMe3)4 at room temper-
ature (A.; = 514.5 nm).
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is at 105 cm™! (Table IV). While peaks at similar frequencies also occur in the

" chloride and bromide derivatives, the 105-cm—! mode of Moyl (PMes)y is unique

among the Moz X(PMe3)4 complexes in that it forms combination tones with the
| 2 progfession '(vl + 105 and 2v, + 105), as observed for the Mo-X stretches in other

Mo3X4L4 complexes, and in the spectra of quadruply bonded halide complexes in

general.30~35 Therefore, we assign the 105-cm~! peak as a;v;(Mol).1°

Considering only the MoX L, core and ignoring modes associated with the
CLC and CHj structures, 18 normal modes are predicted for these complexes in D3g4
symmetry (5a; + ag + 2b; + 4by + 6e), one of which (ag) is Raman and infrared
silent. The remaining 17 are all, in principle, Raman active, while only ten (4bs +
6e) are infrared active. The far-IR spectra of Mo,Cly(AsMes)4 and Mo, Cl, (PMes)4
display ten and nine modes, respectively (Table IV, Figure 4). Tentative assign-
ments for these modes, derived from comparisons within the M;X L, series as well
as to other systems,*! are summarized in Table V. Modes that cannot be assigned
speciﬁcé.lly include angle bends (6MoMoCl, §MoMoL, and §CIMoL) between 100
and 200 cm~! and torsional modes below 100 cm~!. Interestingly, although all
of the IR-active modes are, in principle, Raman allowed, with few exceptions an
effective exclusion relationship appears to be operating for the IR and Raman fun-
damentals in these complexes.

With respect to drawing structural conclusions from comparisons of the vi-
brational frequencies of these complexes, it should be noted that the fact that
the Mo3X4(PMeg)4 complexes display different frequencies for v, even though
they possess a single metal-metal distance, indicates that this vibration is not
purely metal-méta.l stretching in nature, in contrast to the situation found for
Mo3(02CCHs)4 (which is nearly pure (MM)).43 The primary reason for the dif-

ference in mode localization among the Mo;X4L4 and Mo;(03CR)4 complexes is
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Figure 4. FT-far-infrared specira of a nujol mull of Moz Cl4(EMe3)4 at room tem-
perature: (a) E = As; (b) E = P. Peaks marked with an asterisk are

due to polyethylene.
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Table V. Proposed Assignment of Selected Fundamental Vibrations of MogXgLg

Complexes.
. Frequency/cm™!
Mode MojCl4(AsMe3)y MosClg(PMes)ly MozBrg(PMes)y Mozlg(PMeg)y
bov(MoL) (IR) 209 230
ajv(Mol) (R, v3) 217 235 235 248
apviMoX) (R, v9) 278 274 159 105
bov(MoX) (IR) 288 285
ev(MoX) (IR) 336 350
S(CLC) (IR} 223 267
§(CLC) (IR) 239 328
ajviMog) (R, vi). 356 355 352 343
v(CL) (R} 591
v(CL) (R) : 610 720
v(CL) (R) 618 746 - 740 737

§(CH3) (R) 1448




-45-

- undoubtedly structural in origin; as suggested by normal coordinate analyses,*3
G matrix mixing of metal—metal and metal-ligand modes will be very small for
metal-metal-ligand bond angles near 90°, such as those found in the carboxylate
| syst_ems;l while coupling between v; and the totally symﬁletric v(MoX, MoL) and
§(MoX3, MoL3) modés should be substantially larger for bond angles on the order
of those found for the MoyX4(PMej3)4 species.®® Viewed in this light, the range
of vy frequencies (12 cm™1) and diatomic metal-metal force constants (k = 5.9 x
107 pv? mdyne/A; X =CLk =354; X =1, k = 3.31 mdyne/A) spanned by the
Mo2X4L4 series is not surprising given the large dependence on the mass of X of
the frequencies of the metal-ligand modes of these species. Comparisons of v; and
k for MaX4L4 complexes are thus probably meritorious only for restricted subsets
of these complexes; while it is undoubtedly safe to infer that Mo,Cly(PMes)4 (v1 =
355 cm™!), Mo3Cls(AsMe3)4 (356 cm™1), and Mo2Cly(SMez)4 (358 cm™1)34 have
very similar metal-metal distances based on the closeness of their values of vy, it is
unlikelj that such comparisons between complexes containing different ligand sets,
or for homologous complexes of different metals,%* yield meaningful information
regarding the relative metal-metal bonding in these systems.

Electronic Spectroscopy.

The room  temperature solution spectra of Mo2X4(PMes)4
and Mo;Cly(AsMe3)4 are reproduced in Figure 5, and that of W2Cly(PMes)y is
shown in Figure 6. The visible absorption region of each spectrum displays three
distinct band systems: two strong absorptions, which will be discussed shortly and
are labeled I and II, and a weak cluster of bands located between I and II (Figure
7).45 To higher energy of band II, these spectra display a pattern of absorptions
too complex to allow simple correlations between individual bands in the absence of

a more detailed spectroscopic study. These transitions remain unassigned at this
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Figure 5. Electronic absorption spectra of Mo2X4L4 in 2-methylpentane solution
at room temperature: (a) X = Cl, L = PMes (—); X = Cl, L = AsMes
(- --); (b) X = Br, L = PMejs; (c) X =1, L = PMes.

Figure 6. Electronic absorption spectra of M3Cl4(PMe3), in 2-methylpentane so-
lution at room temperature: M = Mo (---); M = W (—).

Figure | 7. Electronic absorption spectra of Mo2X4(PMe3z)4 in 2-methylpentane so-

lution at room temperature in the region of the weak visible absorption

bands: X =Cl (-+-); X =Br (---); X =1 ().
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time, although we note that the similarity of the UV spectra of MoaCls(PMeg)4
~ and MoiCl4(AsMe3)4, as well as the increasing complexity in this region according
" to Cl < Br < I, is undoubtedly a reflection of the lowering in energy 'of the nu-
bmerous X — M cha.rge transfer transitions that these species should possess. The
intense, metal-metal-localized !(r — =*) transition presumably also lies in this

energy region.48

The energies and extinction coefficients of bands I and II for Mo X4(PMe3)4
and MoyCl,(AsMesz)4 are summarized in Table VIa. Band I of Mo;X4L4 has
been conclusively assigned to the !(§ — 6°*) transition on the basis of a detailed
spectroscopic study. What is noteworthy in the context of the current discussion is
that this band displays a marked sensitivity to the nature of ligand X, systematically
both red-shifting and increasing in intensity for MoaX4(PMes)4 according to Cl <
Br < L. The extinction coefficient of this band for Mogl,(PMes)4 is substantially
larger than any previously reported for a quadruply bonded complex.4” Band I is
relatively insensitive to ligand L, in contrast, displaying similar intensities for the
PMeg, AsMej (Table VIa), and PBuf (Table VIb) adducts of Moz ClyLy; the spectra
of the two phosphine derivatives are virtually superimposable, in fact, while the
arsine complex displays a slight blue shift. Finally, the 1(§ — §*) absorption both
red-shifts (1940 cm™!) and increases in intensity upon going from Moy Cls(PMes)4
to W3Cly(PMes)y (Figure 6, Table VIb). Band II displays relative sensitivities
toward X and L for Mo3X4L4 similar to those observed for band I, although its
dependence on X is much greater than that of (6 — §*). Specifically, the red
shift of band II across the Cl, Br, I series is 5540 cm™!, which is four times greater
than that for band L. In addition, the extinction coefficient of this band triples as a
result of this perturbation, while that of band I increases, in comparison, by ~60%

. The full-width-at-half-maximum (fwhm); which is independent of halide for the
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Table VI. Electronic Absorption Data for M3X4L4 Complexes.2

Band I [1(§+6%)]

Band II [LMCT]

Compound — ref
S/em™1 e/M~lem-1  f Y €
(a)
Mo,Cla(AsMes)y 17420 2970 .023 30960 3630
Mo,Clg(PMes); 17090 3110 .024 30860 3720
370 1870
MoyBrg(PMeg)y 16720 4060 .030 28990 6650 b
1000 3670
Moglg(PMeg), 15720 5250 .040 25320 11850 b
(b)
Mo,Clg(PBuj)y 17040 3150 .026 30490 3830
W7Cly(PMe3)q 15150 4170 028 34130 9090
W,Cly(PBu}), 15020 4240 028 33730 9850 b
B-MogClg(dmpe); 12450 210 .0018 29150 3660 56

8Bands I and II are shown in Figure 5. PThis work.
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1(§ — 6*) transition, decreases significantly across this series: X = Cl, fwhm =

. 2600; X = Br, 2030; X = I, 1420 cm™!. As is observed for band I, though, band

11 is little affected by the nature of L, again as illustrated by the close simila.rity of
, | the Moz‘Cl4L4 ‘(L = PMes, PBu}, AsMe3) spectra. On substitution of tungsten for
molybdenum in M3Cly(PMe3)4, band II increases in intensity by 2.5 times and, in
contrast to band I, blue-shifts 3270 cm~! (Figure 6).

The large difference in the sensitivity of the position, intensity, and width of
band II toward X relative to that of the }(§ — 6*) transition suggests that this
band, in contrast, is not attributable to a .transition between orbitals associated
with the metal-metal bond framework. Instead, the red shift of this band across
the Cl, Br, I series, and its blue shift for the Mo—W perturbation, is entirely con-
sistent with its assignment to an LMCT transition. The lowest energy transition
of this type predicted by SCF-Xa-SW and LCAO-HFS transition-state calculations
on M02Cl4(PH3)425'49 and W;Cly(PHs)4?® is 0(M-P)— 6*(M3) in both instances.
This is not an unreasonable assignment for these complexes given the close simi-
larity of this band for Moz Cly(PMe3s), and Mo;Cly(AsMes)4 5° and the relative
weakness of the Mo-P bond,?2 as well as the fact that the red shift of the lowest-
lying x(X)— 6*(M3) absorption of Re;X?~ along this series (Cl—Br: 7000; Br—1I:
9000 cm™1)39:48 ig substantially larger than that seen for Mo,X, (PMe3)4 (Table
VlIa). The strong perturbation of the energy and intensity of this absorption upon
exchanging bromide or iodide for chloride suggests, however, that this excited state
increasingly mixes with X—M states along this series,?® with 7(X)— 6*(Mog) per-
haps becoming the dominant contributor to the lowest energy charge transfer state
of the iodide complex.

The Energles and Intensities of 1(§ — 6*) Transitions.

The most obvious question to arise from consideration of the spectral data of
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the MoaX4(PMeg3),4 series is why the close similarity of the metal-metal bonding
in these complexes that is suggested by their crystal structures is not reflected
in the energies and inténsities of their 1(6 — 6*) transitions. The energy and
intensity of this band must reflect, for a given complex, the extent of §-bonding
in tixa.t system inasmuch as the magnitudes of these parameters are determined in
part by the energetic splitting of the one-electron § and 6* levels and the square
- of the é-overlap, respectively:4® Can comparisons of these parameters for different
complexes, such as the Mo;X(PMes), series, provide a more sensitive measure of
small differences in é-bond strength than does the metal-metal distance, or is this

electronic transition influenced by effects not associated with metal-metal bonding?

There have been two previous attempts at correlating one or both of these
spectral parameters with the extent of §-bonding in quadruply bonded complexes.
Sattelberger and Fackler (SF),5! and subsequently other workers, 11:32:52,53 pointed
out a nearly linear relationship between the metal-metal bond distance and the en-
ergy of ’the 1(§ — 6*) band in several limited series of complexes. Specifically, those
complexes with shorter metal-metal bonds, and thus presumably larger 6-overlaps,
were observed to have higher energy !(6§ — 6*) absorptions than did species with
longer metal-metal bonds. A second, more comprehensive interpretation of the over-
all spectral behavior of these systems was offered by Manning and Trogler (MT).*8
Based on a valence-bond approach, these workers proposed that an increase in 6-
overlap should result in a red shift of the !(§ — §*) transition and a concomitant
increase in its intensity. MT noted that overall, the spectral parameters of all
quadruply bonded dimers formed such a ‘trend: 1(6 — 6*) bands at energies of
greater than ~18000 cm™?! were relatively weak (¢ < 500), and those at lower en-
ergies (~15-17000 cm™1) were relatively intense (1000 < ¢ < 3500).47 That this

general trend in spectroscopic behavior was, in fact, a manifestation of the magni-
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tude of §-overlap in these complexes was argued by pointing out that those species
with the lowest energy and highest intensity absorptions were dimers of third-row
transition metals or were complexes containing relatively strongly electron-donating
| liga?nds,' (e. g., I-, PRa, CHj ), while high energy, low intensity (6 — 6*) bands
were found for complexes with “hard” ligands (—O,CR, SOZ', H;0) as well as for
chromium dimers; from the standpoint of the effective charge on the dimetal unit,
the former complexes would be expected to possess more diffuse atomic orbitals,
and hence larger é-overlaps, than would the latter species. The absence of an over-
all correlation of spectroscopic energy with metal-metal distance was rationalized
by noting that since it is the o- and n-interactions that largely determine the metal-
metal distances found in quadruply bonded dimers, small differences in §-bonding

would not necessarily affect this bond distance.

While both of these proposals seem intuitively plausible, neither approach
provides a totally satisfactory interpretation of the spectroscopic behavior of the
Mo;X4Ls compounds, nor do they appear to allow self-consistent correlations
among the spectra of different subgroups of quadruply bonded complexes. Anal-
ysis of the electronic spectra of MoaX4(PMegs)y, first within the MT framework,48
leads to the conclusion that the 1400-cm ™! red shift and 60 % increase in oscillator
strength for the Cl, Br, I series is a manifestation of an increase in §-overlap resulting
from this perturbation. A semiquantitative estimate of the change in overlap (S) in
this series, calculated?® from these spectral parameters, yields S(Mo;Cly(PMe3)4)
= 0.17 and S(Mo3I4(PMe3)4) = 0.23; as was noted in the discussion of their molec-
ular structures, some halogen dependence of the §-bonding in these systems would
‘not be unanticipated in view of the large difference in polarizability between chloride
and iodide, and it is reasonable that a change in overlap of the magnitude inferred

here would not affecf the metal-metal distance. While the electronic structures of
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the MoaX4(PMes)4 complexes may indeed differ in exactly this manner, there are
several pieces of evidence that suggest that such a conclusion cannot be drawn from
~ this Ahalysis of 1(§ — 6*) energy and intensity. With respect to thé d-overlap-
| dependence of the transition energy, it has been previously demonstrated that
complexes of the 3-Mo;X4(L-L); type that possess a bridging-phosphine-induced
twis.ting about the metal-metal-bond axis, and hence reduced §-overlap relative to
eclipsed (0° twist angle) dimers,54 show a 1(§ — §*) transition that systematically
red-shifts, in contrast to the MT prediction, and loses intensity as the extent of é-
interaction decreases.5®:5¢ For example, the é-overlap of §-Mo3Cly(dmpe); (dmpe
= 1,2-bis(dimethylphosphino)ethane; twist angle = 40°) can be inferred to be no
greater than 0.2 times that found in its eclipsed “rotamer”, Mo, Cly(PMejz);54:56
the 1(6 — 6*) band of the former complex is red shifted 4640 cm™! relative to that
of the latter, and is an order of magnitude less intense (Table VI). The fact that the
beha.vior of the spectroscopic parameters for the f-Mo3X4(L-L); compounds (in-
tensity decreases as the energy and §-overlap decrease) runs opposite that observed
overall for quadruply bonded dimers*” (intensity increases as the energy decreases)

suggests that the latter trend is probably not a direct manifestation of a variation

in é-interaction among these systems.

Examination of the spectra of the Moa(O3CR)4 systems,*” which in the MT
model should have among the smallest é-overlaps, further emphasizes the discrep-
ancies in this correlation. Even though the intensity of the (6 — 6°*) band of
Mo3(03CPr")4 (Tmaz = 22700 cm™!, € ~ 150 M~! cm~1)57 is lower than that
observed for 3-Mo;Cly(dmpe)3, the 2(§ — &*) band of the one-electron-oxidized,
| (037461)-configured Moa(O3CPr™)} ion (the energy of which is a direct measure
of the splitting of the one-electron § and 6* levels in this system) is centered at

13300 cm™!,%7 indicating that the energy of the §/6* orbital splitting (E(6/6*))
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_is significantly larger for these species than those calculated for complexes with
* relatively intense (¢ > 1000) (6 - 6*) absorptions (MoyCly(PH3)s, E(6/6*)
= 8070;25 Mo,Cl§~, 7900 cm™! 58), as well as those estimated for compounds
'with_ “hard” ligands and weak (e ~ 150) absorptions*’ (Mo3(SO4)3~: E(6/6*)
= 8500; Mo3(SO4)3™: 7150 cm™!);%9 it is also in good agreement with theory
(Mog(02CH)4: E(6/6*) = 12180 cm~1).3 Thus, the intensity of the 1(§ — 6*)
transition is clearly not directly proportional to E(6/6*).

Although the foregoing discussion indicates that the !(§ — 6*) energy tends
to increase in tandem with 6-overlap, the above examples also show that this re-
lationship is not as straightforward as the spectroscopic correlations pointed out
by SF and others might suggest. These workers noted, for instance, that the red
shift of this band (5200 cm™1!) for the M3(CH3)3~ (M = Cr, Mo, Re, W)51:52 ¢com-
plexes was monotonic with increasing bond distance (Ad(W3 - Crz) = 0.28 A), in
keeping with the notion that longer metal-metal distances imply relatively weaker
6-interactions. This (6 — §*) energy range is larger, however, than that found for
Mo3Cl4(PMe3)4 and 3-Mo3Cly(dmpe); (4640 cm~1, Table VI), for which the cor-
responding difference in §-overiap is known to be formally a factor of five,54—56 as
well as for Mo3(03CPr"), and Mo3(SO4)3~ (3300 cm—1),%” whose one-electron-
oxidized counterparts (Moz(O32CPr®)} and Moj(S04)3™: vide supra) differ by
nearly a factor of two in E(6/6*). From these data, the difference in é-overlap
between W3(CH3)z™ and Crz(CHs)g™ that is inferred by the SF correlation ap-
pears to be unrealistically large for such clqsely related species. Furthermore, the
fact that sizeable spectroscopic shifts are observed between complexes that have
very similar values of E(6§/6*) (e.g., MoaCl§~, Mo3Cly(PMe3)4)® , as well as for
those that have nearly identical metal-metal distances (e.g., Mo3X4(PMe3)4), sug-

gests that this relatioxiship of 1(6 — §*) energy to metal-metal distance is not likely
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to yield direct information about differences in 6-bonding among these systems.!

In formulating an answer to the question posed at the outset of this discus-
sion, it is now clear that while the energy and intensity of the (§ — 6*) band
| conjelaté well with 6-overlap in a few limited series of complexes, such as the tor-
sionally distorted S-Mo;X,4(L-L); species, there are also numerous inconsistencies,
the most notable of which appear to occur when comparisons, particularly of in-
tensities, are attempted among complexes with different ligand sets. We initially
noted that these spectral parameters reflect, to some extent, the magnitude of this
metal-metal interaction for a given compouﬁd; the question raised by the preceding
arguments thus concerns the origin of those contributions to the energy, and es-
pecially the intensity, of this transition that distort such spectroscopic correlations
among complexes. While the data discussed herein do not, in general, corroborate
the MT hypothesis, they strongly support the notion*® that the nature of the lig-
ands plays a central role in determining spectral intensity and energy. The fact
that the distinct overall trend of increasing (6 — 6*) intensity with decreasing
transition energy that was noted by MT is not entirely attributable to systematic
changes in metal-metal bonding suggests that these parameters may instead re-
flect strong ezcited state perturbations. Specifically, the mixing of 1(6 — 6*) with
high-oscillator-strength transitions of similar orbital character and symmetry would
provide a mechanism through which intensity could be stolen; band positions would
also reflect the coupling between these “zero-order” transitions.

We suggest that what the overall 1(§ — 6*) spectral trend represents, as one
proceeds from weak, high energy !(§ — 6*) bands to intense, low energy ones,
is the gradual lowering in energy, for a given dimetal unit, of r(ligand)— §*(M,)
transitions, and hence a concomitant increase in the extent of mixing between the

1(6 — 6%) and x(ligand) — 6*(M;) transitions.%? Consequently, those compounds
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- containing oxygen donors, which have relatively high energy LMCT bands, possess,

* regardless of §-overlap, much weaker !(§ — 6*) bands (¢ < 500) than do halide-

ligated dimers (e > 1000), for which LMCT transitions will be much lower in energy.
‘The_ spéctra. of Mo;X(PMe3z)4 (Figure 5) provide an excellent example of this
effect within a more restricted series of complexes. These species possess a 7(X)—
6"(Moa) transition of the same symmetry (b; —a3; !B; «—1A;) as (6§ — 6*); the
calculated splitting of the b;(x(Cl)) and az(6*(Mo3)) levels for MoaCly(PH3), is
between 30000 and 36000 cm—*,25:49 placing this transition in the near-UV region.
The dramatic increase in the intensity of the !(§ — §*) band of these complexes
according to Cl < Br < 1 is indicative of this transition progressively borrowing
LMCT intensity, in agreement with the pronounced X — M red shift across this
series (¢f. band II). In contrast, the splitting of these orbitals for Moz (0;CH)y, a
compound that is representative of the lower limit of !(§ — 6*) intensity, is ~63000
cm~1;3 the fact that Mos(03CPr™),4 and 8-Mo,Cly(dmpe); have very similar 1 (6 —
6*) intensities, even though they nearly define the respective high- and low-6-overlap
limits for d*-d* complexes, is quite reasonable from the standpoint of this charge-

transfer-mixing interpretation.
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AE(1(6 — 6*)) = 1900 cm~!. E(6/5*) differs by less than 200 cm~! between
Mo;Cl3~ and MogCl,(PH;3) 4.3

Comparisons of the transition energies of the original SF series present a sepa-

 rate problem that has been discussed elsewhere,5%*¢ namely that (in contrast

to the 3-MoX4(L-L); complexes) contributions to the !(§ — §*) energy aris-
ing from two-electron terms are not likely to remain constant over the range of
mef:al-meta.l distances and transition series spanned by the M;(CH3)3 ™ com-
pounds.

Charge transfer transitions of the §(M3) — 7*(ligand) type will also be effective
at intensity lending, provided they possess the correct symmetry for mixing
with 1(§ — &°). It is because of this latter point that the !(§ — §*) transitions
of the M3(0O3CR)4 complexes are weak even though they are in close energetic
proximity to intense MLCT bands (Santure, D. J.; Huffman, J. C.; Sattelberger,
A.P. Inorg. Chem. 1985, 24, 371-378) ; theory indicates® that none of the low-

lying MLCT states of these species have the correct symmetry.
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CHAPTER 111

The 3(66*) State
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Introduction

The lowest lying electronic excited state of complexes containing quadruple
'metal-mvetal bonds is a spin triplet of configuration [o2x466*). Although the en-
ergy of this state has yet to be directly determined by magnetic or spectroscopic
measurements,! theoretical considerations of weakly interacting orbitals,2—% as well
as indirect experimental evidence,3:6:7 suggest that it lies much closer to the 432
ground state than to its singlet counterpart. Specifically, a 4100-cm~1 splitting of
the 1(62) and 3(66*) states is predicted for Mo;Cl4(PMe3z)4 using the simple the-
ory outlined in Chapter I, and a value of 3200 cm™! is obtained for this splitting
in ResCl3~ from an ab instio generalized valence bond calculation;* the respective
singlet—triplet §6* energy gaps of these two compounds, in contrast, are estimated to
be 13000 and 11200 cm™!. Possible manifestations of a small !(62)/3(66*) splitting
in the physical properties of complexes of these types include the observation of flu-
orescenée, but not phosphorescence, for Moz Cl4(PBu%)42 and related compounds,®
and a barrier to rotation about the metal-metal bond of only 10 kcal/mol for quadru-
ply bonded Moz (porphyrin); dimers.”

