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Cofacial palladium(II) bisporphyrins anchored by xanthene [Pd2(DPX)] and dibenzofuran [Pd2(DPD)] pillars
were prepared, and the dynamics of their triplet excited states were investigated. The phosphorescence quantum
yield [Φp ) 4.59(121)× 10-3 in CH2Cl2] and lifetime [τp ) 18.2(2)µs in CH2Cl2] of Pd2(DPD) are significantly
attenuated compared to those of its Pd2(DPX) congener [Φp ) 29.4(5)× 10-3 andτp ) 102(3)µs in CH2-
Cl2]. Electronic absorption and emission spectroscopy and electrochemical measurements establish that the
porphyrin rings of the DPX cofacial analogue are closer to each other than the porphyrin rings of the DPD
analogue in fluid solution. These observations are supported by X-ray crystallographic analyses, which show
that the metal-metal distance for the dibenzofuran-bridged bisporphyrin in the solid state is almost 3 Å
greater than that for bisporphyrins linked by the xanthene spacer. The spectroscopic, photophysical, and
structural results suggest that the decreasedΦp andτp of Pd2(DPD) are not a consequence of simple interplanar
interactions but rather arise from the increased conformational flexibility of the porphyrin rings about the
aryl ring of the DPD pillar. In support of this contention, the photophysical properties of monomeric palladium
etioporphyrin I [Pd(Etio)] andmeso-phenyl-substituted palladium etioporphyrin II [Pd(PhEtio)] were examined
and found to be similar to those of Pd2(DPX) and Pd2(DPD), respectively. Density functional theory calculations
reveal that torsional motion about the C(meso)-C(aryl bridge) bond induces nonplanar distortion of the
porphyrin framework, causing a substantial decrease in the T1-S0 energy gap. This structural perturbation is
consistent with the observed results of enhanced deactivation of Pd2(DPD) and Pd(PhEtio) triplet excited
states.

Introduction

Two metal centers working in concert can promote the
multielectron activation of small-molecule substrates. When the
bimetallic core has a long-lived excited state, the possibility
exists for developing multielectron photochemistry that extends
beyond conventional one-electron excited-state pathways.1-3 Of
the various bimetallic complexes capable of supporting multi-
electron redox chemistry, porphyrins linked in a face-to-face
arrangement (cofacial bisporphyrins) are distinguished by their
ability to activate small molecules by more than one electron.
Cofacial bisporphyrin complexes of several metals, notably
cobalt and iron, are electrocatalysts for the reduction of dioxygen
by two and four electrons.4-6 In addition, ruthenium and osmium
cofacial bisporphyrins reduce protons by two electrons to
dihydrogen7 and reduce dinitrogen by four and six electrons,8,9

and electron-deficient congeners are capable of activating C-H
bonds.10 This extensive multielectron chemistry of cofacial
bisporphyrins in their ground electronic state presages an equally
rich excited-state chemistry. Yet the dynamics of bimetallic
cofacial bisporphyrins in electronic excited states and the factors
governing their fundamental photophysical properties have not
been elaborated. In the absence of a well-defined photophysical
framework, it is not surprising that a multielectron photochem-
istry for cofacial bisporphyrins has yet to evolve.

Cofacial bisporphyrins can be grouped into one of two
classes: bisporphyrins linked by two or more flexible strapping
units11-20 and pillared bisporphyrins anchored by a single rigid
bridge.21-33 From the perspective of excited-state design, the

face-to-face presentation of porphyrin rings with rigid pillars
is more attractive than that with flexible straps because the latter
can adopt a slipped conformation wherein the two porphyrin
rings are laterally displaced. Increased molecular flexibility
imparted by slackened tethers affects the excited-state dynamics
of π-delocalized systems.34-36 Conversely, rigid pillars disfavor
ring slippage effects, and distortion of the cofacial platform is
constrained to the vertical flexibility of the porphyrin “bite”,
otherwise known as the Pacman effect.4,37-40

