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containing both ¢- and d,-type hemes?%? or six c-type hemes per
molecule.’® Some reductases react with nitrite in their oxidized
form,332 but all, in their reduced state, react with nitrite and form
NO-bound heme species. The NO-bound d,-heme is six-coor-
dinated with histidine as the other axial ligand,*® while the axial
ligand for the siroheme remains undetermined. Most interestingly,
the EPR spectrum for the NO-bound heme in the hexaheme nitrite
reductase appears to be of the five-coordinate type.** Consistent
with this observed diversity, our present results make evident that
a low-spin state for the initial complex formed between substrate
and reductase heme does not have significant other axial ligand
requirements.
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Recent interest in the role of the solvent in electron-transfer
reactions has focused on ultrafast photoinduced electron transfers,'
highlighted by investigations into the primary events of bacterial
photosynthesis.2 In contrast to photosynthesis, which exhibits
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a quantum yield of primary charge separation near unity at
cryogenic temperatures, most photosynthetic model systems based
on chlorophyll or porphyrin electron donors exhibit significantly
reduced efficiencies of light-initiated, singlet-state electron transfer
whenever they are dissolved in rigid glass media.> This occurs
because solvent dipoles reorient around an ion pair in a polar liquid,
decreasing the energy of the ion pair, while solvent dipoles cannot
reorient around an ion pair produced within a frozen solvent and,
thus, provide little stabilization of the ion pair.*5 As a result,
the energy level of the ion pair is much higher in the rigid glass
than in the liquid. In fact, the ion pair state energy may be so
high that it lies above the energy of the excited state, in which
case photoinduced electron transfer cannot occur.

We recently reported that the ion-pair states in two porphy-
rin-triptycene—acceptor molecules are destabilized by as much
as 0.9 eV in going from a polar liquid to a rigid glass.® To obtain
a quantitative picture of the dependence of charge-separation rate
on free energy of reaction in the rigid glass, we present electron
transfer rate data on 14 porphyrin-triptycene—acceptor molecules,
which possess sufficiently large, negative free energies for charge
separation to allow electron transfer to compete with excited singlet
state decay in glassy 2-methyltetrahydrofuran (MTHF) at 77 K,
Figure 1. The compounds in Figure 1 were synthesized by
methods described earlier,5° and the details of their preparation
will be presented later. Electron transfer rate constants were
determined by using picosecond transient absorption and emission
techniques along with fluorescence quenching measurements also
described earlier.'®

The free energy of charge separation, AG,, in the rigid glass
is given by eq 1,

AGy = AGip - E; M

where AG,, is the free energy of the ion pair in the rigid glass and
E, is the energy of the lowest excited singlet state of the porphyrin
obtained from its fluorescence spectrum. Since ion-pair recom-
bination in porphyrin-acceptor molecules is nonradiative, the value
of AG in the rigid glass is difficult to obtain. On the other hand,
in polar liquids, the free energies of charge separation in these
molecules, AG',, can be estimated by using the one-electron
oxidation, E,,, and reduction, E,., potentials of the donor and
acceptor, respectively, and the coulomb stabilization of the ion
pair:

AG’cs = on —Ereq - 802/”]2 - Es (2)
where ¢, is the charge of the electron, e is the static dielectric
constant of the high-polarity medium, and r,, is the center-to-
center distance between the ions. We determined AG/; for the
14 compounds presented in Figure 2 in butyronitrile at 295 K
containing 0.1 M tetra-n-butylammonium perchlorate.!! Since
ri2 =11 £ 1 A for these compounds,'2 the Coulombic term is only
0.065 eV and is neglected. Thus, the plot of In k vs —AG ' in
Figure 2 is based solely on experimentally determined quantities
with no corrections applied. Although the plot of In k vs ~AG'
can be used as a predictive tool, AG’; obtained from polar solution
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Figure 1. Structures of porphyrin-triptycene—acceptor molecules. Each molecule consists of a donor (A-D) covalently attached to an acceptor (A-H)
for a total of 32 molecules. Fourteen of these molecules undergo rapid charge separation from the lowest singlet singlet state in glassy MTHF at 77
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Figure 2. Plot of In k. vs free energy of reaction. The first letter of each
data point label identifies the donor, while the second letter identifies the
acceptor as given in Figure 1. AGg and AG’y are defined in the text. The
fit to the data was obtained by using an electronic coupling of 33 cm™!,
average vibrational frequency of 500 em™, A\ = 0.6 eV, and AG, = 0.8
eV (ref 18b).

