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The experimental and theoretical investigation of mixed-valence
(MV) compounds has yielded a tremendous amount of information
regarding intramolecular electron transfer reactions. The most
common examples of MV systems are those of the typdNtige-
Mn*1 where M is a transition metal and the bridge is an organic
linker,! although many examples of purely organic systems éxist.

Here, we report the MV properties of two supramolecular com-
plexes: triangular prisms of the form ([Re(GRX)su.u' u''-
[tPyTz], where X is 2,2bisbenzimidazolatelf or a pair of benzyl-
thiols (2), andtPyTz is tri-(4-pyridyl)-1,3,5-triazine. As in the case
of recently reported rectangular analogues, that is, ([Ref@X)- 3 {
uu'-[LL] , assemblies (LL is a redox-active linear dipyridyl ligadd), Figure 1. ORTEP drawings for the crystal structure bf(top and side
the reduction ofl or 2 by one electron produces a ligand-centered views). C, black; N, blue; O, red; and Re, green. H atoms have been removed
mixed-valence (LCMV) state where the azine ligands are the redox for clarity. Displacement ellipsoids are drawn at 50% probability.
centers. As with the rectangular assemblies, the Re atoms play solely ) )

a structural role and do not mediate electronic communication 26C0Mpanied by the appearance of absorption bands at 600, 850,

betweerntPyTz units. Rather, communication is achieved by direct and 960 nm. Thes_e increase in ir_1tensity upon redu_c_tion tothe 2

overlap of donor and acceptor orbitals. state and are assigned t8yTz anion-centered transitions.
Surprisingly, the prisms display significant differences in their In addition, the S|r_lgly reduced forms éfand2 (MV species)

MV properties as compared to the rectangles. These are revealec?hoW broad, Gaussian bands centered at 5650 and 5508 cm

in electroabsorbance (Stark) responses (see below) and are attributeEESpeCt'Vely' These bands are ”F” present in e'th?r the neutral or
to effects that originate in orbital degeneracy of tRgTz redox doubly reduced state and are assignetiP§3 z-based intervalence

sites. Indeed, thBs, symmetry of thePyTz unit leads to double transitions (IT). The bands are fairly intense=t 3400 and 4000

-1 —1 - — i
degeneracy of its LUMO level; the addition of one electron to such '\r/'] cmd. fordlb ahnd 2, r:espzcﬁl¥el¥)lland Isomelwhalt. nzérrowe'r
a level leads to a 2-fold degenerate reduced state. Thumd2- than predicted by the Hush model for fully valence localized species

represent rare (to our knowledge the first organic) examples of MV (2550 and 2565 cnt versus 3600 and 3560 crhfor 1~ and 2™,

systems with redox centers possessing orbitally degenerate eIec-resPeCtively)d' Both of these properties are hallmarks of strongly

tronic states coupled MV specie8.

1 and 2 were synthesized via methods similar to those of the _Stark absorption measurements were performed oand 2"
rectangles; see Supporting Information. An ORTEP drawing for in the NIR region, at _77 K, to_detgrmlne the effecn_ve (_:ilpole moment
the X-ray single-crystal structure dfis shown in Figure 1. The ~ Sange &uiz) associated with intervalence excitatioly;, can
addition of a third di-Re column unit to the structure is sufficient hen Pe related to the adiabatic charge-transfer distaRg ity

to align thetPyTz ligands to withih 1 A of each other laterally. —
The Re-Re distances on the short sides of the pri Aty = Rypx @ (1)
prisms average 5.75
A, while thetPyTz ligands bow inward to give a minimum sepa-
ration distance of 3.3 A for the redox-active triazine rifgs
distortions that are similar to those of tetra-rhenium rectarigles.
Cyclic voltammograms of the prisms feature multiple one-
electron waves corresponding to reversible stepwise addition of
electrons to cofacialPyTz units. 1 is reduced at-0.97, —1.25,
and—1.73 V versus ferrocen&reduces at-1.15,—1.40,—1.82,
and—2.23 V. The potential differences are measures of MV stability
and yield comproportionation constants ok5L0% 1.7 x 104 and

wheree is the unit electron charge. Typically, for highly coupled
MV systemsRy; is significantly smaller than the geometric distance
between redox centers.

