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A relationship between the magnetic super-exchange coupling
(J),* a two-electron interaction, and the electron transfer (ET) 02 00 02 04 06 08 10 12
super-exchange couplinf), a one-electron interaction, was first
postulated by Kramers in 1934, and largely developed by _ ) ) )
Anderson in considering the magnetic properties of solid insula- F19uré 1. Marcus-Hush plot showing the relationship between the
tors2 Considering antiferromagnetic exchange interactions in Parapolic diabatic\ = 0) surfaces (broken lines) and adiabatic surfaces
n-stacked crystals, Soos pointed out an approximate relationship/" IV = 5 keal/mol (solid lines) for a\G = 0 ET having = 40 kcal/
using the transition energy of the charge transfer (CT) band mor.

(hver): I ~ V2hver® 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/(1 + AG®), wherel is the vertical reorganization
energy andAG® is the free energy change for the reaction, and
hver = 1 + AG°.4 Figure 1 shows the relationship between the

fractional ET coordinate X

The work described here provides the first quantitative
experimental test of the relationship betwdeW, and ¢ + AG®),
based upon the properties of thel and+2 oxidation states of
the symmetrical bis-hydrazingé Both 1™ and 1> have been

diabatic and adiabatic surfaces for&G = 0 ET reaction. »EY pB

Okamura and co-workers gave eq 1, which describes a diradical g N, HC,___CHs NoH, H

pair where the singlet state is stabilized by ET and the triplet NN\ NN\

state is nob. They replaced the naturally occurring ubiquinone HsC CHy N H Ho N

in the quinone,iron center of bacterium R.26 with menaquinone tBu tBu
1 2

|E(singlet)— E(triplet)] = Vzl(l + AG°) Q)
isolated as tetraphenylborate salts and their crystal structures

(Q). After reduction to QFe**, low temperature photolysis  determined. 1'is a symmetrical, charge-localized intervalence
produced the intermediate acceptor center (I, bacteriophytin) in compound so it haAG® = 0 for intramolecular ET. This makes
its reduced state, which had a relatively long lifetime at low A(1*) = hvcr(1%) = 40.3 kcal/mol in acetonitrile and 36.1 kcal/
temperature, and the @ Fe*" units showed an ESR spectrum mol in methylene chloride. Hydrazines have exceptionally large
from which the singlet, triplet energy gaj2J|, was determined. internal reorganization energies (thecomponent o). Even
The rate constant for ET within this complex to producé g+ 2*, the demethylated analogue bf, which has a significantly
was also measured, and eq 1 was used to extract the energyargerV value because it is less twisted at Nsaryl bonds, is
parameters associated with the ET reactidaxtensive additional charge localized® Charge localization requires th¥tbe less
modeling of photocenters has been carried®dugluding the than/2 for both molecule$ V(1) was estimated by using Hush’s
development of artificial model systems which resemble the ESR method (eq 2}! Analysis of the CT band give$wcr, the
spectral and ET properties of the natural ohes.

V = 0.02060v 1AV, € na)/d )
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(1) We use the spectroscopists’ convention, in which the energy difference bandwidth at half-height{vy)), and extinction coefficient at the

between the triplet and singlet states of a biradicaljs@rresponding to the ~ C1 band maximumenz). The ET distanced), which is also
convention of designating the minimum separation between the ground staterequired to evaluat®(1"), is not known even though the atom
and excited-state surfaces for an ET reaction \48%0thers use different

nomenclaturé,including calling the triplet, singlet energy gdp (8) (@) Nelsen, S. F.; Ismagilov, R. F.; Powell, D. R.Am. Chem. Soc.
(2) For a review, see: Anderson, P. W.Magnetism Rado, G. T., Suhl, 1997 119 10213. (b) About 1% smaller values fg¢1") calculated by using
H., Eds.; Academic Press: New York, 1965; Vol. 1, Chapter 2, p 25. (2) are quoted in ref 8a because a slightly larderas employed in their

