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Abstract: Donor-acceptor interactions were investigated in a series of unusually rigid, cofacially compressed
π-stacked porphyrin-bridge-quinone systems. The two-state generalized Mulliken-Hush (GMH) approach
was used to compute the coupling matrix elements. The theoretical coupling values evaluated with the
GMH method were obtained from configuration interaction calculations using the INDO/S method. The
results of this analysis are consistent with the comparatively soft distance dependences observed for both
the charge separation and charge recombination reactions. Theoretical studies of model structures indicate
that the phenyl units dominate the mediation of the donor-acceptor coupling and that the relatively weak
exponential decay of rate with distance arises from the compression of this π-electron stack.

1. Introduction

Electron transfer (ET) plays a crucial role in biology,
chemistry, and electronics. Understanding the molecular mech-
anism of ET is essential for understanding biological function
and designing synthetic energy transducing systems.1-8 DNA-
based electron-transfer systems are the subject of particular
interest.7-22,48 In DNA, the average nucleobase-nucleobase

interplanar separation is about 3.5 Å, and experimental studies
of the distance-dependent kinetics has produced a wide range
of results. In contrast to the rapidly expanding information on
double-helical DNA-mediated ET reactions, few purely synthetic
π-stacked structures exist in which ET kinetics have been
measured.

The synthesis of a new series of unusually rigid,π-stacked,
compressed porphyrin-bridge-quinone systems ((1-3)a-Zn)
that features cofacial aromatic units between electron donor (D)
and acceptor (A) units was reported recently.23 These species
differ in many respects from other classes of donor-spacer-
acceptor (D-Sp-A) systems. In these systems, a 1,8-naphthyl
pillaring motif imposes sub van der Waals interplanar separation
(about 3 Å between the closest C atoms) between juxtaposed
porphyryl, aromatic bridge, and quinonyl components of the
D-Sp-A compounds. The structural compactness also limits
the range of distance fluctuations and lateral motion in the D,
Sp, and A units in theπ-stacked array.24 The ET kinetics for a
family of these rigidπ-stacked D-Sp-A systems was reported
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recently.25 Soft distance dependence of the ET rate (âr value of
∼0.4 Å-1, whereâr is the average exponential decay factor
governing distance dependence) for both the charge separation
(CS) and the charge recombination (CR) reactions was observed.
The aim of this article is to understand the structural origins of
this soft distance dependence.

Many groups have developed theoretical methods to describe
the mechanisms of electron transfer and to calculate electronic-
coupling interactions.2,26-31 Electron-transfer involving excited
states, however, continues to present a considerable challenge
to theoretical chemists. Indeed, the accurate description of
charge-transfer excited states represents an open challenge to
modern theory.32 The current state of the art makes both
geometry optimization and electronic coupling calculations
particularly challenging for the excited states. Recently, Newton
and Cave introduced a generalized Mulliken-Hush (GMH)
approach33,34,40to compute donor-acceptor interactions, based
on the pioneering models of Mulliken35 and Hush.36-38 This
approach can be used to calculateHDA for both ground- and
excited-state electron-transfer reactions.39

In this article, we use the two-state generalized Mulliken-
Hush approach with INDO wave functions to calculateHDA for
both the CS and CR reactions in theseπ-stacked porphyrin-
bridge-quinone structures.

2. Theoretical Method

The two-state generalized Mulliken-Hush approximation computes
HDA as:33,34,39,40

whereµ12 is the transition dipole moment connecting the two adiabatic
states in the charge transition,∆µ12 is the difference in adiabatic state
dipole moments,∆µ12

D is the difference in diabatic state dipole
moments, and∆E12 is the energy difference between the initial and
final adiabatic states.

