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ABSTRACT

A synthetic strategy aimed at incorporating metal—metal multiple
bonds into one-dimensional polymers and liquid crystals is
outlined. Specific examples taken from the use of dimetal tetra-
carboxylates, where the metals are molybdenum and tungsten, are
presented. Depending upon the organic linking group, the one-
dimensional polymers may be conducting or charge-storing, and
the characterization of discrete dimers of “dimers” is used to
illustrate this. The thermotropic and other physicochemical prop-
erties of mesogenic M,(O,CR), compounds can be related to the
intermolecular M- - -O interactions as a function of M and R.

The synthesis and utilization of polymers and liquid
crystals (mesogens) have transformed the way in which
we live. This new world of polymeric and liquid crystalline
materials is primarily organic, being dominated by the use
of the elements carbon, hydrogen, oxygen, nitrogen, and,
to a lesser extent, some neighboring main group elements
such as boron, silicon, phosphorus, and sulfur. The
metallic elements, which comprise more than half of the
elements in the Periodic Table, have thus far contributed
virtually nothing of fiscal value to the field of polymers or
liquid crystals beyond their occasional use in the catalysis
by which polymers are formed. It seems that this situation
might change in the years to come, as metal ions have
attractive features for new generations of metalloorganic
polymers and metallomesogens, polymers, and liquid
crystalline materials that contain metal ions.! Metal ions
may exhibit specific coordination preferences, may be
redox active, may have unpaired electrons, may be
photosensitive, and may, in innumerable ways, be antici-
pated to modify an organic polymer or mesogen. As two
limiting situations, they may be present as guests or they
may be the architects and engineers of a polymer or
mesogen.

With these simple ideas, we set forth in 1989 to
incorporate dinuclear (M,) units containing M—M mul-
tiple bonds into one-dimensional polymers? and
mesogens.® Since Cotton’s recognition of the M—M qua-
druple bond in 1964, the field of multiple bonds between
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Electronic Structure of Moy(0O;CR)4
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FIGURE 1. Electronic description of the frontier molecular orbitals
in M2(0,CR), compounds.

metal atoms has been one of the active areas of modern
coordination chemistry* and, indeed, continues to draw
attention from those interested in reactivity, structure, and
bonding, as can be seen from the recent discourse on the
Ga—Ga triple bond.®

As an entry point into this new area of chemistry, we
elected to work with dimetal carboxylates, M,(O,CR),4, of
molybdenum and tungsten.* These have the paddle-wheel
molecular structure depicted by A. Their electronic struc-

M = Mo, W

ture has been extensively studied, and the essential feature
of their M—M electronic configuration is depicted in
Figure 1. By selection of M (Mo vs W) and R (R = alkyl,
aryl, CF3), the redox properties of the M, center can be
tuned by 2 V for the solution reaction M,(O,CR); —
M,(O,CR)," + e. A similar trend of ionization energies
(in electronvolts) is seen in the gas-phase photoelectron
spectra of the volatile compounds M,(O,CR),, where M
= Mo, W and R = Bu and CF3.% The singlet 6 — &*
electronic transition for M = Mo and R = Me or 'Bu,
occurs at 436 nm (e ~ 100) and the 6 — CO, &* (MLCT)
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transition occurs at higher energy, 296 nm (e ~ 10 000).”
For R = aryl and p-NO,-C¢H,, the 6 — CO, x* transition
is significantly shifted (Amax =~ 600 nm for R = CsH,-p-NOy)
and completely masks the weak 6 — 6* transition.? For M
= W, the higher orbital energy of the ¢%7*0? manifold
results in the 6 — CO, &* transition occurring at 377 nm
(e ~ 13 000), and the & — 6* transition is again masked.®

Two further points of interest concerning the M—M
quadruple bonds are worthy of mention before we exam-
ine their role in “ordered assemblies”. (1) They have a very
large magnetic anisotropy, larger than that of a carbon—
carbon triple bond but similar in nature.® (2) They exhibit
a huge third-order nonlinear optical susceptibility.** Again,
this is similar in nature to that of a C—C triple or double
bond but is an order of magnitude larger in the value of

V.

