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a b s t r a c t

A 1,8-naphthyl pillaring motif can be utilized to enforce sub van der Waals interplanar separations
between juxtaposed porphyryl, aromatic bridge, and quinonyl components of donor–spacer–acceptor
(D–Sp–A) compounds. Such structures, synthesized via metal-mediated cross-coupling of appropriately
eywords:
lectron transfer
ofacial porphyrin quinone

functionalized (porphinato)zinc(II), arene, and quinone precursors, manifest unusual conformational
rigidity in the condensed phase, and significant electronic communication between the cofacially aligned
D, Sp, and A components. NMR experiments provide rigorous determination of the ambient temperature
structures of these species in solution, while computational methods offer insight into the fragment
molecular orbital interactions that give rise to the strong D–A coupling evident in these assemblies. The
ransient dynamics
ynthesis distance-, temperature-, and solvent-dependences of photoinduced charge separation (CS) and thermal
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charge recombination (CR) rate constants in these systems have been evaluated using femtosecond visible
pump/vis–NIR probe and visible pump/mid-IR probe transient dynamical methods. These experiments:
(i) demonstrate that simple aromatic building blocks like benzene, which are characterized by highly
stabilized filled molecular orbitals and large HOMO–LUMO gaps, provide substantial D–A electronic cou-
pling when organized within a �-stacked structural motif that features a modest degree of arene–arene
interplanar compression; (ii) assess directly the degree of ground and excited state charge transfer (CT)
in these donor–spacer–acceptor (D–Sp–A) structures, (iii) reveal unusual CS dynamics from vibrationally
relaxed and unrelaxed S1 states, and (iv) show a photoinduced CS mechanistic transition from the nona-
diabatic to the solvent-controlled adiabatic regime, to one where CS becomes decoupled from solvent

ed by

1

m
e
F
t
a
t
A
o
m
d

e
(
n
r
t
b
s
t
E
p
c
o
i
u
f
W
p

D
l

k

w
H
�
s
o
[

�

T
t
c
i
s
f

dynamics and is determin

. Introduction

A plethora of molecular structures have been used to probe
echanically photoinduced electron transfer (ET) reactions rel-

vant to early photosynthetic charge separation events [1–51].
actors that include the nature of reaction energetics, the magni-
udes of inner- and outer-sphere nuclear reorganization energies,
nd the extent of electronic coupling between the reactant and
he product states play important roles in such reactions [52–60].
n extensive body of experimental and theoretical data devel-
ped over several decades provides a roadmap that enables facile
anipulation of the magnitudes of ET rate constants for many

onor–acceptor (D–A) architectures.
The magnitude of the D–A electronic coupling is sensitive to the

lectronic structure of the D and A, the molecular bridge or spacer
Sp) that connects these species, the modes of D–Sp and Sp–A con-
ectivity, geometric factors, and the energy gaps that separate the
elevant D, Sp, and A frontier orbitals. Many of nature’s charge
ransfer reactions occur over large D–A distances; as such, there has
een significant interest in ET media and Sp structures that support
ignificant electronic coupling over long D–A distances. Pioneering
heoretical work recognized that electronic coupling for long-range
T reactions often involved super-exchange via off-resonance cou-
ling to the medium (or Sp) virtual electronic states [61–64], in
ontrast to direct D–A exchange. In this manuscript, we review
ur studies of electronic coupling and charge transfer dynamics
n a strongly electronically coupled D–Sp–A system that possesses
nusual modes of D–Sp and Sp–A connectivity; these assemblies
eature a 1,8-naphthyl pillaring motif that enforces sub van der

aals interplanar separations between juxtaposed, �-stacked por-
hyryl, aromatic bridge, and quinonyl components.

The theoretical framework that describes nonadiabatic (weak
–A electronic coupling limit) electron transfer was developed

argely by Marcus (Eq. (1)) [53,54],

ET = 2�
h̄

H2
DA√

4��TkBT
exp

(
− (�G + �T )2

4�TkBT

)
(1)

here kB and h̄ are the respective Boltzmann and Planck constants,
DA is the electronic coupling matrix element, T is the temperature,
G is the free energy difference between the reactant and product

tates, and �T is the total reorganization energy which is the sum
f an inner sphere term, �i, and an outer sphere term, �o (Eq. (2))
53–55].

T = �i + �o (2)

his ET rate expression can be extended to account for quan-

um mechanical effects; a simple version of such an expression
onsiders the case where a singly averaged high-frequency,
ntramolecular vibrational mode is coupled to the ET event. Here, a
ingle reactant state free energy surface couples to multiple high-
requency vibrational modes of the product state (Eqs. (3) and (4))
the extent to which the vibrationally unrelaxed S1 state is populated.
© 2011 Elsevier B.V. All rights reserved.

[57–60].

kET = 2�
h̄

H2
DA√

4��clkBT
exp (−Sc)

∞∑
m=0

Smc
m!

exp

(
− (�G + �cl +mh̄ 〈ω〉)2

4�clkBT

)
(3)

Sc = �i
h̄ 〈ω〉 (4)

In these expressions, 〈ω〉 is the average frequency of the high-
frequency vibrational modes in the reactant state, Sc is the
Huang–Rhys factor [65] that expresses the extent of nuclear cou-
pling, which can be approximately described in terms of the
displacement of the intramolecular equilibrium nuclear configura-
tion accompanying ET [66]. �i is the nuclear reorganization energy
related to the quantum mechanical, high-frequency intramolec-
ular vibrational modes that are coupled to the ET reaction, �cl is
the reorganization energy of classical modes that include solvent
polarization and low-frequency intramolecular vibration, and m is
the high-frequency vibrational quantum number. Other parame-
ters are the same as those described for Eq. (1). Eq. (3) can be recast
in the form

kET = 2�
h̄
H2
DAF (5)

where F is the Franck–Condon (FC) factor, which represents the sum
of the products of the overlap integrals of the vibrational and sol-
vational wavefunctions of the reactant with those of the products,
that are appropriately Boltzmann factor weighted [67]. The squared
electronic coupling matrix element is expected to decrease approx-
imately exponentially with distance (Eq. (6)); the nature of this
exponential decay is expressed by the decay parameter ˇH, which
is sensitive to the electronic nature of the D, A, and Sp (tunneling
medium).∣∣HDA∣∣2 =

∣∣H0

∣∣2 exp [−ˇH(RDA − R0)] (6)

In Eq. (6), RDA is the D–A separation distance, R0 is the smallest
possible D–A separation distance (∼3.0), HDA is the electronic cou-
pling at RDA, and H0 is the electronic coupling at R0. Importantly,
not only H but also F may affect the distance dependence of the
observed ET rate constant, through the distance dependence of the
reaction free energy and the reorganization energy, which cannot
be expressed in general mathematical form [68]. This combined
effect gives rise to an expression characterizing the phenomeno-
logical distance dependence of the ET rate constant; note that the
parameter ˇ in Eq. (7) generally differs from ˇH.

kET = k0 exp [−ˇ(RDA − R0)] (7)

A large body of work has probed how the nature of the tun-
neling medium impacts the magnitude of the ET rate constant;

exemplary Sp structures that have been extensively investigated
in this regard include nonconjugated and conjugated cova-
lent bonds, peptides, proteins, DNA, and H-bonded structures
[5,46,59,69–215]. In the late 1980s, Barton pioneered the use
of double-stranded DNA as a template to interrogate electronic
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oupling through stacked, �-cofacial assemblies [91–111]. Giese
192–197], Lewis and Wasielewski [180–187], Schuster [172–176],

eade [177–179], Beratan [124–126,129], Tanaka [189,190] and
ukui [189–191], and Ratner [165,216–220] have since investigated
wide range of mechanistic issues related to DNA-mediated charge

ransport.
ET assemblies that utilize double-stranded DNA as the Sp sep-

rating D from A define model assemblies with which to probe
lectronic coupling mediated by �-cofacial aromatic units. In DNA,
he average nucleobase–nucleobase interplanar separation is about
.5 Å, and experimental studies of the distance-dependent kinetics
ave produced a wide range of results. Like double-helical DNA
onstructs that mediate charge transfer reactions, conventional
ynthetic �-stacked structures provide little insight into how the
agnitude of the interplanar separation distance might impact

lectronic coupling in �-cofacial assemblies. In this article, we sum-
arize our studies of a unique, rigid class of D–Sp–A structures in
hich sub-van der Waals interplanar distances separate the juxta-
osed D, Sp, and A units in a �-stacked configuration, and discuss:
i) the synthesis and structural characterization of these systems,
ii) their photoinduced charge separation (CS) and thermal charge
ecombination (CR) dynamics, and (iii) the nature of electronic cou-
ling manifest in these constructs.

. Synthesis and structural characterization of cofacially
ompressed, �-stacked porphyrin–bridge–quinone systems

Molecular architectures that feature �-stacked aromatic man-
folds have attracted a great deal of interest in fields of physical
rganic chemistry, materials chemistry, and catalysis, yet they
emain challenging synthetic targets [221]. One of the great-
st challenges in this area is identifying molecular scaffolds that
re synthetically accessible, yet capable of orienting and fix-
ng the position of aromatic moieties in a stacked columnar
rrangement. Such well-defined assemblies are unusual, yet such
ystems provide the ability to predictably control the nature of
lectronic interactions within the aromatic stack, enabling delin-
ation of important structure–property relationships. We thus note
riefly below benchmark examples of precise �-stacked archi-
ectures, before moving on to a more detailed review of our
ork.