Over the past several years, a number of d*-d* dimers have been reported
in which the two ML, subunits that make up these complexes are partially or
completely staggered with respect to each other due to a bridging-ligand-induced

rotation about the metal-metal bond.8—12
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While the rotationally symmetric [0274] triple-bond core remains intact in these
twiéted systems, the extent of é-interaction between adjacent d,, functions is pro-
~ gressively reduced, relative to that found in eclipsed dimers, as the torsion angle
increases, with no overlap remaining at 45°.9 Reported herein are the magnetic and
specfroscopic properties of two sets of d4-d* complexes that nearly span the range
of é-interactions: §-MozX4(dmpe); (dmpe = 1,2-bis(dimethylphosphino)ethane; X
= Cl, Br; D; symmetry), which possess twist angles of 35 - 40°, and their eclipsed
(D24) Mo3X4(PMeg), rotamers.!3

Experimental Section

Tetrahydrofuran, obtained from Burdick and Jackson, was dried and
stofed in vacuo over sodium metal/benzophenone. All other chemi-
cals were of reagent grade or comparable quality and were used as re-
ceived. Mo;Cly(PMes)y,'® MogBrs(PMes)s,'® 8-Mo2Cly(dmpe),® (dmpe = 1,2-
bis(dimethylphosphino)ethane), 3-Mo3Br4(dmpe)2,!? 3-MozCly(dppe); 1! (dppe =
1,2-bis(diphenylphosphino)ethane), and B-Mo3Cl4(8,S-dppb),!2 (S,S-dppb = (8,S)-
2,3-(diphenylphosphino)butane) were prepared according to standard methods; sat-
isfactory carbon and hydrogen analyses were obtained for each. The procedures and
instrumentation used for spectroscopic and variable-temperature magnetic measure-

ments have been described elsewhere.1€
Results and Discussion

While Mo, Cly(PMegs) and Moy Br,(PMejs) display the rigorous diamagnetism

typical of eclipsed d*-d* dimers of this type, their torsionally distorted counterparts
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are paramagnetic under the same conditions. The temperature dependence of the
magnetic susceptibility of these complexes, shown for §-Mo;Cl,(dmpe); in Figure
1, is consistent with an ‘antiferromagnetically coupled two-spin system. Although
the Ne'el point is not observed within the temperature limits of this experiment,!?
a crﬁde fit of the data (employing standard approximations of the limiting magnetic

moment,!®

and correcting for the paramagnetic impurity) places the energy (-2J)*°
of the thermally populated triplet state in the 400 - 500 cm—! range for both twisted
species, which is roughly an order of magnitude less than that anticipated for their
eclipsed rotamers. This marked deviation in the electronic properties of the two
types of complexes is also manifested in their electronic spectra, as reproduced for
the chloro compounds in Figure 2. The metal-metal-localized !(§ — §*) transition
of 3-Mo3Cly(dmpe); is, like its triplet counterpart, lower in energy than its analogue
in M02Cl4(PMe3)4 (Table I), as well as being lower in intensity (Mo3Cly(PMes)q:
€maz = 3110; f-Mo3Cly(dmpe)s: €mqz = 210 M~1 cm~1),20,31

Table I. Electronic Absorption Data for MoaX4(PMeg)s and 8-MogX4(dmpe)s

Complexes.
1 *
Compound ( BindI[ (§+6%)] Band II [o(MoP}+§*(Mo2)
v (cm™1) Shift (cm™1) v (cm™1) ~ 8hift (cm™1)

Mo3Cl4(PMe3)q 17090 30860

4640 1710
B-MogClg(dmpe)y 12450 29150
MoyBrg(PMeg)y 16720 28990

4720 1890
B-MoyBrg(dmpe); 12000 - 27100

The energetic differences between the §6* states of MoX4(PMes)4 and §-

Mo;X4(dmpe); can readily be attributed to the orbital overlap dependence of the



-69-

Figure 1. Temperature dependence of the corrected magnetic susceptibility (o)

Figure’ 2.

and magnetic moment (1) of a powdered sample of 3-Mo3Cly(dmpe),.
The room temperature magnetic susceptibility of Moz Cly(PMes)4 (-280
x 10~8 emu/mol; crystalline sample, Faraday balance, 300 K) was used
as the diamagnetic correction.

Electronic absorption spectra of B3-Mo3Cls(dmpe)s

(—) and MoyCl4(PMe3)4 (- - -) in tetrahydrofuran solution at room

temperature.
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- one- and two-electron interactions defined in Chapter I. It has been proposed by
- Coﬁto_n et al. that the torsion angle dependence of the é-overlap is S = cos(26);°

- torsion angles of 35 - 40°, such as those found for 3-Mo;X4(dmpe)s, reduce the
’5-in_tera<':tion to 0.17(X = Cl) and 0.34(X = Br) times thﬁt found at 0°. Inasmuch
as the §-overlaps of the eclipsed Mo, X (PMe3)4 complexes are only on the order of
~0.1, as noted in the preceding chapter, the energetic splittings of the one-electron
6 and 6* levels of 3-Mo2Cls(dmpe); and 3-Mo;Bry(dmpe); are clearly quite small.
This is borne out by the fact that the o(MoP) — §*(Moj) bands (cf. band II)!6
of the twisted complexes are red-shifted néa.rly 2000 cm™! from their analogues
in the eclipsed dimers, as well as by the concomitant reduction in the intensity of
the (6§ — 6*) transition; the §-overlap of B-Mo;Cly(dmpe); is estimated, using
a standard relationship for the oscillator strengths of N — V transitions,?? to be
~0.3 times that of Moz Cly(PMes)4. As a result of this reduction in overlap, the
covalent 62 and 3(66*) states of the eclipsed species should collapse to a nearly
degenefate pair of spin states derived from the weakly coupled d,, functions of
each metal of the twisted complexes, as shown schematically in Figure 3. This is
reflected in the substantial population of both spin states of 8-Mo;X, (dmpe); at
room temperature. In contrast, the energy of the ionic 1(66*) state is dominated
by an electronic repulsion term (2K) that remains roughly invariant over the range
of overlaps (0.01 < S < 0.1) and distances spanned by these species since the
(aalaa) and (aa|bd) integrals that this term is composed of are not dependent on
torsion angle; this latter fact is responsible for the differences between Figure 3 of
Chapter I and the scheme shown here. Thus, even near the zero-6-overlap limit, B-
Mo;Cly(dmpe); and f-Mo,Bry(dmpe); display (6 — &*) transitions that are only
~4500 cm~! red-shifted from those of their eclipsed counterparts. The sum of this
red shift and the va.ljue of -2J obtained for b—M03X4 (dmpe); places the position of
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Figure 3. Energies of the lowest electronic states of Mo;Cly(PMes)s and fS-
Mo;Cl4(dmpe);.
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the 3(66*) states of Mo, Cly(PMes)4 and Mo,y Bry(PMe3)4 ~5200 cm™! above their

~ ground states and over 10000 cm~! below *(66*).

In addition to providing the first experimental estimate of the enérgy of the
v3(56"") s£ate of quadruply bonded dimers, the data and analysis presented above
yield insight into twb aspects of the discussions in the preceding chapters. First,
we nbte that the 6480-cm™! value of K estimated for Mo;Cly(PMes)4 in Chapter
Iis in very good agreement with one-half the !(§ — 6*) transition energy (2K) of
f-Mo3Cly(dmpe); (6230 cm™1!). This seems to support the validity of the approx-
imations employed in the derivation of the energies of the 6-manifold of states.2?
Finally, the red shift of the 1(§ — 6*) band observed upon exchanging bromide for
chloride in Mo X4(PMeg), is mirrored by the spectra of their torsionally distorted
counterparts. Thus, in contrast to the prediction of Manning and Trogler,?3 who
have suggested that such red shifts with larger halides are due to an increase in 6-
overlap (AW), the theoretical framework presented here indicates that these shifts
are actﬁa.lly more the result of a reduction of K: MozCly(PMes)s, AW = 8950, K
= 6200 cm™}; MoyBrs(PMes)q, AW = 9070, K = 5900 cm~!. This trend is well
established for mononuclear transition metal complexes, and is a manifestation of

the nephalauxetic effect.24
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While the small stoichiometric difference between dmpe and 2(PMe3) prevents

- f-Mo3X4(dmpe)z and MoaX4(PMes)4 from being considered rotamers in the

strictest sense, the electronic similarity of the two phosphines, in addition to the
close structural correlation of the ML4 subunits of the two sets of complexes,4
suggests that the metals of both the PMe; and dmpe species lie, for a given
halide, in nearly identical ligand fields, with the fundamental difference between
them being the torsion angle.

Structural comparison of Moj3Cly(PMes)4!® and (B-MoaCly(dmpe);):
d(MoMo) = 2.13 A(2.18); d(MoCl) = 2.41(2.40); d(MoP) = 2.55(2.53);
£(MoMoCl) = 112°(111); Z(MoMoP) = 102(98); Z(MoMo torsion) = 0(40.0).
Structural comparison of Mo;Bry(PMes)4'® and (B-MozBry(dmpe);)io:
d(MoMo) = 2.13(2.17); d(MoBr) = 2.55(2.55); d(MoP) = 2.55(2.54);
/(MoMoBr) = 114(109); Z(MoMoP) = 103(102); Z(MoMo torsion) = 0(36.5).
Cotton, F. A, Extine, M. W.; Felthouse, T. R.; Kolthammer, B. W. S.; Lay,
D. G.; J. Am. Chem. Soc. 1981, 108, 4040-4045.

Chapter II. | .
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Sample decomposition occurs above ~375 K, as evidenced by an increase in
the signal attributable to the paramagnetic impurity.

Earnshaw, A. “Introduction to Magnetochemistry”; Academic Press: New
York, 1968.

In this instance J is defined as the coupling constant. Subscripted J’s refer to
coulomb integrals, as noted in Chapter I.

No other bands were observed in the electronic spectrum of 3-Mo;Cls(dmpe),
between 1000 and 1600 nm.

In contrast to S-Mo;Cls(dmpe); and S-MoyBrs(dmpe);, 5-Mo;Cly(dppe);
(£MoMo torsion = 30.5°)!! and B-Mo3Cl4(S,S-dppb); (24.6°)'? display higher

energy !(§ — 6*) transitions (785 and 741 nm, respectively), and are diamag-

netic at room temperature.

In light of this agreement between the experimental results and sim-
ple theory, we now reconsider the 3(§ — 6*) assignment in the spec-
trum of Re3(02CCMes)4Cls.! Using the 14490-cm™! 2(§ — 6*) band of
Rez(02CCMe3)4Cl;~ (Dunbar, K. R.; Walton, R. A. Inorg. Chem. 1985, 24,
5-10) as the value of AW yields a 3(6 — 6*) excitation energy of 10390 cm ™!
for the neutral complex, in very poor agreement with the proposed 16500-cm 1
spectroscopic assignment.

Manning, M. C.; Trogler, W. C. J. Am. Chem. Soc. 1983, 105, 5311-5320.
Parts of this chapter have previously been published: Hopkins, M. D.; Zietlow,
T. C.; Miskowski, V. M.; Gray, H. B. J. Am. Chem. Soc. 1985, 107, 510-512.
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CHAPTER IV

Photophysics of the 1(66*) State
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Introduction

The most.visually striking property of quadruply metal-metal bonded dimers
is the intense luminescence displayed by a variety of derivatives of this class
of c_compo’unds.l'9 Although the emissive states of these complexes have been
~ fairly well ch#racterized from a spectroscopic standpoint,3—48—9 their photophys-
ical properties have been virtually neglected.}»?1% In one of the more compre-
hensive studies along these lines,? it was shown that the emission observed for
Mo, Cl4(PBu%)4 was unambiguously attributable to fluorescence of the ! (66*) state.
In contrast, the 3(§6*) excited state did not appear to manifest itself in the photo-
physical properties of this species either through phosphorescence or as a long-lived
transient.? It is clear from the results in the preceding chapter that this is entirely
consistent with the 3(66*) state lying only a few thousand wavenumbers above the
1(§2) ground state in complexes of this type.

Our interest in the photophysics of the MaX L4 class as a whole was orig-
inally motivated by the observation that the emission of the MoyCly(PMes)y
dimer appeared to be much more intense than that of the electronically similar
MOgCl4(PBug)4 compbund: the PBuj derivative is a blue solid, while crystals of
the PMej species are bright red. In addition to attempting to determine the gener-
ality of the original conclusions on the photophysics of such species,? especially in
light of the discussion of the ligand sensitivity of the energies and intensities of their
1(§ — 6*) transitions,!? it was hoped that an understanding of the radiative and
nonradiative process'es of the M3X 4L, class would yield some insight into the nature
of the potential energy surfaces of the !(6§2) and !(66*) states, and thus into the
high-resolution a.bsorption and emission spectra that will be presented in Chapter

V. Reported herein are the ligand, temperature, and medium dependencies of the
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photophysical properties of the Mo X,L4 chromophore.!3
Experimental Section

Materials.

.The solvents used in this study were dried by standard methods,!4 de-
gassed with a minimum of five freeze-pump-thaw cycles on a high-vacuum man-
ifold (limiting pressure < 1072 torr), and stored under vacuum with a drying
agent: 2-methylpentane (Phillips) and cyclohexane (Aldrich) with lithium alu-
minum hydride; benzene (Burdick & Jackson), dg-benzene (MSD Isotopes; 99.6+
atom-% D), tetrahydrofuran (Burdick & Jackson), and 2-methyltetrahydrofuran
(Aldrich) with sodium metal/benzophenone; d;z-cyclohexane with titanocene; and
dichloromethane (Burdick & Jackson) and 2-propanol (Aldrich) with activated 4A
molecular sieves. N, N-dimethylformamide (Mallinckrodt) was distilled under re-
duced fressure a.nd degassed with five freeze-pump-thaw cycles immediately prior
to use. All other chemicals were of reagent grade or comparable quality and
were used as received. The complexes Mo;X4(PR3)s (X = Cl, R = Me,!? Et,
n-Pr, n-By;!% X = Br; R = Me,'? Et;'® X = I, R = Me'?), Mo3Cls(AsMe3)4,!2
and W,Cl4(PMeg3) 417 were prepared according to standard procedures; satisfactory
carbon and hydrogen elemental analyses were obtained for each.

Spectroscopic Measurements.

Electronic absorption spectra were recorded on either a Cary 17 or Hewlett-
Packard 8450A spectrometer; emission spectra were recorded and corrected for spec-
‘trometer response with instrumentation that will be described elsewhere.® Spectra
were obtained of solutions prepared on a vacuum line in a vessel consisting of a 10

mL round bottom ﬂ_aék, a 1 cm pathlength quartz spectral cell, and a teflon high-
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vacuum stopcock. Solvent was bulb-to-bulb distilled into the evacuated cell from
the appropriate storage flask and degassed with two additional freeze-pump-thaw
cyclés. Highly dilute solutions were used for emission spectra and quantum yield
* determinations’® (optical density < 0.1 at the !(§ — é*) absorption maximum)
beéa.use of the strong self-absorption of the emission. The luminescence quantum
yield standard employed in this study was Mo3Cl,(PBu})4 in 2-methylpentane,
which has a wavelength-independent quantum yield of 0.013 at room temperature.?
Emission Lifetime Measurements.

Emission lifetimes wére measured with a computer-controlled Nd:YAG laser
system that has been described elsewhere.!® All samples were excited at a right
angle to the detection monochrometer with the second harmonic output (532 nm)
of the laser. Precautions were taken to minimize the photoinduced local heating
of both solution and solid-state samples upon excitation: the absorbance at the
532-nm excitation wavelength was held to 0.1 or less in the former case, and the
laser was operated at the lowest possible output power for the latter. Lifetimes
were determined from the average of a minimum of 500 emission intensity decays;
these decays exhibited first-order kinetics over at least three halflives.

Temperature control for va.ria.ble—temﬁerature experiments was achieved with
several different apparatus. Emission lifetimes at low temperature (4.2 - 70 K) were
acquired with an Oxford Instruments Ltd. cryostat that will be described in detail
in the following chapter. Samples at these temperatures consisted of crystalline
solids mounted on thin copper flats with petroleum jelly or silicon grease. TFor 77
K measurements, solutions or crystalline solids sealed in evacuated NMR tubes were
- held in a liquid-nitrogen-filled quartz finger dewar. A continuous-flow nitrogen gas
dewar was employed for higher temperature experiments (100 - 350 K). Solution

samples were contained ’in an evacuable, 1 mm pathlength quartz cell to which a
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calibrated copper/constantan thermocouple had been attached. With the exception

"~ ofthe 77T K measurements, samples were allowed to thermally equilibrate for 20 -

30 minutes before lifetimes were acquired.
Data Analysis.
Nonlinear least-squares analyses of the photophysical data were obtained with

a computer program employing a standard Taylor-series/gradient algorithm.?° The

criterion for convergence was

Z(xcalc - -'Eolu)2 <1071

)

for ¢+ data points.
Results

Ligand and Temperature Dependence of the Mo;X,L, Emission Lifetime.

A variety of complexes of the Mo X L4 type were examined in this study with
the aim of differentiating the intrinsic photophysical properties of this chromophore
from ligand-dependent excited-state-decay phenomena. These series of compounds,
which consist of dimers differing by systematic ligand perturbations both within and
outside the metal coordination sphere, are composed as follows: Mo,Cl4(PR3)4 (R
= Me, Et, n-Pr, n-Bu) and Mo;Br4(PR3)4 (R = Me, Et); MoCl4(EMe3)4 (E = P,
As); and Mo2X,(PMes)4 (X = C), By, I).

The room temperature absorption and emission spectra of the Mo;X,4 (PMe3),
complexes in saturated hydrocarbon solution, the fluid medium in which the longest
‘emission lifetimes and highest quantum yields are observed (vide infra),?! are re-
produced in Figure 1. In each instance there is sizeable overlap of the emission band

with the low energy ﬂa.nk of the 1(§ — 6*) band, consistent with the assignment
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Figure 1. Absorption (—) and corrected emission (- - -) spectra of Moy X, (PMes),

(X = Cl, Br, I) in 2-methylpentane at room temperature.
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of the luminescence to !(§6*) fluorescence. The pertinent spectroscopic and pho-
- tophysical parameters for these and the other M3X,L4 complexes in this solvent
are sef‘out in Table I. We initially note three observations common to this class of

compounds. First, the radiative rate constant k,

kr = ¢:m = Pemkobs (1)

of each complex at room temperature is in reasonable agreement with that
estimated?? (k£%/¢) from the oscillator strength (f) of its (6 — 6°) transition,
again in accordance with the assignment of the emission as !(6* — §6). Second,
all lifetimes and quantum yields are independent of excitation energy throughout
the visible region, with the former additionally being a constant function of the
wavelength at which the emission is monitored.?3 Third, the luminescence life-
time of every Mo;X4L4 compound is longer, often substantially so, at 77 K than
at room temperature. With regard to this latter point, it has been previously
demonstrated? for Mo;Cly(PBuj)4 that this increase in lifetime with decreasing
temperature is mirrored by an increase in the emission quantum yield, thus indi-

cating that the nonradiative decay rate ky,3*
knr = kobn —ky (2)

is temperature dependent, and that the radiative rate is not. That this aspect
of the temperature dependence of the lifetime is a general one for the Mo;X L4
class of complexes may be inferred from the fact that the oscillator strength of the
1(6 — 6*) transition, which is roughly proportional to k, at room temperature, is
also independent of temperature (Table I).

Aside from these general observations, it is clear from the data in Table I

- that the room temperature emission lifetime and quantum yield of the Mo X4L,4
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chromophore is a sensitive function of the nature of X and L. The most strik-
" ing of' these differences, especially in connection with the discussion in Chapter II
- of the energies and intensities of the !(§ — §*) transitions of these compounds,
is> the _obsérvatioh that the variations in these parameters upon nonchromophoric
substitutions (e.g., Moz Cl4(PR3)4, MoaBrs(PR3)4) are larger than those for substi-
tutions that significantly perturb the !(§ — §*) transition (e.g., Mo2X4(PMez)4).
Inasmuch as the difference in lifetime between room temperature and 77 K for a
given compound ranges from less than a factor of 1.5 to an order of magnitude
or greater, however, comparisons among the lifetimes of these compounds must be
made over an extensive temperature range rather than at a single temperature.
Arrhenius-plot representations of the variable-temperature lifetime behavior of the
Mo3Cly(PR3)4, Mo2Cly(EMe3z)4, and MoyX4(PMe3)y series of complexes are dis-
played in Figures 2a - c, respectively. Note, for purposes of comparison, that the
data for Mo;Cls(PMes)4 are shown in each figure. As is usually found for data
of this type, all plots display a marked deviation from linearity. Specifically, the
emission lifetime decreases nearly linearly with increasing temperature in the vicin-
ity of room temperature, while in the low temperature region it is temperature
independent; this latter behavior extends down to 5 K.25 The overall photophys-
ical behavior of each Mo3X4L4 complex can be reasonably accounted for with a

modified Arrhenius expression of the form

—E,
knr = kgr + k,l‘,exp(k—bz—;) (3)

where k2. and k},exp(-Eq/ksT) represent the nonradiative rate in the low and
- high-temperature regimes, respectively. Shown in Figure 3 is a comparison of the

~ observed data of Mo3Cly(PMes)4 with that calculated by both a nonlinear least-
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Figure 2. (a) Temperature dependence of kops of MozCly(PR3)s in 2-

Figure 3.

methylpentane: {(0)), R = Me; (B), R = Et; (0), R = n-Pr; (), R
= n-Bu. (b) Temperature dependence of kop, of Mo;Cl4(EMeg)y4 in 2-
methylpentane solution: O), E =P; (), E = As. (¢) Temperature
dependence of k,, of Mo;X4(PMeg)4 in 2-methylpentane solution: O),
X=CL(>),X=8Br(0),X=1L
Comparison of the experimental emission lifetime of MoyCly(PMe3)4
with that calculated by a nonlinear least-squares fit of the entire data
éurve to equation 3 (solid line; parameters listed in Table II) and by a
linear regression analysis (xaxx) of the high temperature (T > 300 K)
and low temperature (T < 200 K) regions of the data. The upper plot

shows the calculated residuals of the nonlinear least-squares fit.
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squares fit of the data to equatién (3), as well as that calculated from linear regres-
| sion a.n_alyses of the data near the two temperature limits. The close agreement
of the calculations with each other and with the observed data suggests that the
nonlinear region of the data that connects the two temperature regimes is simply a
convol_ution’ of these two linear limits, and thus does not require an additional term
in the overall rate expression.

The parameters calculated by fitting the variable-temperature lifetime of the
Mo3Cl4(PR3)4, MozCl4(EMe3)4, and MozX4(PMe3)4 complexes to equation (3)
~ are set out in Table II. Note that these parameters for the Mo;Cly(PR3)4 and
Mo3Cly(EMeg3)4 series are derived from analyses of kops rather than k,, since the
emission lifetimes of most of these compounds at room temperature are too short
to allow accurate estimates of k, (Table I). Comparisons among these parameters
for the MosCl4(PR3)4 and Mo, Cly(EMeg)4 systems are thus valid if k, is roughly
constant; the near equivalence of the values of k¢%'¢ (Table I) and k° (Table IIa)
suggest that this is indeed the case. For the MosX4(PMes), series (Table IIb),
values of k,, were obtained from the observed data using equation (2) with the
assumption that k, is temperature independent.26

The most noteworthy feature of the data presented in Tables I and II is that
the dramatically differing photophysical behavior of these derivatives at room tem-
perature seems to be largely attributable to variations the Arrhenius preexponential
term k. Also quite striking is the fact that the lifetime of WoCly(PMes), (Table
I}, in contrast, is essentially constant over this same range of temperatures.
Medium Dependence of the Photophysical Properties of Mo, Cl,(PMej3) .

The luminescence lifetimes and quantum yields of the Mo,X4L4 complexes are
substantially less in polar or unsaturated hydrocarbon solvents than those reported

in the previous section for saturated hydrocarbon solution. While for most com-
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Table II. Arrhenius Parameters for MogX4L4 Complexes in 2-methylpentane.?2

‘Compound E,/103 cm™1 k0/106 sec1 k1/1012 sec~1
(a)

Mo3Cla(PMe3)g 3.3 5.8 14.6
‘MoyClg(PEt3)g 2.2 5.4 5.1
MoyClg(PPry)g 2.4 5.3 4.6
Mo3Cla(PBuj)g 2.3 5.2 3.8

(b)

Mo;Clg(PMe3)q 3.3 3.7 14.6
MogBrg(PMe3)y 3.5 5.1 20.0

Mogls(PMe3)y 2.5 5.3 4.5

ElPararmaters derived from nonlinear least- squares fit of observed data to kgpg =
k0 + k1 exp (-E,/kpT) (part a) and kyy = k), + ki exp (-Ea/kpT) (part b).
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pounds these lifetimes are below the detection limit of our apparatus, the emission
" of the MoyCly(PMes)y dimer is sufficiently long-lived in most solvents to probe
- the origin of this effect. The spectroscopic and photophysical parameters of this
cdmplex ina variety of solvents are set out in Table IIL The data are arranged to
highlight four parallel trends: proceeding down the table, the 1(§ — 6*) absorption
maximum systematically blue shifts, the fluorescence band red shifts, and both the
émission lifetime and quantum yield decrease. A compilation of experimental and
empirical parameters that characterize these solvents is given in Table IV; in no
instance is there a clear correlation between the solvent trend imposed by any one
of these parameters and that obtained from the observed data. Also included in
Table III are two significant solvent perturbations that are not of photophysical
significance for this complex: solvent deuteration (hi3- vs. djz2-cyclohexane and he-

vs. dg-benzene) and viscosity (nujol vs. 2-methylpentane and cyclohexane).