One-Dimensional Polymers

Syntheses. Two limiting types of one-dimensional poly-
mers can be envisaged, and these are shown in the
drawings B and C.

W‘f"[MLM]M[MLM]m[MLM]M}«

[ [MJ L

In B, the M—M axis associated with the M—M bond of
order n is parallel to the propagating axis, whereas in C
the M—M axis is perpendicular. Control of the orientation
of the M—M axis and the polymer propagation rests on
the judicious selection of bridging ligands, denoted in B
and C by the squiggly line.

Synthesis of polymeric materials of types B and C can
be achieved by a carboxylate exchange reaction, as shown
in eq 1, where —R— represents a rigid rod spacer.*> Our

M,(0,C'Bu), + HOOC—R—COOH —
!/ [M,(0,C'Bu),(0,C—R—CO,)],, + 2'BUCOOH (1)

initial choice of the pivalates was made simply because
the Me protons provide a good *H NMR signature and
the 'Bu group provides for better solubility than the acetate
derivatives. However, an increase in the solubility of the
polymers can be achieved with the use of long-chain
n-alkyl carboxylates such as n-octanoate, CH3(CH,)sCO,™.
Reaction 1 is an equilibrium reaction, and in order to drive
the reaction to the right the pivalic acid must be removed,
e.g., as an azeotrope, or the dicarboxylic acid HOOC—R—
COOH must be more acidic than pivalic acid. The latter
pertains to the use of oxalic acid and perfluoroterephthalic
acid.

Hydrocarbon-soluble oligomers derived from Moy(O,-
C'Bu)4 have been obtained with ca. 10 Mo, units, as judged
by molecular weight determinations.'? The end groups,
as determined by NMR spectroscopy, are either '‘BuCO,
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or free COOH groups derived from HOOC—R—COOH.
Again, by NMR spectroscopy, the substitution pattern
appears to be predominantly trans, thus generating a
linear oligomer of the type shown in D.

~[M0,]—0,C—R—C0,~[M,]—0,C—R—CO,~[M,]
D

For oxalate and R = CgFy4, these are perpendicular
polymers of the general type denoted by C, and, by
judicious choice of stoichiometry and reaction conditions
in reaction 1, model compounds (Bu'CO,);M,(0,C—R—
CO,)M,(0,CBuU); can be isolated.*? These afford the op-
portunity to study the nature of the electronic coupling
between the bridged M, centers. Recently, Cotton, Lin,
and Murillo'® have reported the single-crystal X-ray mo-
lecular structure for oxalate- and perfluoroterephthalate-
linked formamidinate analogues. These linked dimers of
“dimers” provide excellent models for subunits within the
stiff-chain polymers.

The use of 1,8-anthracenedicarboxylic acid in reaction
1 affords a parallel polymer of type B. Similarly, the
metathetic reaction shown in eq 2, where L is a labile
solvent ligand such as CH;CN and Q" = Bu,"N* or Na™,
affords an alternate procedure for the synthesis of linked
dimers of “dimers” in extended arrays.?

Mo,(0,C'Bu),L,*"(BF, "), + Q" (bridge*") —
'/ [Mo,(O,C'Bu),(bridge)],, + 2QBF, (2)

The use of a bridging ligand such as the anion derived
from 2,7-dihydroxynaphthyridine gives a polymer of the
type shown in E.?212 Once again, a model for a subsection
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of this polymer can be obtained by the preparation of a
simple dimer of “dimers” according to eq 3.2

0°C
_
THF/MeOH

2M02(02C‘BU)3IJ2‘BF4. + N3202C3N2H4



Metal—Metal Multiple Bonds in 1D Polymers and Mesogens Chisholm
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FIGURE 2. Molecular structure of a 2,7-dioxynaphthyridine-linked
dimer of “dimers” viewed perpendicular to the M—M axes (top)
and along the M—M axes (bottom).