The [n.n]paracyclophanes define the quintessential �-stacked
rchitecture [222–233]. In cases where the methylene bridges are
hort (3–4 carbons), the paracylophane’s arene units experience
estricted rotation and are forced to adopt a stacked arrangement.
hese �-stacked systems have been extensively examined in rela-
ion to the degree of intramolecular charge transfer as a function of
rene conformation. Likewise, Rathore has extensively examined
-stacked polyfluorenes [215,234,235]. In these systems, fluorene

ings are held in a cofacial arrangement by a saturated aliphatic
ackbone. Using both X-ray crystallographic methods and NMR
pectroscopy, it was determined that the fluorene rings are held
n van der Waals contact and maintain their cofacial arrangement
n both solution and the solid state. Waldeck and Paddon-Row
ave examined electronic coupling through rigid cofacially ori-
nted structures that are separated by distances that significantly
xceed those defined by van der Waals radii [236–239]. In con-
rast, Lewis developed oligo(arylureas) – a covalently linked, more
oosely �-stacked architecture that adopts a folded protophane
tructure [240,241]. In these assemblies, arylurea rings fold into

ace-to-face geometries featuring slightly spayed phenyl rings. The
nd groups of these oligomers can easily be modified with D–A
roups that facilitate the study of intramolecular charge transfer.
t was found that rate constants for CS and CR in these assemblies

ere weakly dependent upon the number of bridging units.
ry Reviews 255 (2011) 804–824

As underscored by the extensive literature in the area
[91–111,124–126,129,165,172–187,189–197], the popularity of
double-stranded DNA and related nucleobase scaffolds for interro-
gating issues pertinent to stacked � manifold electronic coupling
derives largely from their ease of synthesis. Fabrication of �-
stacked assemblies, in which interactions between cofacially
aligned D, Sp, and A moieties differ radically from deoxyribonucleic
acid-based systems, is inherently more challenging. Even so, the
fact that so few such assemblies exist is perhaps surprising, given
the potential impact that both the magnitude of respective D, Sp,
and A interplanar separations, and the nature of the quadrupolar
interactions between these aromatics may have upon the regula-
tion of electronic coupling [242–244]. In 2000, we first reported the
synthesis and characterization of unusually rigid, cofacially aligned,
porphyrin–bridge–quinone systems featuring compressed � man-
ifolds (Fig. 1) [245]. We later expanded the collection of these
D–Sp–A molecules (Fig. 1) [149], and showed that the modular
design of these �-stacked systems allows for a systematic inves-
tigation of the distance dependence of D–A coupling in � stacked
manifolds in which the juxtaposed planar units are separated by
distances less than that of van der Waals contact (3.40 Å), and thus
sharply contrast the helix rise per base pair distance found in B-
DNA. The separation between adjacent, cofacially-aligned aromatic
moieties in these assemblies is fixed by the 1,8-substitution pattern
of naphthalene, which serves as the pillar that links D, Sp, and A. The
substantial geometric constraints imposed by the 1,8-naphthalene
skeleton make this unit an ideal scaffold to build rigid, stacked �
manifolds.

The synthetic challenge of covalently linking multiple (>2)
arene units in a closely held cofacial �-stacked arrangement is
formidable; few molecular scaffolds have possible utility in this
regard, which is underscored by the fact that traditional routes to
cyclophanic architectures make difficult the design and synthesis of
such systems. While cyclophanic systems can in fact enforce a sub-
van der Waals interplanar separation between juxtaposed arenes,
systematic modulation of the electronic structure of the compo-
nents of these assemblies, as well as the expansion of this motif to
multiple levels of �-stacking interactions, define arduous synthetic
tasks. Due to the modular nature of the route exploited in the fabri-
cation of �-stacked compounds 1, 2a–c, and 3a, structure–function
relationships that determine the magnitude of D–A electronic cou-
pling were more readily probed.

Scheme 1 highlights some of the reagents, coupling proto-
cols, and reaction conditions that were employed in the syntheses
of compounds 1–3. Modified Suzuki conditions, developed for
systems in which hydrolytic deboronation is a significant side
reaction, were required for many of the coupling reactions. This
cross-coupling protocol is carried out under anhydrous conditions,
employing a dry polar solvent (DMF) and weakly soluble base
(K3PO4); all carbon–carbon bond forming reactions involving the
1-iodo-8-arylnaphthalenic substrate were carried out under these
conditions, which effectively suppressed deleterious dehalogena-
tion and deboronation processes.

The conversion of the 2,5-dimethoxyphenyl groups to their cor-
responding quinoidal derivatives was accomplished using a Lewis
acid-promoted demethylation followed by a mild oxidation of
the newly formed hydroquinone [245]. In contrast, this simple
deprotection–oxidation sequence proved ineffective for the gen-
eration of compound 1a-Zn due possibly to the close proximity
of the 2,5-dimethoxyphenyl ring to the porphyrin macrocycle. In
this particular case, more forcing conditions were required to fully

convert the dimethoxyphenyl group to its corresponding quinone.

In advance of studying the electron transfer processes in
these compressed �-stacked systems, we undertook a com-
prehensive study aimed at delineating the solution structural
dynamics [246]. With such information, key structure–function and
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Fig. 1. Chemical structures of porphyrin–bridge–quinone compoun

tructure–property relationships can be ascertained independent
f the assumption that the liquid-phase structure is identical to that
etermined for the solid state by X-ray crystallographic methods.

The rigid geometry coupled with the sub-van der Waals inter-
lanar separations manifest in these porphyrin-based D–Sp–A
ystems gives rise to disparate shielding effects which distribute
he aromatic 1H resonances for these species over wide spectral
indows. The favorable structural and spectroscopic properties

f these newly defined �-stacked D–Sp–A assemblies allowed the
cquisition of a substantial number of structurally significant NOEs
hich define key interplanar relationships between the porphyrin,

henyl spacer, and benzoquinonyl units; these data were incorpo-
ated as restraining functions in ab initio simulated annealing (SA)
alculations, enabling a high-resolution solution structure of 2a to
e determined.

cheme 1. Sequential Suzuki–Miyaura coupling reactions were used to synthesize a serie
manifold.
ed to study electron transfer dynamics in �-stacked architectures.

Complete and unambiguous assignment of the 1H NMR reso-
nances for 2a was accomplished using 1D 1H NMR, 2D homonuclear
COSY, and 2D NOESY NMR experiments. The 1D 1H NMR spectrum
of compound 2a manifests the following spectral features: (i) dis-
tribution of aromatic resonances over a spectral window that spans
10.20–0.62 ppm, (ii) groupings of signals that derive from disparate
shielding effects as a result of an upright, �-stacked geometry, and
(iii) sharp resonances which exhibit little-to-no spectral overlap.
Fig. 2 divides the spectrum into two regions labeled A and B. Region
A contains those resonances ascribed to the porphyrin � pyrrolic
protons, the porphyrin 10,20-phenyl substituents, as well as the

protons residing on the Naphthalene I pillar (Fig. 2). Region B con-
tains the resonances associated with the Naphthalene II pillar, the
intervening phenyl spacer (H1–H4, Fig. 2), and the protons residing
on the quinonyl subunit.

s of unusually rigid �-stacked porphyrinic assemblies featuring a cofacially aligned
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incorporation of a large porphyrinic substituent at the Naphthalene
I’s 1-position.

Perhaps the most remarkable aspect of the 1D 1H NMR spec-
trum of 2a is the chemical shift determined for aromatic proton H5
ig. 2. 500 MHz 1H NMR spectrum of 5-[8′-(4′′-[8′′′-(2′′′ ′ ,5′′′ ′-benzoquinonyl)-1′′′-nap
istribution of aromatic resonances over a large spectral window (10.20–0.62 ppm)

A set of 11 interproton distances (Fig. 3) which define key struc-
ural relationships in 2a were extracted from the NOESY spectrum;
hese NOESY-derived constraints were used as restraining func-
ions in the MD/SA calculations for compound 2a. The 50 lowest
nergy structures generated using the MD/SA analysis were further
efined using CHARMm-based energy minimization; these stud-
es determined the distribution of energies among the conformers
nd evaluated the extent to which the calculated structures were
onsistent with the empirical NOESY data.

The 50 refined structures were evaluated for NOE violations in
xcess of 0.5 Å, which represents the limit of confidence for the
MR measurements; all 50 structures satisfied this conformational

estraint. Remarkably, when more stringent criteria were used (i.e.,
0.2 Å NOE violation limit), 41 of these 50 computed minimum

nergy structures were finally accepted. An average structure was
alculated from the 50 refined conformers that considered 2a’s
ntire 52 carbon atom framework. The root-mean square devia-
ion (RMSD) of the 50 conformers with respect to the consensus
tructure was calculated to be 0.51 Å.

The 50 energy-minimized conformers derived from ab initio SA
alculations were used as initial structures for restrained minimiza-
ion in CHARMm. NOE violations of 0.5 Å were found in only 2 of
he 50 structures; lowering the acceptance threshold for the NOE
iolations to 0.2 Å excluded only 4 of the 50 structures, an improve-
ent from the 9 structures found to have violations in the ab initio

A analysis. Structural representations of the low energy structure
re shown in Fig. 4 (van der Waals spheres at 80%).

Several features of the calculated structure deserve comment.
labeling schematic for the critical distances and angles used is

hown in Fig. 3; the corresponding numerical data can be found in
able 1 (Fig. 5).

One of the most striking features of the calculated structure is
he closely packed, �-stacked arrangement of the porphyrin donor,

ntervening phenyl spacer, and the quinone acceptor. For example,
he internuclear distance separating the C1 and C1′ carbon atoms
distances A and B, Fig. 5) of the 1-quinonyl and 1-phenyl sub-
tituents of Naphthalene II is 2.97 Å and 0.4 Å below the van der
]-1′′-phenyl)-1′-naphthyl]-10,20-diphenylporphyrin (2a) in CDCl3 highlighting the
o the disparate shielding effects of the �-stacked geometry [246].

Waals separation distance; these data are consistent with X-ray
crystallographic data for the analogous distance separating the C1′

and C1′′ carbon atoms in 1,8-diphenylnaphthalene (2.99 Å, Table 1;
distance A, Fig. 5). Similarly, a sub van der Waals separation (2.97 Å)
is also observed for the distance labeled D in Fig. 5b. Note also that
the A and C distances in the calculated structure are consistent,
suggesting that the hallmark sub van der Waals separation associ-
ated with simple 1,8-diarylnaphthalenes is maintained despite the
Fig. 3. Schematic illustrating the large number of NOE signals identified in com-
pound 2a. The compressed geometry of the 2a’s porphyrinic assembly positions
multiple aromatic residues in close proximity and leads to wealth of structural
information that can be used to calculate a NMR-based solution structure [246].
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Fig. 4. Low energy structure of 2a with v

Table 1
Comparative distances separating �-stacked ring systems in the low energy struc-
ture 2-H2 (determined from ab initio SA analysis incorporating NOESY restraints and
subsequent CHARMm restrained minimization) and 1,8-diphenylnaphthalene.a

Label Calculated distance (Å)

2alow
b 1,8-Diphenylnaphthalenec

A 2.97 2.99
B 3.46 3.53
C 3.95 4.02
D 2.97
E 3.35
F 2.17
G 6.80

a

c

(
i
g
t
p

F
d

See Fig. 5.
b 2alow is defined as the conformer with the lowest CHARMm energy of the 50

alculated structures.
c Determined from X-ray crystallographic data. See Refs. [247,248].