Cofacial bisporphyrins juxtaposed by anthracene (DPA)21,24

and biphenylene (DPB)22,23 pillars are the traditional Pacman
architectures, although knowledge of their photophysics is
limited. Recent studies show that the phosphorescence quantum
yield and lifetime of Pd2(DPA) are lower than those of the
monomer analogues Pd(TPP) and Pd(OEP) (OEP) 2,3,7,8,-
12,13,17,18-octaethylporphyrin and TPP) 5,10,15,20-tetra-
phenylporphyrin).41 The dynamics responsible for the observed
differences in the photophysics of the monomer and cofacial
systems have eluded characterization in part because of the
arduous synthesis of the necessary precursors for the DPA and
DPB pillars. To this end, we have developed new methods for
the facile assembly of cofacial bisporphyrins bridged by
xanthene (DPX)38,39,42-45 and dibenzofuran (DPD)37-39,45pillars.
Not only are the pillars easier to synthesize, but the systems
also display vertical pocket sizes spanning over 5 Å in metal-
metal distances with little to no lateral displacements. Conse-
quently, the systems are ideal scaffolds for isolating how the
Pacman effect, so important to the multielectron catalysis of
cofacial porphyrins, is manifested in excited-state dynamics.
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We report herein a combined structural and spectroscopic
investigation of the triplet excited states of palladium(II) DPX
and DPD complexes, presenting the most extensive photophysi-
cal study to date of pillared cofacial bisporphyrins.46 The
photophysical behavior of these cofacial platforms are compared
to the monomer analogues palladium etioporphyrin I, Pd(Etio)
(Etio ) etioporphyrin I), andmeso-phenyl-substituted palladium
etioporphyrin II, Pd(PhEtio) [PhEtio) 5-(4′-bromophenyl)-2,8,-
13,17-tetraethyl-3,7,12,18-tetramethylporphyrin]. The results
obtained from steady-state and time-resolved electronic spec-
troscopy, electrochemistry, and X-ray structural analysis, to-
gether with those of density functional theory calculations,
identify the critical molecular motions that govern the properties
of long-lived excited states of cofacial bisporphyrins. We find
that Pacman porphyrins containing cofacial subunits close to
van der Waals contact display long-lived triplet excited states.
Conversely, those with splayed subunits exhibit strongly
quenched phosphorescence as a result of torsional freedom
around the bridgehead porphyrinmesocarbon. This unified
excited-state model provides an underpinning for developing
the excited-state reaction chemistry of these supramolecular
clefts.

Results and Discussion

Steady-State Spectroscopy.The ground-state electronic
absorption spectra of Pd2(DPX) and Pd2(DPD) exhibit hypso-
type behavior arising from the overlap between filled dxz and
dyz orbitals of Pd and empty porphyrinπ* orbitals.47 An intense
Soret band is observed in the UV region with accompanying
Q(0,0) and Q(1,0) vibronic bands in the visible region (Figure
1). The absorption maxima and the molar absorption coefficients
for the compounds in CH2Cl2 are collected in Table 1. The Soret
band of Pd2(DPX) is markedly blue-shifted relative to that of
Pd2(DPD). Conversely, the Q-bands of Pd2(DPX) are red-shifted
relative to those of the DPD analogue. The steady-state
phosphorescence spectra of Pd2(DPX) and Pd2(DPD) in CH2-
Cl2 are shown in Figure 2, and accompanying phosphorescence
maxima (λp) and quantum yields (Φp) are summarized in Table
1. In accordance with the trend in Q-band energetics,λp of Pd2-
(DPX) is red-shifted relative to that of Pd2(DPD); Φp of Pd2-
(DPX) is larger than that of Pd2(DPD). The spectral shifts
observed for Pd2(DPX) relative to Pd2(DPD) are consistent with
greater exciton coupling48 in the former due to the closer spacing
of its porphyrinic rings.49 Because red shifts of the Q-bands
due to exciton coupling are usually negated by solvation
effects,50 the pronounced red shift in the Q-bands of Pd2(DPX)
suggests the presence of particularly strong exciton coupling.

The magnitude of the exciton splitting,V, can be evaluated
within a point dipole-point dipole framework51

whereMi andMj are the transition dipole lengths of interacting
cofacial molecular subunitsi andj, respectively;R is the center-
to-center distance between them; andFg is a geometric factor.
M can be obtained from spectroscopic data by52

where εmax is the molar absorption coefficient,G is the
degeneracy of the spectroscopic state,δλ is the full-width at
half-maximum of the absorption band, andλmax is the absorption
maximum.Fg is given by

Figure 1. Electronic absorption spectra of Pd(Etio) (s), Pd(PhEtio)
(- ‚ - ‚ - ‚), Pd2(DPX) (- - -), and Pd2(DPD) (‚ ‚ ‚) in CH2Cl2 at 298 K.

TABLE 1: Steady-State Spectroscopic Data and
Phosphorescence Lifetimes for Palladium(II) Porphyrins in
CH2Cl2 at 298 K

λabs/nm (ε × 10-3/M-1‚cm-1)

B(0,0) Q(1,0) Q(0,0) λp/nm Φp × 103 τp/µs

Pd2(DPX) 386 (223) 521 (16) 552 (30) 678 29(1) 102 (3)
Pd2(DPD) 391 (256) 515 (23) 548 (49) 673 4.6(12) 18.2 (2)
Pd(Etio) 391 (60) 511 (4.4) 546 (14) 669 64(4) 321 (12)
Pd(PhEtio) 397 (176) 515 (14) 548 (31) 673 0.72(5) 1.14 (1)

Figure 2. Steady-state phosphorescence spectra of Pd(Etio) (s), Pd-
(PhEtio) (-‚ - ‚ - ‚), Pd2(DPX) (- - -), and Pd2(DPD) (‚ ‚ ‚) in CH2Cl2
at 298 K.