The molecular structure of this linked dimer of “dimers”
is shown in Figure 2 and is instructive with respect to the

nature of the polymer shown in drawing E.

As shown in E, there are unfavorable O- - -O interac-
tions of 2.4 A involving carboxylates of neighboring M,
units. A slight ruffling of the 2,7-dioxynaphthyridine ligand
releaves these repulsive O- - -O interactions and leads to
a significant displacement of the trans O,C'Bu ligands, as
can be seen at the bottom of Figure 2. The linked dimer
of “dimers” has C, symmetry in the ground state, but in
solution the molecule has time-averaged planar symmetry
on the 'H and *C NMR time scale at room temperature.'?
Below —60 °C, however, the C, symmetry becomes frozen
out on the NMR time-scale. So, from an inspection of the
structure of the dimer of “dimers” (Figure 2), it becomes
apparent that polymer propagation is favored in order to
relieve these otherwise unfavorable O- - -O interactions.
The same situation pertains to 1,8-anthracenedicarboxy-
late-linked dimers of “dimers” and their oligomers, though
here twisting about the anthracene 1- and 8-carbon to
carboxylate carbon bonds is also possible.!?

Electronic Structures. From the hydrocarbon-insoluble
polymers derived from reaction 2, it is apparent that there
must be significant interaction between the M, centers.
The My(0,C'Bu), complexes are yellow, whereas the
oxalate-bridged polymers are maroon (M = Mo) and
purple-black (M = W).*? Once again, studies of the linked
“dimers” are instructive in ascertaining the nature of the
bonding in the polymers.

The electronic spectrum of the oxalate-bridged dimers
of “dimers” is shown in Figure 3 for M = Mo and W. These
red and purple compounds show very strong bands, ¢ ~
10 000 (M = Mo), € ~ 30 000 (M = W), in the visible region
which cannot be assigned to M, 6 — O,C z* (pivalate)
transitions, but rather must be assigned to 6 — oxalate
* transitions. The oxalate-bridged [W,], complex shows
Amax &~ 700 nm with a vibronic progression of ca. 1500
cm~1. A low-temperature visible spectrum of the [Mo],
complex reveals a similar progression.

0.60 B
n o7 4 llll o/>-
050 R RRFMTO -
b \ R=t-Bu; M=Mo, W L 0.80
0.40
Abs. + 0.60
0.30
F 0.40
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FIGURE 3. Electronic absorption spectra of [M(O,C'Bu)s],(u-oxalate) recorded in THF at room temperature.
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Frontier Orbital Diagram for M,(0,CCO,)M, Model Systems
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FIGURE 4. Qualitative MO diagram for oxalate-bridged M, quadruply bonded complexes showing the splitting of the two ¢ orhitals.
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FIGURE 5. Raman spectrum of [Mo,(0,C'Bu)s],(u-0xalate) (MosOXA)
recorded as a KCl disk at 80 K showing the resonance enhancement
of the oxalate stretch at 1407 cm~ at 514.5 and 488.0 nm excitation.
The corrected value of »(Mo—Mo) is 397 cm™.,

Support for this assignment comes from both compu-
tations and resonance Raman spectroscopy. The bonding
in the linked dimers of “dimers” involves primarily the
interactions of the two sets of M, ¢ orbitals and the filled
m and empty z* orbitals of the ligand bridge, as shown in
Figure 4. The biggest difference between the Mo, and W,
complexes arises from (i) the higher orbital energy of the
W, ¢ orbitals and (ii) the stronger W—ligand bond. For
this reason, the W, 6 — oxalate mixing is larger, and the
0 — oxalate z* transition is lower in energy.