Fig. 5b), which resonates at 0.62 ppm (Fig. 2, inset). Insight regard-

ng the origin of this large upfield shift for H5 in compound 2a is
leaned from metrical analysis of the calculated structure. The dis-
ance separating the H5 nucleus from the porphyrin least squares
lane in the calculated structure (F, Fig. 5b) is 2.17 Å. The upright

ig. 5. Schematic highlighting the key interplanar distances in (a) 1,8-
iphenylnaphthalene and (b) compound 2a [246].
an der Waals spheres at 80% [246].

orientation of the Naphthalene II pillar directs H5 into the porphyrin
core, where it is flanked on either side by the porphyryl 10 and 20
substituents.

NMR data thus highlight that these uniquely rigid, �-stacked ET
assemblies manifest interplanar distances between D, bridge, and A
aromatic units in the condensed phase that are less than the sums
of their respective van der Waals radii. The 1D 1H NMR and 2D
NMR data of these compounds show that: (i) the 1,8-naphthyl pil-
laring motif constrains nuclei to reside in unusual and diverse local
magnetic environments, and (ii) the close contacts afforded by a
sub van der Waals interplanar separation of D, Sp, and A give rise
to a comprehensive set of structurally significant NOE signatures
that can be used as constraints in quantitative structural calcula-
tions. Examination of such data using ab initio SA analysis shows
that compound 2a constitutes an unusual example for which these
analytical tools unequivocally determine a single unique structure
in solution.

3. Distance dependence of electron transfer rate constants

Studies that interrogate the distance dependence of the ET rate
constant (the ˇ value; Eq. (7)) are more common than studies that
determine the distance dependent decay of the electronic coupling
matrix element (the ˇH value; Eq. (6)), as such analyses do not
require the concomitant evaluation of the reaction free energy and
the reorganization energy at each D–A distance; furthermore, such
studies often define the initial experiments that are carried out to
provide insight into the extent of electronic communication that
exists within newly defined D–Sp–A structural motifs.

Congruent with this approach, we evaluated the photo-induced
charge separation and the thermal charge recombina-
tion reaction rate constants for (1–3)a-Zn via pump-probe
transient absorption spectroscopy. Protected-quinone
derivatives of (1–3)a-Zn ([5-[8′-(2′′,5′′-dimethoxyphenyl)-
1′-naphthyl]-10,20-diphenylporphinato]zinc(II) (1M-Zn),
[5-[8′-(4′′-[8′′′-(2′′′ ′,5′′′ ′-dimethoxyphenyl)-1′′′-naphthyl]-1′′-
phenyl)-1′-naphthyl]-10,20-diphenylporphinato]zinc(II) (2M-Zn),
and [5-(8′-[4′′-(8′′′-[4′′′ ′-(8′′′ ′′-[2′′′ ′′′,5′′′ ′′′-dimethoxyphenyl]-1′′′ ′′-
naphthyl)-1′′′ ′-phenyl]-1′′′-naphthyl)-1′′-phenyl]-1′-naphthyl)-
10,20-diphenylporphinato]zinc(II) (3M-Zn)) served as key
spectroscopic benchmarks for this study (Fig. 6) [149]. For
example, a transient spectrum obtained at 193 fs time delay for
2a-Zn in CH2Cl2 following Q-band excitation reflects the differ-
ence spectrum of the singlet-excited state, resembling the S1

state spectrum obtained for 2M-Zn and simple (porphinato)zinc
(II) (PZn) species (data not shown). This spectrum evolves with
time; the spectral signature of an intermediate state is clearly
evident at a delay time of 1 ps. No further spectral evolution is
evident at delay times >1 ps; transient signals at all wavelengths
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Fig. 6. Structure of protected ([5-[8′-(2′′ ,5′′-dimethoxyphenyl)-1′-naphthyl]-10,20-diphenylporphinato]zinc(II) (1M-Zn), [5-[8′-(4′′-[8′′′-(2′′′ ′ ,5′′′ ′-dimethoxyphenyl)-1′′′-
naphthyl]-1′′-phenyl)-1′-naphthyl]-10,20-diphenylporphinato]zinc(II) (2M-Zn), and [5-(8′-[4′′-(8′′′-[4′′′ ′-(8′′′ ′′-[2′′′ ′′′ ,5′′′ ′′′-dimethoxyphenyl]-1′′′ ′′-naphthyl)-1′′′ ′-phenyl]-1′′′-
naphthyl)-1′′-phenyl]-1′-naphthyl)-10,20-diphenylporphinato]zinc(II) (3M-Zn).
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as benchmarks [180–182,251], it is clear that the magnitude of the
phenomenological ET distance dependence (ˇ) for both the CS and
CR reactions in these systems (ˇCS = 0.43 Å−1;ˇCR = 0.35 ± 0.16 Å−1)
is approximately a factor of two smaller than that determined in

Fig. 8. Distance dependence of the CS and CR rate constants for (1–3)a-Zn in
methylene chloride at 23 ± 1 ◦C. Slopes of the straight line plots shown give
ˇCR = 0.35 ± 0.16 Å−1 (CR) andˇCS = 0.43 Å−1 (CS) [R0 = 2.97 Å; k0 = 1.1 × 1012 s−1 (CR);
ig. 7. Transient absorption spectra of 2a-Zn (a) and 1a-Zn (b). Time delays are sho
nstrument response function (IRF); �ex = 557 nm, temperature = 23 ± 1 ◦C. The respo

ecay concomitantly (Fig. 7). The spectrum of the intermediate
as a pronounced band around 650–700 nm, characteristic of
he (porphinato)zinc (II) cation radical (PZn•+) [249]. Similar
ime-dependent spectra were observed for 3a-Zn. The respective
S time constants for 2a-Zn and 3a-Zn were determined to be
.62 ± 0.02 and 3.1 ± 0.3 ps (Fig. 7).

The nature of the ET dynamics following excitation in 1a-
n differs with respect to that delineated for (2–3)a-Zn (Fig. 7).
he initial spectrum (t = 270 fs) decays essentially without change
ver the wide spectral window (�: 480–530 nm, >610 nm). Since
he transient spectrum appears similar to that for (5,10,15,20-
etraphenylporphinato)zinc(II) (TPPZn) cation radical, showing the
haracteristic absorption band at long wavelengths (∼680 nm)
249], the observed transient spectrum evident in Fig. 7 for 1a-
n was assigned to the charge separated PZn

•+Q
•− state. Thus, the

bserved decay of the absorption envelope centered at 680 nm cor-
esponds to the CR reaction. The CS reaction could not be resolved
ithin the time resolution of our experimental apparatus with
ultichannel detection. Note that the zero-time spectrum shown

n Fig. 7 is similar to the spectrum obtained at a time delay of a
70 fs; an exact comparison of these spectra, however, is compli-
ated by a nonlinear solvent contribution and Raman scattering
eaks around zero time. To estimate the CS rate constant for
a-Zn, we carried out pump-probe experiments using single wave-

ength detection: fitting the signal observed at 650 nm (Fig. 7C)
s a biexponential convoluted with the instrument response func-
ion (IRF, 150 ± 5 fs), enables an estimate of �CS ≤ 20 fs. Note that
he observed charge-separated states for 1a-Zn, 2a-Zn, and 3a-
n undergo rapid charge recombination reactions �CR = 1.6 ± 0.2,

.7 ± 0.1, and 20 ± 2 ps, respectively.

Fig. 8 highlights the distance dependence of the CS and CR rate
onstants for the 1a-Zn, 2a-Zn, and 3a-Zn ET systems. The CS rate
onstant determined for 1a-Zn was not factored into our com-
utation of ˇCS because the magnitude of the ET rate constant
insets. (c) Kinetics for 1a-Zn (1) and 2a-Zn (2) measured at 650 nm, along with the
f the pure solvent (CH2Cl2) measured at the same wavelength is shown in the inset.

for CS in 1a-Zn greatly exceeds that of the fastest component of
solvent relaxation (∼1013 s−1) [250], and thus it was considered
adiabatic. Taking the extensive data sets of distance and driving
force-dependent ET rate data compiled by Lewis and Wasielewski
k0 = 8.5 × 1013 s−1 (CS)]. Given the adiabatic nature of CS in 1a-Zn,ˇCS was computed
using the relevant data points for 2a-Zn and 3a-Zn only. Error bars for each experi-
mental rate constant are shown. Note that the lower limit of the error bar for the CS
rate constant of 1a-Zn corresponds to the fastest rate constant that we can resolve
(5 × 1013 s−1); the width of this error bar is arbitrary. The error reported in ˇCR was
determined via standard linear regression analysis [149].
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Fig. 9. Solvent reorganization energies calculated by the modified dielectric con-
tinuum model described by Kato and Tachiya [253]. The overall molecular shape is

A + c
a
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)
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/A-modified DNA hairpin structures (ˇCS = 0.7 Å−1; ˇCR = 0.9 Å−1)
182]; interestingly, the magnitude of these decay parameters is
eminiscent of those determined for several classes of highly con-
ugated organic structures [70,157,158,164,252].

For DNA-based D–Sp–A systems in which a wide range of ˇ val-
es were observed (0.1–1.5 Å−1), Lewis and coworkers provided a

nteresting linear relationship between the electron injection free
nergy (�Ginj) and the decay parameter (ˇ). �Ginj is defined as
he minimum free energy difference between the state with the
ole localized on the bridge (A−B+D) and the initial (A*BD) or final
tate (A−BD+), which is closely related to the tunneling energy
ap, yet easily estimated by electrochemical measurements. In
hese systems, A*BD is the reactant state, with the virtual inter-

ediate thus A−B+D; the tunneling energy gap can be defined as
Etun = Etun −(− IP). The role of the tunneling energy gap is well

xplained within the context of the McConnell model [68]. Briefly,
he McConnell model assumes that the bridge consists of a peri-
dic chain of orbitals with nearest neighbor interaction elements,

min, and energy gap, �E, between the donor and bridge localized
rbitals, such that

H = 2
R0

ln
∣∣∣�Etun + 2 |tmin|

tmin

∣∣∣
ince the tunneling energies are derived from the properties of
he (nonequilibrium) activated complex and thus are difficult to
etermine experimentally, the value for �Ginj is utilized com-
utationally instead of �Etun [68]. According to this analysis, a
.25–0.50 eV change in �Ginj gives rise to a 0.7–1.1 Å−1 of the
ecay parameter. Given an approximate �Ginj value for 2a-Zn of
.35 eV, the experimental distance dependence for CS (ˇ = 0.43 Å−1)

s nearly a factor of two smaller than that predicted by this model
ˇ = 0.7–1.1 Å−1), suggesting that sub van der Waals interplanar
eparations that exist between D, Sp, and A units in 1–3a-Zn play
prominent role in augmenting the magnitude of D–A electronic

oupling relative to that provided by DNA for similar�Ginj values.