Since the decrease in the room temperature emission lifetime of
Mo;Cl4(PMes)4 (as one proceeds down Table III) is mirrored by the relative quan-
tum yield, the medium dependence of these parameters can be attributed to the sol-
vent sensitivity of the nonradiative decay rate. Specifically, k,, increases by a factor
of five from 2-methylpentane and dichloromethane and, based on the ratio of the life-
times, at least doubles again from dichloromethane to N, N-dimethylformamide and
acetonitrile; k,, in contrast, is nearly constant. Examining the variable-temperature
-~ lifetime behavior of Mo;Cly(PMes)4 in the four solvents from Table III that remain
fluid over an appreciable temperature range reveals (Figure 4) that there is a marked
temperature dependenée of the lifetime in each solvent, which, as was argued in the
pfevious section, is due to the temperature dependence of k,,. Interestingly, the

- lifetime of MOZCI4(PMe3)4 in each solvent approaches the same limiting value at

low temperature.
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Figure 4. Temperature dependence of kop, of MoaCly(PMes)y in various sol-
vents: () = 2-methylpentane; (») = nujol; ()= i-propanol; ()

= dichloromethane.
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Table IV. Physical and Empiriéal Constants of Solvents.2

Solvent D:®  Dgp? ugh E;¢  z4d  AN®  DNe
hexane 1.9 1.882 0 30.9 -—- 0.0 0.0
benzene 2.27 2.244 0 34.5 54.0 8.2 0.1
- i-propanol 18.3 1.89 1.66 48.6 76.3  33.5 ---
dichloromethane 8.9 2.028 1.6 41.1 64.2 20.4 --=
N,N'-dimethyl 36.7 2.04538 48.3 43.8 68.5 16.0 26.6
formamide
acetonitrile 36.2 1.8066 3.92 46.0 71.3 18.9 14.1

aDg and Dgp are the static and optical dielectric constants, g is the gas phase
dipole moment, ET and Z are empirical solvent scales related to optical charge
charge transfer energies of pyridinium derivatives, and AN and DN are the Gutman
acceptor number and donor number, respectively.

brever, A. P. B. "Inorganic Electronic Spectroscopy"; Elsevier: Amsterdam, 1984,
p. 211.

CReichardt, C. Angew. Chem., Int. Ed. Engl. 1965, 4, 28.

dKosower, E. M. J. Am. Chem. Soc. 1958, 80, 3253.

€Gutman, U. "The Donor-Acceptor Approach to Molecular Interactions"; Plenum:
New York, 1980.
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Discussion

The ihterprétation of molecular photophysics usually requires some understand-
ing of the nature of the potential energy surfaces of the states between which the
radiative and nonradiative processes occur. Because the details of the surface of the
1(§6*) state will not be presented until the following chapter, some of the following
discussion will be based on elementary considerations of the theory of nonradiative
decay, and will be reconsidered at the conclusion of Chapter V. The rationale for
presenting this chapter first is that the interpretation of the vibronic structure re-
solved in the !(§ — 6*) and !(6* — §) transitions at low temperature relies in part
on the findings presented herein.

The data in Tables I and III indicate that the sensitivity of the emission lifetimes
and quantum yields of the Mo2X L4 complexes to ligand, temperature, and medium
can be traced to variations in their rates of nonradiative decay. The radiative
rate of this chromophore, in contrast, is only slightly perturbed by these variables,
instead being sensitive only to the oscillator strength of the (6 — 6*) transition.
The key cohclusion to be drawn from this latter observation is that the molecular
distortions that these species undergo upon population of the 1(§6*) excited state
do not alter the dipole-allowed character of the }(6* — §) transition. As noted in
a previous investigation of complexes of this type,? this behavior is quite different
from that encountered for the Rezclg_ ion, the radiative rate of which is four
orders of magnitude below its Strickler-Berg?? expectation value. This is indicative
of an excited staté distortion that imparts the 1(§* — §) transition with substantial

- forbidden character.

In contrast to the straightforward explanation of the radiative processes of the
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M2X4L4 complexes, the interpretation of their nonradiative decay rates, and the
' identiﬁca.tion of the specific pathways responsible for the radiationless deactiva-
~ tion of the 1(66*) state, is a considerably more difficult task. It is traditional to
ct‘)mmvencev the discussion of these aspects of the photophysics of transition metal
complexes with a summary of the theoretical treatment of Englman and Jortner.3!
Becauée of the complexity of metal complexes from an electronic and vibrational
standpoint, however, it is also traditional to not draw anything resembling an un-
ambiguous conclusion concerning the nature of these processes. Because the nonra-
diative properties described here are no less complex than those reported for most
mononuclear species, we will not deviate from this useful precedent. Quite briedly,
and ignoring the numerous approximations employed in the following derivations,

the nonradiative transition probability is given by

W= -;'—:e:z:p(—G’) /_ : ezp [““;E‘ +GL(t) + G_(t)] dt (4)

where G, which is a dimensionless parameter that is a measure of the displacement

of the two adiabatic potential energy surfaces with respect to each other, is given

by

e (f‘-.;k‘;,—>> (5)
In equation 5, Eps is roughly one-half the difference of the energies of the vertical
transitions between the two surfaces, and < w > is the average vibrational frequency
taken over all normal modes. Two analytical limits for the evaluation of the integral
in the expression for W are derived from the magnitude of G; the potential energy
surfaces corresponding to these two limits are shown in Figure 5. For G > 1, which

| is refered to as the strong coupling limit, equation 4 reduces to

Wse = T V Eneky T <P (ka*) (6)
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Figure 5. Qualitative representation of the ground and excited state potential en-
ergy surfaces in the (a) weak- and (b) strong-coupling regimes of non-

radiative decay.
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where C is a matrix element connecting the two states, and T* and E, are given by

_lh<w> h<h<w>>

‘ — ———
T = 2 ky 2k T

(7)

(AE — Ep)?

= 8

Two additional expressions can be derived from equation 6 by considering its high-

(9) and low- (10) temperature limits

kT 27 —-E
wET = =" ¢? i ( kb;) (9)

47 —2E
VVLT — Cz a
s¢ V E'Mh<w>ezp (h<w>> (10)

In the weak coupling regime (G < 1), W is given by

c? [ 2x —~AE
Wwe = h hwmAEezp< Fwm ) (11)

where AE is the difference in the zero-point energies of the two surfaces, v is a
measure of the displacement of the surfaces, and w,, is the value of the highest
frequency normal mode.

Examining first the low temperature region of the variable temperature life-
times of the MogX4L4 complexes in light of the above discussion indicates that
either the strong or weak coupling limits could account for the observed behavior
of these species. While we have not attempted to differentiate between these two
regimes, a key experimental test along these lines would be H/D isotope exchange,
since, according to equation 11, the nonradiative rate should be sensitive to the
highest frequency vibrations in the molecule, which are efficient accepting modes;32
the emission of MoyCly(P (CH3)3)4 would presumably be shorter lived than that

- of Mo3Cl4(P(CD3)3)4. A second prediction of equation (11) is the presence of an
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energy gap dependence of the nonradiative rate, and this has been invoked by oth-
~ ers as evidence for the weak coupling limit in some types of metal complexes.33
- ‘Since the low-temperature lifetimes of the MoX 4L, species increase with decreasing
1‘(6 — §*) trans;ltion energy (Table I), such an effect could be claimed here. The
energy dependence is a fairly small one, however, and its interpretation is further
cloudéd by thebfact that k,, = k, at these temperatures; as noted in Chapter II,

there is, in essence, an energy gap dependence of the *(6§ — 6*) oscillator strength,

and hence also of k,.

There is less ambiguity regarding the ihterpretation of the high-temperature
region of the variable-temperature lifetime data within the Englman and Jortner
framework, since only the expressions for the strong coupling nonradiative regime
contain temperature as a variable. Moreover, equation 9 strongly resembles an
Arrhenius rate expression. The nonradiative decay scenario suggested by this com-
parison is that at high temperatures the !(66*) state is depopulated via a surface
crossing with a different electronic state. While this second state is indicated to be
the ground state in Figure 5, this need not be the case; higher energy excited states
may also be involved. This latter possibility seems to be the more likely of the two;
the large separation of the 1(66*) and 1(§2) states (AE + Ejs = 15000 - 20000
cm~1!) would require a value of Eps much larger than is experimentally observed,
as can be inferred from the discussion in the following chapter. Because the 3(§§*)
and !(62) states lie in close energetic proximity, similar considerations also make
it an unlikely candidate for such a crossing. There are, however, several excited
states that lie just a.bdve 1(§6*), as discussed in Appendixes II and IV. Because the
energetic differences between 1(§6*) and these upper states are dependent on the
nature of the inner coordination sphere, the variations among the Arrhenius activa-

tion energiesv of the Mo, X 4(PMes) 4 series a.n-d Mo, Cly(AsMes) 4 are not particularly
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surprising. In contrast, the elecfronic spectra of the Mo;Cly(PR3)4 compounds are
| ‘superimposible, which suggests that they should possess identical E,’s. While the
* fact that they do not may simply represent the uncertainty in these values,34 it is
é,lso possible that the barrier to the activated decay process, or even the process
itself, differs among these species.

If we assume, for simplicity, that the nonradiative activation energies of the
Moz Cly(PR3)4 series are identical, then the differences in the rates of nonradiative
decay among these compounds are entirely due to the k! preexponential term, the
value of which is on the order of 103 s—1.35 While this is in reasonable agreement
with expectations for a unimolecular reaction,® this should not be taken too seri-
ously as an indication that either the simple rate expression used here (3), or that
derived from a more rigorous approach (9), is successful in decomposing the overall
nonradiative rate into physically interpretable parameters, especially since values
of k! as high as 1022 s—! have been reported for such processes.” In any case,
the only variable in the preexponential term of equation (9) that is left to explain
these ligand-induced lifetime perturbations is C, which is the matrix element that
connects the initial and final states. Needless to say, the exact fashion in which this
term depends on the length of the alkyl chain is less than obvious.

Although the conclusions drawn from the analysis of the nonradiative rates
within the Englman and Jortner framework are less than satisfying, there is one
aspect of the photophysical properties of the M3X, L, compounds that seems to
be interpretable from a more intuitive standpoint. Specifically, while there is a
large difference in the nonradiative rates of Mo;Cly(PMes)s and Mo,Cly(PEt3)4,
~additional lengthening of the alkyl chain of the phosphine does not alter this rate
further. Inasmuch as introducing carbon-carbon bonds, or, more specifically, intro-

ducing the vibrations associated with this linkage, into the MX4L4 chromophore



-108-

greatly enhances nonradiative décay, we conclude that these are efficient promoting
modes®? for deactivating the *(66*) state. The fact that additional lengthening of
* the alkyl chain dpes not increase the nonradiative rate further is evidence that the

efficiency of these modes is very high indeed.3®
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CHAPTER V

The Molecular and Electronic Structure of the 1(§6*) State
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Introduction

The (6 — 6*) electronic transition of quadruply metal-metal bonded com-
piexes_ ha.s' been the subject of extensive spectroscopic and theoretical study in the
15 years following the first correct identification of this band in the spectrum of
the RezCl3~ ion.»? The motivation for investigations along these lines is two-fold:
First, the energy and intensity of this transition are fingerprint parameters that can
be used (albeit with limited success, as noted in Chapter II) to qualitatively estimate
the differences in ground state 6-overlap among these complexes,®~% and second,
analysis of the vibronic structure resolved within this transition at low temperature
yields insight into the nature of the bonding in the 1(§6°) excited state.2:6—10 Be-
cause these excited states have only a fleeting existence (r ~ 1072 - 10~7 s), this
latter form of analysis is as crucial to the elucidation of their molecular structures
as is x-ray crystallography to the study of their ground states.

In evaluating the structural distortions associated with population of the
1(66*) excited state of quadruply bonded dimers, previous spectroscopic studiess—1°
have emphasized elongation along the metal-metal axis as the principle distortion.
The observé,tion of long, intense progressions in the metal-metal stretching mode
(v1(Mg)) in this band at high resolution? has led, in fact, to the proposal that the
metal-metal-localized character of this transition is extremely high for some types
of quadruply bonded complexes,!! and this seems entirely reasonable inasmuch as
1(6 — 6*) is a metal-metal bonding-antibonding transition. As was noted in Chap-
ter II, however, t-herei is a great deal of evidence to support the notion that the
né.ture of the ligand plays a large role in determining the intensity and energy of
the 1(§ — 6*) transition in many classes of these complexes, including cases, such

as the MoyX4(PMe3)4 (X = Cl, Br, I) series, where these ligand perturbations have
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no effect upon the metal-metal distance of the chromophore. Clearly, an adequate
* description of the potential energy surfaces of the {o?7462] and [o?7m466*] states
of suchf.ompounds cannot be derived from analysis of their spectra solély within
tixis metal—metal;localized vibronic framework. Reported in this chapter are the
results of a high-resolution spectroscopic study of the !(§ — 6*) and 1(6* — §)
transitions of the MaX4L4 (M = Mo, W; X = Cl, Br, I; L = PR3, AsMe3) class of
complexes. This investigation has led to a reconsideration of the traditional view? of

the molecular structures of the 1(§6*) excited state of quadruply bonded dimers.1?
Experimental Section

Materials.

2-Methylpentane was dried by refluxing with lithium aluminum hydride, de-
gassed with five freeze-pump-thaw cycles on a high-vacuum manifold (limiting pres-
sure < 1073 torr), a:nd bulb-to-bulb distilled to an evacuated storage flask contain-
ing lithium aluminum hydride. The complexes Mo;X4(PMes)4 (X = Cl, Br, I),22
Mo2Cl4(PR3)4 (R = Et, n-Pr, n-Bu),'* MoyBry(PEt3)4,'!® Mo,Cly(AsMes)y,!3
M02014(SMég)4,16 W2Cly(PMes)4,'7 (TBA)2Re;Clg 18 (TBA = (n-C4Hg)4N), and
K4Mo,Clg!? were prepared according to standard procedures; satisfactory carbon
and hydrogen elemental analyses were obtained for each. MoWCly(PMe3)42° was
supplied by R. L. Luck and R. H. Morris of the University of Toronto, and was
recrystallized from hexane. Crystals of Mo;Cly(PMes)s and Mo;Bry(PMeg)y for
single-crystal experiménts were grown by slow evaporation of dichloromethane and
toluene solutions, respectively.

| Spectroscopic Measurements.

High-resolution emission spectra were recorded on an instrument constructed
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at Caltech that has been described previously.2! This spectrometer was calibrated
~ at high resolution against the output of a medium pressure Hg/Xe arc lamp. Correc-
 tion of emission intensities for spectrometer response?? was a.ccomplished‘either by
digita.l_ly récordiﬁg the data vie a computer interface (On Line Instrument Systems
Inc. Model 3820 data collection system) and processing with an internal computer
prograin, or by point-by-point multiplication of analog spectra by the appropriate
correction factors. Absorption spectra were recorded with a Cary 17 spectropho-
tometer that was wavelength-calibrated with a deuterium lamp. Polarized light for
_ single-crystal absorption measurements was obtained with dual Glan-Thompson air-
spaced calcite polarizers. Low-temperature absorption and emission experiments
were performed with three temperature control systems: a quartz optical dewar of
local design (77 K measurements); an Oxford Instruments CF-204 continuous-flow
cryostat equipped with a Model 3120 temperature controller, Model VC30 flow reg-
ulator, Model GFS300 gas-cooled transfer line, and a Rh/Fe thermocouple (5 K
measurements); or an Andonian Associates Model 024 liquid helium dewar system

that has been described elsewhere?? (5 K measurements).

Hydrocarbon solutions for 77 K glassy matrix experiments were prepared on
the vacuum line in an evacuable 1 cm pathlength quartz cuvette attached to a
high-vacuum teflon stopcock. Highly dilute solutions (optical density < 0.1 at the
1(6 — 6*) absorption maximum) were used for emission measurements because
of the strong self-absorption of the emission by these compounds. Samples for 5
K high-resolution emission spectra consisted of polycrystalline arrays mounted on
copper foil with petroléum jelly or silicone grease. Absorption spectra at 5 K were
recorded of CsX pellets that were pressed at high pressure, reground, and pressed
again to attain good optical quality, or of single crystals mounted on quartz flats.

These latter samples were carefully masked with heat conducting grease (fine copper
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powder suspended in vacuum grease) in order to provide good thermal contact with

“the cold station of the dewar. Single crystals for polarized absorption and emis-

sion spectra were mounted such that the crystal extinction directions were at 45°
a,x-xglesto the entrance slit of the detection monochromator, thus minimizing band-
shape errors introduced by polarization-dependent grating artifacts (i.e., Wood’s
Anomaly). Crystal thicknesses (for extinction coefficient calculations) were deter-
mined with a micrometer. The crystal from which low-temperature absorption data
for MoaCly(PMeg),4 were obtained did not survive warm-up, and thus no extinction
coefficients could be determined in this case.

The crystal faces of the isomorphous (C2/c¢) MoyCly(PMes)s?* and
Mo2Br4(PMe3)4!2 dimers were determined by x-ray photographic methods and
polarized optical microscopy. Polarized single-crystal spectra were recorded of the
prominent (101) face of these crystals; the molecular z axis is colinear with the
crystallographic b axis, which is contained by this crystal face (see Chapter II,
Figure 1). Under the crystallographically imposed C3 symmetry of these dimers,
polarization parallel to molecular-z (|| b) is rigorously split from that parallel to
z and y (L b). Consistent with this, examination of the (101) crystal face under
a polarizing ‘microscope showed sharp extinctions parallel and perpendicular to b
that transmitted dark blue and light greenish-yellow light, respectively. Although
the molecular-z and -y directions are not strictly equivalent under C3 symmetry,
the deviations of the molecular structures of Mo Cly(PMes)4 and MoyBry(PMes)4
from Dy4 symmetry, for which z and y are degenerate, are quite small.

Franck-Condon Calculations.

Franck-Condon calculations of absorption and emission bands were performed
with the computer program SPCT, which was written by V. M. Miskowski and D.
E. Brinza and modified for the IBM PC/AT by M. S. Albin and the author. Vi-
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bronic line intensities are calculated by this program using standard formalisms;28
'the energy of the electronic origin(s), initial and final state vibrational frequen-
“cies of up to three modes, and the Huang-Rhys factors (S = Io_;/Io_o) serve as
adjusta.ble ﬁaraméters. To obtain the final intensity profile, a convoluted homo-
geneous (Lorentzian) and inhomogeneous (Gaussian) line shape is computed and
summed for all lines, and a correction for the frequency dependence of the transition

probability (¢f. Einstein A and B coefficients)?® is applied.
Results

The 1(§ — 6*) absorption and !(§* — §) emission bands of many complexes
of the M3X,L4 type are highly vibronically resolved at low temperature. Since the
extent of this resolution is generally very sensitive to both medium and temper-
ature, and since these dependencies differ, in turn, from derivative to derivative,
we have obtained complementary spectral data for these compounds under several
conditions. Our results will be presented in the following order: isotropic absorp-
tion and emission spectra of glassy hydrocarbon matrices at 77 K; emission spectra
of polycryst#lline solids at 5 K; and absorption spectra of alkali halide pellets and
polarized single crystals at 5 K.

77 K Absorption and Emission Spectra.

The absorption and emission spectra observed for M;X L4 complexes in 2-
methylpentane at 77 K show, with one exception, a progression in a single vi-
brational mode, the spﬁcings of which correspond to the metal-metal stretching
frequencies (14 (Mz)) of the excited (v}) and ground states (), respectively. In
all instances, there is a strong overlap of the (§ — 6*) absorption and 1(6* — §)

~emission 0-0 bands, confirming that they represent transitions between the same
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states.2” The vibronic peak maxima and spacings observed for these spectra are set
" out in Table I; the values of v} for the !(66*) excited states of these compounds
- are no more than 10% lower than those of their 62 ground states, which is con-
siétent with the Weakly bonding nature of the §-interaction that is cancelled upon
1(6 — 6*) excitation.

Reproduced in Figure 1 are the spectra of the Mo;X4(PMes)s (X = Cl, Br,
I) series of complexes. Although the extinction coefficients and energies of the
transitions depend strongly on the nature of the halide ligand X, as was discussed
in detail in the preceding chapter, the absorption band profiles of all three complexes
are virtually identical. In each spectrum, the 0-2 vibronic transition is the most
intense feature, with the intensities of the other progression members being defined
by very similar Huang-Rhys factors. This intensity pattern is also observed for the
1(6 — 6*) bands of Mo3Cly(AsMes)4,2° MoyBry(PEt3)4,2° and Moz Cly(PBuf),3°
in 2-methylpentane at 77 K, as well as for single crystals of K4[Mo;Clg]2H;0 at
5 K,3! and thus appears to be the general band profile for all unbridged d4-d*
molybdenum dimers at this level of resolution. The only difference of note among
the absorption spectra in Figure 1 is that the individual vibronic transitions broaden
slightly a.croés the series I < Br < Cl, resulting in a small change in the ratio of
the intensities of the 0-1 and 0-3 lines. The line width is not markedly sensitive to
changes in ligand L, however, as demonstrated by the similarity of the 1(§ — 6*)
bands of Mo;Cl4(PBu$)4, Mo3Cl4(PMeg)4, and Moy Cly(AsMe3),.

In contrast to their 1(§ — §*) transitions, the intensity profiles of the 1(§* — §)
emission bands of the M02X4L4 complexes are a highly sensitive function of ligand.
Eia.mining first thé MozX4(PMeg3) 4 series (Figure 1) reveals that a large, progressive
broadening of the individual vibronic transitions of the bromo and chloro complexes

results in the striking deviation of their absorption and emission spectra from the
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'Table 1. Vibronic Peak Maxima and Spacings of the Ls+5*) Absorption and

1(6*>8) Emission Bands of M3X4Lg in 2-methylpentane at 77 K.

' 1[6+6*) 1(5*.,5)
compound ]
v/cm™1 J/cm”
MozC14(PM€3)4 16480 350 16290 390
16830 330 15900 380
17160 340 15520 370
17500 330 15150 290
17830 14860
Av. = 335(10) Av. = 355(30)
MozBr4(PM63)4 16120 350 14620 =380
16470 330 14820 j 160
16800 330 14980 —1360
17130 340 15170 j 170
17470 15340 1210
Av. = 340(10) 15540 j 140
15680 = 150
16040 —
Av. =160(10)
Av. = 355(10)
Mogls(PMe3)g 15160 15110
lSiep o o0
15800 310 14410 340
16110 14070 340
16440 330 13730
Av. =320(10) Av. = 345(10)
MoyCla(AsMes)y 16850 230 16640 280
v 5 e
330
1;388 340 Av, = 360(30)
Av. = 340(10)
MoyCl4(PEt3)g igégg 340
15490 ggg
15130
Av. = 350(10)
MoyClg(PPr3)y igggg 260
15520 ggg
15170

Av. = 355(10)
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4 1(s+6%) (s*>5)
Compoun
' p v/cm™1 v/cm~1
Mo,Clg(PBu3)g Av. = 320(10)3 16220 350
_ 15870 250
15520 280
15160
Av. = 355(10)
MoyBrg(PEt3)s 15990 15900
16310 o 15550 N
16630 330 15200 340
16960 330 14860 320
17290 14540
Av. = 325(10) Av. = 340(10)
WoClg(PMeglyq 14780 260 unstructured
15040 ] 240 emission
15280
Av. = 250(30)

aRef. 30.
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Figure 1. Absorption (—) and corrected emission (- - -) spectra of Moy X4 (PMes)4
in 2-methylpentaneat 77 K: (a) X =Cl; (b)) X =Br; (¢) X = L
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mirror-image relationship displayed by the spectra of the iodo complex. While a
' _pfogression in the metal-metal stretching vibration, the Raman frequency of which
(X= Br, v; = 353; X = I, v; = 343 cm~!)!3 agrees very closely with the observed
vibronic péak spé,cings (X = Br, vy = 355; X = I, vy = 345 cm™1!), clearly dom-
inates the spectra of Mo;Br4(PMe3s)4 and MosI4(PMes)y, this broadening results
in a short, irregularly spaced progression for Mo, Cly(PMes)4 (vi(Raman) = 355
cm™!).1® One clue as to the origin of the variable line width is seen in the spectrum
of MozBry(PMes)4, which shows a weak but regularly spaced (160 cm~!) shoulder

adjacent to v;(Moy).

In addition to this dependence on ligand X, the emission intensity profile is also
highly sensitive to ligand perturbations that are, in an energetic sense, nonchro-
mophoric. Shown in Figure 2 are the 1(§* — §) bands of the Mo,Cl4(PR3)4 series.
Procéeding from R = Me to R = n-Pr, the individual vibronic transitions become
sharper and the Franck-Condon maximum moves one quantum of v;(Mo3) closer to
the electronic origin. Although this trend is in the correct direction for producing
a band of mirror symmetry with absorption, this relationship is not achieved for
the Mo;Cl4(PR3)4 series since no additional change in bandshape is observed on
going from Mo2Cly(PPr2)4 to MozCly(PBu})4.3? A similar R-group sensitivity is
observed for the X = Br series; unlike Mo2Bry4(PMegs)4 (Figure 1b), the 0-2 and 0-3
transitions in the emission spectrum of Mo;Br4(PEt3)4 are of equal intensity. It is
important to note that under the conditions at which these spectra were acquired
(2-methylpentane glass at 77 K), these perturbations of R have no effect, for a given
halide, on the emission lifetime of the !(§6*) state,33 nor do they significantly affect
the radiative rate constant of the Mo, Cls(PR3)4 chromophore in this solvent at
room temperature.1?:33 In marked contrast to these R-group effects, the emission

- bandshape is not sensitive to exchange of the ligating atom of ligand L; apart from
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Figure 2. Corrected emission spectra of Mo;Cly(PR3)4 in 2-methylpentane at 77
K: (a) R = Me; (b) R = Et; (¢) R = n-Pr; (d) R = n-Bu.
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>their difference in transition energy, the 1(6* — §) spectra of Mo3Cly(PMe3)4 and

- Mo3Cly(AsMes)4?® are virtually superimposable, showing the same broad, irregu-
‘ nl‘arly spaced vibronic features (Table I). This is a fairly surprising result since the
exchange of arsenic for phosphorous in the inner coordination sphere of the dimer
is anaiogous, from the standpoint of the principle q:mntum number of the ligating
atom, to exchanging bromide for chloride.

