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Abstract: A considerable body of unimolecular electron-transfer rate data has been reported recentiyxcitdd-

state donors linked to substituted pyridinium acceptors. These data pose a substantial paradox. Simple analysis
suggested that donoracceptor coupling matrix elements differ by 1 order of magnitude for the excited triplet and
singlet states. Yet, there is no fundamental reason to expect this large electronic coupling dependence on spin state.
We offer an alternative self-consistent interpretation based on a hybrid theoretical analysis that iablidde

guantum calculations of electronic couplings, molecular dynamics simulations of molecular geometries, and-Poisson
Boltzmann computations of reorganization energies. Taken together the analysis provides a detailed comprehensive
interpretation of these reactions. In our analysis, we reach the conclusions: (1) that reorganization energies in these
systems £1.3—1.7 eV) are larger than expected from simple analysis of experiments, (2) that electronic couplings
(~0.005-0.02 eV) are also larger than previously believed and differ only by a factor of 2 for singlet and triplet
states, (3) that the molecules have access to multiple conformations differing both in reorganization energy and
electronic coupling, and explicit treatment of this flexibility is crucial to interpret the rate data, and (4) that a
considerable dip is expected in the donacceptor coupling dependence on tunneling energy, associated with
destructively interfering electron and hole-mediated coupling pathways, which probably leads to a small observed
ET rate in one of the compounds. Taken together, this analysis explains most of the experimental data. Fundamental
arguments and detailed computations show that the influence of donor spin state on long-range electronic interactions
is relatively weak. Many of the molecular aspects that establish the ET characteristics of these molecules exist in
other semirigid model compounds, making this hybrid theoretical strategy of general interest.

I. Introduction treatments of this kind will lead to the development a set of
reliable theoretical tools to study a broad range of charge-transfer

A general framework exists to interpret electron-transfer (ET) reactions in solution

reactions and their dependence upon molecular strubfiree The experiments described in refs-8 examined photoin-
major physical factors that control ET reaction rates, including duced ET in compounds with pyrazolate-bridged iridium(l)
reaction free energy change, outer-sphere and inner-sphere

reorganization energies, and electronic coupling, have beendlr:girsho(rlmrizt)e T}Saﬁggtgeglﬂcfamﬁ dﬁq?xﬁqleggge btglrjsnd Ttﬁéorlfn%r]
identified. Yet, many challenges remain in the quantitative phosp 9 Yl py ptors.

determination of these factors because, in most situations, it islﬁgusligls'grféniog[?;ﬁg' dgtgiﬂg py:g:::grr: '\’/i\;as V—?ﬁsgé ifrl\jvcetlzral
not easy to relate them directly to experimental quantities. features control the brid e-medﬁgted electror?ié coupling and the
Theoretical studies of ET reactions using modern molecular 9 ping

modeling techniques should provide a better understanding offltfgggﬂ)é?ﬁr;'co??x;% fg(;?: g];tnh des E{eriﬁge\ﬁ]ﬂi’nr?:?pjrc;'\ieh;\s
the reaction mechanisms, leading to detailed quantitative P g :

descriptions of the molecular systems. Much progress towardwe will see, the nature of the linker also controls the confor-

molecular-level descriptions has been reported for studies Ofmﬁg:;!odr?snzg(ljci: dOfe:(hirriTr]':(laigllle .inclu ded photoinduced ET
both small and large systems in recent yédrsThis paper P y P

attempts to reconcile a family of ET rate data, some of which from the singlet and triplet excited states oftly the pyridinium

are extremely provocative. Our goals are to construct a deta”edacceptor, as well as charge recombination. Experimental ET

and predictive theoretical description of these reactions using a:f;ﬁzievxte_;ebs%t;tat:gﬁdmferggjrg%%rsécegfge cél:lz?tun;hgflisaxgre
battery of molecular modeling techniques. We hope that "~ P : \ergy 9
estimated from the measured redox potentials of donor and

" University of Pittsburgh. acceptor groups, and the vertical excitation energies of the
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Figure 1. Structures of the doneracceptor complexes.

donor® In this theoretical study, we examined the forward ET

processes, as the rate constants of charge recombination

(deduced from biexponential kinetics associated with ground-
state recovery) are likely to be less reliable. Actually, from

the results of this study, we expect that forward ET will have

nonexponential kinetics because multiple molecular configura-
tions are involved.

The standard high-temperature nonadiabatic ET rate expres-

sion, appropriate for ET reactions in weakly interacting denor
acceptor systemsis

27 1 » (AG® + 2)?
= —— Hpfexg— —| (1.2)
TRz o AKT

Three key factors control the nonadiabatic ET rate in equation
1.1: Hpa, the donot-acceptor electronic coupling that may be
provided by direct doneracceptor interaction or mediated by
a molecular bridge or solveny\G®°, the reaction free energy

change; and, the reorganization energy associated with changes
in the equilibrium nuclear geometries of the redox centers (inner
sphere) and changes in the equilibrium solvation accompanying

ET (outer sphere). Heleis Boltzmann's constart, is Planck’s
constant divided by 2, and T is the temperature. Equation
1.1 predicts that the log of the ET rate will be a quadratic
function of reaction free energG®, with a maximum anG°

—A. This dependence, predicted more than 30 years ago,
eluded direct observation until the 1980s!6

The log(rate) data for the Hbridge—pyridinium specie% 8
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Table 1. Experimental ET Rates inj+(Bridge)—Pyrt

singlet ET triplet SET

compound —AG° (eV) ket (57 —AG° (eV) ker(s™)

PCO 0.90 1.0< 1012 0.40 8.9x 10P2
PC1-tBu 0.53 1.3« 10°2 0.03 1.8x 1(P2
PC1 0.76 3.6(4.9) x 1@ 0.26 2.5x 1P2
PC1-Am 1.16 1.8(2.8) x 10° 0.66 2.4x 10P2
PC2 0.67 1.4(0.99) x 10t° 0.17 1.6x 1082
PC3 0.69 2% 10°2 0.19 2.1x 10’2

a2 From ref 8.° From ref 7.

12.0 ; —
— Eq(1),A=10eV,H,, =6x 10:eV
—-— Eq(), A= 106V, Hy =6x10°eV
== Eq(D),A=17eV,H,, =1x10" eV, ~

{PCl-tBu
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Figure 2. Experimental dependence of ET rates on reaction driving
force in the PC1x species. The original interpretation is based on a
reorganization energy of1.0 eV and a smaller value éfpa for the
triplet state ET (dashdotted line) compared to singlet state ET (solid
line). The dashed line corresponds to the reorganization energy and
Hopa values calculated for PC1 in the extended conformation.