The resonance Raman spectrum of [Mo,(0,C'Bu)z]»(u-
oxalate) shows a strong resonance enhancement of ¥(CO,)-
(oxalate) at 1407 cm~* when the excitation is at 488 versus
514 nm?** (see Figure 5). This is entirely consistent with
the low-energy transition being a M, 6 — oxalate z*
(MLCT) transition.

From the interaction diagram shown in Figure 4, one
can easily extrapolate to the formation of a one-dimen-
sional band structure. Because of ¢ and oxalate mixing,
we obtain an oxalate #* conduction band and a filled-
valence 6 band. The optical band gap for the W,—oxalate
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polymer is determined to be 1 eV,*? and one can readily
see the general implication that polymeric materials of
types A and B will be semiconductors with tunable band
gaps. Oxidation should yield one-dimensional conductors,
and the attachment of a photoreceptor to the polymer
backbone should yield one-dimensional photoconductive
polymers.

Electrochemical Studies. Two limiting situations per-
tain to polymers of types A and B with respect to their
redox properties. They may be either conductive or charge
storage polymers. The electrochemical properties of the
polymer may be investigated by cyclic voltammetry, and
once again detailed studies of the linked dimers of
“dimers” provide great insight.

Following the pioneering works of Taube, it is possible
to define a conproportionation equilibrium constant, K,
for the equilibrium shown in eq 4, based on the separation
of the first and second oxidation potentials, which can
be determined by cyclic voltammetry.!®

My~ ~ ~M,] + [My~ ~ ~M,J*" =

2[My~ ~ ~M,]", K. (4)

o K (AEUZ (in mV))

wnere n c = exXp\———c =
25.69

If there is no communication between the two M,
centers, then a mixed-valence species, [My"~ ~ ~M)?],
results, and excluding solvent and simple electrostatic
effects, K. = 4.0. On the other hand, if there is complete
delocalization between the M, centers, as represented by
[M025F~ ~ ~M,%5], then K. is very large, =108, These two
limiting situations of valence-trapped and fully delocalized
are described as Class | and Class Il1, respectively, in the
Robin and Day description of mixed-valence com-
pounds.’® The intermediate situation, in which there is
electronic coupling but not full delocalization, is Class I,
where typically 100 < K. < 10°.
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Table 1. Summary of K. Values Determined by Cyclic
Voltammetry for [(‘BuCO,)sMz(bridge)M,(0,C'Bu)s]*

and Related [(NH3)sM—bridge—M(NHj3)s]°" Complexes
and the Classification According to the Robin and

Day Scheme
compound? Ke class

Moz OXA Mo, 5.4 x 104 11

W3 OXA W3 1.3 x 1012 11

Mo, PFT Mo; 36 |

W2 PFT W, 6.6 x 104 11

Mo, DAND Moy 62 |

W, DAND W, 290 11

W2 AND W, 430 11

Mo, DON Mo, 2.0 x 108 1orlll
Ru pz RuP 3.9 x 108 1orlll
Os pz OsP 7.0 x 1012 i

Ru 4,4'-bpy RuP 20 |

Os 4,4'-bpy OsP 600 1

a OXA = oxalate; PFT = perfluoroterephthalate; DAND = 9,10-
dihydro-1,8-anthracenyldicarboxylate; AND = 1,8-anthracenyldi-
carboxylate; DON = 2,7-dioxynaphthyridine; pz = pyrazine; 4,4'-
bpy = 4,4'-bipyridine. P Data taken from ref 15b.