The electronic spectra of W5Cly(PMeg)y, unlike those of the Mo, species, are
poorly vibronically resolved in 2-methylpentane at 77 K. The (6§ — 6*) absorption
band (Figure 3) displays a weak 250-cm™! progression in v}(W3) - this frequency
is slightly lower than that of the ground state (261 cm™!),34 as expected — and the
1(6* — 6) emission band shows no vibronic structure whatsoever.

5 K Emission Spectra.

The 5 K solid state emission spectra of several of the MaX L4 complexes dis-
play an amount of vibrational fine structure unprecedented for quadruply bonded
dimers. The emission spectra of polycrystalline solids of the Mo;X4(PMe3s)4 se-
ries of compounds and for Mo;Cly(AsMez)4 are reproduced in Figures 4 and 5,
respectively, and their vibronic peak maxima and spacings are set out in Table II.
In addition, the polarized emission spectrum of MoyBrs(PMe3)4 (Figure 4b) was
obtained for a single crystal; the emission intensity from this sample at both room
and low temperature was appreciable only for polarization parallel to molecular-z,
as expected for the 1(6* — §) transition. Crucially, all of the vibronic transitions
in this spectrum displayed the same polarization ratio.

As was observed at 77 K, the emission spectra of the Mo, X4L4 complexes are
dominated by a progression in v;(Mog), which is identified in Figures 4 and 5.
The observed frequency of this mode, obtained from the spacing of 1’;he 0-0 and 0-1

lines, agrees with the Raman values for all compounds except Mo,Cly(AsMes)s,
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Figure 4.

Figure 5.
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Absorption spectrum of W;Cly(PMes;), in 2-methylpentane at 77 K.
Emission spectra of polycrystalline Mo X4(PMeg)4 at ca. 5 K (uncor-
rected for spectrometer response): (a) X = Cl; (b) X = Br; (c) X =
I. The v;(Mo3) progression-forming mode and an (MoX) subprogres-
sion are identified. The arrows indicate the positions of the corrected
emission intensity mﬁ.xima. Fluorescence in the region of the electronic
origin is strongly quenched by self-absorption.

Emission spectrum of polycrystalline Mo;Cls(AsMes)4 at ca. 5 K (un-
corrected for spectrometer response). The v;(Moj) progression-forming
mode is identified. Fluorescence in the region of the electronic origin is

strongly quenched by self-absorption.
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Tablé II. Vibronic Peak Maxima and Spacings in the 5 K Emission Spectra of Crystalline

MoXaLg. a
Band. Vmax (€cm™ D) Spacings (cm™1)
‘ 7/
Mo2Cl14(PMeg)y
A 16200 — —_ —
a 16162 J 38 o1
16129
b 16109 - 124
c 16076 0y 285
16044 L2 119 359
(2b) 16017 -
(bc) 15990
, (2c) 15952 -
d 15915 —
15873
B 15841 93 = —_ —
b 15748 ] 126 284
¢ 15715 — 359
d 15557 —
e 15482 — —
b 15390 1 92 126 ] 285
¢ 15356 — 372
d 15197 —
D 15110 -
Mo3Cla(AsMes)y
A 16576 | —
a 16542 3 _— 113 ]
16513
b 16496
c 16463 —
16437 115 236
16426 118 367
16399
(bc) 16381
(2¢) 16345 —
16333
d 16280 —
16250
B 16209 — —
b 16135 | 17 :] 105 290
c 16104 : 362
d 15919 | , —
c 15847 — 261

D- 15488 —
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Band Vmax (em™1 Spacings (cm™1)
MogBrgq(PMe3g)y
A 15954 —_ — i _
a 15934 3 20 | 36 62 B
b 15918 — 94
c 15892
d 158807 5 — 172
(da) 15839 33 |, 215
(db) 15827 — 90
(dc) 15806
e 15782 - 330
(2d) 15770 — - 358
15752
f 15739 —
15725 g | 169
(ed) 15696
| 15679
(fd) 15651
g 15624 _
(2¢) 15613 _
B 15596 87 —_ —
d 15509 ] 166 | 519
e 15430 o1 — 354
f 15386 :]
ed 15339
C 15242 88 —
d 15154 ] :] 165 351
e 15077
D 14891 _
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D 14056

Band " Vmax(em™h) - Spacings (cm™1)
MojyIs(PMe3)g
A (15097)
a (15078)
b (15065)
c . (15057)
d 15046
15031
e 15021
f 15001
(de) 14973
g 14954
s 14035 - 2 :] 32 0, 1
gh 14922 48 77
gc 14914
gd 14908 97 145
14887 78
(ge) 14877 —
{gf) 14857
(gde) 14830
2g 14809
14778
B 14748 140
g 14608 147 347
2¢ 14461
C 14401
g 14261 132
2g 14120 345
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Band . Vmaxlcm™h)

Spacings (c mt' 1) ,

A 14274
' 14252

a 14240

14191

14184

14172

b 14148

141909
14066
14021
B 14008
13995
13977
13964
13943
13882
13847

(@]

O o rho A
)

IE

126

126

165

166 =

W2C14(PM83]4

161

266

—

279

297

310

dBands with letter designations are shown in Figures 4, 5, and 11 (capital letters) and
Figures 6-9 and 11 (small letters); those designated by letters in parentheses are not
in the figures but are inferred to be members of the same progression.
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| which displays a spacing that is ~10 cm ™! higher than the known frequency of v;
- o= 356 cm~!.12 In addition to the v; mode, these spectra show subprogressions in

- as many as seven distinct vibrational modes; these bands are weaker than those
;for the Vi progfession in all cases. Because of severe spectral congestion, the sub-
progressions built on higher quanta of v; are not as well resolved as those in the
vicinif;y of the electronic origin, as is manifested in the apparent anharmonicity of
vy (Table II) that is introduced by the blurring of individual vibronic transitions.
This is particularly true for the X = Cl compounds, for which vibronic structure
is observed only on the blue flank of the spectra. With regard to comparison of
these data with those described in the previous section, this behavior, as well as
the increasing redistribution of intensity from the v; mode into the vibronic side
bands for the chloro and bromo derivatives relative to the iodo compound, are
consistent with the halide-dependent line width observed in the emission spectra
of the MoyX4(PMeg)y series at 77 K. The strong qualitative resemblance of the
Mo, Cly(PMes)4 and MoyCly(AsMe3)y spectra at 77 K is also borne out by the
high resolution spectra. Unlike the enhanced resolution seen for these complexes
at 5 K, however, the emission spectra of the Mo,Cl4(PR3)4 (R = Et, n-Pr, n-Bu)
species contained only the single v; progression seen at 77 K, with slightly sharper
lines, while the related compounds Mo;Cl(SMej)4 and MoWCly(PMe3)4 were not

vibronically structured.

Expanded views of the origin regions of the emission spectra of the
Mo2X4(PMes)4 series and of MoyCly(AsMes)4 are shown in Figures 6-9. Com-
parison of this region for Moz Cls(PMe3z)4 and Mo,Cly(AsMeg)4 (Figure 6) reveals
a; nearly one-to-one correlation of vibronic peaks and intensities: the spectra con-
sist of three major subprogressions (b, ¢, and d) of similar intensity built on vy,

~ as well as a number of weaker features that either represent combination bands of
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Figure 8. Origin regions of the emission spectra of polycrystalline Mo, Cl, (EMes) 4
at ca. 5 K (uncorrected for spectrometer response): (2) E = P; (b) E =
As. Full spectra are shown in Figures 4a and 5, respectively.

Figure 7. Origin region of the emission spectrum of polycrystalline
Mo;Bry(PMes)s at ca. 5 K (uncorrected for spectrometer response).

The full spectrum is shown in Figure 4b.
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these modes or are other fundamental vibrations of lower Franck-Condon activity.
' ~Spec‘iﬁcally, the second members of the subprogressions of modes b and ¢ built on
‘the 0-0 line (band A) are readily identified, as well as a line attributable to b + c.
'Mode_ a, Which has a frequency (~35 em™!) and relative intensity appropriate for a
crystal lattice (phonon) vibration, appears as a weak combination band with these
lines, inost noticeably with mode d. The line for the first quantum of mode a (at
‘617 and 603 nm for Mo;Cl4(PMes)4 and Mo;Cly(AsMe3)y, respectively) is slightly
broader than those for modes b, ¢, and d, and thus may be composed of more than

one transition.

The spectrum of Moz Br4(PMes)4 (Figure 7), which is less spectrally congested
near the origin region than are those of the chloride complexes, consists of seven
prominent subprogressions. The frequency of the strongest of these (mode e, ca. 170
cm™1!) is very close to that of the weak subprogression observed for this compound
in 2-methylpentane at 77 K (160 cm™1; Table I). Two quanta of the progression in
this mode are observed within the origin region, as well as combinations of e with
the other intense subprogression, mode d. This latter line typifies the remarkable
sharpness of the individual vibronic transitions of the MosX4L,4 dimers; the full-
width—at-h#lf-maximum'(fwhm) of the first member of the d subprogression at ca.
630 nm (Figure 7) is slightly less than 8 cm~!. Two other modes, f and g, are
observed at higher frequencies than d and e, but these have relatively small Huang-
Rhys factors. As was observed for the chloride complexes, weak phonon side bands
(modes a, b, and c) are associated with each of the intense features of the spectrum.
Two of these (a and b), are seen as discrete bands only near the origin (628 nm),
merging into a single band when in combination with other vibronic transitions.
This fact may be of relevance regarding the band shape of mode a of Mo, Cly (PMegs) 4

-and Mo;Cly(AsMeg)4 (vide supra).
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The emission spectrum of MojI4(PMes)4 (Figure 8), which displays the best
~ resolved vibronic features of this class of complexes, also contains progressions in
© seven mbdes in. addition to vy. In keeping with the trends observed befween the
chloride and broﬁnide complexes, the frequency of the most intense mode (g: 145
cm™1) is less than that observed for the comparable bands of Mo2Br4(PMes)4
(e: 170 cm~!) and MoyCl4(PMes)s (d: 285 cm™!), and it is the only subpro-
gression of Moal4(PMe3)y possessing appreciable intensity; Mo;Bry(PMes)4 and
Mo3Cly(PMeg)4 display, respectively, two and three relatively intense subprogres-
sions. The emission spectrum of this compound is set apart from those of the other
members of the MozX4(PMes)4 series, however, by the almost total self-absorption
of the 0-0 line, as well as a marked diminution of the intensity of phonon modes a,
b, and c near the origin. The positions of the latter lines are shown in Figure 8 for
their progression built on one quantum of g, and their estimated positions, includ-
ing that of the 0-0 line (band A), are displayed in the expanded view of the origin
region illustrated in Figure 9. This cluster of phonon side bands strongly resem-
bles, with respect to both intensity and frequency, that seen for Mo,Bry (PMes) 4.
The spectrum shown in Figure 9 also reveals that all of the vibronic transitions of
Moy14(PMe3)4 are split into doublets of unequal intensity that are separated by ca.
4 cm~1; the estimated positions of bands A, a, b, and ¢ in Figure 9 are those of the
higher energy of their two components. This doublet pattern is attributable to a
factor group (Davydov) crystal splitting of the !(§* — 6) transition.3%

The 5 K emission spectrum of W,Cly(PMeg3)4 is reproduced in Figure 10, and
an expanded view of the origin region is shown in Figure 11. Comparison of the
vibronic intensity profile of this species with that of homologous Mo,Cly (PMez)4
(Figures 4 and 6) does not reveal any of the obvious similarities that are seen

between the spectrum of this latter dimer and that of Mo, Cl (AsMes)4. Instead,



Figure 8.

Figure 9.
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Origin region of the emission spectrum of polycrystalline Mo,I, (PMe3)4
at ca. 5 K (uncorrected for spectrometer response). The full spectrum
is shown in Figure 4c.

Expanded view of the origin region of the emission spectrum of poly-
crystalline MoI4(PMe3)s at ca. 5 K (uncorrected for spectrometer
response). Estimated positions of the 0-0 line and of subprogressions
a and b, which are quenched by self-absorption, are displayed for the

higher energy of the two factor group (Davydov) components of the

spectrum.
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Figure 10.

Figure 11.
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Emission spectrum of polycrystalline W3Cly(PMe3)4 at ca. 5 K (un-
corrected for spectrometer response). The v, (W;) progression-forming
mode is identified. Fluorescence in the region of the electronic origin is
strongly quenched by self-absorption.

Origin region of the emission spectrum of polycrystalline W,Cl, (PMegs)4
at ca. 5 K (uncorrected for spectrometer response). The full spectrum

is shown in Figure 10.



-146-

Aysuaiy] uolssiug

700

7i0

720

730

740

750

760

770

A(nm)



-147-

B XA 4

Y
. 700

A(nm)

1
75

|
720

Aysuaju) uolssiwg



-148-

the W2Cl (PMe3z)4 spectrum seems to represent a continuation of the intensity
trends observed in the MozX4 (PMegs)4 series as the halide is changed from iodide
to chlofide. Specifically, the resolved progression in v, is very short, with spectral
congestion obscuring any signiﬁca.ht vibronic details well before the emission band
maximum. In addition, identification of the v, progression is not apparent upon
casual inspection, as it was for the MoyX4L4 complexes. The W-W stretching
frequency for this complex, as determined by Raman spectroscopy, is 261 cm 1,34
which places the first quantum of v, in the vicinity of bands d and B (Figure 11).
Of these two bands, line B is preferred for tentative assignment as v; due to its
closer frequency match with this Raman value, and, more significantly, because the
energy spacings from this line to the two features centered at 722 nm are consistent
with intervals for subprogressions of the prominent b and ¢ modes. Regardless of
which line is chosen, however, there are several other modes, namely b, ¢, e, and
f, of greater intensity than v;; the latter two are also higher frequency than v;.
Mode a (702 nm), the frequency and band shape of which closely matches that of
analogous bands in Moz Cly(PMegz)4 and Mo, Cly(AsMegs)yq, is also more intense than
the band attributable to vy for W, Cl4(PMes)4. This behavior is consistent with
the increase in frequencyv and intensity, relative to v, of the major subprogressions
of the Mo;X,L4 series according to I < Br < Cl.

Although a detailed discussion of the nature of the non-v, vibronic progressions
of the MaX4L4 complexes will be delayed until later in this chapter, it is initially
noted that the emission and resonance Raman spectra (Chapter II, Figures 2 and
3) of these species bear little resemblance to each other with respect to both the
relative intensities and frequencies of the vibrational modes, with the exception of

those of v;.
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) 5 K Absorption Spectra.
| As is observed for their emission spectra, the (6 — §é*) bands of the
Mo2X4(PMeg3)4 series, Moz Cly(AsMe3)y, and W, Cly(PMe3)4, are more highly vi-
bronically structured at 5 K than at 77 K, and those of Mo3Cl4(PR3)4 (R = Et,
n-Pr, n—Bu)’29"'"’6 do not show enhanced resolution at 5 K under these conditions.
" Unfortunately, the large intensity of this transition (see Figure 1) prohibited the
acquisition of single-crystal absorption data, and therefore of data with resolution
comparable to that for emission, for all but a small portion of their band pro-
files. The spectra presented here are thus largely for dilute cesium halide pellets
of these complexes; comparisons of analogous absorption features for these samples
and for single crystals (vide infra) indicate that while the M3X,L4 dimers retain
their structural and molecular integrity in these pellets, inhomogeneous broadening
in this host matrix completely obscures some of the lower frequency vibronic spac-
ings. Since only a few of the higher frequency features appear as discrete peaks,
discussion of the vibronic details of these spectra will necessarily be less extensive
than for the emission spectra.
The 5 K absorption spectra of the MoyX4(PMe3)s series and of
Mo2Cl,(AsMeg)4 are shown in Figures 12 and 13, respectively. Immediately no-
| ticeable is the fact that the close resemblance that these spectra bear to each other
at 77 K is lost at high resolution, although both the relative intensities of the
major clusters of vibronic features within each spectrum, as well as the values of
vi (Mog), agree with those observed for their glassy matrix counterparts. An addi-
tional difference among these spectra is that the level of resolution of the spectrum
of Mo;Cly(AsMe3), is lower than that for Moy Cly(PMe3)4, even though their 5 K

emission spectra are equally well-resolved.

The arrows in Figures 12 and 13 mark the locations of the 0-0 transitions



Figure 12.

Figure 13.
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Absorption spectra of CsX pellets of Mo X4(PMes)4 at ca. 5 K: (a)
X = CI; (b) X = Br; (¢) X = L. The arrows indicate the observed
position of the emission 0-0 line of each compound (Figures 6a, 7, and
8, respectively). Two spacings (cm~!) corresponding to the excited state
metal-metal stretching frequencies are identified.

Absorption spectrum of a CsCl pellet of Moy Cly(AsMeg)y at ca. 5 K.
The arrc;w indicates the observed position of the emission 0-0 line (Figure
6b). Spacings (cm™!) corresponding to the excited state metal-metal

stretching frequency (v} (av.) = 337(7) cm™!) and to lower frequency

vibronic features are identified.
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of the corresponding 5 K emission spectra. While the positions of these emission
lines clearly coincide with the lowest energy vibronic transitions in the absorption
spectra.b 6{ Mo;Brs(PMes)s and Mozl (PMeg)y, there are no intense feé,tures for
Mo3Cls(PMe3)4 and MoyCly(AsMeg)4 in this region, the red flanks of these spec-
tra instead éonsisting of a series of weak shoulders (vide infra). These origin bands
are sufficiently Weak that they can only be resolved with clarity in spectra of sin-
gle crystals of these complexes. The || z-polarized absorption spectra of the origin
region of the (6 — 6*) bands of Mo;Cl4(PMe3)4 and MoyBry(PMes)4 are repro-
- duced in Figure 14.37 Examining first the spectrum of the bromide complex (Figure
14b) reveals a sharp pair of bands at the same wavelength as the lowest band of the
pellet spectrum. The frequency of the lower energy of the two single-crystal bands,
which is assigned as the 0-0 transition,3® differs from the emission 0-0 line by only 3
cm™~! (15954 cm™!; Table II).37 The 20-cm~? splitting between the 0-0 line and the
weaker absorption band matches that between the emission 0-0 line and the first
member of the subprogression in phonon mode a. The lowest energy line in the
single-crystal absorption spectrum of the chloride derivative (Figure 14a), which is
at the same wavelength as the lowest energy feature in the pellet spectrum of this
complex (vide infra), lies 13 cm~! from its emission counterpart (16200 cm™!; Table
II); the 35-cm™! splitting between this absorption line and the next highest energy
absorption feature again reproduces the frequency of the emission subprogression in
phonon mode a for this compound. Further evidence for the close correspondence
between the origin regions of the crystal absorption and emission spectra comes
from the observation that the relative widths of the absorption 0-0 line and the
band 35 cm™1! higher are the same as those seen for emission mode a and the first

quanta of the other emission modes (Figure 6a).

The vibronic peak maxima and spacings of the spectra in Figure 12 are set out
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Figure 14. Origin region of the || z-polarized (101 face; || b polarization) single-
crystal absorption spectra of MozX4(PMeg)4 at ca. 5 K: (a) X = CI;

(b) X = Br. Note: fhe two spectra have different optical density scales.
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Table II. Vibronic Peak Maxima and Spacings of the 1(s > §*) Bands of
‘of MoyXy(PMeg)y Complexes in GsX Pellets at 5 K.2

Band  Vmax (cm™1) Spacings (cm™1)

M02Cl4(PM§33]4

A 16208 T 96 ] - - - — -
a 16234 - 74 119
b 16282 - 175 204
c 16327 - 245 |pgg
d 16383 337
e 16412 328 —
f 16453 240 : -
g 16496 323 ~
B 16545 322 -
*g! 16562 -
b 16622 -
¢! 16650 —
e 16734 - 330
116794 339 227
16832 331
c 16875 328 -
*a" 16901 —
b" 16949 —
c" 16981 -
17036 337
e" 17062 ~
17167
* 17238 -
17572 ~
17915 —

334
343

F
v1 (av.) = 331(7) cm™!
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Table m. (continued)

Band v max (em™h Spacings (cm~1)
MogyBrg(PMe3)g-
A 15962 — g2 — _ _ _
a 16044 — 162 297
b 16124 — 288
*c 16189 — 338 351
d 16250 _ 431
B 16300 325 26
e 16313 3 N
f 16393 328 a
b 16453 —_
* ¢! 16518 _
d' 16578 _
16631 323
16692 326
16717 323
bt 16776 —
*g" 16844 -]
dar 16901 ]
16955 312
17004 323
17033 126
(b"y 17088 —
(c™ 17167 —
(@m 17227 |
17346 313
17406
(c"™) 17480 : .

vi (av.) = 326(3) cm™1
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Bahd Vmax (cm™1) , Spacings (cm~1)

Mosls(PMe3)y

15117 = —
x 15216 99 174

15291 —
15427 312 298 ]

* 15528 —
15589 B Py — 308
15736 -
* 15845 — 322
15911 208 — 308
16044 —
16153 — 310 206
16221 -
16340 303 ~

16456 -

[ |

310

v1* (av.) = 310(7) cm™1

3Band frequencies marked with an asterisk correspond to the peaks labeled in Figure 12;
those designated by letters are defined in Figures 15 and 16; and those designated by
letters in parentheses are not given in the figures but are inferred to be members of the
same vibronic progression. The quoted uncertainty in the average value of \)1* is the
standard deviation of the spacings of the intense peaks in the corresponding spectrum.
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" in Table IIL.3® As is indicated in this table and figure, the pattern of these features
| repeats itself with a frequency equal to that of v} (Mo3). This is shown in more detail
~ for MoéCl.; (PMeg3) 4 and MoBry(PMe3)4 in Figures 15 and 16, respectively, wherein
the individual vibronic transitions are labeled. In light of the close correspondence
between the origin regions of the single-crystal absorption and emission spectra
of Mo;Cly(PMes)s and Mo;Brs(PMes)y, it is tempting to simply attribute the
many features seen in their pellet absorption spectra to progressions in the excited
state analogues of the ground state vibrational modes seen in their 1(§* — §)
- transitions. There is one very important difference between these latter spectra
and their absorption counterparts, however, that indicates that the explanation of
these transitions is not as simple as one might hope: the features corresponding
to the progression in v, built on the electronic origin are the most intense bands
in the emission spectra (bands A, B, and C in Figure 4), while in the absorption
spectra they are quite weak, especially for Mo;Cl4(PMes)4 and Mo;Bry(PMes),.
Specifically, band B of these absorption spectra, which corresponds to the first
member of the v} progression built on A, appears only as a weak shoulder for the
latter two complexes; it is seen as a barely discernible feature on the red flank of the
relatively intense band d’ for MosCls(PMes)y, and is dwarfed by the strong ¢ and
d lines for Mo;Br4(PMe3z)4. No higher quanta in this progression are observed for
the bromo compound,*? while for the chloro derivative only one additional quantum
of v} is resolved (line C). That band a of the pellet spectrum of Mo,Cly(PMesz)4
should be the origin of what appears to be the most intense progression in v} is
fairly surprising, given that this feature corresponds to the crystal lattice vibration

identified in the single-crystal absorption and emission spectra of this complex.

In contrast to the progression built on 0-0, longer and more prominent progres-

sions in v} are observed for origiﬁs a, b, ¢, and e of Moy Cly(PMegs)y, and for b, ¢
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Figure 15. Low energy region of the absorption spectrum of a CsCl pellet of
Mo;Cl4(PMe3)4 at ca. 5 K.
Figure 16. Low energy region of the absorption spectrum of a CsBr pellet of

Mo;Br4(PMes)4 at ca. 5 K.
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and d of MogBry(PMeg)y. The intensity patterns of the progressions built on these
.origins are, to say the least, quite unﬁsual, and again are significantly different from
those ééen in emission. Examination of the spectrum of M02C14(PMe3)4 (Figure
15) reveals that while the first major cluster of vibronic features (spanned by A
and a’) shows lines superimposed on a monotonically rising intensity background,
the intensity drops very sharply between bands a’ and ¥, rises between b’ and ¢/,
drops again, and then steadily increases, as before, to band a”. To higher energy of
line a” the pattern repeats itself beginning with the sharp intensity drop between
a” and b”, except that band e” now displays a discrete peak maximum; beyond
this point, spectral congestion obscures most vibronic features.4! Similarly sudden
decreases in intensity occur within each cluster of vibronic features in the spectrum
of Mo;Br4(PMe3)4 (Figure 16) following the transitions of the progression built on
origin d. Moreover, the progression based on band ¢, which is the most intense
feature in the cluster of peaks spanned by A and B, seems to lose intensity relative

to the progression built on d at higher vibrational quanta.