Triplet excited-state ET quenching rates (see Table 1 and
Figure 2) for PCO, PC1-tBu, PC1, and PC1-Am are 4 orders of
magnitude smaller than the corresponding rates from the singlet
excited states. This difference is much larger than is expected
from the 0.5 eV difference in reaction driving force between
the singlet and triplet excited-state systems, assuming that the
reorganization energy is1.0 eV. This observation suggested
to the authors of refs-68 that the electronic coupling element
for the singlet and triplet processes must differ by 1 or 2 orders
of magnitude in absolute value. The similar large apparent
difference between triplet and singlet ET rates was observed
for PCO, which lacks the methyl bridging group of PC1.

In sharp contrast with PCO and the P&Xeries, the PC2

show a nonmonotonic dependence of singlet excited-stateand PC3 species with longer and somewhat more flexible linkers
electron transfer quenching rates on reaction free energy in thedisplay a considerably smaller difference between singlet and
series of compounds PC1-tBu, PC1, and PC1-Am (see structuregriplet ET rates {2 orders of magnitude). This observation

in Figure 1 and rate data in Table 1 and Figure 2). Assuming suggested that the electronic matrix elements in these systems

that the electronic coupling and reorganization energies are themust depend relativelweaklyon the donor spin state.

same in these three compounds, a fit to equation 1.1 yidigds
=6 x 104 eV andl = 1.05 eV for singlet excited state ET
(see Figure 2).

(9) Marcus, R. AAAnnu. Re. Phys. Chem1964 15, 155-196.

(10) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller,
J. R.J. Phys. Chem1986 90, 3673-3683.

(1) Miller, J. R.; Beitz, J. V.; Huddleston, R. K. Am. Chem. Soc.
1987 109 5061-5065.

(12) Closs, G. L.; Miller, J. RSciencel988 240, 440-447.

(13) Gould, I. R.; Ege, D.; Mattes, S. L.; Farid, 8. Am. Chem. Soc.
1987 109, 3794-3796.

(14) Gould, I. R.; Moser, J. E.; Ege, D.; Farid, . Am. Chem. Soc.
1988 110, 1991-1993.

(15) Gould, I. R.; Moody, R.; Farid, SI. Am. Chem. Sod.988 110,
7242-7244,

(16) Gould, I. R.; Moser, J. E.; Armitage, B.; Farid, S.; Goodman, J.;
Herman, M.J. Am. Chem. Sod989 111, 19171919.

Another puzzling aspect of ET in these molecules is that the
observed rates increase with increasing linker length (e.g., ET
in PC2 is faster than in PC1). The authors attributed this effect
to the symmetry of the electronic wave functions that might
cause anomalous electronic coupling in the single methylene
unit (PC1x) series. This puzzling mixed dependence upon spin
state and linker length motivated the theoretical investigation
described here.

In summary, the original interpretation of the experimental
ET rates of Table 1 was (i) reorganization energies in the
compounds studied arel.0 eV, because the observed PC1-
Am singlet ET rate is smaller than that in singlet PC1; (ii) PCO,
PC1, PC1-tBu, and PC1-Am have at least 1 order of magnitude
smaller donor-acceptor coupling in the triplet than in the singlet
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excited donor state; (iii) PC1, PC1-Am, and PC1-tBu have First, we estimate the donemacceptor electronic coupling
anomalously small electronic couplings in the singlet excited using a pathway modél. In this simple formulation, through-
state compared to the corresponding two (PC2) and three (PC3)ridge donot-acceptor electronic coupling is expressed as
methylene unit systems, because of a bridge symmetry effect;

(iv) donor—acceptor communication is dominated by through- Hpa = H2 . exp[—A(N — 1)] (2.1)
bridge rather than through-space interactions. Our theoretical

e_maly5|s c_)f these ET systems caused us to revise this mterpreta\-NhereN is the number of covalent bonds in the molecular bridge
tion considerably.

connecting donor and acceptor. Experiments and theory show

We have used a hybrid theoretical approach employing & ihat the typical decay per bond in hydrocarbon model systems
number of modern methods to analyze the factors that controljs apout 0.67 A typical value for the “contact” interaction

ET in these iridium-spacer-pyridinium systems. Our results H%A is about 0.1 eV8 Using these simple parameters, the

provide a reinterpretation with the following key qualitative s couplings in PCO, PC1, PC2, and PC3 would be<8
features: (i) It is critical to account for the flexibility of these 1073, 5 x 1073, 3 x 1073, and 2x 1073 eV, respectively. This
compounds in the theoretical analysis. ET in compounds with gjmpje prescription, which has been used extensively in the
more flexible linkers (PC2 and PC3) ominatedby the literature, does not introduce different decay or prefactor
subpopulation of “folded” conformations that have large denor parameters for singlet and triplet ET. In the Appendix, we show
acceptor contact interactions, and relatively small reorganization that providing the spatial electronic distributions in the singlet
energies {-1.3 eV). The lower probability of folding in the  anq triplet excited donor states are similar (likely for the-Ir
PC3 structure compared to the PC2 structure is the main reasoryyrazolyl complexes), we do not anticipate large differences in
that PC3 has a smaller ET rate than PC2. (ii) The PC1, PC1-gjther the direct or bridge mediated coupling interactions for
Am and PC1-tBu species, although they also exhibit transitions the two states.
between multiple conformations, do not fold with the pyridinium  The donor-acceptor electronic coupling elements extracted
as close to the iridium donor as in PC2. A larger average from experiment (assuming a reorganization enérgy 1 eV)
reorganization energy, smaller electronic coupling, and smaller ¢g, PCO, PC1, PC2, and PC3 wé2 x 1073, 6 x 104, 3 x
rate constant are all expected in these three species than in PC2,0-3 and 8x 104 eV for singlet excited-state electron transfer
(iii) We calculated the reorganization energies for the unfolded and 4x 1075, 3 x 1075, 3 x 1073, and 8x 104 eV for triplet
conformations of these compounds to be quite large.§ eV) excited-state ET. The singlet couplings extracted from experi-
because of the large outer-sphere reorganization energy. Rement are 1 order of magnitude smaller than the pathway
organization energies in the folded PC2 and PC3 conformationsestimates. The triplet couplings extracted from the experiment
are smaller by 0.30.4 eV. PC1, PC1-Am, and PC1-tBu have gare 2 orders of magnitude smaller than the pathway estimates.
reorganization energy smaller by 6:@.3 eV in their folded  while this level of “theory” is approximate, it is unlikely to be
conformations than in their more dominantly populated extended wrong by 2 orders of magnitude. As such, we suspect that the
conformations. (iv) The large reorganization energy in the PCO earlier analysis assumirigr 1 eV underestimated the dorer
and PC1x series is the dominant reason for the large observed acceptor electronic interactions.
difference between triplet and singlet excited state ET rates, Several studies of small molecules (and proteins), comparing
although electronic coupling is calculated in some cases (se€triplet vs singlet excited-state ET reactions, have been re-
Table 2) to be smaller by a factor of 2 in the triplet states ported!®2° In some cases, differences in triplet versus singlet
compared to the singlet states. (v) The low ET rate observedET rates-not arising simply from reaction free energy
from the singlet excited state of PC1-Am (compared to PC1) is differences-were observed. These rate differences can be
explained by a combination of two factors: (a) PC1-Am persists attributed to geometrical distortions of the excited triplet state
in the extended conformation on the time scale of the ET that result in an increased inner-sphere reorganization energy.
reaction and (b) PC1-Am has an anomalously small denor In contrast, the 4 order of magnitude rate difference for triplet
acceptor electronic coupling element in the extended conforma-versus singlet ET in the doneacceptor compounds discussed
tions, attributed to interference between competing electron andhere was attributed largely to differences in electronic cou-
hole tunneling pathways. pling.88 If geometrical distortion of the donor in the triplet state

