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A relationship between the magnetic super-exchange coupling
(J),1 a two-electron interaction, and the electron transfer (ET)
super-exchange coupling (V), a one-electron interaction, was first
postulated by Kramers in 1934, and largely developed by
Anderson in considering the magnetic properties of solid insula-
tors.2 Considering antiferromagnetic exchange interactions in
π-stacked crystals, Soos pointed out an approximate relationship
using the transition energy of the charge transfer (CT) band
(hνCT): J ∼ V2/hνCT.3 For an intramolecular ET system, the
stabilization of the adiabatic minima relative to parabolic diabatic
(V ) 0) surfaces that interact by an electronic coupling matrix
elementV is-V2/(λ + ∆G°), whereλ is the vertical reorganization
energy and∆G° is the free energy change for the reaction, and
hνCT ) λ + ∆G°.4 Figure 1 shows the relationship between the
diabatic and adiabatic surfaces for a∆G ) 0 ET reaction.
Okamura and co-workers gave eq 1, which describes a diradical
pair where the singlet state is stabilized by ET and the triplet
state is not.5 They replaced the naturally occurring ubiquinone
in the quinone,iron center of bacterium R.26 with menaquinone

(Q). After reduction to Q-Fe2+, low temperature photolysis
produced the intermediate acceptor center (I, bacteriophytin) in
its reduced state, which had a relatively long lifetime at low
temperature, and the I-Q-Fe2+ units showed an ESR spectrum
from which the singlet, triplet energy gap,|2J|, was determined.
The rate constant for ET within this complex to produce IQ2-Fe2+

was also measured, and eq 1 was used to extract the energy
parameters associated with the ET reaction.5 Extensive additional
modeling of photocenters has been carried out,6 including the
development of artificial model systems which resemble the ESR
spectral and ET properties of the natural ones.7

The work described here provides the first quantitative
experimental test of the relationship betweenJ, V, and (λ + ∆G°),
based upon the properties of the+1 and+2 oxidation states of
the symmetrical bis-hydrazine1. Both 1+ and 12+ have been

isolated as tetraphenylborate salts and their crystal structures
determined.8 1+ is a symmetrical, charge-localized intervalence
compound so it has∆G° ) 0 for intramolecular ET. This makes
λ(1+) ) hνCT(1+) ) 40.3 kcal/mol in acetonitrile and 36.1 kcal/
mol in methylene chloride. Hydrazines have exceptionally large
internal reorganization energies (theλv component ofλ).9 Even
2+, the demethylated analogue of1+, which has a significantly
largerV value because it is less twisted at itsN-aryl bonds, is
charge localized.10 Charge localization requires thatV be less
thanλ/2 for both molecules.4V(1+) was estimated by using Hush’s
method (eq 2).11 Analysis of the CT band giveshνCT, the

bandwidth at half-height (∆ν1/2), and extinction coefficient at the
CT band maximum (εmax). The ET distance (d), which is also
required to evaluateV(1+), is not known even though the atom
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|E(singlet)- E(triplet)| ) V2/(λ + ∆G°) (1)

Figure 1. Marcus-Hush plot showing the relationship between the
parabolic diabatic (V ) 0) surfaces (broken lines) and adiabatic surfaces
for V ) 5 kcal/mol (solid lines) for a∆G ) 0 ET havingλ ) 40 kcal/
mol.