The spectrum of Mo2Br4(PMe3)4 also displays two weak bands (e and f) pos-
sessing spacings from the 0-0 line that are greater than any ground state vibrational
frequency of the MozBf4P4 core of this complex. While this suggests that they
might be attributable to combination bands of the lower frequency origins, neither
band e nor f appears at an appropriate interval from a, b, ¢, or d to be part of such
a progression. In fact, the most likely candidates for bands of this type, namely
c+d, 2¢, and 2d, are not observed at all. Viewing lines e and f as corresponding
to a separate electronic origin of the 1(§ — 6*) band, due to some form of sam-
ple inhomogeneity introduced by the CsBr matrix, is equally unsatisfactory. The
separation of these two features (f - €) is 80 em™!, which is equal to the spacings

A - a and a - b; were line ¢ a sépara.te electronic origin, or the first quantum of
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mode a built on a separate eléctronic origin that is not observed, intense bands
corresponding to ¢ and d on this origin would be expected, but none are found.

The absorption spectrum of MoyIl4(PMes)y is much simpler than those of
Mo3Cly(PMez)s and Mo2Bry(PMes)y. This is not surprising given that the de-
crease in the number of intense subprogressions in the emission spectra of the
Mo3X4(PMegz) series according to Cl > Br > I is reflected in the absorption spec-
tra of the chloride and bromide derivatives (Table III). Although the v/} progression
built on the electronic origin is still quite weak relative to those built on the other
origins, as well as to those seen in emission, it appears to extend for several quanta.
Because of the greater breadth of the vibronic transitions in this spectrum, however,
it is unclear if the bands 99 and 174 ¢cm™! from the 0-0 line represent single origins
or are actually composed of a number of closely spaced features. The progression
in v{ built on the former of these two modes dominates the spectrum.

Inasmuch as the emission spectrum of W,Cly(PMes), is considerably more
complex than those of the Mo, X4(PMe3)4 series, it might be anticipated that the
unusual effects described above for the absorption spectra of the molybdenum com-
plexes would be even more dramatically manifested in that of the tungsten dimer.
Fortunately, the absorption spectrum of W;Cly(PMes3)y (Figure 17) is poorly vi-
bronically resolved, consisting of a series of weak but regularly spaced vibronic
features; discussion of this spectrum is thus accordingly brief. As was observed for
its molybdenum homologue, no prominent features are apparent near the emission
0-0 line. Concentrated CsCl pellets of this material also failed to show any lines
in this region, however, and attempts at growing crystals suitable for single-crystal
absorption studies were unsuccessful. That the absorption 0-0 line does lie near its
emission counterpart may be inferred from noting that adding two quanta of the av-

erage v value of 236 cm ™! to the position of the emission origin line (14274 cm™1;
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Figure 17. Absorption spectrum of a CsCl pellet of W2Cl4(PMes), at ca. 5 K. The
arrow indicates the observed position of the emission 0-0 line (Figure
11). Spacings (cm™!) corresponding to the excited state metal-metal

stretching frequency (vf(av.) = 236(5) cm™!) and to lower frequency

vibronic features are identified.
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Table II) yields 14746 cm™?, which differs from the position of the relatively strong
~ absorption feature at 14778 cm™! by 32 cm™!; this difference agrees closely with the
- frequency of emission phonon mode a (34 cm™1; Table IT), upon which was built the
xﬁost inteﬁse progressiqn of v{ in the spectrum of Mo;Cl4(PMe3z)4. Moreover, the
frequencies of the vibronic transitions of this progression of W3 Cl,(PMe3s)4 (14778,
15015,. 15246 cmv"l) are nearly the same as the shoulders in the 77 K glassy matrix
spectrum of this compound (14780, 15040, 15246 cm™!; Table I).

A more important difference between the !(§ — §*) transitions of the molyb-
denum dimers and that of WCly(PMe3)4 is that the Franck-Condon maximum of
this band for the latter complex, counting from the 0-O line in intervals of v}, is
near the 0-4 and 0-5 transitions, whereas those of the former compounds generally
maximized at 0-2. Such deviations are not surprising in light of the relatively highly
distorted emission band shape of the tungsten compound; its absorption profile is

presumably dominated by a higher degree of spectral congestion than is found for

the molybdenum complexes.
Discussion

The unprecedented vibronic resolution of the spectra of the MyX4L4 complexes
would appear to make these species ideal candidates for elucidating, for the first
time, the multidimensional potential energy surfaces of the }[027462] and [027466*]
states of quadruply bonded dimers. As aesthetically pleasing as these spectra are
at first glance, closer écrutiny reveals a number of glaring anomalies that serve to
temper one’s initial enthusiasm for the completion of this task. These problems, as
well as some historical background on related phenomena in similar systems, are

enumerated below:
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1. The absorption and emission spectra of these complezes are not mirror im-
ages of eﬁch other. In the first phofophysica.l and spectroscopic study of a dimer
~ of the M2X4L4 type (MozCly(PBuj)4),3° assignment of the emission as 1(6* — §)
fluorescence was based on the mirror symmetry of the emission and (6§ — 6*) ab-
sorption bands and the mutual overlap of their respective 0-0 transitions, as well
as the close agreement of the observed radiative rate constant with that estimated
from the oscillator strength of the 1(§ — §*) transition using the Strickler-Berg for-
malism. This was contrasted with the behavior of the weakly emissive (in solution)
: RegClg‘ ion, the spectra of which are not mirror images, and whose radiative rate
(~ 10% s71) is four orders of magnitude lower than that calculated from !(6 — 6*).
These differences between MoyCly(PBu%)4 and RezClg“ were attributed to the
ability of the latter to rotate from its 6-bond-enforced Dyj ground-state geometry
to the sterically favored D44 geometry in the !(66*) excited state, which the ar-
rangement of the bulky ligands of the former complex strongly hindered. As was
shown in Chapter IV, however, the radiative rate constants of all of the complexes
described in the preceding section agree very closely with those calculated from
their (6 — 6*) oscillator strengths, with the highest emission quantum yields of
this class of compounds vbelonging to those species whose spectra deviate furthest
from the mirror image relationship.3® Thus, in contrast to Re, Clg", the mechanism
responsible for the unprecedented “variable mirror symmetry” displayed by these
complexes does not alter the dipole-allowed character of the electronic transition.

2. One of the hallmarks of the !(§ — 6*) transition is that its metal-
metal-localized character is vibronically manifested as long, intense progressions
in v§(Mg). While this is clearly the progression-forming mode in the absorption
spectra of these complezes, the progression in this mode based on the electronic ori-

gin 13 extremely weak, with the vibronic transitions in this progression beyond the
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first quantum of vy being discernible only with difficulty. In a high-resolution single-
~ crystal spectral study of the Re2X3™ (X = Cl, Br) ions, Martin et al. reported4?
16— ) "’) bands displaying intense progressions in v}(Re;) that were préceded, at
lower energy thaﬁ the strong features that they assigned as the 0-0 lines, by a weak

but highly structured band system that also repeated with an interval of v}:
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Figure 2. Polarized spectra in the low-energy region with an extended
wavenumber scale for a crystal of (TBA),Re,Cl; that was 2.2 um thick
at 6 K.

(reproduced from reference 42)

Because these spectra also displayed smaller spacings that were consistent with
the large degree of crystallographic disorder typically found for molecules of the
octahalodimetallate class, they attributed these weak absorption systems to sepa-
rate electronic origins arising from a form of disorder that was not evident in the
otherwise highly reﬁned (R = 0.042) crystal structure.

Comparison of the Regxg" spectra with those of the MaX,L4 systems, and
particularly with those of Mo3Cly(PMe3z)4 and MoaBry(PMes)4, reveals that the

behavior described by Martin et al. is qualitatively similar to that reported here.
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The crystal structures of these latter compounds are completely ordered, however,
: and thus any crystallographic site splittings responsible for the weak origin lines
- again cannot be identified by x-ray crystallography. Moreover, the pola.rizéd single-
cfysta.l abéorptioﬁ spectra of the Moz X, (PMe3)4 complexes (Figure 14 and reference
37) show very clean molecular-z polarization of the 1(§ — 6*) transition, with
polariiation ratios on the order of 100. It is difficult to envision any type of disorder
that is consistent with this observation.

3. The (6* — §) emission bands of these complezes, the vibronic progres-
sions of which correspond to ground-state vibrational modes, display fairly intense
subprogressions tn modes that are not enhanced in the resonance Raman (rR) spec-
tra obtained upon ' (§ — 6°) ezcitation. Inasmuch as this is the first observation
of vibronic transitions corresponding to vibrational modes other than v; in the
1(6* — &) spectra of quadruply bonded complexes, this result cannot be evalu-
ated in the context of previous findings. It is nonetheless surprising, however, since
the theory of resonance Raman requires that those totally symmetric modes that
undergo displacements in the electronic excited state responsible for resonance scat-
tering be, in turn, resonantly enhanced.?® The only mode displaying comparable
intensity invboth the rR1% and 1(6* — &) spectra is v;(M3); the others appear to
obey an effective exclusion relationship between the two sets of spectra.

It is essentially impossible to interpret the above aspects of the electronic spec-
tra of the MaX4L4 complexes within the framework of the current portrait of their
62 and 1(66*) potential energy surfaces. It is also clear that vestiges of the unusual
spectroscopic behz_wiof described in this chapter have been seen previously for other
quadruply bonded complexes, and that such interpretation as was given at the time
may not provide an adequate account of these effects in the present case. Therefore,

before attempting to understand the obvious spectroscopic trends observed upon
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perturbation of the ligands and metals of the MX4L4 chromophore, we will try
] to interpret these spectra within the Franck-Condon regime by calculating their
vibronic transition positions and intensities. The specific aims of these calculations
,a;re: (?) td deterrhine, in general terms, the extent to which the high-resolution spec-
tra manifest solid state effects; (¢7) to evaluate the interpretation of the vibronic
structure of the 5 K emission spectra as being simple progressions built on a single
electronic origin; and (#4#) to calculate the corresponding absorption spectra from
the Franck-Condon parameters that characterize the emission spectra, and deter-
mine those changes in these parameters that are necessary to obtain the correct fit
(item 1 above).

Franck-Condon Calculations.

Although the 77 K spectra of the M;X4L4 complexes are not as informative,
from a vibronic standpoint, as their high-resolution countérpa.rts, their simple band
shapes are necessarily easier to reproduce in calculations. In light of the above
discussion concerning crystallographic effects on the solid state spectra of these
species, and the apparent absence of totally symmetric modes among the emission
spectra subprogressions, attempting to simulate the 77 K spectra using the one
vibrational vmode known with certainty to be Franck-Condon-active, namely v,
will demonstrate which, if any, of the other vibronic transitions seen in the solid
state spectra are also present in the absence of a crystal lattice, and thus which are
intrinsic vibronic features of these molecules.

The best-fit44 calculated spectra for the MosX, (PMe3)4 series, based on the
parameters set out in Ta.ble IV, are shown in Figures 18 and 19. Comparison of the
calculated and experimental low-resolution absorption spectra (Figure 18) shows
that while the two sets of spectra look roughly similar in each instance, the relative

intensities of the vibronic transitions, and the extent to which the spectrum is filled
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Figure 18. Single-mode (v}) Franck-Condon fit to the low-resolution absorption
spectra of MozX4(PMe3)4, based on the parameters set out in Table
IV: (a) X = CI; (b) X = Br; (¢) X = L. Experimentally observed spectra
are represented by dotted lines.

Figure 19. Single-mode (v1) Franck-Condon fit to the low-resolution emission spec-
tra of M92X4(PMe3)4, based on the parameters set out in Table IV: (a)
X = ClI; (b) X = Br; (¢) X = I. Experimentally observed spectra are

represented by dotted lines.
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in by the overlap of these transitions, cannot be simultaneously reproduced by the
~ single-mode fit, ¢. e., no combination of Huang-Rhys factor (S) and Gaussian fwhm
- for 1y simulates the band profile. For example, although the experimenta.i intensity
pattern of M02C14(PMe3)4 (Io—2 > Io—3 > Ip—1, etc.) is reproduced by the calcula-
tion, the calculated intensities of the vibronic transitions to both higher and lower
energy of the 0-2 Franck-Condon maximum are weaker than are experimentally ob-
served. Changing the Huang-Rhys factor will not improve this situation; decreasing
S will provide a better fit of 0-0 and 0-1 but will result in all quanta higher than
0-2 being weaker than they already are, while increasing S will decrease the 0-0 and
0-1 intensities further. Moreover, the line width that best simulates the minimum
intensity between the 0-1 and 0-2 and the 0-2 and 0-3 transitions results in the 0-0
band being a shoulder rather than a discrete peak. Similar defects are apparent in

the calculated spectra of Mo;Brs(PMes)4 and Moyl (PMes),.

The deviations of the best-fit calculated emission spectra from the experimen-
tal spectra (Figure 19) are less obvious than are those for absorption, but they
nonetheless result in inadequate reproductions. Specifically, while the positions
and intensities of most of the vibronic transitions in these spectra are fit fairly well,
their band shapes are clearly not Gaussia.n; A striking example of this is seen for
MozI4(PMes)y, for which the calculated spectrum gives the correct positions of the
vibronic intensity maxima but fails to give the correct minima. Although the fit
to the spectrum of Mo;Cls(PMes)4 does not suffer from this problem to the same
extent, the width of the observed lines near the emission maximum cannot be simu-
lated without those neﬁr the origin being completely washed out. This breakdown of
the single-mode fit of the emission spectra was anticipated, of course, by the exper-
imental emission spectrum of Mo;Bry(PMes)4, which shows a weak shoulder at an

interval that matches the frequency of mode e in the solid state spectrum. That the
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analogous vibronic side bands in the solid state spectra of the other Mo X4 (PMegs)4
complexes are also present in the absence of the crystal lattice is indicated by the
fact tha;tv the decrease in the best-fit S and fwhm parameters according té Cl > Br
> I (Table IV) is consistent with the decrease in intensity and frequency of the most
intense emission subprogression in the high resolution spectra.

The extent to which the single-mode Franck-Condon calculations failed to fit
the simple low resolution spectra of the Mo X4(PMegs)4 series indicates that the
intense, higher frequency “non-v,” features in both the high-resolution absorption
and emission spectra of these complexes are intrinsic vibronic origins. With this
information in hand, we now attempt to simulate the behavior of these modes in
the high-resolution emission spectra. Because our current programs are limited to
simulating progressions for only three Franck-Condon-active vibrational modes, the
high degree of congestion displayed by the spectra of these complexes cannot be
reproduced accurately, and thus all of the following spectra will be more highly re-
solved at energies far from the electronic origin than are the experimental spectra.
The calculated emission spectrum of Mo, (PMe3) 4, shown in Figure 20a for modes
V1, g, and e and the parameters set out in Table V, is in line with this anticipation;
the vibronic resolution does not wash out at all, in contrast to the experimental
observation (Figure 4c), when the experimental line widths of the emission origin
region (Figure 8) are used in the calculation. Overriding this shortcoming, how-
ever, is the fact that each of the calculated bands has a corresponding feature in
the experimental spectrum at roughly the same energy and intensity (when the
underlying emission intensity4? is accounted for). The most obvious success of this
calculation is the reproduction of the long progressions in v; and g; the sizeable
Huang-Rhys factor for the latter mode (Table V) indicates that there is a consider-

able distortion along this normal coordinate in the 1(66*) excited state, in addition
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Table V.  Parameters for Franck-Condon Calculations of the High-Resolution Emission Spectra of MopX 4(PMe3)q

Compounds. 2

Vibrations Origins FWHM
Figure  Compound initial final i
Mode  “freq. freq. § Energy (mode) {S%:}l‘s‘{‘t"y Gaussian Lorentzian
20a Mosly(PMe3)g vi 318b 343 2.00 15087 1.00 3 1.5
g 145 145 0.65 15093 0.75
e 77 77 0.20
20b Mogls(PMes)y v 3lgb 343 2.00 15097 1.00 3 1.5
g 145 145 0.65 15083 0.75
e 77 77 0.20 15078(a) 0.12
15065(b) 0.08
15057(c) 0.05
15046(d) 0.20
15001(§) 0.17
20c Moyl4(PMes)y a 145 145 0.65 15097 1.0 3 1.5
e 77 77 0.20 15093 0.75
d 48 48 0.20 15078(a) 0.12
15065(b) 0.09
15057(c) 0.05
15001(4) 0.17
14748(v1) 2.00
20d Mogly(PMe3)g  -----memmmmmme- Same as Figure 20b -------=meewme—- 12 8
22a MogBrg(PMej3)y v1 326b 352 2.90 15954 1.00 4 3
3 172 172 0.70
d 92 92 0.60
22b MoyBrg(PMe3z)g vi 328 352 2.90 15954 1.00 4 3
e 172 172 0.70 15934(a) 0.18
. d 92 92 0.80 15918(b) 0.10
15882(¢) 0.10
15738(4) 0.20
15624(g) 0.08
22¢ MogBrg(PMeg)g -——-----—==-==-=== Same as Figure 22b 12 10
23a Mo Clg(PMej3ly b 91 91 0.85 16200 1.00 10 0
¢ 124 124 0.85
d 285 285 0.80
23b MoyCla(PMegly Vi 331b 355 3.50 16200 1.00 10 0
b 91 91 0.85
d 285 285 0.80

8A11 values except S are given in cm-1,

Experimental parameters are taken from Table II, except as noted. brable m.
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Figure 20. Franck-Condon fit to the high-resolution emission spectrum of
Mo;1,(PMes)4, based on the parameters set out in Table V: (a) three
mode calculation (v1, g, and €) using the experimental line widths taken
from Figure 8; (b) same as spectrum (a) except modes a, b, ¢, d, and f
are added as false electronic origins; (c) comparison of the origin regions
of spectrum (b) and Figure 8 (the intensity of the calculated spectrum

has been reduced to 0.6 times that of the experimental spectrum); (d)

same as spectrum (b) with broader lines.
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to the well established elongation of the metal-metal bond. At higher quanta of
~ the v progression, the calculation shows that the features attributable to nvy +
- g (where n is the quantum number of the vibronic transition) are of comparable
intensity fo the (n + 1)vy bands, resulting in a smooth drop in the intensity of the
prominent transitions to lower energy of band C; comparison to experiment shows
that this is indeed the case. The origin of the progressive broadening of all vibronic
transitions of the experimental spectrum at higher quanta is also revealed by this
calculation: for each ny; transition there is a line corresponding to (n - 1)v; + 2¢
~ + e only 24 cm™! to lower energy, the intensity of which increases relative to that
of nv; with increasing n. Similarly, there is a band corresponding to (n - v +

3g only 15 cm™! to the red of the nv; + e lines.

Because the three-mode Franck-Condon calculation showed only a trace of the
spectral congestion that is observed experimentally, any attempts to generate the
underlying emission intensity would require the use of line widths far in excess of
those used in the previous calculation. This congestion can be mimicked, how-
ever, by introducing the five remaining Franck-Condon-active vibrational modes
of Mogl4(PMes)4 as false electronic origins, with energies equal to the position of
the first qu@tum of that mode built on the 0-0 line, and intensities, relative to
that of the true electronic origin, equal to their Huang-Rhys factor. The result of
this calculation is shown in Figure 20b, where the experimental line widths from
Figure 8 have again been used. Although the number of lines is still far short of
what would be generated by a calculation in which all eight vibrations were treated
correctly, this figure dbes give an indication of the degree of vibronic complexity en-
countered far from the origin. A comparison of the origin regions of the calculated
and experimental intensity patterns is reproduced in Figure 20c. Close examination

reveals that virtually every observed vibronic transition, including weak shoulders
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and other subtle features, has a.’counterpart in the calculated version.46

A }s’imple attempt at reproducing the degree to which the spectrum of
" MozI4(PMeg)y is filled in at higher quanta is shown in Figure 20d, which uses
the same parameters as the preceding false origin spectra with the exception of
line width. Immediately obvious is the fact that the resolution of virtually every
weak feature seen in the calculated line spectrum is lost. Although this results in
poor agreement between the origin regions of the observed and calculated spectra,
comparison of the region between bands B and C reveals that the fine structure of
- both spectra collapses to a similar pattern. Specifically, mode d built on B and B
+ g appears as a spike on the red flank of these bands, while bands e and f merge
to give an asymmetric doublet. Also noteworthy is the fact that band C of the
calculated spectrum has increased in intensity by ~5% relative to that of the line
spectra of Figures 20a and 20b; this shift is in the correct direction for producing
the observed Franck-Condon maximum when the underlying emission intensity is
increased to the experimentally observed value of ~4000 (in the intensity units of
Figure 20d) by further broadening the lines. At this latter level of resolution, how-
ever, all features are obscured with the exception of the v; progression and the first
members of the g subprdgressions.

In principle, greatly broadening the lines of the best-fit high-resolution cal-
culation should yield an emission intensity profile resembling that observed in 2-
methylpentane at 77 K. Using only the v, and g modes and the parameters in Table
V did not reproduce this spectrum, however. Instead, the values of S for v, and ¢
had to be increased and decreased, respectively, relative to their values for the 5 K
spectra; the resulting spectrum, shown in Figure 21 for the parameters set out in
Table IV, provides a much more reasonable reproduction of the observed intensity

profile than did the single-mode ﬁf. The slight differences between the two spectra
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Figure 21. Two mode (v, and g) Franck-Condon fit to the low-resolution emission
spectrum of MogI4(PMes)4, based on the parameters given in Table IV.

Experimentally observed spectrum is represented by the dotted line.
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are probably due to the neglecf of the other vibrational modes observed at high
resolution; their inclusion would resﬁlt in the filling in of the low energy tail of the
' calcula.btéd spectrum. That the Huang-Rhys factors for the v; and ¢ mocies should
be slightly different in the crystalline and frozen solution phases is not difficult to
understand’since any molecular distortion is subject to a restoring force by the
surrounding environment; this is likely to differ between the two phases.

In light of the close similarities between the calculated and observed high-
and low-resolution emission spectra of MoyI4(PMes)4 noted above, it is reason-
able to suggest that the Franck-Condon calculations employed here would nearly
perfectly reproduce the experimental spectrum in all respects if they were not lim-
ited to three vibrational modes. We will now show that the same basic conclusion
can be reached for the emission spectra of MoyBry(PMes)s, MoyCly(PMes)4, and
Mo;Cls(AsMe3)4. Because the subprogressions of these species possess greater in-
tensity, relative to vy, than do the non-v; vibronic transitions in Mo,I4(PMes)q,
spectral congestion is more severe and the limitations of our calculations will result
in reproductions of the observed intensity profiles that are correspondingly poorer.4”

The three-mode Franck-Condon calculation of the emission spectrum of
Mo2Br4(PMes)4 using rﬁodes V1, ¢, and d and the parameters given in Table V, is
shown in Figure 22a. As was observed for MozI4(PMe3)4, the long progressions in
these modes that are experimentally observed are faithfully reproduced by Franck-
Condon theory.*® In addition to accurately simulating the origin region both with
respect to the position and line width of these three modes, this calculation also
indicates that at high nvy, the (n - 1)1y + e lines become of comparable intensity,
thus resulting in the sawtooth pattern observed experimentally beyond the emission
maximum. In spite of the limitations of this calculation, vestiges of spectral conges-

tion are also observed. Compa.risoh of the widths of the bases of the bands between
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Figure 22. Franck-Condon fit to the high-resolution emission spectrum of
Mo;Br4(PMes)4, based on the parameters set out in Table V: (a) three-
mode calculation (v, €, and d) using the experimental line widths taken
from Figure 7; (b) same as spectrum (a) except modes a, b, ¢, f, and
g are added as false electronic origins; (c) same as spectrum (b) with

broader lines.
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690 - 710 nm to those near the origin line shows that they increase with wavelength.
- This broadening of the nv, transitions, which is observed experimentally, is due to
- the (n - 1)v; + 2e (located at nvy - 8 cm™!) and (n - 1)v; + e + 2d (located at
nvy + 4 ém‘l) Ba.nds; the fornier appears as a distinct notch on the high energy
side of band D. Introducing modes a, b, ¢, f, and g as false origins results in an
extraofdina.rily bcomplex line spectrum (Figure 22b). The most notable aspect of
this calculation, in the context of the spectral congestion of the experimental spec-
trum, is that there is nonzero emission intensity at all wavelengths, even with this
~ narrow line width. Broadening these lines slightly (Table V) gives the spectrum
shown in Figure 22c. As was observed for Moyl4(PMes)y, the vibronic resolution
of Figure 22b is rapidly lost with increasing line width, but the collapse of vibronic
fine structure yields similar intensity patterns in both the experimental and calcu-
lated spectrum. Comparing the region between bands B and C in these spectra
shows that each major transition in this region contains a notch on their red flanks
resulting from phonon modes a, b, and ¢, with the B + e transition also showing a

moderately intense side band due to mode f.