The oxalate-bridged [W,], pivalate complex reveals two
single-electron oxidation waves separated by ca. 0.8 V,
indicating a very strong electronic communication, K. ~
10'2. Also, the first oxidation is fully reversible and occurs
at a potential 0.5 V lower than that of W,(0,C'Bu),.*? This
is clearly in full agreement with the MO interaction
diagram in Figure 4, which shows that the oxalate bridge
raises the energy of one of the ¢ orbitals by a filled—filled
interaction. The mixing of M, ¢ and oxalate orbitals is
notably weaker for molybdenum, and the separation of
the first and second oxidation potentials is less, leading
to K, ~ 10512

A summary of K. values for certain bridged dimers of
“dimers” is given in Table 1, where a comparison is also
made with the related Taube [(NH3)sM(bridge)-
M(NHS3)s]*/5+/6+ systems (M = Ru, Os). Two important
similarities are seen. (1) The electronic coupling is greater
for the third row transition elements M = Os and W than
for their second row analogues. This is understandable
in terms of the orbital energies of the Os/Ru t,q and W,/
Mo, J orbitals, which leads to better M d,—ligand z*
orbital interactions for the third row transition elements.
(2) With increasing distance between the interacting metal
centers, the electronic communication falls off. Compare
the data for pyrazine with those for 4,4'-bipyridine and
the data for oxalate with those for perfluoroterephthalate,
for example.

There is, however, one other important point to note
from the data presented in Table 1. Even though the
M;- - -M, separation in parallel linked dimers of “dimers”
is ca. 3.0 A (as determined by crystallography and shown
in Figure 2), the value of K, the measure of the electronic
coupling, is dependent on the extent of the M, 6 — bridge
m* interaction. So, for 2,7-dioxynaphthyridine there is
strong coupling, but for 1,8-anthracenedicarboxylate bridges
the coupling is only weak. Even though parallel-linked
polymers may give the appearance of being ideally set up
to form a molecular wire, the electronic communication
still occurs via the ligand bridge. The net conclusion to
be made from the above is that electronic communication

FIGURE 6. Packing diagrams of two unit cells of Wy(0,C(CH,),-
CHs)4 (top) and Cu,(oct), (bottom).

is favored by maximizing M, 6 — bridge z* interactions
and the shorter M,—M, distances. It is, therefore, of note
that the dioxypyridazine ligand-bridged complex shown
in F below yields the highest value of K. and the strongest
electronic coupling.t’

)

Columnar Mesophases. The alignment of M—M axes
in the solid state can be achieved either through the weak
packing forces of the ligands or by intermolecular metal—
ligand atom interactions. An example of the former is seen
in the structure of W,(OCy)s, where Cy = cyclohexyl. Here,
the cyclohexyl ligands form a packing motif which leads
to the alignment of the M—M axes but with no short
intermolecular M,- - -M; distances.'® As examples of the
second type of alignment, one can inspect the structures
of W,(0,C;Mey)s* and M,(O,CR), compounds.* Here, weak
intermolecular (- -Mo,- - -O- - -Mo,- -),, bonds cause lad-
dered structures where infinite chains run parallel to one
another. Drawings depicting two unit cells of the W,-
(OzC(CHz)zCH3)4 and CUZ(Ozc(CHz)GCH3)4 structures are
shown in Figure 6. The n-alkanoates, M,(O,CR),, where
M = Cr, Mo, W, Ru, Rh, and Cu, adopt a common
structure in the solid state involving a triclinic unit cell,
where ¢, the short axis of chain propagation, is ca. 5.6 A,
b =85 A, and a is a distance dependent on the number
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Table 2. Unit Cell Lattice Constant Distances for Mo,(0O,C(CH.),CH3;),4 Calculated from X-ray Powder Diffraction
Patterns and Intercolumnar Distances in the Mesophase d (A)

lattice constants (d, A)

compound cell type a b c d
Mo02(02C(CH3)2CH3)4 tricl 11.14 + 0.04 8.856 + 0.03 5.593 + 0.017 -
Mo02(0,C(CH2)3CH3)a tricl 13.59 + 0.06 8.46 + 0.03 5.604 4+ 0.01 13.3
Mo2(02C(CH2)4CHzs)a tricl 16.61 + 0.03 8.642 + 0.01 5.592 + 0.007 14.2
Mo02(02C(CH2)6CH3)4 tricl 21.31+0.03 8.593 + 0.01 5.551 + 0.006 16.3
Mo02(02C(CH3)7CH3)4 tricl 24.67 £+ 0.02 7.788 £ 0.01 5.558 + 0.005 17.x