V ) (e2MiMj/R
3)Fg (1)

M2 )
εmax

2500G
δλ

λmax
(2)
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whereR is the angle between transition dipole momentsµbi and
µbj (i.e., interplanar angle between cofacial rings), andφi andφj

are the respective angles between the transition dipole vectors
and the vectorRB (i.e., the center-to-center line). The Soret band
(S2 r S0) of the cofacial porphyrins was subject to this analysis.
From metrical parameters deduced from single-crystal X-ray
structural analysis of the porphyrin dimers (vide infra), exciton
splittings for Pd2(DPX) and Pd2(DPD) in CH2Cl2 are calculated
to be 5950 and 1410 cm-1, respectively. These values consider
only electronic effects; solvent stabilization of the cofacial
excited state has been ignored. Because the solvent stabilization
effect can be significant, serving to stabilize the S2 excited
state,49,50 the calculated exciton splittings exceed the observed
spectral shifts of the B(0,0) band of Pd2(DPX) and Pd2(DPD)
[as measured relative to the monomer Pd(PhEtio) in Table 1].

With the aim of evaluating how the aryl ring of the DPX
and DPD pillars contributes to the electronic properties of Pd2-
(DPX) and Pd2(DPD), the absorption and phosphorescence
properties of the monomer analogues Pd(Etio) and Pd(PhEtio)
were investigated. As displayed by Figure 1, the Soret and
Q-bands of Pd(PhEtio) shift to lower energy relative to those
of Pd(Etio); absorption maxima and molar absorption coef-
ficients are collected in Table 1. The observed red-shift in the
Pd(PhEtio) spectrum is ascribed to the introduction of a phenyl
group at themesoposition, which increases the energy of the
highest occupied molecular orbital (HOMO) by raising the
energy of the a2u orbital above that of the a1u orbital.53 Moreover,
the Soret band of Pd(PhEtio) lies at lower energy than the Soret
bands of Pd2(DPX) and Pd2(DPD). This result is consistent with
the observation of exciton coupling between porphyrin subunits
of cofacial Pacman dimers.

Steady-state phosphorescence spectra of Pd(Etio) and Pd-
(PhEtio) are shown in Figure 2. The results are in accord with
absorption spectra. Namely, the phosphorescence maximum
tracks the energies of the Q-band absorptions along the series
Pd(Etio) < Pd(PhEtio)≈ Pd2(DPD) < Pd2(DPX) (Table 1).
TheΦp value of Pd(PhEtio) is smaller than that of Pd(Etio) by
2 orders of magnitude (Table 1).

Electrochemical and Structural Studies.Electrochemical
measurements of Pd2(DPX), Pd2(DPD), and their monomer
analogues support the conclusions drawn from steady-state
electronic spectra. Table 2 lists the redox potentials of the
palladium(II) porphyrin systems. All four systems exhibit a
single, reversible one-electron reduction process. The Pd2(DPD)
complex and the monomers display a single two-electron
oxidation wave at similar potentials, suggesting that the por-
phyrinic subunits in the DPD system are too far apart to perturb
each other electronically. In contrast, the Pd2(DPX) congener
exhibits two reversible one-electron oxidation processes. The
splitting of the oxidation wave, which is also observed for cobalt
cofacial bisporphyrins,44,54 originates from strong interactions
between two proximate porphyrinπ systems. Electronic repul-
sion between the two porphyrin planes results in lowering of
Eox(1) from +0.93 ( 0.02 V for the electronically isolated
palladium(II) porphyrins to+0.65 V in Pd2(DPX). The value
of Eox(2) of Pd2(DPX) is similar to theEox(1) value of Pd2-
(DPD); this observation is consistent with that made by Collman
and co-workers for their group 2 porphyrin dimers.55 These
results provide further evidence for greater electronic coupling
between macrocyclic subunits in the more closely packed DPX
system relative to the splayed DPD congener.

The X-ray crystal structures of Pd2(DPX) and Pd2(DPD),
shown in Figures 3 and 4, respectively, concur with spectro-

scopic and electrochemical studies. The structure of Pd2(DPX)
confirms the compressed nature of the DPX framework with
parallel porphyrin rings (interplanar angle) 3.9°). The Pd-Pd
distance of 3.97 Å is comparable to the distance of 3.4-3.6 Å
required for significant van der Waals overlap between two
porphyrin planes.56,57 In contrast, Pd2(DPD) presents two
porphyrin subunits in a splayed arrangement with a significantly
greater bite site (interplanar angle) 11.0°). In this case, the
Pd-Pd distance is expanded to 6.81 Å. For both systems, the
rigid cyclic ether bridge holds the two porphyrin macrocycles
in a face-to-face geometry with minimal lateral displacements;
the torsional twists are 14.6° and 3.5° for Pd2(DPX) and Pd2-
(DPD), respectively. Trends in bond lengths and angles of
macrocyclic core structures and side chains agree well with those
observed in related cofacial bisporphyrins. Complete crystal-
lographic data are provided in the Supporting Information. With

TABLE 2: Cyclic Voltammetric Data for Palladium(II)
Porphyrins in CH 2Cl2 at 298 K Referenced against a
Ag/AgCl Electrode

E/V (∆Ep/mV)

Eox(1) Eox(2) Ered(1)

Pd2(DPX) +0.65 (100) +0.92 (100) -1.70 (110)
Pd2(DPD) +0.91 (90) - -1.49 (100)
Pd(Etio) +0.95 (150) - -1.51 (110)
Pd(PhEtio) +0.93 (130) - -1.51 (110)

Figure 3. X-ray crystal structure of Pd2(DPX). Thermal ellipsoids are
drawn at the 25% probability level. Hydrogen atoms have been omitted
for clarity.