Two three—mpde Franck-Condon calculations of the emission spectrum of
Mo, Cly (PMe3)4 are displayed in Figure 23.4% Because this spectrum contains three
subprogressions with relatively large Huang-Rhys factors, combinations and pure
progressions of these modes extend over a sizeable frequency range. As seen in
Figure 23a, where only modes b, ¢, and d are fit, 16 bands that possess at least
20 % of the intensity of the origin line are generated, and span a range of nearly
800 cm™!. Figure 23b reveals the complex pattern that results from fitting 14 in
addition to two of the above modes. The distinct notch on the low energy side of
ny) that gains intensity with increasing n in the experimental spectrum is seen to

be a result of (n - 1)v; + b + d, which overtakes the nv; band in intensity by line
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Figure 23. Three-mode Franck-Condon fits to the high-resolution emission spec-
trum of Mo,Cly(PMes)y, based on the parameters set out in Table V:
(a) spectrum generated by fitting modes b, ¢, and d (the arrows indicate
the position of the first (B) and second (C) quanta of the v, progression

built on A); (b) spectrum generated by fitting modes vy, b, and d.
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F.

With regard to the low-resolution emission spectrum of Mo, Cli(PMegs)4, we
" note thﬁt its distinctive staircase profile is attributable to the compa.ra.blé intensity
of the b, ¢, b + ¢, and d lines, shown in Figure 23a, that fill in the region between
quanta of Vj. Since the emission spectra of the other phosphine derivatives of this
complex, namely Mo;Cl4(PR3)4 (R = Et, n-Pr, n-Bu) are not well resolved at
low temperature, firm comparisons between them cannot be made. It nevertheless
seems quite unlikely that the variable band shape seen across this series (Figure 2)
is the result of large changes in S for vy, particularly in light of the single-mode
Franck-Condon calculations discussed earlier, but rather reflects a decrease in S
with larger phosphines for modes b, ¢, and d, which are likely to be vibronically
active (perhaps with slightly different frequencies) for all of these species.

Having successfully interpreted the high- and low-resolution emission spectra of
the Mo2X4(PMeg)4 series within the Franck-Condon framework, we now turn our
attention to their absorption spectra. One difficulty associated with this task that
was not encountered for the more highly resolved emission spectra is the differenti-
ation of vibronic origins from combination bands and other features. The approach
employed here for the identification of these bands is to draw comparisons between
the frequencies of the emission subprogressions possessing large Huang-Rhys factors
and those of the intense vibronic origins listed in Table III.

The absorption spectrum of MoyI4(PMes)s is dominated by progressions in
v; built on an intense} origin 99 cm~?! higher in energy than the electronic origin,
which we adopt as the excited state analogue of emission mode g (145 cm™1; S =
0.65), and a weaker, broader shoulder 174 cm~! above 0-0. The best-fit Franck-
Condon calculation of this spectrum, using only the 99-cm~—! and v; modes and

the parameters set out in Table Vi, is shown in Figure 24. Because the absorption
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Figure 24. Franck-Condon fit to the high-resolution absorption spectrum of

Mo3I4(PMeg)4, based on the parameters set out in Table V.
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band is not a mirror image of the emission spectrum, it cannot be fit by simply
~ correcting the best-fit emission Huang-Rhys factors for the ground: state/excited
 state fféquency differences, as borne out by the fact that S for the 99-cm_v1 mode is
quite a bit largef than that estimated from that of emission mode ¢.5° Examining
the first cluster of vibronic transitions (650 < A < 660 nm) shows that the basic three
band pattern of the experimental spectrum is reproduced. Considering the number
of Franck-Condon-active modes observed in the emission spectrum of this complex
that have been neglected in this calculation, it seems reasonable that the broad
174-cm™! feature of the observed spectrum is composed of the second quantum of
the 99-cm™! mode (labeled 2a in Figure 24) and these other modes, which, because
of the intensity of a, fill in the region between a and 2a to a greater extent than that
between A and a. Beyond the first cluster of bands, the calculation also correctly
simulates the relative intensities of the B + a and B + 2a bands both with respect
to each other as well as relative to their counterparts built on A. As seen from
the superimposed line spectrum, the intensities of these vibronic transitions are
composed of nearly pure a and 2a character. In contrast, the calculation cannot
reproduce the relative intensities of the first member of the three band pattern
starting with band B. Experimentally, this nvy progression is observed to lose
intensity relative to nvf + a and nv} + 2a as n increases, while the calculated
spectrum indicates the converse to be true. This is due to the fact that this feature
is composed not only of the v} progression built on A (nv}), but also of (n - 1)u?
+ 3a, with the intensity of this latter line overtaking that of the former by 600
nm. If the (n - 1)1} + 3a line did not contribute to the intensity of this feature, its
intensity, as indicated by the superimposed line spectrum, would be roughly correct.
Unfortunately, decreasing the Huang-Rhys factor of this progression to provide this

effect destroys what is otherwise a good fit to the nv} + a and nv{ + 2a bands.
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Turning now to the a.bsorbtion spectrum of Mo;Bry(PMe3)4, the problem of
identifying the modes is more complicated due to the presence of four strong bands
~ within bt‘he. regior; spanned by A and B in Figure 16. Since all of these are quite a bit

more intense than the 0-0 line, and thus would all possess much larger Huang-Rhys
factors than any of the non-v; modes observed in emission, it seems reasonable,
by analogy to the discussion for MozI4(PMes)y, that the frequency of these modes
should be lower in the excited state than the ground state. Absorption features
a (80 cm™') and b (162 cm™!) are thus reasonable assignments for the excited
state analogues of emission modes d (91 cm™!) and e (172 cm™1), respectively.
In keeping with the observation of a lack of mirror symmetry between the two
bands, the emission parameters do not adequately fit the absorption spectrum of
this complex. Increasing S substantially for both modes to provide a fit to their
first quanta built on 0-0 leads to the spectrum shown in Figure 25a. The obvious
inconsistency of this calculation with experiment is that the resulting progressions
predicted from these Huang-Rhys factors are long, maximizing at 0-8 or 0-9, and
extremely intense; scaling up the lower curve in Figure 25a to match intensities with
bands a and b results in the Franck-Condon maximum of the progression built on 4
being roughly three times more intense than band d” of the experimental spectrum.
Additionally fitting the progression in v} built on the electronic origin results in
the spectrum shown in Figure 25b. Unlike the situation found for MoyI4(PMeg) s,
where Fra.nck-Condon theory was unable to reconcile only one aspect of the observed
| absorption intensity p:oﬁle, the calculated spectrum of Mo;Brs(PMeg3), is a failure
that crosses all boundaries. As was noted in the Results section when this spectrum
was first discussed, the intensity drops sharply following the v} progression built on
origin d; Franck-Condon theory simply cannot account for this behavior within the

harmonic potential energy surface regime.
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Figure 25. (a) Franck-Condon fit (- - -) to modes a and b of the high-resolution
absorption spectrum of Mo;Brs(PMes)4 (upper curve), based on the
parameters set out in Table V. The lower curve is the full calculated
spectrum, with intensity 0.2 times that of the dashed line. (b) Franck-
Condon fit to modes a, b, and v}, based on the parameters set out in

Table V. The position of the 0-0 line (A) is indicated.
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If we take @ and b to be the excited state analogues of emission modes d and e,
then absorption bands ¢ and d must correspond to members of their truncated pro-
' gr_essioﬁé, even though, as noted, band ¢ is slightly weaker than predicted, and band
d dramatically weaker. The reason that these features were not identified as such
when these spectra were presented in the Results section is that their frequencies
are in poor agreement with such an assignment. It thus appears that the progres-
sions in @ and b are not only weaker than predicted, but that they also display a
marked anharmonicity.

The aspects of the absorption spectrum of Mo;Bry(PMejs)4 that result in its
marked deviation from the Franck-Condon regime are greatly magnified in the spec-
trum of Mo;Cly(PMeg)s. Given the extremely weak 0-0 line of this complex, it is
obvious that its intensity profile is simply unfittable. Despite the failure encoun-
tered in the calculation of the absorption spectra of these systems, it should be
noted that they display the same qualitative ordering of the Huang-Rhys factors of
their subprogressions as was seen for emission, namely S(X = Cl) > S(Br) > S(I),
and that this trend parallels the decreasing extent to which Franck-Condon theory
breaks down for the Mo,X4(PMes)4 series.

Assignment of the Vibfonic Subprogressions in Absorption and Emission.
The Nature of the 1(66*) Potential Energy Surface.

The ability of Franck-Condon theory to fit the high-resolution emission spectra
of the Mo3X4(PMe3z)4 complexes, and its unequivocal failure to do the same for
their absorption spectra, indicates that the potential energy surfaces of the states
between which these transitions occur are far more complex than has previously
been assumed. The results of these calculations also raise a question that has been
avoided until now: Along which normal coordinates, besides v;, are these molecules

distorting in the 1(66*) excited state? The Huang-Rhys factors for these other
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- modes are large enough that such distortions are sizeable.

Given the discussion in Chapter II regarding the coupling of the metal-metal
stretching mode to other totally symmetric modes, such as metal-ligand stretches
and meta.l-meta.l-ligand deformations, one might expect some Franck-Condon ac-
tivity for these modes in the !(§ — 6*) and !(6* — ) transitions as a result of the
elongation of the metal-metal bond in the 1(66*) state. More specifically, the strong
dependence of the energy and intensity of the (6§ — 6*) transition on the nature of
the halide ligand suggests that one reasonable candidate would be the symmetric
metal-halide stretch, a; v (MX). It was pointed out earlier in this chapter that there
appears to be poor agreement between the emission and resonance Raman spectra,
however, and the data presented in Table VII support this assertion. Comparing
the ffequency of the highest energy intense subprogression in the emission spectra
of the Moy X4(PMe3)4 series with those of a; 3 shows that while the differences are
small, théy lie outside the uncertainty range defined by the difference in the Raman
and emission frequencies of ;. The lower frequency emission subprogressions show
a similar disagreement with the rR data. In contrast, the frequencies of modes b,
¢, d of MoyCly(PMes)y are in excellent agreement with lines observed in its far-
infrared spectrum. The one firm assignment that can be made for these emission

modes is that d is attributable to the asymmetric analogue of the a;v; vibration,

namely bav{MoCl): )&
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 Similar cdmparisons for Mo2Cls(AsMe;z)4, whose emission spectrum strongly re-
: sembleé ﬁhgt of Mo3Cls(PMegz)4, shows that mode b again matches up weil with an
infrared-active b#.nd, although the bav(MoCl) mode is 8 cm~! lower than the emis-
sion mode d for this compound. Given the similarly large difference in frequency
between the emission and Raman values of v, it is reasonable that the assignment
of d as this bz mode is correct, with its shift to higher frequency in emission being
due to the higher degree of spectral congestion seen for this compound relative to
Mo2Cl4(PMes), (vide supra). While analogous far-infrared data are not available
for Mo;Bry(PMes)4 and MogI14(PMes)y, it is noted that the frequency of mode e of
the former compound differs from that of a;v3(MoBr) by roughly the same amount
as bav(MoCl) does from a;v2(MoCl), and a similar assignment thus appears to be
in order. The frequency of emission mode g of MogI4(PMegs)y, in contrast, is much
higher than that of a;»;(Mol); this discrepancy is probably due to the fact that the
coupling between v; and v; increases according to Cl < Br < I, as indicated by the
sensitivity of ; to the nature of X. Since the b; vibration is not coupled to any
mode to the same extent, its frequency difference relative to v; is likely to display
a halide dependence.

The assignment of molecular-2-polarized nontotally symmetric vibrational
modes in the electronic spectra of the Mo;X4L4 complexes indicates that the Dygq
symmetry of the ground state is not preserved upon !(§ — 6*) excitation. While
such distortions provide a mechanism by which the mirror symmetry relationship
between absorption and emission spectra can be violated, this fact by itself does
not explain the gross deviations of the absorption spectra of these complexes from
Franck-Condon theory, nor does it indicate why the progressions in v; built on the

electronic origin are so weak while those in emission are quite strong.
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To recapitulate the ﬁndingé of the Franck-Condon calculations, the absorption
spectra of the Mo;X4(PMe3z)4 compounds showed progressions built on the origin
* that eiﬁher appeared anomalously weak (Mozl4(PMej3)4) or were abruptly truncated
(Mo3Cls(PMe3z)4, MozBry(PMes)4) near the position of the first quantum of vi. In
addition, the progressions of the a and b modes of Mo3Br4(PMes) 4, both of which we
have now assigned as nontotally symmetric modes, became quite anharmonic before
stopping altogether, some five quanta short of its calculated vibronic maximum.
This behavior is not consistent with transitions between harmonic potential energy
surfaces of the type depicted in Figure 26, bﬁt rather is reminiscent of the situation
found near the dissociative limit of an anharmonic potential energy surface. The
spacings of the vibronic peaks of a progression decrease rapidly near this limit, and
concomitantly loses intensity. Because the [0?74] triple-bond core of quadruply
bonded dimers remains intact in the 1(66*) state, however, the dissociative limit of
its potential energy surface lies tens of thousands of wavenumbers above the lowest
vibrational level, whereas the progressions observed within each cluster of vibronic
transitions in the 1(6 — 6*) bands of the MaX4L4 complexes die out within a few

hundred wavenumbers of their origins.

The only potential venergy surface that provides the correct combination of
the bound character of the !(66*) state, as well as the possibility for spectroscopic
behavior similar to that seen near the dissociative limit, is a double well of the type
shown in Figure 27. What allows this surface to be invoked in the present case is
the presence of nontotally symmetric excited state distortions. The interpretation
of this surface from the standpoint of the b;(MX) mode depicted in the preceding
inset is that the left well represents the case in which the halide atoms bonded to M;
are moving toward the metal and those on Mz are moving away, while the right well

represents the opposite motions of these ligands. The separation of the two minima
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Figure 26. Harmonic potential energy surfaces of the §2 and !(§6*) states along

the metal-metal coordinate.
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Figure 27. Proposed !(66*) potential energy surface along a nontotally symmetric

coordinate.
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along the ba coordinate is relafed to the magnitude of this nontotally symmetric
distortion, as measured by the Huang-Rhys factor, while the height of the barrier
is a measure of the stabilization of this distorted state relative to that in which the
ground state symmetry is preserved. The symmetries of the §2 and 1(§6*) states
in this ca.sé are Dyg and C,,, respectively; these are entirely consistent with the
dipole-allowed character of (6 — 6*) and }(6* — §), as well as the molecular-
z-polarization of both bands, since the B; symmetry of the 1(66*) state in Doq4
symmetry converts to A; in C,, with preservation of the unique 2 axis. It must
be emphasized that this potential energy suﬁ'a.ce is only valid for distortions along
such a nontotally symmetric coordinate, and that the surfaces shown in Figure 26
still provide the correct description of this state along symmetric coordinates such
as v (Mj).

The double-well surface invoked for the 1(§6*) state adequately accounts for
the general spectroscopic behavior of the M;X L4 complexes. For emission, which
occurs from the lowest vibrational level of the two upper surface minima, the spec-
tra should resemble that of the harmonic surfaces shown in Figure 26, a fact that
is consistent with the spectra of these complexes being entirely amenable to inter-
pretation within the Fré.nck—Condon regime. On the other hand, the absorption
spectrum will initially mirror the intensity profile of its emission counterpart, as
borne out by the similarity of the origin regions of the emission and single-crystal
absorption spectra of Mo;Cls(PMes)4 and Mo;Bry(PMes)4, but the progressions
will quickly become anharmonic as the barrier is approached. Above the barrier,
the surface along this coordinate will resemble that shown by the dashed line below
the two minima. This latter surface is not displaced at all along this coordinate
relative to the ground state, resulting in Huang-Rhys factors of zero for the modes

associated with it; their vibronic progressions will thus be truncated at the barrier.
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 For the Mo2X4L4 complexes, thé energy of this barrier relative to the bottom of the

| ‘well must be on the order of one quantum of v{, thus accounting for the extreme

' weaknéés of this mode built on the electronic origin. That progressions in v} built
on the higher energy vibronic origins are more intense than that built on 0-0 is
consistent with the fact that above the barrier there is no longer a distortion along
this nontotally symmetric coordinate, and thus these progressions behave according
to the harmonic potential energy surface associated with the metal-metal stretching
coordinate.

In addition to accounting for the spectroscopic behavior of the MyX,L4 chro-
mophore in a general sense, the double well description of the 1(§6*) state also allows
for the interpretation of the specific trends observed upon perturbation of the coor-
dination sphere of this class of compounds. It was noted that the Huang-Rhys factor
for the now-assigned by (MoX) vibrations of the spectra of the Mo X4 (PMe3)4 se-
ries decreased according to Cl > Br > I, thus indicating an increasingly smaller
distortion along this coordinate. This is consistent with the fact that as the halide
ligands move toward the metal, as shown in the preceding inset for M;, they come
into closer contact with the bulky trimethylphosphine ligands that they are adja-
cent to in the cis-MXﬂ.g fragment. This steric repulsion is likely to increasingly
hinder the extent of distortion with larger halide ligands. The lower double-well
barrier that results from this restricted motion would seem to account for the im-
provement in the fit to the absorption spectrum of MojI4 (PMe3)4 relative to that
of MogBry(PMe3) and Mo3Cly(PMesz)y. That such steric contacts are important
in determining the geometries of these complexes is indicated by their structural
data, which display increasing Mo-P bond lengths and Mo-Mo-P and Mo-Mo-X

bond angles according to Cl < Br < 1.

This concept of the excited state geometry being under steric control similarly
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allows the intensity profiles of the emission spectra of the Mo;Cly (PR3)s (R = Me,
( Et, n-Pr, n-Bu) series and of Mo, Cl (AsMes)4 to be rationalized. Specifically, the
band shé,pes of the isoenergetic 1(6* — §) transitions of the MozCly (PR;;),; dimers
are quite sensitive to the nature of R, with the Franck-Condon calculations indicat-
ing this to be the result of a decrease in the Huang-Rhys factors of the nontotally
symmetric subprogressions along the series PMeg — PBuf, while substitution of
the ligating atom of the neutral ligand has no such effect on band shape, as seen
for Mo3Cl4(PMeg)4 and MozCly(AsMes)4. Thus, while the extent of the distortion
along bav(MoCl) is nearly equivalent for Mo;Cly(PMe;3)4 and Mo3Cly(AsMe3) 4
because of the similarity of the cone angles of the EMej ligands, it changes as an
inverse function of steric bulk for Mo;Cl4(PR3)4 according to PMez > PEtz >
PPr3 ~ PBu3. Finally, the fact that the Huang-Rhys factors for the emission sub-
progressions of W3Cly(PMe3z)4 are larger than those for the analogous Mo;ClyL,
complexes is presumably a reflection of the longer metal-metal distance in this
compound. This expansion along the M-M coordinate results in an increase in the
X-M-P bond angles of the MX;P; fragment relative to the molybdenum species,

thus allowing greater inward displacements of the halide.

Although the foregoing discussion indicates that the spectroscopic data and the
double-well description of the excited state form an internally consistent portrait of
the transitions between the !(§5*) state and the ground state, it does not provide
an answer to the single most basic question raised by these spectra: Why does the
1(66*) state generate molecula.r distortions along nontotally symmetric coordinates
at all? As was pointed out in the introduction to this thesis and emphasized in
subsequent chapters, the 1(§6*) state is ionic in nature, in contrast to the covalent
1(62) and 3(66*) states. Omne property of such an excited state is that it is poten-

tially subject to the phenomenon of sudden polarization,5! whereby the two-center
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resonance of the excited-state electron pair is disrupted by a nontotally symmet-
~ ric distortion to yield an asymmetric wavefunction in which the pair is partially
or conipletely localized on one of the two centers, thus generating a ﬁet dipole.
That ,prominent'progressions in the by (MoX) vibration should be displayed by the

1(6 — 6*) and 1(6* — §) transitions of these complexes is entirely consistent with

this sudden polarization scenario:

o 1

M A (8 "-"'8*)‘ -<——M+ -\
01(M2)

bz(MX) ¥

x\”g"

The movement of the electronegative halide ligands toward the left metal center
and away from the right one results in the formation, from the M(IT)-M(II) ground
state, of a polar excited state possessing some M(I)-M(III) character. The fact that
the spectroscopic data indicate the barrier to be only a few hundred wavenumbers
high suggests that the charge localization on one center is less than total.

In light of our findings for the MaX,L4 complexes, we now reconsider, in clos-
ing, the interpretation by Huang and Martin4? of the !(6 — 6*) band of Re,Cl12™.
The essential details of their conclusions, as well as reproductions of their absorption
spectra, were given at the outset of the Discussion section. Central to this reinter-

pretation is the 5 K emission spectrum of this complex, which is shown in Figure
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Figure 28. Emission spectrum of polycrystalline (TBA);Re;Clg at ca. 5 K (un-
corrected for spectrometer response). The v; and v, progressions, the

corrected emission band maximum, and the frequency of the 0-0 line are

indicated.
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28. Progressions in three vibrational modes are apparent: a 277-cm™! progression-
~ forming mode, which is assigned as v;(Rez), a 156-cm—! mode, labeled v; in this
- figure, and a 25-cm™—! phonon mode. There are two strong analogies befween this
spectrum and tﬁe emission spectra of the MaX4L,4 complexes: first, the positions
and intensities of the vibronic transitions within this spectrum can be fit by Franck-
Condon calculations (not shown) of the type already outlined in this chapter; and
second, the prominent v mode does not appear in the resonance Raman spectrum
of this complex, but rather is in good agreement with an unassigned nontotally
symmetric vibration at 154 cm~! in the infrared spectrum of this complex.52 Com-
parison of the emission spectrum with the (6§ — §*) transition reveals that while
the two bands are not mirror images, the lowest energy feature in absorption is only
11 cm™! higher than the emission 0-0. Built on this weak origin is a weak cluster
of phonon side bands that mirrors that seen in emission, as well as a progression in
a 135-cm™! mode, which we take to be the excited state analogue of the vy emis-
sion mode. Despite the fact that its Huang-Rhys factor is quite large (S ~ 3), this
latter progression extends for only two quanta, the second of which is extremely
weak. The absorption spectrum of ReQClg“ thus appears to suffer from the same

breakdown of Franck-Condon theory as did those of the M;X4L4 complexes.

The close analogies between the spectroscopic behavior detailed in this chapter
and that encountered for Reg Clg— suggest that the sudden polarization description
of the 1(66*) state of the M;X4L4 complexes, and the double-well potential energy
surface that this regime necessitates, are also applicable to the rhenium compound.
For this system, it a.pﬁea.rs that an ag,6(MX4) deformation is a very effective mode
for lowering the Dy4j symmetry of the ground state to Cy, in the polar excited state,

and we suggest that this is a reasonable assignment for the 156-cm—?! emission mode:
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Similar frequency modes were seen for the MosX4L4 complexes in absorption and
emission, e.g., emission modes b and ¢ of Mo;Cly(PMea)4. Unlike the phosphine
complexes, a v(ReCl) mode is not resolved for Re;Cl2™ in either its absorption
or emission spectrum, although spectral simulations suggest that it may be present
but only poorly resolved. Since the 1(§6*) potential energy surface of Re; Clg" does
not prevent torsional distortion, as we noted earlier, the excited state distortions
are undoubtedly somewhat different from those of the MX L4 systems.

It would appear that the ionic description of the !(§6*) state detailed here
should be general for the quadruple bond class, with the restriction that steric
constraints upon distortion may have profound effects upon the extent of excited
state charge localization. It is likely that such steric constraints account for the
relative simplicity of the vibronic structure in the !(§ — 6*) transitions of ligand-

bridged compounds® such as Moz (0,CCHj)4.53
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226 w, 261 s (v1(W3)), 270 sh, 288 w, 300 m, 312 w. A value of ; = 260(10)
cm~?! has been reported for the related W,Cly(PBu2), dimer.1”

The crystal structure of MosI4(PMes)s (P21/¢)!® places the Mo-Mo axes at
angles of 57° to the unique b crystal axis; with Z = 4, a factor group analysis pre-
dicts that a molecular-2-polarized transition should give rise to two electronic
transitions pola.rized parallel and perpendicular to b. In contrast, the structures
of Mo3Cly(PMe3)424 and MoyBry(PMes)4!2 (C2/c) place molecular-z rigor-
ously parallel to b; a molecular-z-polarized excitation yields only one crystal
transition that carries any intensity.
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The L z-polarized (6 — 6*) spectra of these complexes, as well as polarized

single-crystal spectra of their higher energy absorption bands, are presented in

Appendix II.
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The broad, weak features that appear on the low-energy flanks of the assigned
0-0 transitions bay be due to sample inhomogeneities generated by the crystal
mounting procedure. These anomalous bands are also present in the 1 z-
polarized single-crystal spectra.3”

The vibronic peaks are labeled alphabetically according to their spacing from
the origin. Transitions corresponding to the same vibrational mode in absorp-
tion and emission may thus have different labels.

Reference to Table III reveals, in fact, that the spacing of line B from the 0-0
line lies well outside the narrow range spanned by those of the progressions
built on other origins; its assignment must be regarded as tentative given the
low intensity of this feature.

Comparable behavior, albeit at lower resolution, is seen for Mo, Cly (AsMes)y,
the spectrum of which (Figure 13) displays a distinct shoulder adjacent to each
broad vibronic transition, but only a smoothly increasing intensity profile near
the electronic origin. The spacing of this shoulder from the strong bands (~93
cm™1!) is roughly equal to the average frequency of lines b (74 cm™!) and ¢
(119 cm™!) of MozCly(PMes)4.