. Electron transfer mechanism

In the above section, we overviewed the distance dependence of
he CS and CR rate constants in these rigid, cofacially compressed,
-stacked porphyrin–bridge–quinone systems. Calculation of the
lectronic coupling matrix element from ET rate constant data
ften utilizes the quantum mechanical nonadiabatic ET rate equa-
ion (Eq. (3)). This analysis implies that any ET process analyzed
hould indeed be nonadiabatic in nature, with an electronic cou-
ling matrix element small enough in magnitude to guarantee that
he reaction lies in the perturbation limit. For example, exclusion
f the 1a-Zn CS rate constant, in which the estimated electronic
oupling is ∼1000 cm−1, is appropriate for data analysis based on
q. (3). In addition, any ET reaction analyzed using the quantum
echanical nonadiabatic ET expression should also be insensitive

o the solvent dynamics. If not, a more rigorous theoretical frame-
ork is necessary for the analysis of electronic coupling; hence,

�s = e2

4

(
1
εop

− 1
εs

)[(
1
c

+ 2
RDA + c − 4

RDA + 2c

)
+ 1
a

(
tan−1 RD

f (x) =

√
a4 + 2

(
x2 + R
ppropriate insight into the ET reaction to be analyzed is a prereq-
isite for obtaining a physically meaningful value of the electronic
oupling matrix element.

Likewise, computation of H2
DA from ET rate constant data is sen-

itive to reorganization energy and reaction free energy values; as
assumed to be a cylinder having a 4.9 Å diameter and 10.61 Å length (2c RDA , where
c is the half of the van der Waals thickness (1.75 Å) of porphyrin or quinone and RDA

is the porphyrin plane-to-quinonyl centroid distances (7.11 Å) for DFT optimized
structures) [127].

these parameters enter into the exponential term, the manner in
which they are evaluated is critical. The following section describes
how these parameters were determined at various D–A distances
and temperatures for 1–3a-Zn and closely related structures.

4.1. Estimation of reorganization and reaction free energies

4.1.1. Inner and outer sphere reorganization energies
The outer sphere reorganization energy �o, is estimated com-

monly via the classic Marcus expression, where a spherical donor
and acceptor are assumed to be imbedded in a dielectric continuum
[54];

�S = e2

4�ε0

(
1
εop

− 1
εS

)(
1

2RD
+ 1

2RA
− 1
RDA

)
(8)

where εop and εs are respective optical and static dielectric con-
stants of the solvent, RDA is the D–A distance, and RD and RA are
the respective donor and acceptor ionic radii. For an ET system
where the D and A separation distance is much larger than the
sum of the D and A van der Waals radii, Eq. (8) can be used with-
out restriction. In (1–3)a-Zn there are no solvent molecules directly
intervening between D and A, due to the sub-van der Waals contact
distances that exist between D–A (1a-Zn), and between D–bridge
and bridge–A [(2–3a)-Zn]. Kato and Tachiya considered such a case;
they treated D and A as disks, with or without an intervening spacer
structure, and aligned D, A, and bridge units in a stacked manner.
Eq. (9) summarizes the Kato and Tachiya analysis [253], while Fig. 9
provides a graphical representation of the parameters that have not
yet been defined.

+ tan−1 c

a

)
−
∫ ((RDA)/2)+c

−((RDA)/2)−c

2a2

f (x)(f (x) + a2 − x2 + (R2
DA/4))

dx

]
a2 +

(
x2 − R2

DA

4

)2 (9)
It is important to note that reorganization energies calculated
within the context of this model are 20–30% smaller than that
arrived at through the Marcus expression. The Kato and Tachiya
analysis gives a reasonable magnitude outer sphere reorganization
energy for 1a-Zn; in contrast, note that Eq. (8) would predict a phys-
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cally unreasonable, negative outer sphere reorganization energy
or this D–A assembly. Kato–Tachiya outer sphere reorganization
nergies were used in the analysis of the ET rate data obtained for
he (1–3)a-Zn systems.

The inner-sphere reorganization energy �i can be expressed as
he sum of the reorganization energy of the initial neutral D (A), �0,
nd the reorganization energy of the corresponding radical cation
anion), �

•+
i,p

(�
•−
i,p

). This relation is illustrated in Fig. 10 [254]. From
his expression, the total inner-sphere reorganization energy for
1–3)a-Zn systems was estimated using the following equations:

i = �i,p + �i,q (10)

i,p = �0
i,p + �•+

i,p
, �i,q = �0

i,q + �•−
i,p

(11)

here superscripts p and q denote porphyrin and benzoquinone,
espectively. A recent report by Amashukeli provides the inner-
phere reorganization energies of several (porphinato)zinc(II)
omplexes determined from the first ionization potentials obtained
ia gas-phase valence photoelectron spectroscopy [254]. Impor-
antly, experimentally determined�i values indicate that structural
hanges that occur concomitant with oxidation are largely confined
o the porphyrin ring, with macrocycle peripheral substituents, sol-
ent, and other environmental factors making significantly smaller
ontributions to the total inner-sphere reorganization energy. The
xperimentally determined (porphinato)zinc(II) �i values were
ound to range between 0.12 and 0.14 eV, which compared well to
omputationally derived values from methods utilizing a mixture
f Hartree–Fock exchange and DFT exchange-correlation function-
ls [254].
The inner-sphere reorganization energy of benzoquinone was
ound to be 0.35 eV, determined from a DFT calculation utilizing
he BH and HLYP hybrid functional and 6-31g(d) basis set imple-

ented in the Gaussian03 program package [255]. Combined with
he inner-sphere reorganization energy of the (porphinato)zinc(II)
ry Reviews 255 (2011) 804–824

unit from the literature [254], the total inner-sphere reorganization
energies of (1–3)a-Zn systems are estimated to be ∼0.5 eV.

4.1.2. Temperature dependence of the reorganization energy and
the reaction free energy

Liang, Miller, and Closs reported the temperature dependence
of long-range ET reactions in the Marcus inverted region, where ET
rates were independent, or negatively dependent, on temperature
[256,257]. These results were interpreted as having their gene-
sis from a nuclear tunneling effect, after appropriate account of
the temperature dependence of reorganization energy and driving
force was made.

The temperature dependence of reorganization energy derives
mainly from the temperature dependence of the outer-sphere
reorganization energy, which originates with the temperature sen-
sitivity of the high frequency dielectric (εop) and static dielectric (εs)
constants.
εop can be expressed as a function of temperature [258]; from the

Lorentz–Lorentz expression, the molar refractivity, �, is described
as

�(T) =
(
εop(T) − 1
εop(T) + 2

)
M

d20
(12)

where M is the molecular weight and d is the density at the 20 ◦C
[259].

εop(T) =
(
M + 2d20�(T)
M − d20�(T)

)
(13)

The temperature dependent density of the solvent can thus be
obtained from literature values. For example [260],

�(T) = 1157 − 1.124T + 2.54 × 10−4T2 for 2-methyl-3,3,4,4

-tetrahydrofuran (2 MTHF) (14)

�(T) = −0.001T + 0.8859 for toluene (15)

Note that the static dielectric constants of many solvents as a func-
tion of temperature have been experimentally determined [258].
For 2-MTHF,

εs(T) = 3.1 + 860
T − 73

(> 140 K), εs(T) = 2.6 ± 0.1 (< 90 K) (16)

while for toluene, a relation obtained through linear regression
analysis of experimental data was used.

εs(T) = −0.0035T + 2.4446 (17)

The thermodynamic driving forces for charge separation and
charge recombination reactions were calculated using Eqs. (18) and
(19).

�GCS = e(Eox − Ered) − E00 − e2

4�ε0εSRDA
+ e2

4�ε0

(
1
εS

− 1

εrefS

)

×
(

1
2RD

+ 1
2RA

)
(18)

�GCR = −�GCS − E00 (19)

where Eox and Ered are the respective donor and acceptor redox
potentials, E00 is the zero energy of the excited molecule, εS is
the solvent dielectric constant, εrefS is the dielectric constant of
the solvent in which redox potentials were measured, and RDA,

RD, and RA are defined as described in Eq. (8). E00 energies were
determined from electronic absorption and fluorescence emission
spectral experiments. Note that the magnitude of the static dielec-
tric constant plays a major role in determining the temperature
dependence of the reaction free energy.
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ig. 11. Temperature dependence of the outer-sphere reorganization (small circ
riangles; solid lines) of 1a-Zn (green), 2a-Zn (dark blue), and 3a-Zn (dark red) in
espectively.