The plan of this paper is as follows. Section Il provides a were responsible for the observed difference in singlet and triplet
qualitative theoretical analysis of the experimental data, outlin- ET rates in PCO, PC1, PC1-Am, and PC1-tBu compounds, we
ing the main features of this new interpretation. Section Il would have expected the same low triplet ET rate constant for
describes the molecular dynamics simulation of the flexible PC2 which is two orders of magnitude larger than for PC1 (see
molecules and the analysis of molecular conformations. SectionTable 1).
IV describes the reorganization energy calculations based on To explain large observed rates in PC2 and PC3 compounds
numerical solution of the PoissefBoltzmann equation. Section ~compared to PCO and PC1 (see Table 1), one could suggest
5 describes the electronic tunneling matrix element and the ET that the longer and more flexible phosphinite ligands of these
rate calculations. Finally, Section VI discusses the results of compounds fold prior to electron transfer, resulting in smaller
this hybrid analysis. reorganization energies and larger donacceptor electronic
coupling.

A qualitative analysis of outer sphere reorganization energy
can be made with the Marcus equation, valid for spherical

Before we describe detailed numerical calculations of ET rates donors and acceptors:
in thg Iinkegl iridium/pyrlidinium .molecules, we will despribg (17) Onuchic, J. N.; Beratan, D. N.. Winkler, J. R.. Gray, H./Bnu.
relatively simple empirical estimates of the reorganization Re. Biophys. Biomol. Structl992 21, 349-377.
energies and coupling elements in these systems. These simpligég8%gogv;gi,3gé E.; Raphael, A. L.; Gray, H. Brog. Inorg. Chem.
estlmates provide .a general qualitative framework for ““d‘?r' (29) 'I:urro, N. J..Modern Molecular Photochemistrenjamin Cum-
standing the experimental rates, and motivate the more detailedyings: New York, 1978.
calculations. (20) Caspar, J. V.; Wang, YChem. Phys. Lett1994 218, 221-228.

Il. Qualitative Theoretical Analysis
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_e2f a1 1 1
1°_e(ZrD+2rA r)(n2 65)

Hererp andra are the radii of donor and acceptarjs the
center-to-center distance between donor and accegtisthe
dielectric constant of the solvent, ands the solvent index of
refraction.

We computed the minimum doneacceptor distance between
the Ir, and pyridinium centers in the folded conformation to be
aboutrmin = 8.0 A, using a computer molecular model for PC2.

2.2)
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atom—atom force field parametetswere used for most atoms.
The van der Waals parameters of Ir were taken to be the same
as for Fe in the Amber database. Atomic partial charges were
determined from results of CIS calculation using the Merz
Singh—Kollman charge fitting schem?®:26 A 3-21G basis set
was used on all atoms except iridium, which was modeled with
the effective core potentials of Hay and W&dusing a
corresponding doublé&-basis set.

Figure 3A shows the distance fluctuations between the
pyridinium ring center and theJddimer center obtained in the

Assuming that the donor and acceptor are spherical in the contactMD simulations of PC2, PC3, PC1, and PC1-Am at room

conformation, one findsp + ra = rmin. As the I donor is
larger than the pyridinium acceptor, we sgt= 5.0 A andra
= 3.0 A. Equation 2.2 for this contact geometry givis—

temperature.
All complexes remain in the extended geometry most of the
time, with an 1+13 A separation betweenland pyridinium.

1.07 eV, In the extended conformation of PC2, the center-to- However, from time to time, a conformational transition into a

center donoracceptor distance is abotta = 13.0 A. The

folded state occurs, resulting in a dor@cceptor distance of

corresponding Marcus formula for reorganization energy gives 8—9 A.
Ao = 1.48 eV. These simple estimates of the outer sphere In typical folded conformations of PC2 and PC3, the
reorganization energy show that the reorganization energies ofpyridinium ring is in van der Waals contact with the pyrazole
the flexible compounds in the folded vs extended conformations or carbonyl ligands of the iridium (see Figure 3B). We expect
should differ by about 0.4 eV. Hence, the ET rate is expected that such folded complexes have a much smaller reorganization
to be much larger (whefaG°| < 1) in the compact thaninthe  energy and larger electronic coupling than in the extended
extended configuration. ET in molecules with fluctuating conformation, and this suspicion is confirmed by further
bridges has recieved recent attentté? electronic structure calculations (see Table 2). Therefore, even
Geometrical constraints in the more rigid PCO, PC1, PC1- though the thermal population of the folded states is smaller
tBu, and PC1-Am compounds presumably force larger distancesthan that of the extended states, we expect that the folded
than in compact PC2 compounds (greater than 10 A center-to-geometries will dominate the ET process in PC2 and PC3. In
center) between donor and acceptor groups, causing the totabther words, ET reactions in PC2 and PC3 are gated by
reorganization energies in these compounds to be relatively largeconformational fluctuations. One can see from Figure 3A that
(greater than 1.5 eV, assuming 0.3 eV inner-sphere reorganiza-PC2 folds six times in 1500 ps. Taking into account that there
tion energy). Large average reorganization energies in theseare two independent phosphinite ligands in the complex, a 150
compounds compare to the PC2 molecules would explain the ps average folding time results in agreement with the observed
observed smaller ET rate constant in PC1 compared to PC2 lifetime of the iridium excited state, supporting the hypothesis
Whenl > |AG°| the rate dependence on the reaction driving that ET in PC2 is triggered by folding of the phosphinite ligand.
force is steep see Figure 2. This effect could explain the large Of course, this prediction can be tested by designing ET systems
difference between singlet and triplet ET rates. to have varied folding times but (otherwise) similar ET
In the following sections we support the qualitative arguments characteristics. Figure 3A shows that the probability of folding
sketched above using detailed numerical simulations of the PC3 is smaller than that for folding PC2. Thus, we can interpret

iridium donor-acceptor complexes.