Figure 4. X-ray crystal structure of Pd2(DPD). Thermal ellipsoids are
drawn at the 25% probability level. Hydrogen atoms have been omitted
for clarity.

Fg ) cosR - 3 cosφi cosφj (3)
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a firm understanding of the structure and steady-state spectros-
copy of the palladium porphyrin monomers and dimers in hand,
we turned our attention to time-resolved spectroscopic studies
so that we could directly examine the excited-state dynamics
of the Pacman systems.

Time-Resolved Spectroscopy.The speciation of the long-
lived excited states of palladium porphyrin monomers and
dimers was examined using nanosecond transient absorption
spectroscopy. Figure 5 depicts transient absorption spectra
following a 5-ns excitation pulse at 550 nm. The four palladium
porphyrin compounds display similar profiles. A prominent,
broad absorption feature is observed between the bleaching
signals of the Soret and Q(1,0) bands. In addition, the Q(0,0)
bleach is also observed to the red of the Q(1,0) bleach. Attendant
excited-state absorptions are observed to the low-energy side
of the Q-bands. The energetic trends of these transient features
track the corresponding ground-state electronic absorption
spectra. The triumverate of Pd2(DPX), Pd2(DPD), and Pd(Etio)
each exhibit one prominent absorption maximum at 412, 435,
and 427 nm, respectively, in addition to a low-energy shoulder.
In Pd(PhEtio), the secondary absorption maximum at 468 nm
is clearly apparent to the low-energy flank of the primary
absorption at 436 nm.

The transient absorption spectra of Pd2(DPX), Pd2(DPD), and
Pd(Etio) decay monoexponentially to ground state on the
microsecond time scale, indicative of an excited state with
pronounced triplet character. The susceptibility of these transient
species to quenching by O2 further confirms a triplet origin.

Moreover, concomitant recovery of the Soret and Q-band
bleaches on the same time scale as the excited-state absorption
decay establishes the absence of any intermediates in the
deactivation of this triplet excited state.

Pd(PhEtio) is distinguished from the other palladium(II)
porphyrins by the two absorption maxima. The transient decays
of the two bands are dominated by a 1.10(7)-µs component.
The occurrence of two maxima in the transient absorption
spectrum of Pd(PhEtio) suggests the presence of two triplet
states. This result is in accordance with Albinsson’s observation
of a “mother-daughter” relationship for two triplet excited states
of zinc meso-diaryloctaalkyl porphyrins. The mother signal
arises from a porphyrin in a planar geometry and the daughter
signal arises from a porphyrin macrocycle that exhibits a
nonplanar distortion.58 Along these lines, the presence of two
triplet absorption bands in the transient spectrum of Pd(PhEtio)
suggests planar and nonplanar geometries for the excited state.

Because the palladium(II) porphyrin monomers and dimers
decay directly to their respective singlet ground states with no
detectable intermediates, phosphorescence lifetime (τp) measure-
ments can be employed to unravel the excited-state dynamics
of the palladium porphyrins. The time-resolved phosphorescence
decays for Pd2(DPX) and Pd2(DPD) in CH2Cl2 are shown in
Figure 6, and theirτp values are collected in Table 1. These
lifetimes are entirely consistent with the decay lifetimes
measured from transient absorption decays. Two striking results
emerge from the data in Table 1: (i) the monoexponential
excited-state decays of Pd2(DPX) and Pd2(DPD) occur on
markedly disparate time scales [τp ) 102(3)µs and 18.2(2)µs
for DPX and DPD, respectively], and (ii) Pd(Etio) exhibits a
long excited-state lifetime [τp ) 321(12) µs] resembling the
Pd2(DPX) system, whereas Pd(PhEtio) is more similar to Pd2-
(DPD), displaying a phosphorescence decay with aτp value of

Figure 5. Transient absorption spectra of (a) Pd2(DPX), (b) Pd2(DPD),
(c) Pd(Etio), and (d) Pd(PhEtio) in CH2Cl2 at long time scales. Spectra
were collected at time intervals of 50µs for Pd2(DPX) and Pd(Etio), 5
µs for Pd2(DPD), and 200 ns for Pd(PhEtio).

Figure 6. Time-resolved phosphorescence decays of (a) Pd2(DPD),
(b) Pd2(DPX), (c) Pd(Etio), and (d) Pd(PhEtio) in CH2Cl2. Vertical
and horizontal axes of insets refer to phosphorescence intensity and
time (in microseconds), respectively. The initial spike in the decay of
Pd(PhEtio) is instrument-limited and is due to white light generation
in the sample.
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1.14(1)µs. Moreover, the longτp of Pd2(DPX) is comparable
to that of Pd2(DPA) [τp ) 230(50) µs in 2-MeTHF] and
monomeric Pd(TPP) [τp ) 230(50)µs in 2-MeTHF],41 and the
trend in phosphorescence lifetimes of the palladium(II) por-
phyrin monomers and dimers correlate withΦp. That is, the
Φp values of Pd2(DPD) and Pd(PhEtio) are substantially smaller
than those of their Pd2(DPX) and Pd(Etio) counterparts. These
collective results reveal that the phosphorescence lifetimes and
quantum yields of bisporphyrins at van der Waals contact are
not significantly perturbed by the cofacial Pacman arrangement.