Fig. 11 describes the temperature dependence of the outer-
phere reorganization energy and the reaction free energy of
1–3)a-Zn in toluene (Fig. 11a) and 2-MTHF (Fig. 11b). In these
ystems, the magnitude of the outer-sphere reorganization energy
s almost temperature independent over a 80–330 K range in 2-

THF solvent; a similar temperature dependence is observed over
80–330 K in toluene. In contrast, the reaction free energy shows
clear temperature dependence, which is more pronounced in 2-
THF. This temperature dependence of the reaction free energy

ncreases with the size of the D–Sp–A assembly, and gives rise to
n unusual temperature dependence of the magnitude of the ET
ate constant; one such example is illustrated in Fig. 12. Note that
s the temperature decreases, the CS reaction free energy of 3a-Zn
hifts to a more negative value. If the ET mechanism remains in
he nonadiabatic super-exchange limit over the experimental tem-
erature window, the Marcus expression (Eq. (1)) predicts a mild

ecrease of the ET rate constant with decreasing temperature. In
ontrast, a simple QM treatment (Eq. (3)) of the data predicts a slight
ncrease in the magnitude of kET with decreasing T, which is often
eferred to as a negative temperature dependence. If the reaction
ree energy remains constant over the experimental temperature

ig. 12. The impact of the temperature dependence of the reaction free energy upon the m
ines represent the log(kET) vs.�G relation predicted by Marcus (Eq. (1)) and QM (Eq. (3))
ines are displayed as visual guides.
uares, triangles; dotted lines) and reaction free energies (larger circles, squares,
ne (a) and 2-MTHF (b). Open and closed symbols represent CS and CR reactions,

domain, both the Marcus and QM ET rate expressions predict sharp
decreases of kET with temperature. Similar dependences of kET upon
T are manifest for the CR reaction for each of these theoretical treat-
ments (Fig. 12b), due to the temperature dependence of the reaction
free energy. A comparison between the experimentally determined
dependence of the magnitude of kCS with temperature, with that
predicted theoretically by the QM model, is shown in Fig. 13.

4.2. The temperature dependence of 2a-Zn electron transfer
dynamics in 2-methyl-3,3,4,4-tetrahydrofuran (2-MTHF)

Eq. (1) can be interpreted as a classical transition state rate equa-
tion. As the activation energy and the preexponential factor can be
extracted from the Arrhenius equation, Eq. (1) can be recast in the
form [256,261–263](

2
)

2

ln(kET
√
T) = ln

2�
h̄

HDA√
4��TkB

− (�G + �T )
4�TkB

1
T

(20)

From this analysis, HDA can be extracted with following determi-
nation of �T.

agnitude of the ET rate constant for 3a-Zn in toluene solvent. The dotted and solid
rate equations, respectively, at 330 K (red), 250 K (green), and 180 K (blue). Vertical



814 Y.K. Kang et al. / Coordination Chemist

Fig. 13. Comparison of the experimentally determined kCS values (filled blue circles)
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or 3a-Zn with that predicted theoretically using the QM model (Eq. (3); red line).
ote that this analysis takes into account the temperature dependence of the inner-
nd outer-sphere reorganization and reaction free energies.

Based on the strategy described above, we measured photoin-
uced CS rate constants for 2a-Zn in 2-MTHF solvent over an
0–320 K temperature range. Spectral evolution following pho-
oexcitation at 557 nm at three representative temperatures (310,
20, and 80 K) were very similar to those observed in CH2Cl2
olvent. Fig. 14 highlights the comparative decay kinetics of the
ransient absorption spectra probed at 658 nm. At temperatures
igher than 150 K, these transient decay kinetics were fit nicely
y biexponential functions with similar amplitudes for the rise and
he decay components (Eq. (21)). Below 150 K, however, fitting with
biexponential function yielded results that became increasingly
oor with decreasing temperature. In this low temperature region,
nly by using a triexponential function with two rising components
nd one decaying component could the data be satisfactorily mod-
led (Eq. (22)). The slower rising component (k1, �1) exhibited an
nusual temperature dependence while the faster one (k2, �2) was
early temperature independent over all temperature ranges. It is
mportant to note that the ratio of amplitudes of these two compo-
ents (A1/A2, �1 > �2) became smaller as the temperature decreased
152]. The sole decay component (�3) is assigned as CR in these

ig. 14. Normalized transient decay kinetics determined at 658 nm following optical
xcitation of 2a-Zn. The best biexponential function fit for 310 K and the triexpo-
ential function fits for 120 K and 80 K are depicted by thin lines. Experimental
onditions: �ex = 557 nm, solvent = 2-MTHF, magic angle polarization [152].
ry Reviews 255 (2011) 804–824

cases.

CS(t) = A0 + A1 exp
(−�1

t

)
+ A3 exp

(−�3

t

)
(21)

CS(t) = A0 + A1 exp
(−�1

t

)
+ A2 exp

(−�2

t

)
+ A3 exp(−�3t) (22)

Our initial interpretation for the temperature-independent k2 com-
ponent corresponded to that for a nuclear tunneling or a barrierless
crossing, both of which do not necessarily overcome the activa-
tion barrier and thus do not give rise to a temperature dependence.
Note that the k1 component, however, exhibited a weak tempera-
ture dependence at relatively high temperature (T ≥ 270 K), but was
subject to a severe temperature dependence over the 260–150 K
range, while departing this pattern in the low temperature region
(T < 150 K). To elucidate the nature of the temperature dependence
of the k1 rising component evident in the excited-state transient
dynamics of 2a-Zn, we analyzed these data within the context of
several established ET theories, which are discussed in the follow-
ing sections.

4.3. The impact of high frequency vibrational acceptor modes
upon electron transfer dynamics

In addition to the classical ET rate equation (Eq. (1)), we also
considered the quantum mechanical rate expression (Eq. (3)). The
main difference between Eqs. (1) and (3) is a Franck-Condon (FC)
factor; note that the sum of products of overlap integrals of the
equilibrated vibrational wave functions of the reactant state with
multiple, averaged high frequency vibrational wavefunctions of the
product state, is taken into account in Eq. (3). In the Marcus normal
region, both classical and quantum mechanical models predict an
Arrhenius-type temperature dependence of kET in the high tem-
perature limit (kBT �

〈
h̄ω
〉

). In the low temperature limit (kBT 
〈
h̄ω
〉

), however, the Poisson-type function (kET ∝ exp (−Sc)Snc /n!)
prevails and the temperature dependence of ET reaction rate con-
stants become very weak. It is important to note that both classical
and quantum mechanical models predict a weak temperature
dependence of the ET rate constant for the case where the ener-
getics restrict the system to the Marcus activationless or inverted
region, even in the high temperature limit. The temperature depen-
dence of the 2a-Zn CS reaction in 2-MTHF is such a case; the
relationship between the experimental temperature dependence
of kCS and that predicted via these theoretical models is illustrated
in Fig. 15.

The temperature independent k2 component is described well
by analyses utilizing both classical Marcus and QM theoretical
treatments. Note, however, that the k1 component is not readily
rationalized within the context of either of these models.

4.4. Coupling charge transfer and solvation dynamics; the solvent
controlled adiabatic reaction

When the ET dynamics are coupled to the solvent dynamics,
the temperature-dependent description of the ET rate constant
requires a more sophisticated approach. Dynamical solvent effects
are usually discussed from a collisional or dielectric point of view
[264]; the latter has attracted much attention in connection with
the ET reaction. The extent to which solvent dynamics influence
ET reactions depends on the nature of the solute-solvent interac-
tion, which is electrostatic in origin. Since an intramolecular ET
reaction is accompanied by a drastic change in molecular polar-

ity, an ET reaction is more likely to be coupled to the motion of
polar solvent molecules [265–269]. A theoretical treatment of this
type of ET reaction is based on the Zusman’s stochastic Liouville
equation approach; following experimental verification, this mech-
anism has been termed as the solvent-controlled adiabatic reaction
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Fig. 15. Comparison of the experimental temperature dependence of the two CS
rate constants (filled red circles = k1; open red circles = k2) evident in the transient
dynamics observed for electronically excited 2a-Zn, with those calculated via Mar-
cus (green thin and thick lines for HDA = 60 and 45 cm−1, respectively) and QM (blue
thin and thick lines for HDA = 90 and 50 cm−1, respectively) models. The tempera-
ture dependence of the outer-sphere reorganization energy (�o) and reaction free
energy (�G) were taken into account in these theoretical analyses [256,259]. For
the QM calculation, an inner-sphere reorganization energy �i = 0.5 eV and an aver-
aged single high-frequency vibrational quantum h̄ 〈ω〉 = 1600 cm−1 were used. The
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emperature dependent inverse longitudinal relaxation times of 2-MTHF (�−1
L

) are
hown as black triangles [152].

204,270–282]. One important issue regarding this ET mechanism
s the timescale relation between the solvent dynamics and the ET
vent. When the ET reaction timescale is much slower than that
f solvent dynamics, the ET rate constant is governed mainly by
he electronic tunneling probability at a given driving force, and is
hus nonadiabatic. When the ET rate constant is comparable to or
aster than that for solvent dynamics, the solvent controlled adia-
atic mechanism prevails; only in this case does the timescale at
hich the reactant system approaches the transition state become

ate-determined by solvent friction. The transition from a nonadi-
batic to a solvent controlled adiabatic ET reaction mechanism is
hus possible when the timescale of the ET reaction has relatively
eak temperature dependence, and coincides with that of solvent
ynamics [283–287].
An Arrhenius type temperature dependence appeared to be
isplayed in the medium-to-high temperature region (T > 150 K),
here the 2a-Zn CS reaction is well described by a mono-

xponential decay profile. A ln(k
√

T) vs. T−1 plot of the data in this

ig. 16. Arrhenius analysis of the k1 CS rate constant observed in the excited-state
a-Zn transient dynamics. Deduced electronic coupling matrix elements and acti-
ation barriers for the two apparent linear regimes are shown as insets [152].
ry Reviews 255 (2011) 804–824 815

temperature region suggests two different linear regimes (Fig. 16);
the activation barriers for these two regions were evaluated to be
0.51 and 1.62 kcal/mol for the high (260 K < T < 320 K) and medium
(150 K < T < 260 K) temperature domains, respectively. Electronic
coupling matrix elements (HDA) were determined in this analy-
sis to be 190 and 503 cm−1 for the high and medium temperature
regions. Whether these values represent the actual electronic cou-
pling is an open question, as the analysis employing Eq. (20) is
based on the assumption that the total reorganization energy and
the reaction free energy are constant within the relevant temper-
ature region. The outer-sphere reorganization energies for 2a-Zn
were found to be relatively invariant over the 150–320 K tempera-
ture domain (0.48 <�T < 0.50); in contrast, the reaction free energies
were temperature dependent, ranging from −0.81 eV at 320 K to
−0.97 eV at 150 K. Furthermore, these simple analyses suggest a >2-
fold increase in the evaluated magnitudes of HDA with an ∼100 K
decrease in temperature. Considering the fact that both Marcus and
QM theories predict very similar electronic coupling values for the
CS reactions (45–50 cm−1), the extracted 503 cm−1 value for HDA in
the medium temperature region for 2a-Zn suggests that the appar-
ent temperature dependence cannot be attributed exclusively to a
thermal activation barrier.