For simplicity, we use a three-state model. The three diabatic states
are a donor ground state (GS), a donor locally excited state (LE),41

and a charge-transfer state (CT) with the “transferring electron”
localized on the acceptor. The adiabatic states are assumed to be
composed of these three diabatic states. For weak donor-acceptor
interactions, the adiabatic states are nearly equivalent to the diabatic
states.39

In the coupling calculation, the three states (GS, LE, and CT) are
treated in a pairwise fashion. For the charge separation process, the
LE and CT states are described with a two-state GMH model; for charge
recombination, the CT and GS states are used. Electronic coupling is
obtained from configuration interaction (CI) calculations using the
INDO/S method of Zerner and co-workers.42 Previous studies have
shown that the INDO/S yields reliable values ofHDA for a variety of
electron-transfer processes involving organic compounds and metal-
containing species.43-47 As was described previously,45 we evaluateHDA

directly from the charge-localized diabatic states obtained from self-
consistent-field (SCF) and CI/S calculations.

3. Results and Discussion

3.1. Structures.We used two methods to build optimized
structures for the series of porphyrin-bridge-quinone systems.
One approach applied to structures (1-3)a-Zn is the semiem-
pirical PM3 method implemented in HyperChem4.5.51 We also
used density functional theory (DFT) (B3LYP with 6-31G* basis
set) to optimize structures (1-2)a-Zn in Gaussian98.52 Figure
1 shows the PM3- and DFT-optimized 2a-Zn structures.

Because of the computational costs, the DFT structure of 3a-
Zn was built based on the 2a-Zn DFT geometry. The scheme
for building 3a-Zn is to maximize the structural overlap of the
phenyl rings (above the porphyrin) between 2a-Zn and the
phenyl-naphthyl-quinonyl building block (see Figure S1 in the
Supporting Information).

Comparison of the experimental structural data (NMR, X-ray)
with the PM3- and DFT-optimized geometries (for 2a-Zn) is
shown in Tables 1 and 2.53

There is a large difference in the H6-H20 distance (see Table
1) between the PM3 and DFT structures, as well as distance F
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closer to the experimental data. The other clear difference
between theoretical predictions is the orientation of theπ-stack
formed by the phenyl, quinonyl, and porphyryl rings. In the
DFT-based structure, theπ-stack axis (the line drawn through

the center of the phenyl and quinonyl rings) is nearly perpen-
dicular to the porphyryl plane, while in the PM3-based
structures, there is a tilt angle of about 70° (see Figure 1a). By
comparing the PM3- and DFT-based structures of 2a-Zn, we
conclude that the DFT optimization describes theπ-stacked
geometry more accurately than the PM3 method based on
experimentally determined condensed phase structures.24

3.2. GMH Calculation of Electronic Coupling for (1-3)-
a-Zn. Coupling for PM3-Based Structures. Excited-state
energies and dipole moments were obtained using the INDO/S
SCI method of Zerner et al.42,54The state characteristics of the
three states (GS, LE, and CT) were deduced from the respective
adiabatic dipole moments, charge shifts, and SCI expansion
coefficients.

The two-state GMH method was applied to (1-3)a-Zn
structures to computeHDA. The calculated coupling values are
summarized in Table 3.

We also computed the decay parameterâ that describes the
distance dependence of the squared electronic coupling. Where
the distance is defined as the porphyrin plane-to-quinonyl
centroid distance, the computedâ for charge separation is 0.59
Å-1. It is 0.58 Å-1 for the charge recombination process (see
Figure 2). The 1a-Zn molecule has a strong electronic coupling
(∼0.23 eV) for both CS and CR. This likely places the 1a-Zn
ET mechanism in the adiabatic regime. Excluding 1a-Zn from
the analysis of the distance dependence,â (for structures (2-
3)a-Zn) is 0.21 Å-1 for both the charge separation process and
the charge recombination process. The squared electronic
coupling decay for both charge separation and charge recom-
bination is a weak function of distance in these structures, in
agreement with the experimental data.25

Coupling for DFT-Based Structures. The couplings cal-
culated from DFT-based structures are summarized in Table 3.
The distance-dependentHDA

2 decay exponent for both CS and
CR processes isâ ) 0.46 Å-1 based on the 2a-Zn and 3a-Zn
analysis. As above, there is a soft distance dependence computed
for the squared coupling (see Figure 3) based on these structures.