On the Molecular Origin of the Excited-State Decay
Pathways of Pacman Porphyrins.Antipas and Gouterman
previously proposed that the phosphorescence quantum yields
and lifetimes of porphyrins containing second- and third-row
transition metals are determined by the dπ-eg(π*) energy gap
and the heavy metal effect.59 In particular, an increase in the
dπ-eg(π*) energy gap results in less mixing of d orbital
character into the eg(π*) molecular orbital, thus decreasing
spin-orbit coupling of and radiative and nonradiative decay
from the triplet excited state. The energy gap argument is
plausibly applicable to the analysis of our results, given that
exciton coupling is expected to produce a larger T1-S0 energy
gap in Pd2(DPX) than in Pd2(DPD)60 and that phosphorescence
from Pd2(DPX) is less strongly quenched than that from Pd2-
(DPD). However, the monomeric Pd(Etio) compound exhibits
a phosphorescence lifetime and quantum yield that are similar
to those of Pd2(DPX). For this reason, the correlation of
phosphorescence lifetimes and quantum yields of Pacman
systems with exciton coupling is untenable. Additionally,
electrochemical measurements confirm that the intramolecular
charge-separated states for the palladium(II) porphyrins lie too
high in energy (ECS≈ 2.4 eV) to serve as a deactivation pathway
for the porphyrin triplet excited state (ET ≈ 1.8 eV). Nanosecond
transient absorption studies also demonstrate that there are no
intermediate states involved in the triplet excited-state decays.
Thus, the enhanced phosphorescence quenching observed for
Pd2(DPD) and Pd(PhEtio) is unlikely to be induced by the
participation of lower-lying excited states, suggesting that DPD/
PhEtio porphyrins can undergo nonradiative decay processes
that are not available to DPX/Etio congeners. This contention
is supported by extraction of the nonradiative decay rate
constants fromΦp andτp. From the data in Table 1, theknr rate
constants of Pd2(DPD) and Pd(PhEtio) are 5.5× 104 and
8.8 × 105 s-1, respectively, as compared to 9.5× 103 and
2.9× 103 s-1 for Pd2(DPX) and Pd(Etio), respectively. We note
that this calculation assumes that the S1 f T1 intersystem
crossing efficiency is unity.

In addressing the issue of additional nonradiative decay
pathways in Pacman porphyrins, we were struck by the fact
that the presence of a singlemeso-phenyl ring on a palladium-
(II) macrocycle leads to large differences in the photophysics
of the monomer and that transient absorption results suggest
planar and nonplanar excited-state geometries for the Pd(PhEtio)
macrocycle (vide supra). Accordingly, we became interested
in examining the suggestion by Knyukshto et al.61 that aryl rings
on octaalkyl porphyrin macrocycles are associated with unique
nonradiative decay pathways. Density functional theory (DFT)
calculations were undertaken to investigate the effect of torsional
motion about the C(meso)-C(phenyl) bond on both geometry
and electronic structure.Meso-phenyl-substituted palladium(II)
etioporphyrin was structurally simplified by substituting all four
ethyl groups with methyl groups to givemeso-phenyl-substituted
palladium(II) 2,3,7,8,12,13,17,18-octamethylporphyrin, Pd-
(PhOMP).

Figure 7 displays an energy level diagram depicting the
relative energies of both singlet and triplet states of Ph(PhOMP).
Geometry optimization on the singlet potential energy surface,
without any imposed constraints, furnishes a structure in which
the porphyrin subunit remains planar and the torsional angleæ
between the porphyrin plane and themeso-phenyl substituent
is found to be 83°. Geometry optimization on the triplet potential
energy surface affords a similarly planar macrocycle, in which
the bond lengths are within 0.01 Å of those in the singlet-state
structure. Geometry optimization on both singlet and triplet
potential energy surfaces with a constraint ofæ ) 60° yields
similar structures for the two spin states, both of which exhibit
pronounced nonplanar distortions. The nonplanar distortions
present in these geometries are dominated by saddling and
ruffling, with larger distortions occurring in the half of the
macrocycle containing themeso-phenyl substituent.