Huang, H. W; Marﬁin, D. S. Inorg. Chem. 1985, 24, 96-101.

Clark, R. J. H.; Stewart, B. Struct. Bonding 1979, 36, 1-80.

The term “best fit” implies, in the case of the single-mode calculations only,
the calculated spectrum that best simulates the overall appearance of the ex-
perimental spectrum with respect to the degree of resolution and the rough
intensity pattern of the vibronic transitions. The intensity ratios of the vi-
bronic transitions in these spectra may not be the same as those observed

experimentally, however.

By “underlying emission intensity” we mean the emission intensity above the
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baseline and below the minima between the vibronic transitions, namely that
which is formed by the collapse of vibronic fine structure to give an unstructured

background; it does not imply that there is a second emission band beneath

(6 — ).

The noteable exception to this, of course, is the region near the 0-0 line, which
is self-absorbed.

It is for this reason that no attempt will be made to fit the extremely complex
emission spectrum of W3 Cly(PMeg)y, alffhough we contend that our conclusions
for the molybdenum complexes also apply to this species.

Whereas the background emission intensity of Mo;I4(PMes)4 could be decon-
voluted in order to obtain estimates of Huang-Rhys factors, the degree of spec-
tral congestion for Mo;Br4(PMes)4 and Moy Cly(PMe3)4 make this procedure
prohibitive in these cases. This will generally result in the overestimation of
S for high-frequency modes, specifically v, while those of the subprogressions
are fairly accurate for all complexes.

The similarity of the emission spectra of Mo;Cl4(PMe3)4 and Mo;Cly(AsMe3) 4
makes the followingv discussion equally applicable to the latter compound.
Sabs/Sem = Vg.s./Ve.s.

Chapter I. Benard, M.; Veillard, A. Chem. Phys. Lett. 1982, 90, 160-165.
Clark, R. J. H.; Stead, M. J. Inorg. Chem. 1983, 22, 1214-1220. Bratton,
W. K.; Cotton, F. A.; Debeau, M.; Walton, R. A. J. Coord. Chem. 1971, 1,
121-131. |

The medium dependence of the spectroscopic properties of Mo, Cl(PMes)4
is interesting in light of the sudden polarization invoked here. Specifically,
it was noted in Chapter IV that the (6 — 6*) and !(6* — §) bands of

Mo3Cly(PMeg3)4 shifted in opposite directions as a function of solvent polaz-
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ity, with the Stokes shift iﬁcreasing with increasing polarity. This shift of the
Franck-Condon maximum is consistent with an increase in the Huang-Rhys fac-
tofé of one or more vibronically active modes. One reasonable explanation of
this phenomenon is polar solvents contribute to the stabilization of the sudden
polarized excited state; the Huang-Rhys factors for the nontotally symmetric
modes would increase, yielding more intense progressions and a shifted band
maximum. It is not clear how such enhanced stabilization would increase the
rate of nonradiative decay, however, since all complexes of the Mo,Cl, (PR3)4

type display the same low temperature lifetime, regardless of ligand or medium.



-227-

CHAPTER VI

Reactivity of the 1(66*) State
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Introduction

Many oxidation-reduction reactions of central importance in chemistry and
biology involve the transfer of two or more electrons. The long-standing interest of
this research group in polynuclear transition metal clusters as photoredox catalysts
was initially motivated by the fact that these systems provide both the multielectron
source and the available metal binding sites to facilitate such transformations.!—4
We have demonstrated the ability of several classes of metal clusters to undergo
photoinduced two-electron transfers, resulting, for example, in the production of
molecular hydrogen from protons,®4 or in the oxidative addition of an activated
organic substrate to the dimetal unit.5® In the cases we have scrutinized most
closely, however, the mechanism by which these reactions occur involves either
two consecutive electron transfer events, the first of which takes place from the
electronically excited cluster and the second from a one-electron oxidized derivative
of the cluster ground state,® or atom abstraction.” While such mechanisms are
suitable for carrying out a number of useful multielectron redox reactions, there
are other important processes, such as proton-transfer or the oxidative addition of
unsaturated organic molécules, which could require a concerted two-electron change.

The relatively long lifetimes of the 1(66*) states of many complexes of the
M3X4L4 type in fluid solution® suggest that these species should be capable of
participating in bimolecular photochemical electron-transfer reactions. While one
potential mode of reactivity involves simple one-electron-transfer quenching of this
excited state, as has been shown previously for Re, Clg_,9 a novel mechanistic course
with implications for concerted two-electron transfer can be envisioned upon con-

sideration of the ionic character of the !(65*) state:
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Viewed from the standpoint of chemical reactivity, the sudden polarization of the
1(66*) state generates a highly localized, conjugate Lewis acid-base pair, potentially
suitable for interaction with nucleophiles and electrophiles, respectively. One might
intuitively expect that the reactivity of this excited state acid-base pair should be
enhanced relative to its ground state counterpart, namely the LUMO-HOMO pair,
by some factor proportiénal to the 1(§ — 6*) transition energy. Our interest in
the excited state electron transfer reactions of metal clusters led us to investigate
this avenue of photochemical reactivity for the M3X L, dimers. The results of this

study are reported herein.

Experimental Section

Materials.

Benzene and tetrahydrofuran (Burdick & Jackson) were dried by standard
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methods, degassed with a minimum of five freeze-pump-thaw cycles on a high-
-vacuum manifold (limiting pressure < 10~3 torr), and stored under vacuum with
sodium metal/ bAenzophenone. Immediately prior to use, dimethylacetylenedicar-
boxylate (Aldrich) was vacuum distilled and degassed with five freeze-pump-thaw
cycles, and hydrogen chloride (Matheson) was degassed with three freeze-pump-
thaw cycles and passed through a -20°C trap to remove water. All other chemicals
were of reagent grade or comparable quality and were used as received. The com-
plexes MozX4(PMes)s (X = Cl, Br),'® Mo;Cl4(PR3)4 (R = Et, n-Pr, n-Bu),!!
and W;Cly(PBu})4'? were prepared accordihg to existing procedures; satisfactory
carbon and hydrogen elemental analyses were obtained for each.
Electrochemical Measurements.

Cyclic voltammograms were obtained with a Princeton Applied Research model
175 universal programmer and a model 173 potentiostat/galvanostat, with glassy
carbon working, Ag-wire auxiliary, and saturated calomel (SCE) reference elec-
trodes. Measurements were made of deoxygenated dichloromethane solutions (0.1
M n-BuyNPFg) contained in a standard H-cell.

Photolysis Experiments.

Time-course photoljsis experiments were performed on solutions prepared on a
vacuum line in a vessel consisting of a 10 mL round bottom flask, a 1 cm pathlength
quartz spectral cell, and a teflon high-vacuum stopcock. Solvent was bulb-to-bulb
distilled into the evacuated cell from the appropriate storage flask, followed, in
the dark, by the addition of substrate by bulb-to-bulb distillation. A 1000 W
high-pressure Hg/Xe lamp equipped with Corning cut-off filters was employed as
the light source in these experiments. Spectrophotometric monitoring of both

photolysis and thermal-blank experiments was performed with a Hewlett-Packard

8450A spectrometer.
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The compound (MegPH)g[Moz (u-H)Clg| was prepared photochemically by the
| following method. A septum-stoppered Schlenk tube charged with Mo;Cly(PMe3)4
- (0.12 g) was purged with argon, and 75 mL of dry, deoxygenated benzene was added
via cannula. The resulting dark blue-red dichroic solution was purged with argon
for 20 min, followed by hydrogen chloride for 3 min. The flask was placed in a
part of the room that was partially shielded from the overhead fluorescent lamps
and left undisturbed for 5 d, at which point the solution was pale blue and the
flask contained a large amount of a microcrystalline orange-brown precipitate. The
contents of the flask were filtered in air (caution: this should be performed in
a fume hood due to the liberation of one equivalent of PMes in the course of the
photoreaction and the presence of residual HCl), and the solid washed with benzene
(to remove unreacted MoaCly(PMes)4), hexane, benzene again, and i-propanol, and
dried in vacuo. Anal. Calcd. (found) for CoHsiP3ClgMoy: C, 15.27 (15.41); H,
4.41 (4.10).

Results and Discussion

One-electron Redox Chemistry of the 1(66*) State.

Following the observation of electron-transfer quenching of the emissive excited
state of Ru(bpy)2* by Gafney and Adamson in 1972,!3 the ability of the lumines-
cent excited states of transition metal complexes to act as more potent oxidants and
reductants than their ground states has been extensively documented. Much of
this interest has been fueled by the potential use of such systems as photochemical
sensitizers in solar energy storage schemes, e.g., the photodissociation of water with
visible light; the aforementioned ruthenium complex has been referred to in this

regard as “an inorganic substitute for chlorophyll-a in in vitro photosynthesis.” 14
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Less a.lchemica.lly oriented studies in this area have been directed toward the activa-
~ tion of organic substrates through photoinduced oxidative addition,%7% while along
~ theoretical lines the investigation of the kinetics of excited state electrdn—transfer
processes has plz;,yed a prominent role.1®

It has previously been demonstrated that d*-d* complexes of the MyX4L4 type
can undergo reversible one-electron oxidations (d®-d*) and reductions (d%-d%) at
electrodes.1?:16:17 From these measurements and the spectroscopic results detailed
in Chapter V, the one-electron redox potentials of the !(66*) states of these sys-
tems can be estimated (Table I), as shown schematically in the following diagram

(electrode potential vs. SCE in tetrahydrofuran solution):

Modified Latimer Diogram
of M02C|4(PMe3)4

LTV +0.74V -
(MOz) —— MOZ - (NO2)+

Because of the sensitivity of the redox couples of these complexes to both the na-
ture of the metal and of ligands X and L, a wide variety of photochemical electron-

transfer reagents are available within the M;X,L4 class ranging from very powerful
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~ reductants (E*/* ~-2.1V) to ﬁloderate oxidants (E*/~ ~ +0.6 V). Although no
| attempt was made in this study to utilize these properties for either carrying out
photochemical transformations of substrates or evaluating the driving-force depen-
dence of electron-transfer kinetics, these systems are clearly of potential interest in
both of these regards and merit further study.18

Two-electron Redox Chemistry of the 1(66*) State. Excited State Acid-
Base Chemistry.

Although quadruply metal-metal bonded dimers have been used previously
as photoredox agents, these reactions involved either short-wavelength (UV)
photolysis,519:20 resulting in a mononuclear or other high energy intermediate,?! or
utilization of the enhanced one-electron redox chemistry of the ! (§6*) excited state.®
Because of the facility with which these processes can occur, experiments designed
to exploit the ionic nature of the 1(66*) state for concerted two-electron transfer
must include conditions in which these potentially competing side reactions would
be highly unfavorable. This is desirable not only from the standpoint of simplifying
product distributions, but also for the purpose of mechanistic interpretation.

The introduction of hydrogen chloride to a degassed benzene solution of
Mo3Cls(PMe3)4 results in an immediate, visible diminution of the intense red lumi-
nescence normally observable from this species. While such solutions are stable in
the absence of light for a period of greater than one month, irradiation within the
1(§ — 6*) absorption envelope of Mo,Cly (PMes)4 (Aez > 525 nm) rapidly produces
the spectral changes displayed in Figure 1. For solutions that are relatively dilute
in MozCly(PMes)y, such as the one shown here (65 uM), isosbestic behavior (A
= 524, 644 nm) is maintained up to virtually quantitative conversion. The same
spectral changes are also initia.lly seen for more concentrated solutions, but this is

followed by the loss, at higher conversion levels, of isosbestic points in the spectrum
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Figure 1. Electronic absorption spectral changes during irradiation (Aez > 525

nm) of Moy Cly(PMes)4 in C¢Hg/HCI (1 atm) solution at room temper-

ature.
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and the concomitant production of an orange-brown precipitate. Crystals of this
" material grown slowly by irradiation in indirect room light of a 2.5 mM solution of
, M02014(PMe3)4 in HCl-saturated benzene analyzed for the two—electroﬁ-oxidized,
MOg(III,IiI) species (Me3gPH)3[Mo;(u-H)Clg]. The absorption spectrum of this
material in acetonitrile solution is veryrsimilar to that of the photoproduct shown
in Figure 1, and is also in excellent agreement with that reported for the EtgPHt
22 and Rb* 20 galts of this compound.
The overall stoichiometry of the reaction described above is:
Mo2Cls(PMez)4 + 4HCl — (MesPH)3[Moy(u-H)Clg] + PMea

Given the number of bonds that are made and broken during the course of this
reaction, it seems quite reasonable that the final product is derived from some rel-
atively thermally unstable intermediate that is produced in the initial excited state
quenching reaction. Mechanistic considerations of the photochemical portion of
this pathway from both the standpoint of the potential reactivity of the substrate
and the nature of the excited state are inconsistent with any previously reported
quenching scheme. Specifically, neither homolytic cleavage of the H-Cl bond nor
outer-sphere one-electron reduction are energetically feasible processes for hydrogen
chloride under these conditions. Furthermore, population of the 1(66*) state does
not result in the labilization of metal-ligand bonds, thus ruling out the possibility
of photosubstitution. Instead, the quenching of the !(§6*) state of Mo;Cl, (PMes) 4
by HCI appears to be associated with the acid-base character of both the excited
state and the substrate. Shown in Figure 2 are two quenching pathways that lead
to viable products of f.he photochemical step of the overall reaction. Both of these
potential quenching processes are unprecedented for transition metal complexes in
that they involve excited state proton-transfer directly at a basic metal center,

and thus are formally concerted two-electron oxidation reactions.?3:26 The funda-
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Figure 2. Possible proton transfer mechanisms for the quenching of the 1(66*)

excited state of Mo;Cly(PMes), by HCL



-239-

0Ri--->T o
]
@S<---0%®

]

3

B

1
o>

T
@w:-%
Y
[ A |

MooCly(PMej), + 4HCI  —T1¥ > (MegPH)y [MoClgh] + PMes




-240-

mental difference between the two processes is that reaction b may be additionally
~ driven by the electrophilicity of the conjugate Lewis acid site of the dimetal unit.
Although no attempt was made to experimentally determine the more plausible
of these fnechaxﬁsms through the correlation of emission quenching rates with the
nucleophilicity of the conjugate base X~ (e.g., kq(HCI) vs. kq(HO3SCF3)), com-
pariséns of this two-electron oxidation chemistry to the excited state one-electron
redox potentials of Moy Cly(PMes)4 suggest that the !(66*) state of this species is
likely to be a more powerful Lewis base than acid, since, at a crude level of approx-
imation, pKj and pKj should roughly scale with E*/*+ (-1.3 V) and E*/~ (40.3
V) (Table I), respectively. The addition of weakly basic Cl~ to the relatively weak
Lewis acid site of the dimetal unit, as shown in pathway b, is thus probably less
thermodynamically favored than proton addition to the photogenerated lone pair.
Steric considerations also point to the primacy of proton transfer in the quenching
process. As is illustrated in Figure 3, access to the redox-active orbitals (i.e., those
of §-symmetry) of dimers of this type is strongly hindered for all but the smallest
of substrates; a photoinduced pericyclic oxidative addition of the type depicted in
reaction b would have a very sizeable kinetic barrier relative to reaction a. Taken
together, these arguments strongly support the notion that the Mo-H bond found
in the final product of this reaction is formed by the interaction of the 1(66*) state

with a proton in an acid-base fashion.

An important question in transition metal photochemistry, particularly with
respect to energy storage, and one that will be briefly considered in closing for the
;eaction of Mozcl4(PMe3)4 with HCl, is whether the enhanced reactivity of an
excited state relative to that of the ground state for a given transformation is the
result of a lowering of the thermodynamic barrier along the reaction coordinate, or

instead the kinetic barrier. While this is difficult to ascertain for the photochem-
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Figure 3. Space-filling model of Mo;Brs(PMes)4, drawn by ORTEP (see Chapier

II, Figure 1), showing the covalent radii of all atoms.
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ical step of this reaction since the properties of the thermally unstable product,
viz. [Mog(u-H)Cly(PMe3)4]*, are largely unknown,?” one experiment relevant to
determixﬁng the'stability of this species relative to that of Mo;Cly(PMe3), was
performed. Addition of tetrahydrofuran at room temperature to a solid contain-
ing a relatively high percentage of the product of the photoreaction resulted in the

production of Mo;Cls(PMes)4 and HC,?® as summarized below:

hy * : ! L4

1Mo+ Mo—*
THE CeHg | HCI e
et
H
ClLaMo < S Mo LyCI*
Ne/

The fact that the reductive deprotonation of the Mo, (III,I1I)-hydride complex oc-
curs with such facility vs}ith as weak a base as THF may indicate that the pho-
toproduct possesses considerable kinetic stability relative to Mo,Cl4(PMes)4 and
HCl in benzene, and thus that population of the !(§6*) state drives a reaction that
is thermodynamically uphill for the the ground state. While an alternative, and
much less interesting, explanation for this back-reaction lies in the more favorable
heat of solvation of HCI in tetrahydrofuran relative to benzene, consideration of
the geometry of the 1(66*) state is not intuitively inconsistent with the former pos-
sibility. Specifically, the geometric distortions that occur in the 1(66*) state do

not relieve the high degree of steric congestion possessed by the the ground state
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structure,3! and thus the photochemical pathway does not, from this standpoint,
lower the kinetic barrier to reaction. Needless to say, elucidation of the finer de-

~ tails of the thermodynamics of the acid-base photochemistry of these systems will

require much additional study.
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state is derivatized with a pendant base, thus allowing luminescence quenching
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M B: m————— M/_\B T H (1)
S—” ’__H+ S—
. . O
hv /\@ * _bA
. . : T M B: H 2
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It should be noted that [Moa(u-H)X3s]3~ has been proposed as an intermediate
in the net-two-electron photooxidation of Mo, X3~ (X = Cl, Br) by aqueous
HX to Mo3(u-OH);z(aq)4t and H,.20 This reaction occurs with appreciable
quantum yields only upon high-energy irradiation, however, and it was specifi-
cally noted in this study that no reaction was observed upon excitation into the
1{6 — 6*) band. Since the nature of the reactive excited state is unknown, a
mechanism for the formation of the intermediate in this system is not available.
There have been no reports of phosphine-substituted derivatives of [Mog(u-
H)Clg]3~.

The conditions of this experiment were such that the concentration of [Mog(u-
H)Cly(PMe3)4|* was maximized relative to that of [Mog(u-H)Clg]3~ or
other chloride-substituted intermediates in its thermal decomposition pathway.
Specifically, a benzene solution that was very dilute in both Mo3Cly(PMes)4
and HCI was rapidly photolyzed to near completion and the volatile contents
immediately removed under vacuum. Addition of tetrahydrofuran to the re-
maining light brown residue produced a pale gold solution and an insoluble
yellow oil. Within a few minutes, the flask containing this mixture became

warm to the touch and the solution acquired a distinct greenish tinge. Spec-
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trophotometric monitoring of this reaction revealed a rapid, quantitative con-
version (based on the disappearance of the initially visible absorption bands) of
the solution phase to Mo;Cly(PMegs)y; irradiation of the flask with a mineral
lamp vprodu<‘:ed the intense red luminescence characteristic of this species. The
yellow oil, which presumably consisted of the THF-insoluble (Me3PH)3[Mog(u-
H)Cls] complex, appeared to remain unchanged over this time period, as it also
did when this compound was dissolved in 1:1 acetonitrile:tetrahydrofuran in a
separate experiment.2?

Previous work has shown that while [Moa(u-H)Clg|3~ undergoes a similar base-
induced reductive elimination/deprotonation, more forcing conditions are re-
quired than are needed for its phosphine-substituted derivatives: the complex
Mo;Clypy4 can be produced from CszMoa(u-H)Clg upon refluxing the latter
in neat pyridine for 4h.30

San Filippo, J., Jr.; King, M. A. S. Inorg. Chem. 19786, 15, 1228-1232.
Chapter V.
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APPENDIX I

Heavy Atom Parameters and Additional Bond Distances and

Angles of Mo;Bry(PMes)s and MojI4(PMe3),
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Table 1. Additional Bond Distances and Bond Angles of MogBrg(PMe3)y%

Bond Distances

Atom | Atom Distance (‘g)
Pl Ci 1.813(8)
Pl C2 1.802(7)
P1 C3 1.831(7)
P2 C4 1.821(7)
P2 C5 1.813(7)
P2 Cé6 1.808(7)

Bond Angles

Atom Atom Atom Angle (deg)
P1 Mol Brl 84.92(4)
PI' 85.04(4)
P2 Mo2 Br2 85.00(4)
P2 84.85(4)
Brl' Mol Brl 132.70(3)
Pl P1 154.80(6)
Br2' Mo2 Br2 113.31(3)
P2 P2 154.19(6)
c1 Pl Mol 119.1(2)
C2 119.7(2)
c3 ' 107.7(2)
c2 c1 103.1(3)
c3 103.0(3)
c3 c2 101.8(3)
ca P2 Mo2 107.5(2)
cs 118.4(2)
cé P1 120.1(2)
cs c4 102.4(3)
cé P2 102.6(3)
c6 cs 103.5(3)

@ A prime indicates an atom related by a symmetry operation to those whose coordinates
are given in Chapter 2, Table I
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Table II. Additional Bond Distances and Bond Angles of MojI4(PMe3),

Bond Distances

Atom Atom Distance (K]
Pl Cil1 1.802(10)
C12 1.806(11)
C13 1.812(12)
P2 Cc21 1.813(10)
c22 1.813(9)
Cc23 1.809(9)
P3 C31 1.816(9)
C32 1.813(10)
C33 1.807(9)
P4 C41 1.821(12)
‘ c4a2 1.822(12)
C43 1.813(11)
Bond Angles (deg.)
Atom Atom Atom Angle (deg)
11 Mol P1 83.7(1)
P2 84.3(1)
12 P1 84.9(1)
P2 84.2(1)
13 Mo2 P3 83.7(1)
P4 84.4(1)
14 ‘ P3 84.4(1)
P4 84.8(1)
11 Mol 12 129.8(1)
P1 P2 152.9(1)
I3 Mo2 14 129.7(1)
P3 ' P4 153.1(1)
Mol Pl Cl1 119.2(3)
C12 119.6(4)
C13 108.9(4)
P2 c21 109.9(3)
c22 118.9(3)
C23 119.4(3)
Mo2 P3 C31 119.8(3)
’ c32 108.8(3)
C33 119.4(3)
P4 C41 119.8(4)
Cc42 107.9(4)

C43 120.0(4)
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Table M. (continued)

Bond Angles (deg.)