Comparison of PM3- and DFT-Based Structures.From
the structural perspective, the DFT optimization describes the
π-stacked geometry more accurately than the PM3 method (the
porphyryl-phenyl interplanar separation and phenyl and quinonyl
tilt angles with respect to the porphyryl are closer to experiment
in DFT-based structures). Table 3 shows that the computed

(54) For 1a-Zn, we included all single excitations from the highest 26 occupied
molecular orbitals (MOs) to the lowest 26 virtual MOs; for 2a-Zn we
included all single excitations from the highest 34 occupied MOs to the
lowest 34 virtual MOs; for 3a-Zn we included all single excitations from
the highest 42 occupied MOs to the lowest 42 virtual MOs, and for 4a-Zn
we included all single excitations from the highest 50 occupied MOs to
the lowest 50 virtual MOs. The number was chosen based on analysis of
the convergence of the electronic coupling. These excitations include CI
excitations of bridge (π) to bridge (π*) and donor (π) to bridge (π*), as
well as the porphyrin and quinone local excitations.

Figure 1. (a) and (b) PM3-based minimum energy structure of 2a-Zn. (a)
View along the axis defined by the macrocycle 10 and 20 positions and (b)
view along the axis defined by the macrocycle 5 and 15 positions; note
that the porphyrin 5 position bears the 1,8-naphthyl pillar. (c) and (d) DFT-
based minimum energy structure of 2a-Zn. (c) View along the axis defined
by the macrocycle 10 and 20 positions and (d) view along the axis defined
by the macrocycle 5 and 15 positions.

Table 1. Comparison between Experimental Interproton Distances
with Distances Derived from PM3/DFT Optimized Structures

calcd distance (Å) for

atom paira exptl distance (Å) 1low
b 2a-Zn(PM3) 2a-Zn(DFT)

H7-H8 2.37 2.34 2.39 2.40
H1-H26 4.00 4.12 4.04 4.32
H1-H28 2.98 3.21 2.69 2.97
H2-H27 3.16 3.22 3.30 3.67
H2-H25 4.87 4.05 4.45 4.17
H16-H17 3.09 2.40 2.46 3.30
H5-H3 2.93 3.26 2.65 2.84
H5-H4 3.28 3.64 4.06 3.97
H6-H20 3.86 3.32 6.41 4.30
H10-H19 3.27 3.31 2.82 2.76
H19-H4 3.06 2.92 3.02 3.26
H16-H1 3.51 3.56 3.94
H16-H2 3.42 3.25 2.84
H5-NH 2.43

a See Figure S2.b 1low is one of 44 calculated structures sharing the lowest
CHARMm energy.24

Table 2. Distances between π-Stacked Rings

distance
labela

1,8-diphenyl-
naphthaleneb 1low

b 2a-Zn(PM3)b 2a-Zn(DFT)b

A 2.99 2.97 2.99 2.95
B 3.53 3.46 3.62 3.59
C 4.02 3.95 4.18 4.28
D 2.97 3.08 2.99
E 3.35 3.62 3.60
F 2.17 3.64 2.80
G 6.80 6.88 7.11

a See Figure S3.b In angstroms.

Table 3. Electronic Couplings for (1-3)a-Zn Structures

PM3 optimized DFT optimized

D−A
distancea

(Å)

CS
HDA
(eV)

CR
HDA
(eV)

D−A
distancea

(Å)

CS
HDA
(eV)

CR
HDA
(eV)

1a-Zn 3.65 2.27× 10-1 2.18× 10-1 3.37 3.82× 10-1 3.23× 10-1

2a-Zn 6.88 4.60× 10-2 4.64× 10-2 7.11 9.20× 10-2 9.25× 10-2

3a-Zn 10.54 3.14× 10-2 3.14× 10-2 10.62 4.11× 10-2 4.11× 10-2

a D-A distance is the porphyrin plane-to-quinonyl centroid distances
for computationally determined structures.55
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couplings for DFT-based (1-3)a-Zn structures are larger than
those of the PM3-based structures (by a factor of 1.3-2.0). The
geometry (as well as the somewhat larger couplings) suggests
that the DFT-optimized geometries likely describe theπ-stack
more accurately than the PM3-based structures.

Coupling Calculations for Partial Structures. To under-
stand the influence of the bridge on the electron tunneling
interactions and the structural origins of the soft distance
dependence of the squared electronic coupling, we calculated
HDA for partial structures based on both PM3- and DFT-
optimized (2-3)a-Zn geometries. Figures 4 and 5 show the
partial structures that were examined (the deleted part is replaced
with an H atom). Tables 4 and 5 show the computed couplings.