Energy gap law considerations relate T1 f S0 decay to the
energetic differences between triplet excited and singlet ground
electronic states. We find that the T1-S0 energy gap decreases
from 1.89 to 1.40 eV upon nonplanar distortion of the porphyrin
macrocycle. Within the framework of a multiphonon-assisted
nonradiative decay,62-64 a smaller energy gap leads to an
increase in the nonradiative decay rate due to enhancement of
the Franck-Condon factor.65-67 Moreover, nonplanar distortion
of a porphyrin macrocycle is accompanied by a corresponding
increase in one-center overlap integrals between the nitrogen
lone pairs and porphyrinπ orbitals, further enhancing T1 f S0

intersystem crossing.68,69 These two factors, decreased energy
gap and increasedn-π orbital mixing, have been invoked by
Holten and co-workers to explain anomalously fast nonradiative
decay rates from the S1 state of distorted porphyrins.70-73 It is
reasonable to expect that the same constructs are applicable to
the dynamics of the triplet excited state. We believe that the
results of Figure 7 translate to the splayed Pacman system owing
to the similar photophysical properties of Pd2(DPD) and Pd-
(PhEtio). Although theτp andΦp values for Pd2(DPD) are not
as small as those for Pd(PhEtio), they are clearly divergent from
those of cofacial Pd2(DPX) and Pd2(DPA) Pacman systems in
which the cofacial subunits are in van der Waals contact.

Taking into account the combination of spectroscopic results
and DFT calculations, we therefore ascribe the faster triplet
excited-state decay of Pd2(DPD), as compared to Pd2(DPX), to
torsional motion about the C(meso)-C(aryl) bond between the
porphyrin planes and the aryl of the DPD bridge. The relatively
small triplet-state deactivation in Pd2(DPX) is consistent with
the short Pd-Pd distance and the small interplanar angle

Figure 7. Energy level diagram showing the relative energies of both
singlet and triplet states of Pd(PhOMP) on going from the planar
structure to the distorted structure. The DFT-optimized structures of
planar and distorted Pd(PhOMP) in both singlet and triplet states are
also shown;æ is the torsional angle between the porphyrin plane and
themeso-phenyl substituent. The value of the T1-S0 energy gap upon
nonplanar distortion is depicted between the HOMO and LUMO levels.
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between the two porphyrin subunits. These structural elements
constrain conformational flexibility about the C(meso)-C(aryl
bridge) bond of the DPX Pacman.

Concluding Remarks

The successful design and implementation of new molecular
catalysts for multielectron photochemical cycles are predicated
on a thorough understanding of their excited-state dynamics.
Owing to the extensive multielectron chemistry of cofacial
Pacman porphyrins in their ground state, we sought to establish
a starting point for developing a correspondingly expansive
excited-state chemistry. To this end, we examined the triplet
excited-state dynamics of cofacial bisporphyrin systems based
on xanthene (DPX) and dibenzofuran (DPD), which exhibit large
differences in vertical pocket size and flexibility. The significant
finding reported herein is that torsional motions about the
C(meso)-C(aryl) bond contribute greatly to the excited-state
dynamics of Pacman systems. The DPX spacer places cofacial
porphyrin subunits in van der Waals contact, structurally
constraining torsional rotation about the aryl bridge. Accord-
ingly, the phosphorescence lifetime and quantum yield of this
system are comparable to those of a simple etioporphyrin. In
contrast, the DPD pillar imparts a significantly greater Pacman
bite angle between cofacial subunits, resulting in more torsional
freedom about the aryl bridge. This enhanced flexibility induces
macrocyclic distortion in the excited state, leading to more
efficient nonradiative decay.

The combined spectroscopic and theoretical findings provide
important insights for the design of multielectron, photocatalytic
cycles using cofacial Pacman porphyrins and related platforms.
For thermal multielectron reactivity, we have previously dem-
onstrated that the range of vertical flexibility for cofacial
bisporphyrins is advantageous for efficient catalysis, allowing
for facile substrate access and product release and for large
structural changes during the turnover of bond-making and bond-
breaking reactions.38,39,44 However, the photophysical data
reported here suggest that these structural attributes might not
directly translate to efficient excited-state reactivity. In particular,
the significantly reduced phosphorescence lifetime for the
splayed DPD framework compared to its compressed DPX
counterpart demonstrates that controlling the motions of por-
phyrin rotation upon photon absorption is critical for tuning
excited-state properties and, hence, reactivities. An attractive
approach to resolving this issue would be to prebind a substrate
to hinder porphyrin rotation. With this longer-lived excited state,
more efficient photocatalysis is anticipated for a preorganized
system in which the substrate is already situated within the
molecular cleft. To this end, we are currently examining the
photophysics of supramolecular Pacman constructs rigidified
by encapsulated guests.

Experimental Section

Materials. Silica gel 60 (70-230 and 230-400 mesh, Merck)
was used for column chromatography. Analytical thin-layer
chromatography was performed using Merck 60 F254 silica gel
(precoated sheets, 0.2 mm thick). Solvents for synthesis were
of reagent grade or better and were dried according to standard
methods. Dichloromethane used in spectroscopic measurements
was obtained from Burdick & Jackson (spectroscopic grade),
whereas methylcyclohexane was obtained from EM Science (AR
grade); these solvents were used without further purification.
The dipyrrylmethane precursors 5-(4′-bromophenyl)-3,3′-di-
methyl-4,4′-diethyl-2,2′-dipyrrylmethane74 and 3,3′-diethyl-5,5′-

diformyl-4,4′-dimethyl-2,2′-dipyrrylmethane75,76 and the por-
phyrins H4(DPX),42 H4(DPD),37 and Pd(Etio)77 were prepared
as described previously. All other reagents were used as
received. Mass spectral analyses were carried out at the
University of Illinois Mass Spectrometry Laboratory. Elemental
analyses were performed at Michigan State University.