data differs significantly from AG in the rigid glass. Fortunately,
we can determine the precise relationship between these two free
energy scales. When AG = 0, thermal repopulation of the lowest
excited singlet state from the ion-pair state may yield biphasic
fluorescence decays.!® Assuming rapid equilibrium between the
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Figure 3. Fluorescence decay curves for BC and DB in glassy MTHF
at 77 K. The fit yields k,, = 1 X 10° 5™ and k., = 2 X 10° 5! for BC;
ke =5 % 10° s and kyp = 3 X 10° 57! for DB.

excited and ion-pair states, these biphasic decays can be fit
analytically to a model in which the two equilibrating states decay
to ground state with their own respective rate constants. Thus,
the data can be used to obtain the rate constants for both the
charge separation reaction, k., and the thermal repopulation of
the singlet state, k,,. The value of AG, can be obtained directly
from the relationship AG = ~RT In(k/keep). We have observed
thermal repopulation of the lowest excited singlet state of the
porphyrin in two of these molecules, BC and DB. The decay
curves, biexponential fits, and resulting rate constants for BC and
DB are given in Figure 3. These data show that AG, < 0.01
eV for BC and DB. Assuming a linear free energy relationship,
the AG’, energy scale can be calibrated to yield AG in the rigid
glass by using the data for BC and DB, Figure 2. Thus, the
energies of the ion-pair states in these molecules are destabilized
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by AGy = 0.80 £ 0.05 eV relative to their energies in polar
liquids.

Using the Born dielectric continuum model of the solvent,
Weller!s derived eq 3 to calculate the ion-pair destabilization
energy, AGy, in a solvent with a static dielectric constant ¢, if the
redox potentials of the donor and acceptor are measured in a
medium with a high dielectric constant, ¢

AGy = eg?[(1/2r) + (1/2r) = (1 /1)) /& -
e /1(1/2r) + (1/2r)€/] (3)

where ry and r, are the radii of the two ions and the remaining
parameters are defined above., Since ¢ = 2.6 for glassy MTHF
at 77 K18 ¢/ = 20 for butyronitrile at 295 K, rj; = 11 £ 1 A 12
r, for the porphyrin = 5 A2 and , for the quinone = 3 4,12 eq
3 predicts that AGy = 0.78 eV. This calculated value agrees
remarkably well with the value of AG, = 0.8 eV that we measure
directly.

Electron transfer theories beginning with that of Marcus show
that the electron transfer rate constant will be greatest when AG
+ A = 0, where X is the total nuclear reorganization energy for
the electron-transfer reaction.’”  This reorganization energy
comprises terms describing both the solvent reorganization energy,
A, and the internal nuclear reorganization of the donor—acceptor
molecule, \;, where A = X\, + A;. Semiclassical electron-transfer
theory!® is used to fit the data in Figure 2 to a monotonic function
with rate constants increasing as free energy of reaction becomes
increasingly negative. The plot of In k vs ~AG in Figure 2
reaches a maximum at AG, = -0.6 eV. Since the dielectric
continuum model of the solvent is in reasonable agreement with
our experimental results, we can use the expression of Marcus'®
to calculate the solvent reorganization energy, A

A= ef[(1/2r) + (1/2r) = (1/r)]l(1/ep) = (1/€)]  (4)

where ¢, is the optical dielectric constant of the solvent and the
remaining terms are defined above. Using the parameters given
above with ¢, = 2, eq 4 yields A, = 0.3 eV. Finally, since A =
0.6 eV, the internal nuclear reorganization energy of the por-
phyrin-triptycene—acceptor system is 0.3 eV. This number is
similar to values of \; determined for other organic = donor-
acceptor molecules.?-21

Our results show that porphyrin-triptycene—acceptor molecules
possess ion-pair states that are destabilized by 0.8 eV in rigid
glasses relative to their energies as determined from electro-
chemical measurements in polar liquids. It is likely that this
number will prove to be somewhat dependent on spacer structure.
This information can be used to design multistep electron transfer
molecules to separate charge efficiently in the solid state. Work
along these lines is already proceeding in our laboratory.?
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The selective formation of duplexes by the pairing of molecules
with complementary patterns of hydrogen-bond donors and ac-
ceptors helps regulate the storage and replication of genetic in-
formation and gives chemists a powerful tool for creating self-
assembling structures useful for other purposes.> Reversible
formation is a fundamental property of these duplexes, but little
information about the dynamics of aggregation is available.*> In
this communication, we report that the equilibrium of a simple
heterocyclic monomer and its tautomeric hydrogen-bonded dimer
can be studied directly by low-temperature NMR spectroscopy.

Simple 2-pyridones are slightly less stable than their 2-
hydroxypyridine tautomers in the gas phase,® but the more polar
2-pyridone form normally predominates in condensed phases.”®
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