The detailed calculations on 2a-Zn and 3a-Zn indicate that
the phenyl rings between donor and acceptor dominate the
coupling mediation. For 2a-Zn, the coupling drops by a factor
of 35 to 50 when the phenyl ring is removed (structure 2a-Zn-
1; see Figure 4). However, removing either one of the two
naphthyl rings decreases the coupling only by about a factor of
2 (structures 2a-Zn-2 and 2a-Zn-3; see Figure 4). A similar trend
was found in 3a-Zn. Removing the phenyl ring adjacent to the

quinonyl ring (structure 3a-Zn-1; see Figure 5) decreases the
coupling by a factor of 35 to 55. Removing the phenyl ring
adjacent to the porphyryl ring decreases the coupling by a factor
of 70-90 (structure 3a-Zn-2; see Figure 5). However, when
one of the naphthyl rings is removed, the coupling only changes
by a factor of 1.5 (structures 3a-Zn-3, 3a-Zn-4, and 3a-Zn-5;
see Figure 5). The large variation in coupling upon removing a
phenyl bridge unit suggests that theπ-stack, rather than the
“pillars”, dominates the electronic propagation through the
bridge.

In the structures with both naphthyl pillars removed, we find
that the DFT-based coupling is larger than the PM3-based
coupling by a factor of 40. A similar trend (a factor of 10) is
seen in 3a-Zn-6. However, the calculated DFT-based couplings
for the full structures (both 2a-Zn and 3a-Zn) only vary by about
a factor of 1.5 from the PM3-based values. Based on the more
realistic DFTπ-stack, the difference suggests that ifπ-electron
ring stacking is somewhat disrupted (as in the PM3-based 2a-
Zn-4 and 3a-Zn-6 structures), the naphthyl bridges make a larger
contribution to the overall D-A coupling. Therefore, when we
delete the naphthyl bridges in structures with somewhat
disruptedπ-stacking, the coupling drops dramatically.

Figure 2. ComputedHDA
2 for CS (a) and CR (b) based on PM3-optimized (1-3)a-Zn geometries as a function of porphyrin plane-to-quinonyl centroid

distance.

Figure 3. ComputedHDA
2 for CS (a) and CR (b) based on DFT-optimized (1-4)a-Zn geometries as a function of porphyrin plane-to-quinonyl centroid

distance. ([) Electronic couplings evaluated for the DFT-based minimum energy (1-4)a-Zn structure. (O) The 4a-Zn′ structure, which corresponds to a
modified structure of 4a-Zn with the naphthyl pillars deleted and the middle phenyl ring moved back into the stack (see Figure 8e).

A R T I C L E S Zheng et al.
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Influence of Expanded Interplanar Separation Distances.
Both the experimental analysis and our coupling calculations
on this series ofπ-stacked systems suggest that the smallâ
value likely arises from the compression of theπ-stack.25 The
overlap of corresponding pz orbitals in two phenyl rings in
approximatelyD6h geometry changes by about a factor of 3 as
the distance between rings changes from 3.0 to 3.5 Å. A simple
calculation demonstrates the magnitude of the “compression”
effect in the molecules. The closest atom-atom contact, that
is, the internuclear distance separating the C1 and C1′ carbon
atoms (labeled A and D in Figure S3, part b), is about 3.0 Å
(below standard van der Waals separation distances). We
expanded the closest contact distance in structures 2a-Zn-4 and
3a-Zn-9 to about 3.5 Å along the axis through the donor and
acceptor ring centers (2a-Zn-4′ and 3a-Zn-9′; see Figure 6) and
recalculated the couplings (see Table 6). Theâ value increases
to 1.14 Å-1 in the expanded structures (2a-Zn-4′ and 3a-Zn-
9′), compared with the originalâ value of 0.13 Å-1 for 2a-
Zn-4 and 3a-Zn-9. A similiar model calculation that examines
the effect upon electronic coupling of changing the angles
between the phenyl, quinonyl, and porphyrin planes (rotation
while fixing the center position of each ring) such that the rings
are nearly parallel to each other (2a-Zn-4′′ and 3a-Zn-9′′) is
shown in Figure 7. Because the distance between the neighbor-
ing rings is about 3.5 Å after placing the rings in parallel planes,
the effect of this rotation is the same as expanding the closest
contact distance between rings from 3.0 to 3.5 Å. Theâ value