5-(4′-Bromophenyl)-2,8,13,17-tetraethyl-3,7,12,18-tetra-
methylporphyrin [H 2(PhEtio)]. A suspension of 5-(4′-bro-
mophenyl)-3,3′-dimethyl-4,4′-diethyl-2,2′-dipyrrylmethane (3.85
g, 10 mmol) and 3,3′-diethyl-5,5′-diformyl-4,4′-dimethyl-2,2′-
dipyrrylmethane (2.86 g, 10 mmol) in methanol (500 mL) was
purged with nitrogen for 1 h. A solution ofp-toluenesulfonic
acid (2.5 g) in methanol (20 mL) was added dropwise over a
period of 1 h. The resulting red mixture was stirred in the dark
under nitrogen for 24 h. Solido-chloranil (2.5 g) was added in
one portion, and stirring was continued in air for 24 h. The
mixture was taken to dryness, and the remaining solid redis-
solved in 400 mL of chloroform. A saturated methanolic solution
of Zn(OAc)2‚2H2O (20 mL) was added, and the solution was
refluxed for 1 h. The solvent was removed, and the remaining
residue was purified by flash column chromatography (silica
gel, dichloromethane). The first band eluted was collected and
vigorously stirred with 6 N HCl (15 mL) for 15 min. The
solution was neutralized with a 10% aqueous sodium carbonate
solution, and the mixture was stirred for an additional 15 min.
The organic phase was separated, washed with water (3× 50
mL), dried over Na2SO4, and taken to dryness. Purification by
flash column chromatography (silica gel, dichloromethane)
followed by recrystallization from dichloromethane/methanol
afforded pure H2(PhEtio) as a grape purple powder (3.25 g, 51%
yield). 1H NMR (500 MHz, CDCl3, 25 °C): δ ) 10.18 (s, 2H,
meso), 9.97 (s, 1H, meso), 7.97 (d, 2H, ArH), 7.89 (d, 2H, ArH),
4.08 (m, 4H, CH2), 4.02 (m, 4H, CH2), 3.65 (s, 6H, CH3), 2.51
(s, 6H, CH3), 1.89 (t, 6H, CH3), 1.77 (t, 6H, CH3), -3.239 (br
s, 1H, NH),-3.323 (br s, 1H, NH). HRFABMS (M+): calcd
for C38H41N4Br (m/z), 632.252; found, 632.255.

Pd(PhEtio). To a 50-mL chloroform solution of H2(PhEtio)
(50 mg, 0.079 mmol) was added a solution of Pd(OAc)2 (100
mg) and potassium acetate (100 mg) in 8 mL of methanol. The
resulting solution was refluxed for 3 h under nitrogen, and the
solvent was removed by rotary evaporation. The crude material
was purified by flash column chromatography (silica gel,
dichloromethane) followed by recrystallization from dichlo-
romethane/methanol to afford analytically pure Pd(PhEtio) as
a brick red solid (49 mg, 86% yield).1H NMR (500 MHz,
CDCl3, 25 °C): δ ) 10.11 (s, 2H, meso), 10.05 (s, 1H, meso),
7.95 (d, 2H, ArH), 7.89 (d, 2H, ArH), 4.06 (m, 4H, CH2), 3.96
(m, 4H, CH2), 3.60 (s, 6H, CH3), 2.47 (s, 6H, CH3), 1.89 (t,
6H, CH3), 1.74 (t, 6H, CH3). HRFABMS (M+): calcd for
C38H39N4BrPd2 (m/z), 736.139; found, 736.140.

Pd2(DPX). To a 40-mL chloroform solution of H4(DPX) (50
mg, 0.043 mmol) was added a solution of Pd(OAc)2 (200 mg)
and potassium acetate (200 mg) in 12 mL of methanol. The
resulting solution was refluxed for 11 h under nitrogen, and
the solvent was removed by rotary evaporation. The crude
material was purified by flash column chromatography (silica
gel, 1:1 hexanes/dichloromethane to dichloromethane) followed
by recrystallization from dichloromethane/methanol to afford
analytically pure Pd2(DPX) as a bright red solid (40 mg, 68%
yield). 1H NMR (500 MHz, CDCl3, 25 °C): δ ) 9.08 (s, 2H,
meso), 8.46 (s, 4H, meso), 7.87 (d, 2H, ArH), 7.23 (t, 2H, ArH),
7.02 (d, 2H, ArH), 4.14 (m, 4H, CH2), 3.85 (m, 4H, CH2), 3.57
(m, 4H, CH2), 3.33 (m, 4H, CH2), 3.21 (s, 12H, CH3), 2.26 (s,
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12H, CH3), 2.22 (s, 6H, CH3), 1.72 (t, 12H, CH3), 1.42 (t, 12H,
CH3). Anal. Calcd for C79H82N8OPd2: C, 69.14; H, 6.02; N,
8.16. Found: C, 69.17; H, 5.98; N, 8.12. HRFABMS (M+):
calcd for C79H82N8OPd2 (m/z), 1370.468; found, 1370.469.