Table 3. Thermotropic Properties of a Series of Dimetal Tetraoctanoates
M n Phase Profile [T°C (AH, kcal/mol)]?
99° (10.1) >300°
Cr 6 K <€ ILC —— Dec
100° (13.6) 147° (0.6)
Mo 6 K < —» IC <4+——» L
P 90° (13.7)
w 6 K < » IL
107° (12.0) >290°
Ru 6 K < [C —  » Dec
95° (6.6) >220°
Rh? 6 K 44— ILC — > Dec

a Marchon and co-workers. J. Phys. Chem. 1986, 90, 5502. » K = crystal; LC = mesophase; IL = isotropic liquid; Dec = decompose

of methylene units, n, for R = (CH,),CH3.*° A representa-
tive listing of cell parameters is given in Table 2. The
thermotropic behavior of this class of compounds, having
the molecular paddle-wheel motif shown in A, depends
on the nature of n and M. The thermotropic properties
of a series of octanoates are given in Table 3, and the data
reveal the important role of M. The existence of the
mesophase and its temperature range correlates with the
relative strength of the intermolecular M,- - -O interac-
tions. These are inversely proportional to the trans influ-
ence (and bond strength) of the M®M bond. In the case
of Cu,**, there is no formal Cu-to-Cu bond, and the long
axial Cu—O bonds may merely be thought of as arising
from a Jahn—Teller distortion. The remarkable difference
in the thermotropic behavior of the group 6 metal tet-
raoctanoates reflects the relative strength of the M—M
quadruple bonds: W > Mo > Cr.

The thermotropic behavior can be monitored by dif-
ferential scanning calorimetry, which reveals that these
compounds exhibit reversible phase changes. For molyb-
denum, the temperature range of the mesophase can be
dramatically altered by alkyl chain side-branching and by
the use of perfluoroalkyl carboxylates.®

By optical microscopy, the mesophases show fan-
shaped or conical textures typical of discotic or columnar
mesophases, and low-angle X-ray diffraction studies sup-
port the assignment of the mesophase as hexagonal
columnar with an intercolumnar separation that increases
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with increasing n for R = (CH,),CHzs. The coherence length
within a column can be estimated to be ca. 35 A and the
plane-to-plane separation ca. 4.7 A.1°

From the photomicrographs and the low-angle X-ray
data, it is possible to formulate a molecular model for the
mesophase as shown in Figure 7. The crystal to mesophase
transition involves a loss of order of the packing of the
n-alkyl groups accompanied by rapid and reversible
dissociation of the weak intermolecular Mo,- - -O bonds.
Thus, rapid and reversible C, and C, (glide) motions
generate a hexagonal columnar (rather than a tetragonal
columnar) packing of columns in the mesophase. Above
the clearing temperature, the ordering arising from the
weak intermolecular M- - -O interactions is lost. Since
M,- - -O interactions are stronger for M = Cr than Mo,
the clearing temperature is higher for M = Cr as, indeed,
it is for M = Ru, Rh, and Cu, which also have shorter and
stronger M,- - -O interactions. There are important physi-
cal characteristics of these mesophases that are directly
explained by this dynamic molecular model (Figure 7).

Alignment of the Mesophase in a Magnetic Field. The
free energy, G, of alignment of a molecule in a magnetic
field is given by eq 5, where o is the angle between the
director and the applied magnetic field and Ay = yu — xn,
the anisotropy of the susceptibility.?°

G = —AyH? (3 cos® o — 1)/6 (5)
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FIGURE 7. Model of the motions of the Mo,(O,C)s core in the mesophase of Mo,(0,CR), compounds.