Ill. Molecular Dynamics Analysis of the Flexible
Compounds

Earlier interpretations of ET experiments in PC2 and P€3

the lower ET rate in PC3 as arising from the lower thermal
population of the folded state.

The PC1 and PC1-Am compounds also show transitions
between the extended and folded conformations, although the
frequency of conformational transitions in PC1 and PC1-Am

assumed that these flexible molecules remained in an extendedS Substantially lower than in PC2.  The average folding time

conformation. As such, superexchange interactions mediate

by the linker, rather than direct doneacceptor contact interac-

gfor PC1 can be estimated from Figure 3A to be about 400 ps.

(We take into account the factor of 2 arising from the presence

tions, were assumed to dominate the coupling. In section Il ©f two phosphinite ligands in the complex.) PC1-Am folds just
we argued that although the thermal population of folded two times in the 4 ns of MD simulation, so we expect PC1-Am

conformations could be low, these folded conformations might {© "€émain in the extended conformation on the time scale of
dominate the ET process because of their substantially smallertn® Singlet state electron transfer reaction.
reorganization energy (and/or stronger B electronic coupling
interaction) than in the extended configurations.

To estimate the relative population of the folded states and
the time scales for interconversion between folded and extended The key new element of the present rate data analysis is
species, we performed molecular dynamics (MD) simulations the relatively large reorganization energy(3 eV) estimated
on PC1, PC1-Am, PC2, and PC3 compounds in acetonitrile. for the set of compounds PC1, PC1-Am, and PC1-tBu. Recall
The acetonitrile solution was described with a box of 512 three- that a reorganization energy of about 1 eV was assigned in
point model moleculéd with periodic boundary conditions. ~ Previous studies because of the slower ET rate in PC1-Am
Atomic coordinates of the 4rcore including two P-Ph,—O compared to that in PCL8
ligands were based on the X-ray structure ofifipz*)(CO)- (24) Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S;

(PhP-O-GH4-CHa)]2® and held fixed in the simulations. Amber  Cheatham, T. E., lll; Ferguson, D. M.; Seibel, G. L.; Singh, U. C.; Weiner,
P. K.; Kollman, P. AAMBER 4.1 University of California: San Francisco,
(21) Wolfgang, J.; Risser, S. M.; Priyadarshy, S.; Beratan, DJ.Rhys.

1995.
Chem. B1997 101, 2986-2991. (25) Singh, U. C.; Kollman, P. Al. Comput. Chen1984 5, 129-145.
(22) Daizadeh, |.; Medvedev, E. S.; Stuchebrukhov, APfoc. Natl.

(26) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Chen199Q
Acad. Sci. USAL997, in press.

11, 431-439.
(23) Bohm, H. J.; McDonald, I. RMol. Phys.1983 49, 347—-360. (27) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

IV. Poisson—Boltzmann Calculation of Reorganization
Energies
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Figure 3. (A) Time dependence of the distance between centers of the iridium dimer and the pyridinium groups in the MD simulation of PC2,
PC3, PC1, and PC1-Am, and (B) typical extended and folded configurations of PC2 taken from the MD simulation.

The electron-transfer reorganization energy arises from difference solutions of the PoisseBoltzmann equation (FDPB)
changes in the equilibrium geometries of the redox species for the electrostatic potential in the medium divided into regions
(inner-sphere reorganization energy) and changes in solventwith different dielectric constants. The solvent is modeled as
dielectric displacemeht(outer-sphere reorganization energy) a dielectric continuum with a dielectric constant equal to the

when an electron is transferred from donor to acceptor. experimental valueef = 37 for MeCN). The solute is
The outer-sphere reorganization energy can be computedrepresented by a cavity of lower dielectric constant 1.8
ags29 to account for electronic polarizability). The boundary between
solute and solvent regions is generated by rolling a sphere
Ao = F(Ap.€.,) — F(Ap,€g) + Fprom (4.1) representing a solvent molecule along the van der Waals surface

of the solute. All points outside of the probe surface belong to

Ap is the electron density change of the solute upon ET. the solution.

F(Ap,ex) andF(Ap,eo) are the free energies of the system with ~ The van der Waals radii of the solute and solvent molecule
charge density on the solute equalAp and solvent dielectric ~ atoms are parameters of the model. The estimated relative error
constant equal te., (optical dielectric constant) ang (static for a calculated solvation energy in water for both charged and
dielectic constant) respectively,om the promotional energy,  neutral compounds is less than 10% if an optimized set of atomic
is the difference in the electronic energies of the donor and radii (PARSE) is use& Specifically, atomic radii in this set
acceptor associated with the change in electron density of theare the following: Re = 1.7 ARy = 1.0 A,Ro = 1.6 A, and
solute that occurs when the solvent relaxes from its equilibrium Ry = 1.5 A. The radius of a water molecule is taken as 1.4 A
configuration in the initial state to the equilibrium configuration in these calculations. The outer-sphere reorganization energy
of the final state. To make a rough estimate Fpfom, we appears in eq 4.1 as a difference of solvation energies, so we
performed Hartree Fock calculations on PC1 with surrounding can use dielectric continuum models to calculate this quantity
point charges chosen to model the solvation of the complex in and expect the same error (of about 10%) in outer-sphere
the initial and final electronic statespom is computed to be  reorganization energy as for calculations of the solvation
less than 0.1 eV. In the following analysis we disregBg@m energies. Calculations of this kind were performed for model
in the reorganization energy computation. ET systems recentR&p.

In the last few years, models based on a continuum e expect solute atomic radii and solvent probe radius

representation of the solvent have been very successful inparameters to be larger for acetonitrile than for water because
estimating solvation energi®sand related quantities including o jts larger size. We assign a solvent radius of 2.5 A on the

redox potential$! These methods are based upon finite- pasis of the calculated volume of an acetonitrile molecule (63.4

(28) Marcus, R. AJ. Chem. Physl1956 24, 966-978. A3'from I—!artre&FocK calculations). Solvent atgmic radii were
(29) Liu, Y. P.; Newton, M. DJ. Phys. Cherl995 99, 12382-12386. adjusted in the following manner. We began with PARSE radii
195(3?30) Sitkoff, D.; Sharp, K. A.; Honig, BJ. Phys. Chenil994 98, 1978~ and increased the radii to match experimental redox potentials
(31) Zhang, L. Y.; Friesner, R. AJ. Phys. Chem1995 99, 16479~ in acetonitrile and ionization potentials for the series of

16482. compounds. We used the following formula to relate redox
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3.0 T T T T T We used the DelPhi progré@ito compute the electrostatic
potentials. In analogy with expressions for electrostatic solva-
tion energies? the outer-sphere reorganization energy was

25 (P;tidinei calculated as

1
20 | ] Ao= E.Z AP — ¢) (4.4)

(Napthalene)
nthracene) DA : . . .
where Ag”" is the change in the electron density at a grid
point when the electron is transferred from donor to acceptor.