(3) (a) Soos, G. TAnnu. Re. Phys. Cheml974 25, 121. (b) For a recent, calculation. Use of about 15% smaller valuesVdn acetonitrile, based upon
generalized treatment applied to copper oxide superconductors, see: Wanga modification of (2) that puts the square root of the refractive index into the

Y. J.; Newton, M. D.; Davenport, J. WPhys. Re. B 1992 46, 11935. denomonator, is also discussed in ref 8a, but for simplicity, only Marcus
(4) Sutin, N.Prog. Inorg. Chem1983 30, 441-99. See eq 33. Hush theory is employed here.
(5) (@) Okamura, M. Y.; Fredkin, D. R.; Isaacson, R. A.; Fehler, G. (9) (@) Nelsen, S. RMolecular Structures and Energetidsiebman, J. F.,

Tunneling in Biological System€&€hance, B., DeVauld, D. C., Frauenfelder, Greenberg, A., Eds.; VCH Publishers: Deerfield Beach, FL, 1986; Vol. 3,
H., Marcus R. A., Schrieffer, J. B., Sutin, N., Eds.; Academic Press: New Chapter 1, p 1. (b) Nelsen, S. F.; Adamus, J.; Wolff, J.Am. Chem. Soc.
York, 1979; pp 729-43. (b) Okamura, M. Y.; Isaacson, R. A.; Fehler, G. 1994 116 1589. (c) Nelsen, S. F.; Ramm, M. T.; Wolff, J. J.; Powell, D. R.

Biochim. Biophys. Actd979 546, 394. J. Am. Chem. S0d.997 119, 6863.
(6) Wasielewski, M. RChem. Re. 1992 92, 435-61. (10) Nelsen, S. F.; Ismagilov, R. F.; Powell, D.RAm. Chem. So4¢996
(7) (a) Wasielewski, M. R.; Gaines, G. L., lll.; O'Niel, M. P.; Svec, W. 118 6313.
A.; Niemczyk, M. P.J. Am. Chem. S0d.99Q 112, 4559. (b) Wasielewski, (11) (a) Hush, N. SProg. Inorg. Chem1967, 8, 391. (b) Hush, N. S.
M. R.; Gaines, G. L., lll.; Wiederrecht, G. P.; Svec, W. A.; Niemczyk, M. P.  Electrochim. Actal968 13, 1005. (c) Hush, N. SCoord. Chem. Re 1985
J. Am. Chem. S0d.993 115 10442. 64, 135-57.

S0002-7863(97)00661-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 02/20/1998



Communications to the Editor J. Am. Chem. Soc., Vol. 120, No. 9, 122681

0.6 the aromatic bridge), has two equal energy lowest CT stidte’s-
B-Hy? and Hy%B-Hy?*. Numerical solution of the 3x 3
Hamiltonian by using as diabatic surfadég, = AX? andHgg =

ML = X)2 + AG®, Hee = M1 + X)2 + AG® (X is the ET
coordinate), with Vag = Vac andVgc = 0, gives a lowest energy
surface, predominantliiaa 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

|E(singlet)— Etriplet) = 2 V(1*)%(1 + AG®)  (3)

for the sizes ofV and1 + AG° appropriate forl>t.*4 12+ in
acetonitrile has a CT band withnax = 446 nm fwver = 4 +
AG® = 64.1 kcal/mol), bandwidth at half-height of 5500 tin
and emax Of 2100 M cm™t. Hush’s (2) givesV(1?*) as 3.81
o kcal/mol®> The —J value predicted from the optical spectrum
© 50 100 150 200 of 12+ by using (3) is 0.23 kcal/mol, in excellent agreement with
Temperature / K the experimental measurementg(1?*) = 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 a2 larger V for the bis(cation), but quantitating the ratio