When Ay is positive, G is minimized for oo = 0 with the
director parallel to the applied magnetic field H. When
Ay is negative, G is minimized for o = 180° with the
director perpendicular to H. Given that the magnetic
anisotropy of a M—M quadruple bond is large and
negative,’® we would expect that M,(O,CR); compounds
(M = Mo and W) would align themselves perpendicular
to an applied magnetic field. This has been confirmed by
examining the 3C NMR spectra of the isotopically labeled
Mo0,(0O,C(CH,)sCHz)4 compound.®®

The broad-line solid-state 3C spectrum of the carboxy-
late 13-carbon leads to the values o, = 220 ppm, oy =
209 ppm, and oz; = 124 ppm for the three chemical shift
tensors as shown in G. These values are shifted somewhat

Mo —o\?y/’o'zz
[[EEN IS
Mo ¢

G

from typical carboxylate values (e.g.,2* o = 245, oy, = 177,
and oz = 105 ppm) because of the magnetic influence
(anisotropy) of the Mo—Mo quadruple bond.°

In the isotropic liquid phase, a single resonance is
observed at 6 183, which compares well with that expected
from the average: (ox + oy + 05;)/3 = 184 ppm. Upon
cooling of the mesophase to 125 °C, a single, slightly
broadened resonance is observed at ¢ 169. This chemical
shift does not correspond to oyy, thereby indicating that
the M—M axes within the columns are not aligned parallel
to the magnetic field. The value of 6 169 corresponds
closely to (o« + 0)/2 = 172 ppm based on the solid-
state spectrum. This is, therefore, consistent with the
columnar axis being aligned perpendicular to the applied
magnetic field and a rapid and reversible breaking of the

Mo,- - -O bonds. This has the effect, by C, and C,
rotations, of allowing the M, units to align within the
parallel columns that stack in a hexagonal manner.

Viscoelastic Properties. The complex viscosity, #*, can
be related to the oscillatory storage modulus G', the loss
modulus G", and the angular frequency of oscillation w,
according to eq 6.2

@) + @’
% —
U > (6)

A comparison of the rheological properties of the M,-
(0,C(CH,)sCH3)4 complexes, where M = Mo and Cu, is
most instructive, for it reveals two important features of
this class of mesogens.® (1) At constant w, the complex
viscosity #* decreases slightly with increasing temperature.
However, for M = Mo there is a precipitous drop in
viscosity at the clearing temperature. Also, within the
liquid crystal phase, the Cu, octanoate is an order of
magnitude more viscous than the Mo, analogue. This can
be related to the stronger (and shorter) axial M,- - -O
interactions within the columns that are present for M =
Cu relative to M = Mo. As noted before, these M,- - -O
interactions are inversely proportional to the trans influ-
ence and trans effect exerted by the M—M interaction. For
M = Cu there is no M—M bond; the metal atoms are
merely antiferromagnetically coupled.?* (2) While the
viscosity of these dimetal octanoates is typical of a molten
polymer such as polypropylene with a M,, of ca. 10° Da,
the viscoelastic response of such compounds as a function
of w (radians per second) is distinctly nonlinear, yet
reversible. With increasing w, the values of »* drop off for
both M = Mo and Cu in a closely related manner at T =
125 °C. This phenomenon is completely reversible and is
not characteristic of a hydrocarbon polymer or an oil that
would be used as a lubricant in a motor engine. However,
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this nonlinear viscosity as a function of w can be related
to the molecular behavior within the mesophase. As noted
before, there is evidence that the M,- - -O bonds are being
broken and re-formed rapidly within the mesophase.
Thus, with increasing w, the columns are mechanically
“chopped up”, resulting in a drop in viscosity, but as o
decreases the M,- - -O bonds re-form, the columnar phase
regains its order, and the viscosity increases.