° and ¢~ are the electrostatic potentials calculated at the
1ok ] grid points with the charge distribution given iy and the
solvent dielectric constant equal to the solvent static and optical
dielectric constant, respectively.

0.5 8 To estimate the inner-sphere reorganization energy, we
performed geometry optimization of the isolated donor and
acceptor species in the oxidized and reduced states asing
0~00'0 o5 o s 20 >3 30 initio ca'lc.ulau.ons. We Fruncated the donor group, substituting
Experimental A ion/neutral solvation energy(eV) phosphinite ligands WIthPHS_ groups. The acceptor .WaS
modeled by amN-methylpyridinium compound. Changes in the
pyridinium geometry were computed at the MP2 level (Matler
Plesset second-order correlation energy correctféf)susing
a 6-31G(d) basis set. The geometry of the iridium donor (with

15

Calculated A solvation energy(eV)

Figure 4. Correlation between differences of solvation energies in the
neutral molecules and their ions (in acetonitrile) calculated from the
experimental ionization potentials, electronic affinities, and the reduc-
tion/oxidation potentials using eq 4.2; and the same quantities calculated

using the FDPB method. phosphinite ligands truncated RHs) in the excited state was
calculated with the CIS (single excitation configuration interac-
potentials and ionization potentia¥s: tions (CI)) method in a 3-21G basis set and with the Hartree

Fock method using the same basis set for the oxidized state.
_ Fy Effective core potentials and a corresponding douplsis
IP=4.7 eVt ek, + [Esg(cation)— Esg(neutral)] (4.2) set” were use% for the iridium aton?s. Thge inner-sphere
] o ) ] reorganization energy was calculated from the difference in
where IE is the |9n|;at|on potgntlal of a molecule in eI.ectron- energies of the redox groups in the equilibrium geometries of
volts, Eocis the oxidation potential vs SCE (V), aniw(cation)  the two oxidation states. We found the contribution of the
— Eso(neutral)] is the difference in solvation energies of cation pyridinium group to the inner-sphere reorganization energy to
and neutral molecules. be approximately 0.2 eV and that of the iridium dimer donor
Figure 4 shows the correlation between the solvation energyto be 0.1 eV, resulting in a total inner-sphere reorganization
difference Eson(cation)— Eso(neutral)] calculated from eq 4.2 energy of about 0.3 eV (in agreement with previous estirfiates
using experimental oxidation and ionization potential values and The difference between the equilibrium geometries of the Ir
the same quantity calculated with the FDPB method using the donor in the triplet and singlet states was found to be small.
adjusted set of atomic radii parametelRe & 2.0 A, Ry = 1.2 The sum of the calculated outer- and inner-sphere reorganiza-
A, Ro=1.6 A,Ry = 1.7 A) that we used further to calculate tion energies for the different iridium complexes in distinct
the reorganization energies of the iridium complexes. The radii conformations are given in Table 2. The FDPB calculational
of the iridium and phosphorus atoms were determined from results support the qualitative arguments of section Il, suggesting
calculations of the volumes of isolated Ir and P atoms. These a substantial dependence of the reorganization energy on-donor
calculations gaveR, = 2.3 A andRs = 2.1 A. Similar acceptor complex geometry.
calculations on carbon and hydrogen atoms gave= 1.8 A Figure 5 shows the time dependence of the outer-sphere
andRy = 1.4 A, differing by 0.2 A from the values obtained reorganization energy calculated at various points in the MD
by adjusting the atomic radii to the difference in solvation trajectories for PC1, PC1-Am, PC2, and PC3. Comparing
energies of cation and neutral reference molecules. TheFigures 5 and 3, one sees that decreasing the d@umeptor
uncertainty of+0.2 A in atomic radii for Ir and P translates distance decreases the calculated reorganization energy. Figure
into less than 2% variation in the calculated reorganization 7 shows that there exists a strong linear correlation between
energy of the iridium complexes, acceptable because thethe calculated outer-sphere reorganization energy and the inverse
expected accuracy of these calculations is about 10%. donor-acceptor distance, as anticipated by the Marcus formula,

Atomic charges and dielectric boundary conditions were €9 2.2.
mapped onto a rectangular grid of 121121 x 121. Atomic
charges were obtained using the Siagherz—Kollman charge-
fitting schemé®>26with Hartree-Fock and CIS calculations on
the donor and acceptor groups (the same strategy was used to Numerical estimates of tunneling matrix elements are essential
obtain atomic charges for the MD simulations) (see section Ill). for calculating nonadiabatic ET rates. However, reliable
Electrostatic potentials at grid points were computed numerically calculations of this electronic property remain a considerable

V. Calculation of Donor—Acceptor Electronic Coupling
and ET Rate Constants

by solving the Poisson equation: challenge despite much recent progrésk the calculations
— — (32) Nicholls, A.; Sharp, K. A.; Honig, BDelPhi V3.Q Department of
Ve(T)-Vo(T) + 4ap(T) =0 (4.3) Biochemistry and Molecular Biophysics, Columbia University: New York,
1990.

. . . (33) Mgller, C.; Plesset, M. S2hys. Re. 1934 46, 618-622.
Finally, the reorganization energy was computed using the  (34) Head-Gordon, M.; Pople, J. A.; Frisch, MChem. Phys. Let1.988

electrostatic potentials. 153 503-506.
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Table 2. Theoretical Values of ET Parameters and Rates(Singlet, T= Triplet) in Ir,—(Bridge)-Pyr" Compounds

compound conformation Hpa (eV) S/ A (eV) —AG® (eV) SIT? ket (s7Y) SIT
PCO 0.02/0.01 1.65 0.80/0.30 741092.8 x 107
PC1-tBu extended 0.02/0.02 1.7 0.43/-0.07 5.10°/8.4 x 10
folded 0.01/0.01 1.4 0.43/-0.07 1310%4.2 x 10°
PC1 extended 0.01/0.005 1.7 0.66/0.16 2.60°4.1 x 10
folded 0.01/0.01 14 0.66/0.16 3:21093.2 x 10
PC1-Am extended 0.002/0.002 1.7 1.06/0.56 %.90°/3.0 x 107
folded 0.01/0.005 14 1.06/0.56 6x010'Y2.0 x 100
PC2 extended 0.006/0.006 1.8 0.57/0.07 1.20°84.3 x 10*
folded 0.02/0.02 1.3 0.57/0.07 1410%7.1 x 107
PC3 extended 0.003/0.003 1.8 0.59/0.09 %.107/1.55x 10¢
folded 0.01/0.01 1.3 0.59/0.09 3:31099.4 x 1CF

a Computed couplings ar&50% from computation using the modified Hartreeock IVO method, fragment method, and direct CIS calculations
(for PCO, PC1, and PC2).The AG values are shifted 0.1 eV compared to Table 1, as explained in the text.