Interestingly, the temperature-dependent component of the
experimental ET dynamics (k1) in the medium temperature region
was found to mimic the sharply decreasing pattern of the solvent
longitudinal relaxation rate constants (�−1

L ) (Fig. 15), suggesting
that in this temperature region the CS reaction is strongly cou-
pled to the solvent dynamics. To further probe this possibility,
we simulated experimental ET rate constants using the theoreti-
cal framework developed by Rips and Jortner [276–278]. The ET
rate constant in the solvent controlled adiabatic regime can be
expressed as

kSC = kNA

(1 + 	A)

(23)

	A = 4�H2
DA�L

h̄�o
(24)

where kNA is the nonadiabatic ET rate from the Eq. (3), 	A is the
adiabaticity parameter, and 
 is the solvent dielectric relaxation
parameter from the Davidson–Cole dielectric relaxation spectrum
(Eq. (25)) [288,289].

ε(ω) = ε∞ + ε0 − ε∞
(1 + iω�0)


(25)

The simulated kSC values utilizing a 
 value of 1 are plot-
ted along with experimental k1 data in Fig. 17. This model
features a moderate-to-large solvent adiabaticity parameter
(2.0T = 260 <	A < 19.6T = 150, Eq. (24)); although the predicted kSC val-
ues overestimate the solvent controlled adiabatic effect [290], and
thus 
 should be a value less than 1, this analysis showed a
close relationship between the experimental results and that pre-
dicted using the solvent controlled adiabatic theoretical treatment
described by Rips and Jortner [276–278].

It is appropriate to mention that solvent-controlled adiabatic
ET reactions are expected to occur more commonly in the nor-
mal region, as in the activationless and inverted regimes ET events
can be promoted by quantum-mechanical nuclear tunneling, which
are little influenced by solvent dynamics [66,67]. In 2a-Zn, the
magnitude of the computed reaction free energy (�G = −0.81 eV)
at 320 K is indeed ∼0.17 eV smaller than the total reorganization

energy (�s = 0.48 eV, �v = 0.5 eV), suggesting that the CS reaction
resides within the Marcus normal region.�GCS changes smoothly
with decreasing temperature, and drives the reaction from the
activationless region (T ∼ 120–125 K) to the inverted region at tem-
peratures below 120 K. For this reason, the magnitude of k1 is
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Fig. 17. Comparison of experimental temperature dependence of the CS rate con-
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310 K mirrors that evaluated independently for electronically
excited (porphinato)zinc(II) complexes [292–297].

With this refined model, the electronic coupling matrix element
(HDA) for the CS2 process was recalculated, and determined to be
tant (green diamonds with circle) with those calculated with the Rips/Jortner Model
Eq. (23)). For the calculation of kNA, Eq. (3) was used, and HDA was fixed at 46 cm−1.
ed triangles represent simulated charge-separation rate constants computed with
solvent dielectric relaxation parameter 
 = 1.

inimally affected by the solvent degrees of freedom at temper-
tures below 120 K, and a departure from the solvent controlled
diabatic regime for the CS reaction is manifest [291].

.5. Electron transfer reactions involving vibrationally
nequilibrated reactant states

As noted earlier, below 150 K the amplitude of the k2 CS com-
onent increased relative to the temperature-dependent k1 CS
omponent. Deduced HDA values for the temperature-independent
2 CS reaction using Marcus and QM models were 60 and 64 cm−1,
espectively. These electronic coupling matrix elements computed
ith the same models used to evaluate the k1 component were
etermined to be 46 and 36 cm−1. With respect to the larger mag-
itude HDA value determined for k2, note that the timescale of the
2 component is comparable to that for vibrational relaxation in
he (porphinato)zinc(II) S1 state manifold [292–297].

As the 12a-Zn* state was prepared using laser excitation hav-
ng excess energy (∼0.17 eV) relative to the S0(� = 0) → S1(� = 0)
ransition, a competition between vibronic relaxation to an equili-
rated S1 state and direct ET to the CS state from the vibrationally
nrelaxed 12a-Zn* state without influence of the solvent coordi-
ate, is possible. While there have been a number of reports that
mphasized the competition between vibrational relaxation and
lectron transfer within the excited state manifold [298], relatively
ew studies have probed such competitive dynamics for ultrafast
harge separation or injection [299–304]. Fig. 18a describes a sce-
ario where ET from the vibrationally unrelaxed 2a-Zn singlet
xcited state occurs faster or comparable to the S1 vibrational man-
fold relaxation rate. Based on the reaction scheme in Fig. 18a, the
inetics of transient decay of CS state are given by Eq. (26):

S(t) = A0[A1 exp (−ket) + A2 exp (−kCS1t) + A3 exp (−kCRt)] + C (26)

ere, ke = kr + kCS2, A1 = [kCS2/(kCR − ke) + krkCS1/(kCR − ke)(kCS1 − ke)]
2 = krkCS1/(kCS1 − ke)(kCS1 − kCR)], A3 = [krkCS1/(kCS1 − ke)(kCR − kCS1
kCS2/(kCR − ke) − krkCS1/(kCR − ke)(kCS1 − ke)]. The experimental
emperature-dependent transient absorption dynamics probed
t 658 nm were reanalyzed with Eq. (26); this model is depicted
n Fig. 19, which highlights the temperature-dependent values
etermined for S1 manifold vibrational relaxation (kr), CS from the
ibronically equilibrated singlet excited state (kCS1), and CS from
Fig. 18. Reaction schemes describing: (a) vibrational relaxation and electron trans-
fer from a vibrationally excited S1 state, and (b) an identical CS reaction but with no
contribution from CS2.

the vibrationally unrelaxed 2a-Zn S1 state (kCS2). This analysis
predicts that the vibronic relaxation component (kr) is ultrafast
(kr > 1 ps−1) at 310 K, and gradually decreases with decreasing
temperature, until ∼120 K, where it remains near constant at
∼0.2 ps−1. The evaluated kCS2 rate constant at temperatures
between 310 and 180 K mirrored the magnitudes determined for
kr in this model. At temperatures below 180 K, kCS2 exceeds kr and
gradually increases until it reaches its maximal values of ∼1.8 ps−1

at 100 K. It is important to note that this refined analysis (Eq. (26))
will not model well scenarios where either kr or kCS2 approach
zero (e.g., Fig. 18b); hence, kCS2 values determined at temperatures
higher than 180 K and kr values determined at temperatures lower
than 100 K will express large associated errors. Fig. 19 shows
clearly the distinctive temperature dependences of these three
components. The temperature dependence of the S1 manifold
vibrational relaxation rate constant of the initially prepared
12a-Zn* state is noteworthy, given the facts that it plays a highly
unusual but key role in determining the temperature-dependent
ET dynamics, and the fact that the kr magnitude determined at
Fig. 19. Temperature dependence of the photoinduced charge separation rate con-
stants for vibrationally unrelaxed (red open squares, kCS2) and relaxed (red circles,
kCS1) 2a-Zn S1 states. The temperature dependent S1 manifold vibrational relaxation
rate constants are shown as green diamonds; see Eq. (26). The temperature depen-
dent solvent longitudinal relaxation rate constants (�−1

L
) for 2-MTHF are depicted

as black triangles [152].
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Fig. 20. Steady-state absorption spectra recorded for: 1a-Zn (1), 1M-Zn (2), and 2a-
Y.K. Kang et al. / Coordination Ch

00 cm−1. It is interesting that this HDA value is more than a fac-
or of two larger than that determined using an analysis that did
ot consider a vibrationally unrelaxed 2a-Zn S1-excited state. The
arcus model could not reproduce the temperature independent

xperimental CS component that became more prominent with
ncreased reaction free energy, due mainly to the revival of the acti-
ation barrier manifest in the Marcus inverted region. The extent
o which vibrationally relaxed and vibrationally unrelaxed excited-
tates feature disparate donor–acceptor electronic coupling has not
een previously interrogated, due to the fact that systems that man-

fest two such measurable rate processes are extremely limited.

. The distance dependence of electronic coupling

The complex temperature dependence of CS dynamics in 2a-Zn
omplex clearly shows that the analysis of ET dynamics in these
ofacially compressed, �-stacked porphyrin–bridge–quinone sys-
ems is not necessarily straightforward. Determinations of the

agnitude of the electronic coupling matrix element in these sys-
ems depend critically on the mechanistic nature of the ET reaction;
hile such computations are uncomplicated for non adiabatic or

uper-exchange pathways, adiabatic or charge-hopping mecha-
isms cannot be analyzed within the context of the conventional
arcus or QM rate expressions. In Section 3, we raised the issue

oncerning the apparent adiabatic nature of the 1a-Zn CS reaction,
nd noted that the evaluated electronic coupling for this process
an thus not be incorporated in an analysis of distance dependence
f the electronic coupling within the broader family of these �-
tacked porphyrin–bridge–quinone structures. For the 1a-Zn CR
eaction, note that a computation based on QM ET rate equation
ives an electronic coupling matrix element of ∼85 cm−1 in CH2Cl2
olvent at ambient temperature; other means of probing the 1a-
n CR reaction, however, provide significantly different values for
he magnitude of electronic coupling characteristic of the 1a-Zn
S state. These analyses, summarized below, suggest substantial
lectronic coupling for the 1a-Zn CR reaction, and indicate that like
a-Zn CS, this process is adiabatic.

.1. Probing the magnitude of D–A electronic coupling in 1a-Zn
round and charge-separated states

.1.1. Direct charge transfer in 1a-Zn
The properties of the adiabatic ground ( G) and CS states ( CS)

an be described by the admixtures of the diabatic neutral ( 0)
nd charge-separated ( 1) wavefunctions [299–304] assuming the
verlap integral

(〈
 0 1

〉)
is neglected.