V) 0.0206(hνCT∆ν1/2εmax)/d (2)
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positions are available from the X-ray structure. We used12+ to
estimated for 1+.8 12+ has a singlet bis-radical ground state but
a small enoughJ that the triplet can be observed, and its dipolar
splitting (D) measured. Because the concept of an average ET
distance appears close to the concept of an average distance
between the electrons in a triplet diradical (desr), we have used
the triplet form of12+ as a model to estimate thed value for1+.
Using the point-dipole approximation,desr is proportional to the
negative cube root ofD.1212+ in a 1:1:1 acetonitrile, butyronitrile,
methylene chloride glass exhibits a triplet spectrum havingD/hc
) 0.0147(4) cm-1, E/hc ca. 0, and line width ca. 30 G. This
D/hcvalue corresponds todesr) 5.62(5) Å, 0.9(9)% smaller than
the X-ray crystallographic distance between the NAr nitrogens in
12+(Ph4B-)2 of 5.673 Å. When the N,Ar twist angle is smaller
because fewer methyls are placed on the aryl ring, more spin
density appears in the aryl ring, anddesr becomes significantly
smaller than the distance between the NAr nitrogens, as expected.8

The values obtained from the optical spectrum of1+ using (2)
with d) 5.62 Å areV(1+) ) 3.32 and 3.34 kcal/mol in acetonitrile
and methylene chloride, respectively.8b

SQUID measurements on polycrystalline12+(Ph4B-)2 produce
the ømolT versus T plot of Figure 2, which has the shape
characteristic for a ground-state singlet diradical having an
antiferromagnetic interaction. Analysis of these data between 1.8
and 200 K with use of the dimer model13 gives-J ) 103(7)kBT
) 0.205(14) kcal/mol. Analysis of the ESR spectral intensities
between 4 and 113 K in the above glass gives-J ) 89kBT )
0.18 kcal/mol, showing thatJ is not very sensitive to whether
the sample is polycrystalline or in a glass. In contrast to
Okamura’s case, which is a two-state system,12+ is a three-state
system because the ground state, which may be abbreviatedHy+-
B-Hy+ (Hy stands for charge-bearing hydrazine unit andB for

the aromatic bridge), has two equal energy lowest CT states,Hy2+-
B-Hy0 and Hy0-B-Hy2+. Numerical solution of the 3× 3
Hamiltonian by using as diabatic surfacesHAA ) λX2 andHBB )
λ(1 - X)2 + ∆G°, HCC ) λ(1 + X)2 + ∆G° (X is the ET
coordinate),4 with VAB ) VAC andVBC ) 0, gives a lowest energy
surface, predominantlyHAA in character, having a minimum at
X ) 0. Making the same assumption as Okamura that only the
singlet is stabilized, this gives eq 3 to an excellent approximation

for the sizes ofV and λ + ∆G° appropriate for12+.14 12+ in
acetonitrile has a CT band withλmax ) 446 nm (hνCT ) λ +
∆G° ) 64.1 kcal/mol), bandwidth at half-height of 5500 cm-1,
and εmax of 2100 M-1 cm-1. Hush’s (2) givesV(12+) as 3.81
kcal/mol.15 The-J value predicted from the optical spectrum
of 12+ by using (3) is 0.23 kcal/mol, in excellent agreement with
the experimental measurements.V(12+) ) 1.15V(1+) when the
samed value is used. The presence of two CT states for the
bis(cation) and only one for the radical cation leads to a prediction
of a x2 largerV for the bis(cation), but quantitating the ratio
expected for1 is complicated by the probable difference in
nitrogen lone pair, aryl ring twist angles (φ). V should be roughly
proportional to cosφ at each ring, N bond. In crystals,φ ) 63.6°
for 12+ and 66.2° at the oxidized unit of1+, but averages to 50.5°
at the disordered reduced unit.8a The φ values might also be
different in solution than in the crystals.
The relationships demonstrated here between the optical

properties of a bis-radical dication and its magnetic properties
and between theV values of an intervalence compound and its
oxidation product suggest new ways to estimate bothJ andV.
We are currently studying related systems to see whether these
suggestions will prove to be useful.
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Figure 2. Plot of øT vsT for polycrystalline12+(Ph4B-)2 superimposed
with a calculated curve10 for -J ) 103kBT.

|E(singlet)- E(triplet)| ) 2V(12+)2/(λ + ∆G°) (3)
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