’ T basis sets in the fragment calculations and include the atom

i:g lﬁf WM M‘ i groups that were eliminated in the direct calculations. A split
24| S ' valence 3-21G basis was used in the direct Hartfemck
2 Y ‘ calculations of the donerbridge—acceptor complexes for all
1.2 ‘ - - .
N M | ]‘ atoms except iridium. Iridium atoms were modeled with the

1pPC1

0.0 1000.0 2000.0 3000.0 4000.0 5000.0

Lo, . L . effective core potentials of Hay and W&d&and a corresponding
i T T double¢ basis set. The outermost core electrons are included
}:g WWMM‘ f W'} mww q WM f in the active space in this pseudopotential schémgragment
Z 14 7 (J‘ ‘ ! " : calculations were performed with 3-21G and 3+Z3 basis sets.
\ w J PC3 Results obtained by the direct and by the fragmentation methods
1 ‘ were within 30% of each other.
Lo L L We are examining excited-state electron transfer. The Fock
T ’ operator obtained in standard Hartrdeock calculations pro-
Is vides a poor description of excited states because the unoccupied
S14 ik Tl w orbitals “feel” the electrostatic repulsion of all N-electrons in
3 the system. This is more appropriate for the description of
] anionic state® than it is for excited electronic states. To obtain
1.0 L L . an effective one-electron Hamiltonian for the system that
oL el 20000 20000 mee provides a better description of the excited states, we used the
] IVO (improved virtual orbital) method?-38 In this strategy the
Fock operator matrix of the system is modified so the effective
jPCl-Am potential acting on unoccupied orbitals corresponds to the
i effective potential of the electron excited from a particular
occupied orbital provided the occupied orbitals are not changed
e () when th_e electron_ is _excited. _ _ _
For singlet excitation from theé-th occupied orbital, the
Figure 5. Time dependence of the outer-sphere r_eorganization e”ergiesexpression for the modified Fock operator matri$is
for PC2, PC3, PC1, and PC1-Am calculated using the FDPB method
at points along the MD trajectory. F=F-QU,-2K)Q (5.1)

while for triplet excitation the appropriate modified Fock

reported here, we used an effective valence Hamiltonian L
operator matrix is

approach described elsewhétas well as conventionab initio
electronic structure methods, to calculate the electronic matrix F=F-QJQ (5.2)
elements in the doneracceptor molecules. '

In order to compute the electronic coupling, we construct the Here F is the Fock matrix of the system, i5 the modified
effective one-electron Hamiltonian of the system first. We build Fock matrix,Q is the matrix representation of the projection
this Hamiltonian in two different ways. One strategy is to operator for unoccupied molecular orbitals, ahdindK; are
perform a Hartree Fock calculation on the full donetbridge— the coulomb and exchange matrices for the occupied orbital
acceptor system. To make this calculation possible, we truncatefrom which the electron is excited. We expect the IVO method
all the atom groups that are not directly involved in mediating to provide a reasonable description of an excited state if this
donor-acceptor coupling or essential for the electronic structure state can be well described by a one-electron excitation from a
of the donor. Figure 8 shows the truncated structure. A secondparticular occupied orbital.
strategy that we also used was to construct the effective A qualitative molecular orbital treatment of th&-eb iridium
Hamiltonian via a “divide and conquer” stratedfy We perform dimer compleX®~4! predicts a HOMO that is dominantlyoti
several HartreeFock calculations on the molecular fragments in character, formed from the antisymmetric combination of
of the System. shown .in F.igure 8. We assembled a Compositc (36) Jgrgenson, P. [Becond Quantization-Based Methods in Quantum
valence effective Hamiltonian from the fragment Hamiltoni#ns. Chemistry Academic Press: New York, NY, 1981.

The advantage of the latter approach is that we can use larger (37) Huzinaga, S.; Arnau, $hys. Re. A 197Q 1, 1285-1288.

(38) Huzinaga, S.; Arnau, S. Chem. Phys1971, 54, 1948-1951.
(35) Kurnikov, 1. V.; Beratan, D. NJ. Chem. Phys1996 105 9561— (39) Smith, D. C.; M., M. V.; Mason, W. R.; Gray, H. B. Am. Chem.

9573. S0c.199Q 112 3759-3767.
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Figure 6. Probability distributions of outer-sphere reorganization energies for PC2, PC3, PC1, and PC1-Am calculated with the FDPB method.
The inserts show probability distributions of dor@cceptor distances.
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Figure 7. Linear correlation between the inverse donacceptor I I .

distance in PC1-Am and the FDPB calculated outer-sphere reorganiza-
tion energy. Figure 8. Truncated structures of the doracceptor complexes used

in the electronic coupling calculations. Brackets show molecular
fragments used for electronic coupling calculations in the fragmentation
iridium d2 orbitals. The LUMO has mostlygcharacter, arising approach. In the direct calculations of the electronic coupling, the phenyl
from a symmetrical combination of iridium, wrbitals. We groups at phosphorus were replaced with hydrogen atoms.
performed excited states calculations on the iridium complex
(with phosphonite ligands truncated to ®Husing single eq 5.3 to minimize the energy splitting between donor/acceptor
excitation configuration interaction methods (CIS). These centered eigenstates:
calculations showed that the lowest excited state (for both the R R
singlet and triplet) is dominated by the HOM& LUMO F(ep€p) = Fo 1 |IDLEpD| + |Ale,[A| (5.3)
configuration (the expansion coefficient for this configuration
is greater that 0.6). This justifies the use of a one-electron Here F, is the valence space effective Hamiltonian obtained
description for the excited state of the complex. The HOMO from direct Hartree-Fock calculations of the donebridge—
and LUMO of the Ip donor are shown in Figure 9. acceptor system or from the fragment strategiJand |AQ
Once the effective Hamiltonian of the system is constructed, are donor and acceptor molecular orbitals that are obtained by
we modify it by “shifting” the donor and acceptor energies using truncating the corresponding eigenstates of the effective Hamil-
tonian to be localized only on the donor and acceptor groups.