- Atom Atom Atom Angle (deg)

c11 P1 C12 102.9(5)
' Cc13 101.2(5)

C12 C13 101.2(5)
c21 P2 c22 102.0(4)
c23 100.0(4)

c22 c23 103.8(4)
c31 P3 c32 102.2(4)
C33 102.8(4)

c32 C33 101.2(4)
c4l P4 C42 103.0(5)
c43 - 102.3(5)

c42 C43 101.2(5)
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Table M. Heavy Atom Parameters for MoyBry(PMeg) 4

Atom X y z U.eqb
Mol 0 3321(.7) 1/4 296(2)
| Mo2 0 1057(.7) 1/4 295(2)
Brl -1085(.3) 4410(.7) 1184(.4) 528(2)
Br2 | -865(.3) -20(.7) 3166(.4) 501(2)
P1 930(1) 3915(2) 1803(1) 468(4)
P2 -1159(1) 452(1) 1109(1) 427(4)
Cl 1970(4) 3391(8) 2320(5) 752(19)
C2 653(4) 3416(7) 723(4) 664(17)
C3 986(4) 5858(7) 1752(4) 721(20)
Ca -1234(4) -1482(7) 1032(4) 736(22)
C5 -2157(3) 969(7) 356(4) 583(17)
C6 -1123(4) 946(7) 128(4) 632(19)

aAll coordinates except Mol(z) and Mo2(z) have been multiplied by 104.

b

Ugq =1 (¥ a¥) (@ -a =
eq 3§ il [ujj (aj a]-)(ai a].)]- oUgg)

—

o (Ujy)

Ueg-
Uij > 1
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Table IV. Heavy Atom Parameters for Mojglg(PMe3);.2

Atom X y Z Ueqb
Mol 24236(3) 54200(5) 31439(3) 353(1)
Mo2 24984(4) 43378(5) 21007(4) 374(1)
I 17014(3) 77093(5) 27795(4) 597(1)
12 30622(4) 43187(7) 46411(3) 769(2)
I3 38846(3) 46813(6) 15815(4) 722(2)
14 11813(4) 28232(6) 14775(4) 747(2)
P1 37478(12) 66797(25) 34863(14) 643(6)
P2 10519(11) 47846(19) 33810(13) 488(5)
P3 18449(13) 57340(20) 8782(12) 518(5)
P4 32035(17) 23420(21) 27568(15) 700(6)
Cc11 3916(6) 7787(9) 2745(6) 6.5(2)
C12 4712(6) 5887(10) 38117 7.1(3)
C13 3794(7) 7670(10) 4369(7) 7.8(3)
c21 887(5) 5611(9) 4263(6) 5.8(2)
Cc22 128(5) 5127(8) 2587(5) 5.3(2)
C23 807(5) 3207(9) 3679(6) 5.7(2)
c31 786(5) 6180(9) 691(5) 5.7(2)
C32 1849(6) 4927(10) -68(6) 8.5(2)
C33 2333(5) 7176(8) 744(5) 5.3(2)
C41 4239(7) 2407(11) 3416(7) 8.3(3)
C42 3292(7) 1317(11) 1922(7) 7.8(3)
C43 2708(6) 1331(11) 3336(6) 7.6(3)

a Coordinates of Mo, I, and P have been multiplied by 105, Coordinates of C and
Ueq have been multiplied by 104,

b yeq=1/3 12 § [Uijb(a’i"-a’f) Gi'gj)]i o(Ueq) =

1

o(Ujj)

J6

Ui

Ueq
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APPENDIX 11

Electronic Transitions to the Higher Energy

Excited States of MaX4L4 Complexes
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Figure 1. L z-polarized single-crystal absorption spectra of Moy X4(PMe3)y in the
region of their (6§ — 6*) transition at ca. 5 K: (a) X = Cl; (b) X =
Br. The arrows indicate the positions of the 0-0 transitions observed in

|| z-polarization (see Chapter V, Figure 14).
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Figure 2. Polarized single-crystal absorption spectra of Mo, Cls(PMes)y: (a) T
= 300 K; (b) T = 5 K. The || z spectrum in (a) is offset from the L z
spectrum by 0.06 optical density units. The dashed line is the calculated

isotropic spectrum (€50 = 1/3(€e; + 2€5,y)) with the L z baseline.
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Figure 3. Polarized single-crystal absorption spectra of Mo;Bry(PMes)s: (a) T
= 300 K. (b) T = 40 K. The dashed line is the calculated isotropic

spectrum (€50 = 1/3(€2 + 2¢€5,4))-
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Figure 4. || z-polarized single-crystal absorption spectra of Mo2X4(PMes)y in the
region of bands III and V at ca. 5 K (see Figures 2 and 3): (a) X
= Cl; (b) X = Br. The average metal-metal stretching frequencies of
band V for Moz Cls(PMe3) 4 and Mo2Bry (PMe3)4 are 349 and 328 cm—1,

respectively. By comparison, these frequencies for the §2 (Chapter II,

Table V) and !(66*) (Chapter V, Table III) states of MoyCls(PMes)4

are 355 and 331 cm™!, and those of Mo;Bry(PMes)4 are 352 and 326

1

cm™*, respectively.
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Figure 5. Absorption spectra of MaX4(PMejz)4 in 2-methylpentane at 77 K in the
region between bands Iand II: (a) M =Mo, X =L (b) M =W, X =
ClL
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Figure 8. Absorption spectrum of a CsBr pellet of Mo;Brs(PMeg)4 at ca. 5 K
in the region of band II (¢(MoP)—§*(Mo,); Chapter II). The ground-
state molybdenum-phosphorous stretching frequency is a;v;(MoP) =

235 cm™! (Chapter II, Table V).
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Figure 7. Tentative assignments of the electronic transitions of M;X4(PMes)s.
For a more detailed discussion of bands I and II, see Chapters V and II,
respectively. The # — §* assignment for band III is based on analogous
assignments for similarly polarized bands of the Moz(SO4):_/ 3~ and
Mo, (HPO4)3~ ions (Appendix IV). The o — 6* assignment for band V
is derived from recent theoretical (Manning, M. C.; Holland, G. F.; Ellis,
D. E.; Trogler, W. C. J. Phys. Chem. 1983, 87, 3083-3088; Ziegler, T.
J. Am. Chem. Soc. 1984, 106, 5901-5908; Ziegler, T. ibid. 1985, 107,
v4453-4459) and photoelectron spectroscopic (Root, D. R.; Blevins, C.
H.; Lichtenberger, D. L.;‘Sattelberger, A. P; Walton, R. A. J. Am.
Chem. Soc. 1985, 108, 953-959) evidence that the ¢ and 7 metal-
metal bonding levels are in close energetic proximity; the essentially
nonbonding nature of 0(M3) is indicated by the closeness of the metal-
metal stretching frequency of the [or%626*] and [02n466*] states (Figure

4).
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APPENDIX III

The § — §* Transitions of Moy (02CPr"),%/+
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Figure 1. The § — §* transitions of Moz(OgCPr")g/ *: (a) Moz(0,CPr™)4 in
2-methyltetrahydrofuran at 77 K (prepared according to the standard
method: McCarley, R. E.; Templeton, J. L.; Colburn, T. J.; Katovic,
V.; Hoxmeier, R. J. Adv. Chem. Ser. 1975, 150, 318-334); (b)
Mo2(02CPr"){ in acetonitrile at ca. 235 K (generated in situ by chem-
ical oxidation of Mo2(02CPr")4 with NOPFg at 0°C). Note: the two
spectra are not on the same absorbance scale. The average values of
the excited-state metal-metal stretching frequencies of the ![o?7466*]
and 2[o2746*] states of Mo3(03CPr™)Y/* are ca. 365 and 335 cm™!,
respectively. By comparison, the ground-state metal-metal stretching
frequency of Moz (O3CCHz)y is 3 = 408 cm™! (Hutchinson, B.; Mor-
gan, J.; Cooper, C. B., III; Mathey, Y.; Shriver, D. F. Inorg. Chem.
1979, 18, 2048-2049).
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APPENDIX IV

Electronic and Vibrational Spectroscopy of the Triply Bonded
Moz (HPO4)4%~ Ion. Inferences as to the Energetics of 6-Bonding

from Spectroscopic Correlations to Moz (SO4)44~/3~
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Introduction!

Spectroscopic studies of the 1(§ — §*) transitions of quadruply bonded metal
dimers have been of central importance in elucidating the electronic structural de-
tails of the 6-bond present in this class of compounds.?:3 One of the principal themes
that has emerged from consideration of the overall spectral behavior of these sys-
tems is that the relatively high energy and low intensity of this transition are a
direct consequence of the weak overlap of the d,, orbitals that comprise the &-
interaction.? The actual contribution of the energetic splitting of the one-electron
6 and 6* levels to the energy of the 1(§6*) state, however, has been difficult to as-
sess experimentally,*~® and hence quantitative spectroscopic measurements of the
extent to which the é-interaction is perturbed by such variables as metal-metal dis-
tance, metal-ligand interactions, and formal charge of the M; unit have, for the
most part, remained elusive.

Binuclear complexes that span a wide range of d-electron counts and for-
mal metal-metal bond orders have been prepared and structurally characterized,
particularly over the last 25 years. Several years ago, compounds containing the
Mo,(SO4)3 ™/~ ions, which constitute examples of bond orders of 4(0?7r*62%) and
3.5(02716), respectively, were reported” and subsequently thoroughly character-
ized with respect to their spectroscopic properties.®~12 This series has recently been
extended to include an example with a formal bond order of 3 with the discovery
of the structurally related Moz(HPO,;)i- ion,'314 which is proposed to possess a
(0?769) electronic configuration. Comparisons of the molecular structures of these
three compounds show that the major perturbation to the Mo,Og core across this
series is a small, monotonic increase in the metal-metal distance with decreasing

bond order (~0.06 A/§ electron),!® as anticipated from qualitative electronic struc-
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tural considerations. We report herein the results of our electronic and vibrational
~ spectroscopic investigation of the Moz(HPO4)i_ ion, as well as the.correlation of

the relative energies of the 7, §, and 6* levels with metal oxidation state and metal-

metal distance for this class of complexes.

Experimental Section

General Procedures.

All chemicals were of reagent grade or comparable quality and were used as
received. Elemental analyses were performed by Mr. Larry Henling at the Caltech
Analytical Laboratory. Magnetic susceptibilities were obtained at room tempera-
ture with a Faraday balance that was calibrated with HgCo(SCN)4. Raman and
electronic spectra were acquired using the instrumentation and procedures detailed
in chapters II and III, respectively.

(pyH)3[Moz(HPO,)4]CL.1®

A saturated solution of K4Mo,Clg in N2-purged 6 N H3PO4 was quickly fil-
tered, in air, into an open beaker containing a 5-fold excess of pyridinium chloride.
The solution became turbid shortly after dissolution of the salt, and within min-
utes a gray precipitate had formed. After being stirred for 10 min, the mixture
was diluted by 25% with 6 N H3POy, stirred briefly, and filtered. The filtrate was
diluted again by 25% with 6 N H3POy,, and the deep yellow solution was allowed to
stand undisturbed in an open beaker. After 24 h, several fine purple needles were
observed to be growihg on the wall of the beaker at the solvent/air interface, in
addition to a small amount of gray precipitate on the bottom of the beaker. After 3
days, a small crop (10-20 crystals) of long (1-1.5 cm) red-purple blades was carefully

removed from the flask and blotted dry between sheets of filter paper. Additional
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material could be obtained as small red-purple needles by allowing the combined
gray precipitates to stand in the mofher liquor in an open beaker for 1 month. This
materié.i was washed with a small amount of ethanol and dried in vacﬁo. Anal.
caled (found) for C;5H22N3Cl0;6P4Mog: C, 21.16 (21.10); H, 2.60 (2.56); N, 4.93
(4.91).

Examination of the blade-like crystals under a polarizing microscope revealed
sharp extinctions parallel and perpendicular to the blade axis. Most of these crystals
were aggregates that were aligned along the blade axis. Small, thin single crystals
could be obtained by breaking up these aggregates; all spectral data in this appendix
refer to such crystals. These crystals were strongly dichroic, transmitting yellow
and red-purple light for their parallel and perpendicular extinctions, respectively.
Examination of a typical crystal by X-ray photographic methods showed it to be
consistent with the previously reported!® orthorhombic space group (Pbam) and
lattice constants. The crystallographic ¢ axis was found to be colinear with the long
blade axis (yellow';extinction) of the crystal, and the well-developed crystal face
was determined to be (100). The yellow and reddish-purple extinction directions
therefore correspond to polarization parallel and perpendicular, respectively, to the
linear -(Mo-Mo-Cl-) chains (Can site symmetry) of the crystal, i.e., respectively
parallel and perpendicular to molecular z.

Cs2[Mo,(HPO4)4]2H,0.

A 50% saturated solution of (pyH)s[Mo2(HPO4)4]Cl in N3-purged 6 N Hz3PO,

was treated dropwise with a saturated solution of CsCl in the same solvent. The

product precipitated immediately, as a fine purple powder, in nearly quantitative

yield.
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Results and Discussion

Magnéﬁism.

Although “the (02746°) electronic configura-
tion propoéedle"14 for Moa(HPO4)2~ seemed very likely to be correct, a recent
report of paramagnetism for the Os;(0;CR)4Cl; compounds,'® which possess two
electrons in excess of a quadruple bond, made magnetic confirmation of the sin-
glet ground state desirable. A room temperature (297 K) Faraday measurement
on our preparation of (pyH)3[M02(HPO4)4]Cl showed it to be rigorously diamag-
netic, in accord with previous predictions, with the observed susceptibility of xm =

-100(10) x 10~ emu/mol being in fair agreement with that calculated by standard
methods!? (-350 x 10~¢ emu/mol).

Raman Spectroscopy.

The Raman spectra obtained for (pyH)3[Moz(HPO4)4]Cl
and Cs3[Moz(HPO4)4]2H20 upon 363.8-nm excitation are reproduced in Figure
1.18 The strongest feature in each spectrum is a line at ~360 cm™! that is readily
assigned to ¥(Moz) by analogy to the previously reported metal-metal stretching
frequencies of Moz(SO4)1' (371 cm™1)%9 and Mo, (S04)3~ (373, 386 cm—1)® (the
dual frequencies observed for the latter ion are a consequence of the existence of
two crystallographically distinct dimers in the unit cell). Although the trend of
v(Moz) among the Mo (ILII) and Moz (ILIII) sulfates is not an obvious one, the
frequency of the Moy (IILIII) phosphate is clearly lower than both of them, in ac-
cord with its lower bond order and longer metal-metal bond. Additional evidence
that this is a reasonable assignment for v(Mo3z) comes from comparison with the
2(§ — 6*) excited state of the Mog (ILIII) sulfate,'!»!? which has a formal bond

order of 2.5(c%2746*1) and a concémitantly lower metal-metal stretching frequency
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Figure 1. Raman spectra of (a) Cs3[Moz(HPO4)4]2H,0
and (b) (pyH)s[Moz(HPO,4)4|Cl (A.; = 363.8 nm) at room tempera-

ture.
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 v(Moy) = 350 cm—1.19
| With respect to the frequencies of metal-ligand vibrations, each Raman spec-
- trum shows well-defined lines between 200 and 300 cm™!; analogous lines observed
for the Mo, sulfates have been assigned® to v(Mo-O(sulfate)) modes. These assign-
ments seem reasonable, although deformation modes (§(Mo-0)) are also candidates
for lines in this region.?? The pyH™ salt should, in addition, possess a feature at-
tributable to the v(Mo-Cl) mode, although the extreme length of this bond (2.91
A)13 suggests that it must lie at relatively low frequency. The shoulder at 125 cm™1,
which has no counterpart in the Cs* spectrum, seems reasonable in this regard.
Additional weak features observed below 200 cm™! remain unassigned; é (Mo-0)
deformation modes undoubtedly contribute to this region of the spectrum.9:20
Finally, lines to higher frequency of v(Mo;) are presumably associated with
vibrations of the phosphate moiety; “free” PO3~ has modes at 420 and 567 cm~1,2!
and the sulfate complexes again show analogous lines.?

Electronic Spectroscopy.

Electronic absorption spectra have been reported in the visible region for so-
lutions of Moz (HPO4)37,14 as well as for a KBr pellet of the Cs* salt,!® at room
temperature. The two sbectra are virtually identical, consisting of weak bands at
Amaz 428 nm (¢ = 63 M~ lem™!) and Apnqr 548 (€ 107).14 We have examined a
dilute CsCl pellet of Csz[Mo3(HPO,4)4]2H,0 at 5 K and found an additional, rela-
tively intense absorption centered at 250 nm. Neither this feature nor the previously
reported visible bands displayed vibronic structure at low temperature, however.

The polarized single-crystal absorption spectra of (pyH)3[Moz(HPO4)4|Cl at
room and low temperature are displayed in Figures 2 and 3, respectively.2? These
spectra show strongly o(z,y)-polarized bands with nearly temperature-independent

maxima at 542 and 420 nm, and which are clearly analogous to those observed in
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Polarized single-crystal absorption spectrum of (pyH)s[Moz(HPO4)4]Cl
at room temperature. The o spectrum is vertically offset from the =
spectrum by 0.15 optical density units. The dashed line is the calculated
isotropic spectrum, € (isotropic) = (1/3)(ex + 2€,), with the 7 baseline.
Polarized single-crystal absorption spectrum of (pyH)s[Moz(HPO,)4|Cl
at 18K. ‘The o spectrum is vertically offset from the 7 spectrum by 0.06

optical density units.
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solution. The integrated intensity of each band in 7 (z)-polarization decreases with
' vdecrea.sing temperature, indicating that it is vibronically induced. The oscillator
strength of the 542-nm band in z,y-polarization is independent of terhpera.ture,
suggestiné that fhis tr-ansition is dipole-allowed. In contrast, the 420-nm band in
this polarization is less well defined at low temperatures, indicating that it is losing
intensity and is thus likely to be dipole-forbidden in z,y- as well as z-polarization.
The fact that this band is located on the low-energy tail of a much more intense
transition makes our conclusions for the 420-nm band less certain than for the

542-nm band, however.

In addition to the two transitions that have analogues in the solution spectrum
of Moz(HPO4)3~, two previously unreported bands were observed in the single-
crystal spectra. The first is a broad, weak feature at ~670 nm that is predominantly
z-polarized, although a weak shoulder in z, y-polarization at roughly the same wave-
length is evident at low temperature. At room temperature, this band contributes
only to the long-wavelength tail in the calculated isotropic absorption spectrum
(Figure 2). Since a similar tail is seen in both the solution!* and pellet spectra,!3
we consider the 670-nm band to be an authentic absorption of the Mo, (HPO4)Z“
chromophore. The second previously unreported band of (pyH)s[Mo, (HPO4)4]Cl
is a predominantly z-polarized absorption centered at 340 nm that, in contrast,
has no counterpart in either the pellet spectrum of Cs3[Mo2(HPO4)4]2H20 or in
solution spectra,’ and which accounts for the visibly more reddish-purple color of
the CsT adduct. We infer from the fact the 340-nm absorption is unique to the
pyH™ compound that this band is not metal-metal-localized, and suggest that it is
attributable to an LMCT transition involving the infinite-chain-bridging axial chlo-
ride ligands present in this particular salt. The extreme length of the Mo-Cl bonds

could conceivably account for the relative weakness of this transition. A calculation
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by Norman et al. on the (o2r4627*25 *1) ground state of the structurally related
" Ru, (O2CH)4CI; ion?? assigns the highest occupied halide level to be a;4 o(Ru-Cl),
locatefl‘ at slightly higher energy than §(Ruz). The most likely assignment of the
observed band is therefore o(Mo-Cl)—§(Mo3), which is dipole-forbidden. Unfortu-
nately, we were unable to extend our low-temperature measurements to sufficiently
high optical density to test the implied temperature-dependent intensity of this
assignment.

Assignment of the Metal-Metal Transitions.

The absorption bands of (pyH)3[Moa(HPO4)4]Cl at 542 and 420 nm, and prob-
ably also that at 670 nm, are likely to be electronic transitions associated with its
metal-metal bonding framework. In deriving assignments for these bands, we draw
heavily upon comparisons to the data accumulated by Martin and co-workers for
the Moz (ILII)!® and Mo, (ILII)!? sulfate complexes. We assume that the bridging
HPOi" and SOZ‘ ligands are very similar from an electronic standpoint, and such
comparisons as are available’:13:14:24 sypport this contention.

The metal-metal-localized electronic transitions between the - and §-based
manifold of states of Moz(HPO4)i— and Mo, (SO4):_/ 3= are set out in Table L. For
the Moy (ILII) sulfate cdmplex, which has a (627162) ground state, crystal spectra
of the K+ salt show!? the lowest energy transition to be the strongly z-polarized,
moderately intense (€maz 170 in solution)!! 1(§ — §*) absorption at 515 nm. The
one-electron-oxidized, (¢2746!)-configured Mo, (ILIII) sulfate displays!? as its low-
est transition the similarly intense,!! z-polarized 2(§ — 6*) band centered at 1400
nm, the large red shift being understandable in terms of the large contribution of
two-electron terms to the energy of the singlet transition.*5 The (027*) Mo, (IIL1I1I)
phosphate cannot, of course, have a § — §* transition, and thus its lowest energy

allowed transitions are likely to ber — § and 7 — 6* (Table I). Both of these
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transitions should also be presént in the Moy(ILIII) sulfate, while the Mo (IL,II)
-sulfate can possess only the # — 6* transition.

The single-crystal absorption spectrum of Moz(SO4)i— showed, in addition to
2(6 — 6*), weak bands at 595 nm (z, y-polarized, temperature-independent inten-
sity) and 4’17 nm (indefinite polarization and thermal behavior). These compare
quite closely in energy and behavior to the 542- and 420-nm absorptions observed
by us for Moy(HPO4)2~, and we suggest that these bands may be assigned to the
® — 6 and m — 6* transitions, respectively. The spectrum of Moz(SO4):_ also con-
tains a weak band of mixed polarization at ;100 nm which, by analogy to the 417-
and 420-nm bands of Moz (ILIII) and Mo, (IILIII) systems, could be attributable to
the # — 6* transition.

Martin and co-workers considered a # — § (2E, « 2B,,) assignment for the
visible absorptions of the Mo, (ILIII) sulfate, but they argued that the intensities
of these bands were too low for dipole-allowed transitions. In view of the similarly
small oscillator strengths of the dipole-allowed § — §* transitions of the sulfate
compounds, however, we suggest that the observed intensities are actually quite
reasonable. Moreover, there is one very satisfying aspect of our assignments. The
dif ference of the energies of the 7 — 6 and # — 6* transitions should equal the
one-electron orbital splitting of the § and 6* levels; the above assignments of these
bands yield a §/6* splitting of 7175 cm™!, in essentially perfect agreement with
the directly observed 7175-cm™! energy!!!2 of the 2(§ — 6*) transition of this
complex.?5

Application of this analysis to the Mo, (IILIII) phosphate yields a § /6* orbital
splitting of 5100 cm™1,28 reduced, as expected, as a result of the longer bond dis-
tance and lower bond order of this complex.-” By assuming that the average energy

of the § and §* levels remains constant for the bond order 3 and 3.5 complexes,



-294-

then our assignments yield the energy level diagram shown in Figure 4. One conse-
~ quence of this assumption is that the energy of the = level is nearly independent of
- the differences between the bond orders and metal-metal distances of these/ two com-
pounds. Inasmm;.h as the é-interaction is significantly weaker than the 7-interaction
in these complexes, the former’s sensitivity to bond order and bond distance should
be drafnatically more marked than the latter’s. By additionally assuming that the
constant energy of the 7 level extends to the bond-order 4 case, then our assignment
of the 7 — 6* transition of Moy (ILII) sulfate allows us to infer a one-electron § / o*
splitting of ~8500 cm ™1 for the quadruple bond, which is in reasonable agreement
with the results of calculations?® on other Mo, (ILII) complexes possessing similar
1(§ — 6*) transition energies.?®

We also wish to consider briefly the assignments of the two other bands observed
in the solid-state spectra of Mo, (HPO4)2_. The weak, predominantly z-polarized
feature at ~670 nm in the single-crystal spectra of (pyH)s[Moz(HPO,4)4]Cl is at-
tributable to the 3(m — §) (*E, — 'A4,) excitation, which should possess both
z- and z,y-allowed components. The intensity of this band relative to its sin-
glet counterpart, as well as the resulting singlet-triplet splitting (~3500 cm™1),
are in reasonable agreement with expectations for a second-row transition metal
complex.2? Finally, our pellet spectrum of Cs2[Mo3(HPO4)4]2H20 showed a very
intense absorption maximum at 250 nm. We consider it most unlikely that intense
charge-transfer transitions involving the bridging phosphate or axial water ligands
would occur at this low an energy and thus tentatively suggest that this band be
assigned to the *(r — >7r*)(M02) transition. Comparable UV data for the analogous

sulfate complexes, however, have not yet been reported.
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Figure 4. Energies of the 7, §, and 6* levels of Moy (HPO4)2~, Mo;(S04)%~, and
Mo3(804)3~. Calculated or estimated energies are given in parentheses;

all other values are spectroscopically determined.
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The Moz (ILII) and Mo (ILIII) sulfate complexes should also have a § — 7*
transition that is absent in the Moy (IIL1III) phosphate. The close coincidence
of the visible absorption bands for the latter two complexes, as well as the
reproduction of the 2(§ — §6*) transition energy by this calculation, makes
assignment of either the 417- or 595-nm band of Mo2(SO04)3™ to § — * far
less satisfactory than those proposed here. The spectra of the sulfate complexes
contain!?12 additional weak bands between 300 and 350 nm for which a § — 7*
assignment is possiBle.

Since the actual peak position of the 420-nm band of Moy(HPO4)2~ is not well
determined in our single-crystal spectra, we used the 428- and 548-nm values
taken from solution.!* Vertical transition energies were used in all instances.
In extending this analysis to Mo, (HPO4)2_ we are assuming that the contribu-
tions to interconfigurational transitions (e.g., * — § *) from two-electron terms
will roughly cancel out when the differences between these transition energies
are taken, thus yielding one-electron splittings of the type directly measured

in the spectrum of Mo; (SO4)2'. Such an approximation cannot, of course, be
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applied to transitions between covalent and ionic states (e.g., 1(6 — 6*)). 45
Mo, Cl§™: E(6/6*) = 7900 cm™! (Norman, J. G., Jr.; Ryan, P. B. J. Comput.
Chém. 1980, 1, 59-63). Mo;Cls(PMes)4: E(5/6*) = 8070 cm™? (Cotton., F.
A.; Hubbard, J. L.; Lichtenberger, D. L.; Shim, I. J. Am. Chem. Soc. 1982,
104, 679-686).

Analogous studies have been reported for Re;Cly(PR3)42t/+/0 (0214526*n,
n =0, 1, 2). (Bursten, B. E.; Cotton, F. A.; Fanwick, P. E.; Stanley, G.
G.; Walton, R. A. J. Am. Chem. Soc. 1983, 105, 2606-2611. Cotton, F.
A.; Dunbar, K. R.; Falvello, L. R.; Tomas, M.; Walton, R. A. 1bid. 1983,
105, 4950-4954). Extensive mixing between metal- and ligand-based levels of
these systems, and concomitantly lower energy LMCT transitions, precluded
a spectroscopic analysis as straightforward as that presented here for the Mo2
sulfate/phosphate complexes, for which such complications are likely to be
minimal.

An alternative assignment for the 670-nm band is ! (0(Mo;) — 6(Mog)) (1B2,
— 1A,,; dipole-forbidden); recent photoelectron spectroscopic studies of other
triply metal-metal bonded complexes indicate that the ¢ and = molecular or-
bitals of these speciés are nearly degenerate (Kober, E. M.; Lichtenberger, D.
L. J. Am. Chem. Soc. 1985, 107, 7199-7201).