Mixtures. The mixtures of octanoates, nonanoates, and
dodecanoates follow behavior that can be anticipated by
the Schroder van Lauer equation;® i.e., they behave
approximately as expected for ideal mixtures.?® In contrast,
the thermotropic behavior of mixtures of Mo,(O,C(CH)s-
CHj3)4 and Mo,(0O,C(CF,)sCF3),4 is far from ideal. This is not
surprising because hydrocarbon and fluorous phases are
normally immiscible.?” What is surprising is that a 1:1
mixture of MOQ(OZC(CHZ)GCH3)4 and MOz(OzC(CFz)eCF3)4
forms a homogeneous co-mesophase.? Photomicrographs
reveal the fan-shaped textures associated with the colum-
nar mesophases of the homoleptic M, carboxylates.
Seemingly, the only reasonable explanation for this un-
usual mixing of a fluorous phase and a hydrocarbon phase
is that ligand scrambling occurs (eq 7), and this allows
for complete miscibility of the species present in the
mesophase formed upon cooling from the isotropic liquid
phase.

Mo0,(0,CR),; + M0,(O,CRy), == M0,(0,CRy),_,(O,CR),
(n=0-4) (V)

Reaction 7 has been noted in solution for these systems
and has been shown to arise from catalysis due to the
presence of trace quantities of H* and O,CR™.28

We have also studied mixtures of M0o,(0,3C(CH,)sCHs)4
and Ru,(0,'3C(CH,)sCHs)4 by 3C NMR spectroscopy.? The
Ruy** center is paramagnetic with a triplet ground state:
M—M configuration 0%7%020*?7*2. We have examined the
solution behavior of Ruy(octanoates), by *H and *C{*H}
NMR spectroscopy, which is informative with regard to
Ru,- - -O interactions and the formation of [Ruy], oligo-
mers in solution.® It is therefore of particular interest to
note that, while Mo,*" and Ru,*" octanoates, separately
and together, form a mesophase in the temperature range
100145 °C, the 3C NMR spectrum of the Mo,(0,3C(CH,)e-
CHs), carboxylate carbon indicates that the columns
involve exclusively [Mo,], units.?®° Conversely, the [Ru,*'],
units associate.?® This can be understood in terms of the
strength of the [Ru,**]- - -O interactions being consider-
ably greater than that of the [Moy**]- - -O interactions,
such that the formation of the columnar phase may be
viewed akin to the formation of a polymer where Mark-
ovian statistics apply.3!

Concluding Remarks. Cotton and co-workers* have
shown that multiple bonds between metal atoms are
accessible for the vast majority of transition metal ele-
ments when bridging ligands are employed of the type
schematically represented by H, when X, Y, and Z are
combinations of C, N, and O. The use of such ligands is
testimony to the great possibilities that exist for making
extended chains of M, units bridged by ligands such as
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oxalate, perfluoroterephthalate, etc. Recently, Cotton and
Murillo have prepared and structurally characterized
linked dimers, trimers, and tetramers employing forma-
midinato-supported My** centers, where M = Mo and
Rh.32 The opportunities for incorporating M, units into
extended chains seem limited only by one’s imagination.

In the area of incorporating M—M multiple bonds into
mesogens, much still remains to be done. It will be
interesting to see whether charged species Mo,(O,CR), "X~
can be incorporated into the columns. Such species could
yield a one-dimensional metallic columnar mesophase.
Also, of particular interest are the nonlinear optical
responses of these phases.'* From our present work, we
know that they are uniaxially positive materials?®—light
travels faster down the M—M columnar axis than it does
perpendicular to the columns. The study of the optical
properties of the aligned mesophases thus presents a
challenge for future investigations.

It is, however, wise, when contemplating potential
applications of metalloorganic polymers and metallome-
sogens, to recall the following words: “oft expectation
fails, and most oft there where most it promises...”.33

| thank the National Science Foundation for support of this
work and many talented co-workers and collaborators cited in
the references. This Account is based in part upon the 12th Annual
Geoffrey Coates Lecture, University of Wyoming, March 1999.
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