(40) Marshall, J. L.; Hopkins, M. D.; M., M. V.; Gray, H. Bnorg. ; -
Chem 1992 31, 5034-5040. The donor-acceptor coupling was assumed equal to one

(41) Lichtenberger, D. L.; Copenhaver, A. S.; Gray, H. B.; Marshall, J. ha!f Of.thiS minimi;gd §p|itting. SyStemat!C?”y varyirg and
L.; Hopkins, M. D.Inorg. Chem.1988 27, 4888-4893. adjustingea to minimize the energy splitting of the donor/
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Figure 10. Tunneling energy dependence of the electronic coupling
in PC1-Am.

experimental ET rate, which indicates that the folded conforma-
HOMO tion may contribute to the singlet ET in this molecule.

The triplet rates occur on time scales several orders of
magnitude slower than the time scale for interconversion
between the folded and extended geometries. Therefore, we
expect that the triplet rate constants will be the conformational
average of rates in the accessed geometries. In thexPCl1-
Figure 9. HOMO and LUMO of the Is donor. Note that the HOMO  species, the population of folded conformations is about 2%
is dominantly an antisymmetric combination of Ig @rbitals. The (see Figure 6). Triplet rates in PCL1 for the extended and folded
LUMO is largely a symmetric combination of Ir; prbitals. conformations weighted by their relative populations will give

a rate on the order of £0s7%, within a factor of 4 of the
acceptor centered eigenstates, we can map out the energgxperimental rate. For the PC1-tBu triplet, the same procedure

dependence of the electronic coupling. ) gives a rate estimate of about51§%, also consistent with
We performed CIS calculations (in the 3-21G basis set) of experiment (see Tables 1 and 2).

the couplings in the PCO, PC1, and PC2 compounds for the
extended configurations in both spin states. To compute thefa
donor-acceptor coupling, we minimized the energy splitting
between the first two excited states. These two states correspon(i
to donor and acceptor states active in the ET process. The
energy levels were shifted by introducing artificial charges
around the i donor. The results of these donacceptor

In PCO, the calculated triplet rate constant is about 30 times
ster than observed. The calculated triplet rate for PC1-Am
ased on the weighted average of the extended and folded
onfiguration rates is about 4671, 3 orders of magnitude faster
than reported in the experiment. The computed rates in both
the compact and extended configurations is much faster than
coupling calculations are within 50% of the values calculated g?es e/\r/\gﬁdblenytohnediﬁ%e:g?]ggt.ofDeefg:Seﬁﬁgf I\?VZ (2;:; ;tr??(?rz't#]dee

Wltlgetshlfltlsvc?e?e(]::z)gnrir::err’r:;mitglz dnfent calculations for different uncertainties in the computations. Further experimental and
theoretical examination of the origin for this rate difference is

complexes and conformations are presented in Table 2, together ded
with calculated electron-transfer rates based on eq 1.1. neede T o

Errors of 0.1 eV are associated with estimates AB°, Our findings show that the dramatic differences between
arising dominantly from uncertainty in the excited-state donor {iPlet and singlet ET rates in the PCO and PC1 family of
redox potential. This redox potential was calculated using C0mpounds arise primarily from the large reorganization energy
ground-state redox potentials, absorption spectra, and emissiorfnd the difference in singlet/triplet reaction free energies. 'I_'h_ls
spectré® We use the lower experimental estimate/d®° in produces a much _st_ronger dependence upon reaction driving
Table 2 because it produces rates that better match experiment/0rce than was anticipated earlier.
The improved description of the rates using the lower value of ~ The calculated electronic coupling in PC1-Am is much
AG® may indicate that we have systematically underestimated smaller than in PC1 and PC1-tBu. To investigate the origin of
the reorganization energy by0.1 eV, which is within the this behavior, we calculated the tunneling energy dependence
uncertainty of ourl calculations. of the electronic coupling in PC1-Am. This was done by

Calculated singlet electron transfer rates for the dominant systematically varying the donor energy level (changipdn
extended conformations of PCO, PC1, PC1-tBu, and PC1-Am eq 5.3) and adjusting the acceptor level (witghin eq 5.3) to
agree well (within a factor of 3) with the experimentally minimize the energy splitting of donor/acceptor centered eigen-
observed values. Electron transfer in the folded conformations states. Figure 10 shows the tunneling energy dependence of
of PC1, PC1-tBu, and PC1-Am is calculated to be very fast. the electronic coupling in PC1-Am. The electronic coupling
However, because of the low population of folded conformations goes through zero at a tunneling energy value close to the actual
and the low frequency of transitions between extended and binding energy of the PC1-Am acceptor. Additional analysis
folded conformations for the PCdseries (seen to be {R) x involving approximate calculations of the coupling using eq 5.4
1° s~ 1in the MD simulation of PC1 and PC1-Am), ET occurs shows that the zero arises because of cancellation of contribu-
dominantly in the extended conformations of PC1 and PC1- tions from unoccupied and occupied bridge localized molecular
Am. The ET rate in the extended conformation of PC1-tBu orbitals (electron and hole contributions) that are of the same
was calculated to be lower than the folding frequency and the magnitude but of different sign:
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Noef Vi — ES)(Via — ESa) N

Hpa(E) =
DA ; (Et —E) ) Qe s
ot (VDj - Etsoj)(VjA - ETSA) (5.4) +¢D2

j=Noeetl (ET - EJ)

0

0

Figure 11. Four-orbital model for excited-state bridge-mediated
HereVp; andVja are interaction matrix elements between donor electron transfer. Shown schematically is the excited donor singlet state.
and acceptor orbitals and eigenstates of the bridge (which we
define here as all eigenstates of the system excluding those builtenergies can be varied systematically, will be critical for testing
mostly from donor and acceptor orbitalsfy; and Sa are this and the other predictions of the present investigation.
overlap integrals between donor and acceptor orbitals and There are limitations in the accuracy of the theoretical
eigenstates of the bridgek; are the eigenvalues of the bridge, methods used here. For example, empirical force fields that
andE is the tunneling energy (i.e., the binding energy of the \yere used in the MD simulations were not fully optimized for
electron in the activated state). these particular molecules. This situation can probably be

The tunneling energy effects described above for singlet PC1-improved by fitting the parameters to the results of accushte
Am are very sensitive to the estimated tunneling energy. The initio calculations. The calculations of reorganization energy
tunneling energy uncertainty in our calculations is akblieV, rely upon continuum representations of the solvent. Discrete
larger than the width of the dip in the doneacceptor coupling  solvent models could help to remove this intrinsic assumption.
vs tunneling energy (see Figure 10). Additional studies of rate Finally, electronic matrix element calculations could be im-
dependence upon tunneling energy are needed to probe thiroved by including electron correlation effects, although
anomaly further. calculations of this kind are quite costly.