The 77 K NIR absorption and Stark spectralofand2- reveal
a number of similarities in addition to several significant differences
compared to the previously examined tetra-Re molecular species.
The low temperature IT bands @f and2- are slightly narrower
and shifted to higher energy as compared to the room temperature
spectra. Both of these effects are similar to previously reported

o 5 .
! 1105 for -, Zf’ ﬁndzd’ rgspectl\t/)ely. T q molecular rectangle®: In contrast to the molecular rectangles
ssignment of the reductions above #yTz centered was though, the IT band absorption profiles deviate from simple

confirmed by vis-NIR spectroelectrochemical measurements. Gaussian shapes, with the addition of a prominent shoulder, sug-

Abj(;rptlon SPﬁCtT;‘ fotr thle ;lng]ly tgnd tdotl:]blyjsrte(:ucefd f(t)r:mi of gesting the presence of multiple overlapping transitions. The Stark
and< are nearly identical. Reduction to the-State ot either Is spectra mirror this finding, displaying a double peaked profile cen-
' Northwestern University. ) o tered around the band maximum. Qualitatively the Stark spectra
* Present address: Department of Chemistry, Stanford University, Stanford, CA resemble the second derivative component of the absorption spectra,

94306. = k
8 Georgia Institute of Technology. signifying a measurable amount of charge transfer. Liptay
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Figure 2. Side view of the frontier molecular orbitals determined at the
DFT B3LYP/LanL2DZ level forl.

analyse%of the Stark spectra, measured at three anglesveal
small dipole moment changeg\15]): 0.30+ 0.02 eA forl~ and
0.48+ 0.02 eA for2-.

Estimation of the electronic coupling energyl,f) from eq 2
requires knowledge dR,p, the diabatic electron-transfer distance.

Hap = (0.0206R,0)\/Vinax X AV X €may 2)

Rap can be estimated fromR;, using the optical parameters of the
IT bands by the generalized MullikeHush analysig.This yields
Ry, distances of 1.65 and 1.87 A aht, values of 2800 and 2600
cm~! for 1~ and2-, respectively. Notably, the values &, are

significantly shorter than the geometrical distance between adjacent

tPyTz ligands, and the values foH2, are roughly equal tomax
Taken together, these data suggestthaind2- are highly coupled
MV systems that lie close to the Class Il/Ill boundary.

Returning to the Stark data, the most surprising difference
betweerll~ or 2~ and the previously reported molecular rectangles
is the deviation from collinearity of the transition dipole moment
and Au;, vectors (angl€). The measured values gffor 1~ and
2~ are 43+ 14 and 45+ 10°, respectively. In other words, charge
redistribution due to intervalence excitation is strongly skewed
relative to the direction of light absorption (roughly ttReyTz—
tPyTz axis), despite the appareDt, symmetry. This unexpected

man’s theorem estimates fdr,, derived from calculations
performed on pairs ofPyTz ligands (using the X-ray geometry)
with and without the bis-Re edges, ard460 cnt? in both cases,
illustrating that metal-mediated coupling is not significant. Similar
results were obtained from semiempirical (ZINDO) calculations.

As a consequence of Jahiieller and low-symmetry crystal-
field effects, the orbital degeneracy of the LUMO and LUMO
states is lifted. The four new electronic states can then be repre-
sented as linear combinations of theandv components of the
corresponding original E state. Note that, while the E state has no
net dipole moment, any linear combinatian + bv (with a andb
being arbitrary constants), even in the case of trigonal symmetry,
has a state dipole moment oriented in the plane ofRlyd@z ligand.
ZINDO calculations for a model system consisting of ttRyTz
ligands indicate that, in contrast to conventional MV systems, the
dipole moment of the adiabatic states is tilted away from the
triazine—triazine axis. These results suggest that the unusual feature
seen in the Stark spectra likely arises from the spatial properties of
the orbital degrees of freedom.

Excited-state calculations carried out for a nearly trigonal sym-
metry of the model system show a single dipole-allowed charger-
transfer band involving the_uand u. orbitals shown in Figure 2.
The calculations also indicate some build up of IT character and
an increase in intensity for other transitions, as the dimer departs
from a trigonal symmetry following a geometry distortion of the
monomers or displacement of one of the partners.

However, further investigations of the adiabatic potential surfaces
of 1~ and 2~ as well as excited-state calculations at a multi-
configuration level are needed for an unambiguous assignment of
the observed NIR shoulder. Alternatively, the shoulder might have
a vibrational origin, as is often seen for delocalized MV systems.

In conclusion, two triangular molecular prisms based on the
tPyTz ligand have been characterized in the singly reduced state
by NIR absorbance and Stark spectroscopy. The prisms, in their
singly reduced form, comprise highly coupled MV species. The
orbital degeneracy of thi®yTz redox sites has pronounced effects
on light-induced (IT) charge redistribution within the molecules.
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