we find for parallel ring planes is 1.08 Å-1 (see Table 7 for
coupling values), which is close to the value of 1.14 Å-1 found
in previous model calculation with expanded tilted rings. As
such, expanding the ring system to van der Waals distances
producesa 1 order of magnitudeπ-stack compression effect
on â.

3.3. Analysis of 4a-Zn.Using the strategy of Figure S1
(maximizing the structural overlap of the phenyl rings above
the porphyryl ring between 2a-Zn and the extended phenyl-
naphthyl-quinonyl building block), we constructed an ap-
proximate DFT-based 4a-Zn structure, which has not yet been
synthesized. The computed charge separation ET coupling is
4.13× 10-3 eV, and the charge recombination coupling is 4.06
× 10-3 eV. It is clear that the coupling data for 4a-Zn does not
fall on a single-exponential line based on the 2a-Zn and 3a-Zn
structures (see Figure 3). Closer inspection of the 3a-Zn and
4a-Zn structures (see Figure 8) shows that the position of the
middle phenyl ring in 4a-Zn is not aligned (its ring center) with
the ring stack in the approximate 4a-Zn structure.

We hypothesized that this decreases the electronic coupling
in 4a-Zn compared with an alignedπ-stack. To test the stacking-
dependent coupling hypothesis, we deleted the naphthyl bridges
and moved the middle phenyl ring into alignment with the stack
(structure 4a-Zn′; see Figure 8e). The ET coupling increases
nearly 1 order of magnitude to 1.69× 10-2 eV for both CS
and CR processes. The squared electronic couplings for (2-
3)a-Zn and 4a-Zn′ fit the decay line defined by the short-distance

Figure 4. Partial structures used to analyze electronic coupling in 2a-Zn.
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points after this ring shift (see Figure 3). Therefore, the
inconsistency of the coupling for 4a-Zn in its initially modeled
geometry with theâ value suggested by (2-3)a-Zn likely arises
from the sliding of the phenyl ring in theπ-stack out of register.

We show that displacements of the stacking of this magnitude
will cause a considerable decrease in the ET rate. While this
model for 4a-Zn may not be reliable, it does show the strong
dependence of the coupling on theπ-stack structure.

3.4. Analysis of ET Rate Data.The experimental data
indicate a soft exponential decay of the ET rates with distance,25

which is characterized byâr, wherekET ∝ exp[-ârRDA]. Our
theoretical analysis only focuses on the distance dependence
of the ET coupling. It is important to note that the rate decay
parameter (âr) and the|HDA|2 decay parameter (â) are different
becauseâr includes any distance dependence of∆G° and λ
(reorganization energy), in addition to the distance dependence
of the coupling.

Several groups have explored the dependence ofλ56-62 in
π-stacks. Continuum electrostatics calculations of the outer
sphere reorganization energy (λo) predict a rapid increase ofλo

with distance at short donor-acceptor distances and a leveling
off at longer distances. Indeed, a strong dependence ofλo on
distance is predicted for the molecules studied here based on
continuum solvation models. If we use the calculatedHDA (this
work) and λo values with ∆G° (from experiment) in the
nonadiabatic ET rate equation, we can compute a theoretical
decay parameterâr. The value ofâr obtained from a nonadiabatic
rate expression with the Marcus (classical) nuclear factor is
greater than 1 Å-1 when the strongly distance-dependentλo

Figure 5. Partial structures used to analyze electronic coupling in 3a-Zn.