Table 2 shows that the ET rates in the folded conformations  The current analysis demonstrates the prospect for combining
of PC2 and PC3 are very fast. Thus, the ET rate is limited by ab initio electronic structure methods (for computing electronic
the folding process itself; the reaction is gated. In section Il couplings and inner-sphere reorganization energies), MD meth-
we estimated that the folding time for PC2 is about 100 ps and ods of examining molecular geometry, and FDPB strategies (for
that the folding time for PC3 is about 500 ps, which is in  computing outer sphere reorganization energies) to make
agreement with the measured singlet ET rate constants. detailed quantitative predictions of ET rates in rather complex

The conformation weighted rates of triplet ET in PC2 and systems. The MD simulations have provided access to the
PC3 should be about 181 and 16 s! (based on the data of  probabilities of obtaining different molecular conformations, and
Table 2 and about a 10% population of folded conformations), the frequencies of transition between conformations that might
respectively, an order of magnitude smaller than observed. Thisresultin “gated” ET processes. In the iridium systems examined
may indicate, for example, an underestimation of the electronic here, the experimental rates of ET were rather challenging to

coupling in the the folded conformations of PC2 and PC3. interpret in the absence of these detailed theoretical consider-
ations. Further comprehensive analysis of this kind can provide
VI. Conclusions feedback that will allow one to address more subtle aspects of

ET processes and, in turn, to build improved quantitatively

Modern theoretical analysis of electron transfer rates in predictive models.
iridium donor-acceptor systems provides a rich and qualita-
tively new interpretation for a considerable body of rate data. Acknowledgment. We thank the National Science Founda-
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than was earlier believeéd® The much slower excited triplet
state ET rates (compared to ET from the singlet) arise Appendix A: Coupling Interactions Involving Singlet vs
dominantly from the difference in the reaction free energy Triplet States
(different for the singlet and triplet excited donor statem)t
from considerable differences in the electronic coupling element.  We show below, using a simple two-electron model, that the
Larger ET rates in PC2 and PC3, compared to rates in the effect of spin state on the doneacceptor electronic coupling
smaller PC1 system, are found to arise from a “gating” effect should be small provided that the spatial distribution of the
in the flexible PC2 and PC3 compounds. In the flexible singlet and triplet states is similar.
systems, the ET process is dominated by a “folded” conforma- Figure 11 shows schematically a four-orbital two-electron
tion with a relatively small population, a larger coupling matrix model for excited-state ET mediated by a bridge. Here, we
element, and a smaller solvent reorganization energy than inrepresent donor with two orbitals; and¢p, (both are singly
the extended geometry. The analysis of the coupling matrix occupied in the initial state), the acceptor by the orbjial
element energy dependence indicates that the lower electrorand the bridge by the orbitaps. This argument can be
transfer rate in PC1-Am compared to PC1 arises from the generalized to include multiple bridge states. T and®¥p
proximity of the tunneling energy in these compounds to the (superscripts 1 and 3 define the spin state of the corresponding
point at which the electronic coupling goes through a zero, wave function) are the initial singlet and triplet states. Final
which arises from the interference between electron and hole charge separated acceptor states@gand3W,. The bridge-
mediation mechanisms. Experimental studies in demcrep- localized states'¥g and Wy mediate electronic coupling
tor compounds of this kind, in which the donor and acceptor between'Wp andW,, and betweedWp and3Wy.
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The spatial wave functions associated with these states are 3SDB = lSoB
3IPD = %2[¢D1(T1)¢D2(T2) = ¢pa(T ) epa(T 1] lSAB = 1SAB
For the Hamiltonian matrix elements
1 . . — — ) )
W, = 72[¢D1(r DPa(T2) — dpa(F2)Pa(F )] 'Hop = fllpDH'lpAd—(l'r'z
3 1 - N N - = 1/2f¢D1(T1)¢D2(T2)H¢A(T2)¢D1(_r1) dr,dr,
Wy = 7[¢D1( T )9a(T2) — (T )Ps(T )] L
2 + 1y [ $0a(F )poaT DHOA(T )b (T 1) OF 1 OF
W, = %2[%1(?1)%2(?2) + dpu(T 2)bpa(T )] & 'y [ 901(T )PoalT IHGA(T DT ) AT, T
. + 1y [ Gou(T DboalT DHOA(F )b (F ) A, AT, (AS)
hp, = 72[¢D1(T1)¢A(T2) + ¢p1(T)PA(F D] The first and fourth terms on the right hand side in eq A5 are

equal, while the second and third terms are zero for a
L 1 _ _ _ _ one-electron Hamiltoniahl. Thus, for a one-electron Hamil-
Wg = 7[¢D1(r1)¢8(r2) + ¢pu(T)Pa(T 1] tonian3Hpa= Hpa. In a similar manner, one can show that
2 3Hps = Hpg and®Hag = *Hae.
The singlet-triplet energy splitting of the “bridge” staté¥g

The second-order perturbation theory expressions for the . ;
P y exp and3Wg is approximatel§?

direct and superexchange electronic couplings are

i i i (‘Eg — %Eg) = HpsHoe/(Es — Ep) (A6)
Toa—oir = Hoa — 'E'Soa (A1) 8 8 pe’DEATe b
. o ' o We expectHpg| < 1 eV and|Eg — Ep| > 1 eV, so
i (IHDB - IETISDB)(IHAB - IEtISAB) 1 3 i
ITDA*Superex: iE iEt (A2) |"Eg — "Egl > |Eg — IEt| (A7)

8 Expressions Al and A2 thus, to first approximation, differ for
wherei = 1 or 3 defines the spin multiplicity.Hpa, Hog, the singlet and triplet states only through the tunneling energy
and'Hag are the Hamiltonian matrix elements between elec- Parameterk;.
tronic statesWp, 'W,, and'Wg respectively. 'Spa, 'Sos, and The tunneling energy dependence of the electronic matrix
iS\g are overlap integrals between these states. Using the€lement is usually smooth far from resonance with bridge
definition of 3Wp and3W,, localized states, so one expects that electronic coupling elements

in the triplet and singlet states will be similar if the electronic
3c — 3y 3 = T — = =\ A7 distribution is similar in the two spin states. Exceptions may
= ["W,W, AT T, = r r,)dr A3
Sba f D TATILT2 f%z( Dea(T) ATy (A3) arise when the electronic coupling is anomalously small in one

assuming thaip; and ¢p; are orthogonal. Similarly, of_the spin state because the tunneling_energy is cIo_se to a zero
arising from interference effects. In this case, as discussed in

1 _ [y 1 = = — =\ A7 section V, one might expect to find large differences in the
Sa= | Wy W,dr T,= r r,)dr A4 : . . L .
A f D -Aar1l2 fd)DZ( Jea(T) ATy (A4) electronic coupling associated with singlet vs triplet states.
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