G = c0 0 + c1 1 (27)

CT = c0 1 − c1 0 (28)

he contribution of the charge-separated wave function,  1, in
he unperturbed ground-state wavefunction, can be estimated
rom the electronic coupling matrix element HDA by the relation
c0c1| ≈ |HDA/�E|, where �E is the ground-to-CS state energy gap.
lthough it is assumed to be valid in the weak coupling limit
|c0| ≈ 1, |c0c1| ≈ |HDA/�E|), Creutz, Newton, and Sutin verified that
t is exact for any orthonormal two-state model; for example, at
c0c1| ≈ 0 and when |c0c1| has its maximum value of 1/2 [299–304].
Mulliken and Hush relate the strength of the transition dipole
oment of a charge transfer band to the magnitude of the off-

iagonal electronic coupling between the 0 and 1 states, which
rovides an approach to determine the magnitude of the electronic
oupling directly from strongly coupled D–A systems that possess
Zn (3, dashed line) in CH2Cl2 solvent. Spectral fitting using a multi-peak Gaussian
function for 1a-Zn and 1M-Zn are shown by thin lines. The component of the fit
corresponding to the CT band 1a-Zn is highlighted by the dotted line [151].

a charge transfer absorption band.

HDA = 2.06 × 10−2

√
vmaxεmax�vfwhm

RDA
(29)

Here �max and ��fwhm are the CT band maximum frequency and
width in wave numbers, εmax is the extinction coefficient at the
band maximum in (M cm)−1, and RDA is the D–A separation distance
in Å [305–307].

The electronic absorption spectra obtained for 2a-Zn and 3a-
Zn resemble that for the TPPZn benchmark, suggesting that the
cofacially �-stacked phenyl and quinonyl moieties do not per-
turb significantly the porphyrin/quinone ground- and excited-state
wavefunctions (Fig. 20). In contrast, note that the optical spec-
trum of 1a-Zn is perturbed strongly relative to those observed
for conventional PZn compounds. As the spectrum of the 1M-Zn
(Fig. 20) is similar to that of TPPZn and 2a-Zn, the unique spec-
tral features observed in the 1a-Zn spectrum must derive from a
porphyrin–quinone charge resonance interaction. 1a-Zn exhibits
Q(2,0) and Q(1,0) transitions at wavelengths near where the anal-
ogous absorptions occur in the TPPZn (Fig. 20) spectrum (∼510
and 550 nm), though the bands are significantly broader in 1a-
Zn. Interestingly, a new band centered at 635 nm, not present in
a conventional PZn optical spectrum, is evident for 1a-Zn, with
an absorption envelope even broader than those in the 1a-Zn
spectrum centered at 510 and 550 nm. This new band at 635 nm
is assigned to a CT transition; this CT state possesses significant
quinonyl �* and porphyrin Q-state character, and is red-shifted
∼2000 cm−1 from conventional PZn Q-band absorptions. From
the Mulliken–Hush relation (Eq. (29)), the electronic coupling
between the neutral ground state and the CT state in 1a-Zn is
estimated to be 2330 cm−1 in CDCl3 solvent (�max = 14,980 cm−1,
��fwhm = 2980 cm−1, and εmax = 2.6 × 103 cm−1 M−1) [299–304].
This value is surprisingly similar to that estimated to exist between
the 1a-Zn locally excited and CT states, based on an evaluated time
constant for charge separation of ∼20 fs [149].

The higher lying Q-states of 1a-Zn mix less effectively with the
quinonyl LUMO; this interaction is nonetheless substantial, and

results in broadening of these bands with respect to their TPPZn
benchmarks. To quantify the extent to which these 1a-Zn absorp-
tions bands are broadened, the 1a-Zn and 1M-Zn spectra were
simplex fit to a multi-peak Gaussian function. The Q-state region
of 1b-Zn can be fit by three Gaussian functions having identical
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ig. 21. Potential energy surfaces describing the ground, local excited, and CS states
or 1a-Zn. Diabatic states are presented as thin lines while adiabatic states are shown
s thick lines. Vertical excitations are indicated by arrows [308].

pectral width (755 cm−1, FWHM). Deconvolution of the 1a-Zn
pectrum requires at a minimum Gaussian functions of different
pectral widths to fit the absorption envelopes centered at 510, 550,
nd 630 nm, the FWHM of these Gaussian peak functions are 2640,
640, and 1640 cm−1, respectively. An energy level diagram consis-
ent with these 1a-Zn spectral features is shown in Fig. 21. Diabatic
otential energy surfaces for locally excited (LE) and CS states of
a-Zn are shown as thin lines [(only one line in drawn for both
egenerate Qx and Qy states)]. Note that the CS reaction is described
y an adiabatic surface (vide infra). The ratio of the LE (denoted as
x) vs. CS state changes along the PE surface. It is unclear what this

atio corresponds to in the Frank–Condon (FC) region. The larger
ontribution of the CS state effects a greater reorganization energy
f this transition and a broader spectrum, relative to a classic por-
hyrin LE Q-state transition. If the interaction is so large that the FC
ransition gives rise to an excited state with significant D–A charge
eparation, the CS reaction can be treated as instantaneous and
ransition can then be termed as CT in nature. At weaker D–A elec-
ronic interaction, when the FC state is essentially unpolarized, and
ormation of a LE state precedes the CS reaction. A direct CS reaction
s treated as a motion along the adiabatic potential surface toward
ts minimum, which represents the largest charge separation pos-
ible in this molecular system. The CS rate constant in this case can
e estimated from the broadening of the CT transition.

The fact that the 1a-Zn bands centered at 510 and 550 nm
esemble the analogous transitions observed in the 1M-Zn (Fig. 20)
ptical spectrum, suggest that these optical transitions form essen-
ially unpolarized, porphyrin-localized �–�* states. The spectral
roadening of these states are attributed to their short lifetime;
n excited state lifetime estimated from the additional broadening
f these 1a-Zn bands (�E ∼1000 cm−1) relative to corresponding
enchmark (porphinato)zinc Q(2,0) and Q(1,0) transitions, via the
ncertainty principle: �� ∼0.4/�E provides a � value of 13 fs,
CS
hich corresponds to the characteristic time of the CS reaction,
hen 1a-Zn is excited at 510 or 550 nm [308]. Note also that the
agnitude of �CS evaluated in this manner is similar to that esti-
ated for 1a-Zn from pump–robe transient absorption spectral
Fig. 22. Transient IR spectra of 1a-Zn and 3a-Zn. Time delays for 1a-Zn and 3a-
Zn. Transient spectra are 0.6 and 5.0 ps, respectively. Experimental conditions:
�ex = 580 nm, solvent = 99:1 CDCl3:pyridine-d5, T = 23 ± 1 ◦C [151].

data obtained in CH2Cl2 solvent for a 557 nm excitation wavelength
[149].

5.1.2. Evaluating 1a-Zn electronic coupling utilizing
vis-pump/IR-probe spectroscopic methods

In addition to the classic CT absorption band analysis to esti-
mate the magnitude of electronic coupling, we have utilized a new
approach that relies on femtosecond visible pump/mid-IR probe
spectroscopy to assess directly the extent the degree of ground-
and excited-state CT that exists in the 1a-Zn and 3a-Zn systems.
Fig. 22 displays the quinonyl carbonyl antisymmetric stretching
mode frequency domain of 1a-Zn and 3a-Zn; note that the tran-
sient IR spectra show that these modes shift to significantly lower
energy relative to the ground state frequencies in the respective
charge-separated (CS) states of these complexes. These frequency
shifts reflect the decreased force constants for these modes in the
CS state, tracking the augmented A-localized electronic charge in
this state relative to the ground state.

The quinonyl carbonyl mode acceptor frequency depends on the
vibrational force constant (k), vCO =

√
k/mr/2�c. The force con-

stant in the ground and CS states changes with a weighted average
contribution of the charge resonant state. If the frequency change,
��A, is small relative to the ground-state frequency (��A 
�A;
��A =�A −�A

−) and the D–A interaction is weak (ı
��A, where ı
is the frequency change in the ground state due to the contribution
of the charge-resonance state), the magnitude of ı can be computed
from the value of C2

2 (C2 = |c0c1|) [10,151,305]: ı ∼=��◦
AC

2
2 , where

��
◦
A =��◦

A −��◦−
A , and��

◦
A and��

◦−
A are ground- and CS-state Q

vibrational frequencies that lack contributions, respectively, from
the 1 and 0 wave functions (Eqs. (27) and (28)). This experimen-
tally measured relative frequency shift
(
 =��◦

A −��A)/��
◦
A) can

be used to estimate the extent to which the CT wave function con-
tributes to  G [151].

The experimentally determined charge-resonance contribution
to the ground state (
/2) of 1a-Zn is 3.57% (Fig. 22). The charge-
resonance contribution (C2

2 ) to  G can also be estimated from the
electronic coupling matrix element (HDA) because C2 = |c0c1|, which
is again |HDA/�E|[151].

H ≈�E
√(

1 − 

)



(30)
Recall that a Mulliken–Hush analysis of the 1a-Zn CT band (Fig. 20)
gave HDA = 2064 cm−1; this analysis that exploits transient spectral
data obtained from vis-pump/IR-probe spectroscopic data provides
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Table 2
Electronic couplings for (1–3)a-Zn structures [127].

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

3a-Zn 10.54 3.14 × 10−2 3.14 × 10−2

a D–A distance is the porphyrin plane-to-quinonyl centroid distances for computationa
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on both PM3- and DFT-optimized (2–3)a-Zn geometries. Fig. 24
ig. 23. Distance dependence of the CS and CR rate constants for (2–3)a-Zn in
ethylene chloride at 23 ± 1 ◦C.

DA = 2457 cm−1 (�E = 13,000 cm−1 and a 
/2 = C2
2 = 0.0357), a

emarkably similar value.
This method further affords a more accurate measure of the

egree of CT relative to methods [299–304] that rely on a ground-
tate frequency shift alone, as determination of��A largely factors
ut frequency shifts that derive from the local electrostatic envi-
onment. This approach may thus find particular utility when CT
ransitions either overlap strongly with other bands or possess low
scillator strength.