. ) expected forl is complicated by the probable difference in
pO§ItI0nS are aVa"abIe fl‘0m the X-I‘ay Stru(.:ture. We L&gédo nitrogen |One pairl ary' ring tW|St ang|e$)( Vshould be roughly
estimated for 1*.2 12+ has a S|ng|et bis-radical ground state but proportiona| to co® at each ring, N bond. In Crystalﬁ]: 63.6°

a small enough that the triplet can be observed, and its dipolar for 12+ and 66.2 at the oxidized unit o+, but averages to 505
splitting (D) measured. Because the concept of an average ET at the disordered reduced ufit. The ¢ values might also be
distance appears close to the concept of an average distancgifferent in solution than in the crystals.

between the electrons in a triplet diradicels), we have used The relationships demonstrated here between the optical
the triplet form of1** as a model to estimate tlievalue for1*. properties of a bis-radical dication and its magnetic properties
Using the point-dipole approximatiodesis proportional to the  and between th¥ values of an intervalence compound and its
negative cube root d.'? 1?* in a 1:1:1 acetonitrile, butyronitrile,  oxidation product suggest new ways to estimate kioénd V.
methylene chloride glass exhibits a triplet spectrum halift ~ we are currently studying related systems to see whether these
= 0.0147(4) cm?, E/hc ca. 0, and line width ca. 30 G. This suggestions will prove to be useful.

D/hcvalue corresponds s, = 5.62(5) A, 0.9(9)% smaller than ) . )
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Figure 2. Plot of 4T vs T for polycrystallinel?*(PhB~), superimposed
with a calculated curvé for —J = 10%gT.
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characteristic for a ground-state singlet diradical having an
antiferromagnetic interaction. Analysis of these data between 1,8JA9706615

; ; ; 1= (14) (a) Okamura and others used perturbation arguments in deriving
and 200 K with use of the dimer modepives—J = 103(7ksT relations such as (1), which means that they might become inaccurate at high

= 0.205(14) kcal/mol. Analysis of the ESR spectral intensities v values. As pointed out by Creutz and co-workébghese relationships are
between 4 and 113 K in the above glass giveb= 8%gT = not limited to smallV, as can be obtained by solution of the Hamiltonian.

; ; it Solution of the 2x 2 Hamiltonian for Okamura’s case does indeed produce
0.18 kcal/mol, showing thal is not very sensitive to whether (1). (b) Creutz, C.- Newton. M. D.. Sutin, NI Photochem. Photobiol. A:

the sample is polycrystalline or in a glass. In contrast to Chem.1994 82 47.
Okamura’s case, which is a two-state systéfn,is a three-state (15) (a) Becaus#?" is symmetrical, excitation at both hydrazine units will

; give absorption, s@ma if the V values were the same would be twice as
system because the ground state, which may be abbretigted large as for the ung;xmmetricar*, where only one hydrazine unit can be

B-Hy* (Hy stands for charge-bearing hydrazine unit &ébr excited. We therefore usegha/2 in (2) for calculatingV(12*). Leaving out

this statistical factor of 2 would make(1?*) a factor of /2 larger, and
(12) (a) Hirota, N.; Weissman, S.J. Am. Chem. S0d.964 86, 2538. (b) V(12h)?(A + AG®) a factor of 2 larger than the numbers quoted in the text.

Dvolaitzky, M.; Chiarelli, R.; Rassat, AAngew. Chem., Int. Ed. Endl992 (b) The band shape for bis-hydrazine dications is significantly broader at the
31, 180. base than is that of the intervalence oxidation state. We applied (2) despite
(13) We usegimo = {(1 — X)(2NFPu?ksT)/(3 + exp(J/ksT)} + X(C/(T — this difference. Partial overlap with a higher energy band also required
0)), wherex is the fraction of monoradical impurity (ca. 3%). The first term  estimatingAvy,, for 12 as twice the band half-width on the low-energy side.
corresponds to the dimer (ST) model and the second to the -©iuEss (c) Another factor complicating analysis is that using the SQUHD —0.205
model: see Carlin, R. LMagneto-ChemistrySpringer-Verlag: Weinheim kcal/mol, thel?" sample examined is about 2/3 singlet and 1/3 triplet, and

1985; pp 75-77. both species might contribute to the 446 nm absorption.