Table 4. HDA(eV) for Partial 2a-Zn Structures

PM3 optimized DFT optimized

CS CR CS CR

2a-Zn-1 1.32× 10-3 1.32× 10-3 1.58× 10-3 1.58× 10-3

2a-Zn-2 3.12× 10-2 3.13× 10-2 4.04× 10-2 4.07× 10-2

2a-Zn-3 2.10× 10-2 2.11× 10-2 5.78× 10-2 5.82× 10-2

2a-Zn-4 1.21× 10-3 1.21× 10-3 4.21× 10-2 4.23× 10-2

2a-Zn-5 9.89× 10-4 9.91× 10-4 1.07× 10-3 1.08× 10-3

2a-Zn-6 1.50× 10-4 1.50× 10-4 1.11× 10-4 1.11× 10-4

2a-Zn-7 1.44× 10-5 1.44× 10-5 2.33× 10-5 2.33× 10-5

Table 5. HDA(eV) for Partial 3a-Zn Structures

PM3 optimized DFT optimized

CS CR CS CR

3a-Zn-1 9.16× 10-4 9.19× 10-4 7.42× 10-4 7.61× 10-4

3a-Zn-2 4.62× 10-4 4.60× 10-4 4.73× 10-4 4.83× 10-4

3a-Zn-3 2.13× 10-2 2.13× 10-2 3.40× 10-2 3.41× 10-2

3a-Zn-4 1.66× 10-2 1.66× 10-2 3.44× 10-2 3.44× 10-2

3a-Zn-5 1.48× 10-2 1.48× 10-2 2.72× 10-2 2.73× 10-2

3a-Zn-6 3.02× 10-3 2.97× 10-3 3.13× 10-2 3.14× 10-2

3a-Zn-7 1.48× 10-2 1.48× 10-2 2.99× 10-2 3.00× 10-2

3a-Zn-8 1.18× 10-2 1.18× 10-2 3.00× 10-2 3.02× 10-2

3a-Zn-9 7.87× 10-3 7.88× 10-3 3.35× 10-2 3.36× 10-2

A R T I C L E S Zheng et al.

11308 J. AM. CHEM. SOC. 9 VOL. 127, NO. 32, 2005



values are used. This is inconsistent with the experimental data
(∼0.4 Å-1). It is important to point out the possiblility that these
continuum dielectric computations overestimate the distance
dependence ofλo as pointed out earlier.56,58Possible sources of

error include delocalization of the donor or acceptor states onto
the bridge or anomalously larger electronic polarizability for
the π-stacked system. Indeed, a consistent theoretical analysis
of observed DNA ET kinetics requires distance-independent
reorganization energies.58 If we also make this assumption for
theπ-stacks under study here, we conclude that the soft distance
dependence of the squared electronic coupling (â) that we
calculated accounts for the soft distance dependence of the
observed ET rate (âr).25 As such, the smallâr value observed
is interpreted as originating from compression of theπ-stack.
The present studies analyze a single geometry for each structure.
While thermal fluctuations from the minimal energy geometry
of (1-3)a-Zn are expected to be small, computations ofHDA

2

should in general be averaged over rapid structural fluctuations
when computing the ET rates.57,63

Bridge energetics can play an important role in controlling
electronic coupling and ET rates.64 We have found here thatâ
andHDA for CS and CR processes are nearly the same, which
is consistent with the fact that porphyrin, porphyrin-excited state,
and quinone electron-transfer active orbitals are far in energy
from the HOMO/LUMO of the phenyl bridge (about 2.5 eV
away). Even adding electron-withdrawing group (-F) or
electron-donating group (-NH2) to the phenyl bridge, which
shift the HOMO by 0.5-1.0 eV, does not causeHDA(CS)
andHDA(CR) values to differ substantially from each other,
although both shift in magnitude.

(55) It may seem that the D-A distances for the PM3-based (2-3)a-Zn structures
are smaller than those for the DFT-based structures. However, that is
because the axis through the centers of the phenyl and quinonyl rings is
not perpendicular to the porphyrin plane, not because of tighter stacking
of the rings. This can be proven by the fact that the D-A center-to-center
distance of PM3-based structures is always about 1 Å larger than that in
DFT-based structures.