.2. The distance dependence of electronic coupling in the
onadiabatic ET regime

Given the discussion above, we see that an analysis of distance
ependence of electronic coupling in (1–3)a-Zn, is only appropri-
te for (2–3)a-Zn, as the CS and CR reactions of 1a-Zn are adiabatic
n nature. This is illustrated in Fig. 23, which shows ˇH = 0.62−1

or CS and for ˇH = 0.63−1 CR; these values are smaller than that
etermined for the DNA hairpin structures interrogated by Lewis
nd Wasielewski (ˇH = 0.77−1 for distance dependence of electronic
oupling). If we consider the phenomenological ET rate constants,
1–3)a-Zn ˇ values (ˇ = 0.43 for CS and ˇ = ∼0.35 for CR) are simi-
ar in magnitude to that reported for the paraphenylene-bridged
inc-ferric hybrid diporphyrins of Maruyama and Mataga [252]
nd McLendon (ˇ = 0.4) [70]. It should be noted that the tunneling
nergy gap in (2–3)a-Zn is ∼2 eV larger than that for double-
tranded DNA, based on the electron injection free energy analysis
iscussed in section 3. While the kET data that lie in the nonadiabatic
egime are more limited in these D-Sp-A assemblies, it is nonethe-
ess noteworthy that the weaker distance dependence in (2–3)a-Zn
elative to DNA-based ET assemblies indicates that at sub van der
aals contact distances, compressed �-stacked phenylenes pro-
ide stronger D–A electronic coupling than do the significantly
ore conjugated DNA nucleotides stacked at the van der Waals

istance.
7.11 9.20 × 10−2 9.25 × 10−2

10.62 4.11 × 10−2 4.11 × 10−2

lly determined structures [315].

6. Computationally determined electronic couplings in
(1–3)a-Zn

6.1. GMH calculations of electronic coupling for (1–3)a-Zn

Newton and Cave introduced a generalized Mulliken–Hush
(GMH) approach [10,309,310] to compute donor-acceptor inter-
actions, based on the pioneering models of Mulliken and Hush
[306,311]. This approach can be used to calculate HDA for both
ground- and excited-state electron-transfer reactions [312].

The two-state generalized Mulliken–Hush approximation com-
putes HDA as [10,309,310,312]:

HDA = �12�E12

��D12

= �12�E12√
��2

12 + 4�2
12

(31)

where �12 is the transition dipole moment connecting the two
adiabatic states in the charge transition, ��12 is the difference in
adiabatic state dipole moments,��D12 is the difference in diabatic
state dipole moments, and �E12 is the energy difference between
the initial and final adiabatic states. For simplicity, we used a three-
state model. The three diabatic states are the donor ground state
(GS), a donor locally excited (LE) state, and a charge-transfer (CT)
state. For the charge separation process, the LE and CT states were
described with a two-state GMH model; for charge recombination,
the CT and GS states were used. Electronic coupling was obtained
from configuration interaction (CI) calculations using the INDO/S
method of Zerner and co-workers [313,314].

We calculated electronic coupling values for both PM3 and DFT
optimized geometries (Table 2). Using a PM-3 optimized geom-
etry, 1a-Zn was computed to possess strong electronic coupling
(∼0.23 eV) for both its photoinduced CS and thermal CR reactions,
consistent with the above discussion that strongly suggests that
these 1a-Zn ET reactions lie in the adiabatic regime. Excluding 1a-
Zn from the analysis, the computed distance dependence, ˇ, for
structures (2–3)a-Zn is 0.21 Å−1 for both the CS and CR processes, a
weaker value than that determined experimentally. Note that the
couplings calculated from DFT-based structures give rise to more
steep distance of the electronic coupling (ˇ = 0.46 Å−1) more closely
in line with experiment.

From a structural perspective, this result is consistent with the
fact that DFT optimization describes the �-stacked geometry more
accurately than the PM3 method; note that the porphyryl-phenyl
interplanar separation and the phenyl/quinonyl tilt angles deter-
mined for DFT-optimized structures more closely resemble those
of the experimentally determined solution phase structure (see
Section 2).

6.2. Coupling calculations for partial structures

To understand the influence of the bridge on the electron tun-
neling interactions, we calculated HDA for partial structures based
shows the partial structures that were examined; note that deleted
fractions of complete D–A systems are replaced with an H atom).
Tables 3 and 4 show the computed couplings. The detailed calcula-
tions on 2a-Zn and 3a-Zn indicate that the phenyl rings between
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Fig. 24. Partial structures used to analyze electron

Table 3
HDA (eV) for partial 2a-Zn structures [127].

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

−3 −3 −2 −3

d
t
i
e
b
A
c
t
c
7
n

T
H

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

onor and acceptor dominate the coupling mediation. For 2a-Zn,
he coupling drops by a factor of 35–50 when the phenyl ring
s removed (structure 2a-Zn-1; see Fig. 24). However, removing
ither one of the two naphthyl rings decreases the coupling only
y about a factor of 2 (structures 2a-Zn-2 and 2a-Zn-3; see Fig. 24).
similar trend was found in 3a-Zn. Removing the phenyl ring adja-
ent to the quinonyl ring (structure 3a-Zn-1; see Fig. 24) decreases
he coupling by a factor of 35–55. Removing the phenyl ring adja-
ent to the porphyryl ring decreases the coupling by a factor of
0–90 (structure 3a-Zn-2; see Fig. 24). However, when one of the
aphthyl rings is removed, the coupling only changes by a factor of

able 4
DA (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

1a-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 7.87 × 10−3 3.35 × 10−2 3.36 × 10−2
ic coupling in 2a-Zn (a) and 3a-Zn (b) [127].

1.5 (structures 3a-Zn-3, 3a-Zn-4, and 3a-Zn-5; see Fig. 24). The
large variation in coupling upon removing a phenyl bridge unit
confirms that the �-stack, rather than the “pillars”, dominates the
electronic propagation through the bridge in (1–3)a-Zn.

7. Concluding remarks

A series of uniquely rigid, �-stacked porphyrin–spacer–quinone
ET assemblies, [5-[8′-(2′′,5′′-benzoquinonyl)-1′-
naphthyl]-10,20-diphenylporphinato]zinc(II) (1a-Zn),
[5-[8′-(4′′-[8′′′-(2′′′′,5′′′′-benzoquinonyl)-1′ ′′-naphthyl]-1′′-
phenyl)-1′-naphthyl]-10,20-diphenylporphinato]zinc(II) (2a-Zn),
and [5-(8′-[4′′-(8′′′-[4′′′′-(8′′′ ′′-[2′′′ ′′′,5′′′ ′′′-benzoquinonyl]-1′′′ ′′-
naphthyl)-1′′′′-phenyl]-1′ ′′-naphthyl)-1′′-phenyl]-1′-naphthyl)-
10,20-diphenylporphinato]zinc(II) (3a-Zn), have been defined in
which the interplanar distances between D, bridge, and A aromatic
units are less than the sums of their respective van der Waals
radii. The 1,8-diarylnaphthalene pillaring motif, coupled with the
presence of a basal porphyryl moiety, ensures significant molec-
ular rigidity in these D–Sp–A systems and limits conformational
heterogeneity in solution. The 1D 1H NMR and 2D NMR data of
these compounds show that: (i) the structures constrain nuclei to
reside in unusual and diverse local magnetic environments, and
(ii) the close contacts afforded by a sub van der Waals interplanar
separation of D, Sp, and A give rise to a comprehensive set of struc-
turally significant NOE signatures that can be used as constraints
in quantitative structural calculations. Examination of such data
using ab initio SA analysis shows that compound 2a constitutes an
unusual example for which these analytical tools unequivocally
determine a single unique structure in solution.

The electron-transfer (ET) dynamics of these structures were
investigated using pump-probe transient absorption spectroscopic

methods. Analyses of these data show that the phenomenological
ET distance dependence (ˇ) for both the CS and CR reactions in
these systems is soft (ˇCS = 0.43 Å−1; ˇCR = 0.35 ± 0.16 Å−1) indicat-
ing that simple aromatic building blocks such as benzene, which
are characterized by highly stabilized filled molecular orbitals and
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arge HOMO–LUMO gaps, can provide substantial D–A electronic
oupling when organized within a �-stacked structural motif that
eatures a modest degree of arene–arene interplanar compression.

Temperature-dependent ET dynamical studies of both the pho-
oinduced CS and thermal CR reactions of 2a-Zn in 2-MTHF solvent
emonstrated: (1) a dominant photoinduced charge-separation
athway at low temperature (T < 150 K) that originates from a
ibrationally unrelaxed S1 state. These dynamics derive from the
acts that (i) the initially prepared S1 state by the laser excitation
eatures ∼0.17 eV of excess energy and a HDA value significantly
arger than that for the relaxed S1 state and (ii) the S1 manifold
ibrational relaxation rate constant (kr) decreases with decreas-
ng temperature. (2) An unusual solvent-controlled adiabatic ET
n moderately polar 2-MTHF solvent (�S ∼14 at 150 K, the tem-
erature at which the degree of solvent-controlled adiabaticity

s maximized). (3) A transition from the solvent-controlled adi-
batic regime to one where charge separation is governed by
uclear tunneling within an upper vibronic state of the S1 manifold.
ver this mechanistic transition, the CS rate constants increased
y approximately 1 order of magnitude, driven in part by the
eaction energetics, which showed a smooth change from normal-
o-inverted region with decreasing temperature. (4) A rare example
f a system where temperature-dependent photoinduced charge-
eparation (CS) dynamics from vibrationally relaxed and unrelaxed
1 states can be differentiated. (5) A temperature-dependent mech-
nistic transition of photoinduced CS from the nonadiabatic to
he solvent-controlled adiabatic regime, followed by a second
emperature-dependent mechanistic evolution where CS becomes
ecoupled from solvent dynamics and is determined by the extent
o which the vibrationally unrelaxed S1 state is populated.

Additional studies that evaluate the electronic coupling utilized
oth CT band analysis and vis-pump/IR probe spectroscopy. This
ork showed that the electronic coupling between the ground state

nd the CS state of 1a-Zn exceeds 2000 cm−1, consistent with the
onclusion that the CS and CR reactions of 1a-Zn are adiabatic in
ature. Analysis of the nonadiabatic ET dynamics characteristic of
a-Zn and 3a-Zn provides distance dependences for the electronic
oupling corresponding to ˇH = 0.62 Å−1 for CS and ˇH = 0.63 Å−1

or CR.
These experimental results are consistent with expectations

erived from theory. GMH computational results indicate that the
lectronic coupling is strongly dependent on the extent of ring
ompression in these rigid, �-stacked porphyrin–bridge–quinone
ystems, underscoring the unusual structural factors in (1–3)a-Zn
hat give rise to substantial D–A coupling. While GMH analy-
is predicted the distance dependences of electronic coupling in
1–3)a-Zn as slightly weaker than those determined from exper-
ment, it verified that the aromatic ring systems held at sub-van
er Waals contact provided the crucial tunneling mediation and
ubstantial electronic coupling.
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