(56) Tavernier, H. L.; Fayer, M. D.J. Phys. Chem. B2000, 104, 11541.
(57) Voityuk, A. A.; Rosch, N.; Bixon, M.; Jortner, J.J. Phys. Chem. B2000,

104, 9740.
(58) Tong, G. S. M.; Kurnikov, I. V.; Beratan, D. N.J. Phys. Chem. B2002,

104, 2381.
(59) LeBard, D. N.; Lilichenko, M.; Matyushov, D. V.; Berlin, Y. A.; Ratner,

M. A. J. Phys. Chem. B2003, 107, 14509.
(60) Siriwong, K.; Voityuk, A. A.; Newton, M. D.; Ro¨sch, N.J. Phys. Chem.

B 2003, 107, 2595.
(61) Gupta, S.; Matyushov, D. V.J. Phys. Chem. A2004, 108, 2087.
(62) Matyushov, D. V.J. Chem. Phys.2004, 16, 7532.

(63) Troisi, A.; Ratner, M. A.; Zimmt, M. B.J. Am. Chem. Soc.2004, 126,
2215.

(64) Lewis, F. D.; Liu, J.; Weigel, W.; Rettig, W.; Kurnikov, I. V.; Beratan, D.
N. Proc. Natl. Acad. Sci. U.S.A.2002, 99, 12536.

Figure 6. Comparison of partial structures (a) 2a-Zn-4, (b) 2a-Zn-4′, (c)
3a-Zn-9, and (d) 3a-Zn-9′ based on DFT-optimized (2-3)a-Zn geometries.
The structures with single prime (b and d) are based on structures (a) and
(c) with the closest atom-atom contacts expanded from 3.0 to 3.5 Å along
the axis through the centers of the donor and acceptor.

Table 6. HDA (eV) for 2a-Zn-4′ and 3a-Zn-9′ Structures

D−A distance
(Å) CS CR

2a-Zn-4′ 8.02 9.79× 10-3 9.79× 10-3

3a-Zn-9′ 12.20 9.02× 10-4 9.02× 10-4

Table 7. HDA (eV) for 2a-Zn-4′′ and 3a-Zn-9′′ Structures

D−A distance
(Å) CS CR

2a-Zn-4′′ 7.11 3.58× 10-2 3.59× 10-2

3a-Zn-9′′ 10.62 5.42× 10-3 5.43× 10-3

Figure 7. Comparison of partial structures (a) 2a-Zn-4, (b) 2a-Zn-4′′, (c)
3a-Zn-9, and (d) 3a-Zn-9′′ based on DFT-optimized (2-3)a-Zn geometries.
The structures with double prime (b and d) are based on structures (a) and
(c) with phenyl and quonyl rings rotated such that they are parallel to the
porphyrin plane. Accordingly, the closest atom-atom contacts of (a) and
(c) are expanded from 3.0 to 3.5 Å (b and d).
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4. Summary and Conclusions

We have carried out the first comprehensive analysis of
electronic coupling interactions in synthetic compressedπ-

stacked organic systems. The strong dependence of coup-
ling on ring compression makes these systems much more
sensitive to geometry change than more familiar linear chain
ET systems.

GMH analysis allowed us to interpret theπ-medi-
ated electronic couplings in stacked porphyrin-π-bridge-
quinone systems. The analysis indicates that this series
of structures has a coupling that decays weakly with dis-
tance because of the compression of the stack. The phenyl
rings provide the crucial tunneling mediation, and the small
â value arises from compression of theπ-stack. Since the
distance dependence ofλo is expected to be weak (as in
other π-stacked ET systems),âr and â are expected to be
nearly the same in these systems. In largerπ-stacks (e.g.,
4a-Zn), shifting one of the phenyl rings out of register with
the other phenyls leads to a predicted large decrease in the ET
rate.

We have based both our CS and CR calculations on the
ground-state structures. This may account, in part, for the
similarity of the coupling in the two processes. More advanced
calculations that provide a better description of the electronic
structure and geometric relaxation of the excited state are of
great interest.
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Figure 8. (a) and (b) Side and top views of DFT-based structures 3a-Zn,
respectively. (c) and (d) Side and top views of 4a-Zn. The position of the
middle phenyl ring of 4a-Zn ((d) highlighted in yellow) shifts significantly
compared with the other rings. (e) Top view of modified 4a-Zn′, which is
a modified structure of 4a-Zn with all the naphthyl rings removed and the
middle phenyl ring moved into the stack.
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