Pd2(DPD). To a 50-mL chloroform solution of H4(DPD) (80
mg, 0.071 mmol) was added a solution of Pd(OAc)2 (180 mg)
and potassium acetate (200 mg) in 10 mL of methanol. The
resulting solution was refluxed for 6 h under nitrogen, and the
solvent was removed by rotary evaporation. The crude material
was purified by flash column chromatography (silica gel, 1:1
hexanes/dichloromethane to dichloromethane) followed by
recrystallization from dichloromethane/methanol to afford ana-
lytically pure Pd2(DPD) as a cherry red solid (85 mg, 90%
yield). 1H NMR (500 MHz, CDCl3, 25 °C): δ ) 9.67 (s, 4H,
meso), 9.51 (s, 2H, meso), 8.65 (d, 2H, ArH), 7.74 (t, 2H, ArH),
7.66 (d, 2H, ArH), 3.65-3.81 (m, 20H, CH2), 3.26 (s, 12H,
CH3), 2.36 (s, 12H, CH3), 1.58 (t, 12H, CH3), 1.53 (t, 12H,
CH3). Anal. Calcd for C76H76N8OPd2: C, 68.62; H, 5.76; N,
8.42. Found: C, 69.02; H, 5.90; N, 8.33. HRFABMS (M+):
calcd for C76H76N8OPd2 (m/z), 1328.421; found, 1328.422.

General Details of X-ray Data Collection and Reduction.
X-ray diffraction data were collected using a Siemens 3 circle
diffractometer equipped with a CCD detector. Measurements
were carried out at-90 °C using Mo KR radiation (λ )
0.710 73 Å) that was wavelength-selected with a single-crystal
graphite monochromator. Four sets of data were collected using
ω scans and a-0.3° scan width. All calculations were
performed using a PC workstation. The data frames were
integrated tohkl/intensity, and final unit cells were calculated
using the SAINT v.4.050 program from Siemens. The structures
were solved and refined with the SHELXTL v.5.03 suite of
programs developed by G. M. Sheldrick and Siemens Industrial
Automation, Inc. (1995).

X-ray Structure of Pd2(DPX). A 0.16 mm× 0.19 mm×
0.61 mm ruby red crystal of rod morphology was obtained from
slow diffusion of methanol into a dichloromethane solution of
the compound. The crystal was coated at STP and mounted onto
a glass fiber. A total of 12 860 reflections were collected in the
θ range 2.38-23.26°, of which 8993 were unique (Rint )
0.0699). The Patterson method was used to locate the palladium
atoms; all remaining atoms were placed using the difference
Fourier map. Hydrogen atoms were placed in calculated
positions using a standard riding model and were refined
isotropically. The largest peak and hole in the difference map
were 0.937 and-0.874 eÅ-3, respectively. The least-squares
refinement converged normally giving residuals ofR1 ) 0.0412
and wR2 ) 0.1097, with GOF) 1.065. Crystal data for
C79H82N8OPd2: triclinic, P1h, Z ) 2, a ) 11.1419(8) Å,b )
14.9325(10) Å,c ) 20.8014(14) Å,R ) 100.6090(10)°, â )
100.9680(10)°, γ ) 102.5440(10)°, V ) 3223.5(4) Å3, Fcalc )
1.420 g/cm3, F(000) ) 1430.

X-ray Structure of Pd2(DPD). A 0.15 mm× 0.16 mm×
0.27 mm mighty red crystal of plate morphology was obtained
from slow diffusion of methanol into a dichloromethane solution
of the compound. The crystal was coated at STP and mounted
onto a glass fiber. A total of 15 257 reflections were collected
in the θ range 2.47-23.28°, of which 10 150 were unique
(Rint ) 0.0236). The Patterson method was used to locate the
palladium atoms; all remaining atoms were placed using the
difference Fourier map. Hydrogen atoms were placed in
calculated positions using a standard riding model and were
refined isotropically. The largest peak and hole in the difference
map were 2.607 and-0.555 eÅ-3, respectively. The least-
squares refinement converged normally giving residuals of

R1 ) 0.0413 andwR2 ) 0.1292, with GOF) 0.564. Crystal
data for C80H86N8O2Pd2: monoclinic, P2(1), Z ) 2, a )
13.1958(7) Å,b ) 20.3976(11) Å,c ) 14.8663(8) Å,â )
108.9990(10)°, V ) 3783.5(4) Å3, Fcalc ) 1.419 g/cm3,
F(000)) 1664.

Physical Measurements.1H NMR spectra were collected
in CDCl3 (Cambridge Isotope Laboratories) at the M.I.T.
Department of Chemistry Instrumentation Facility (DCIF) using
either a Mercury 300 or an Inova 500 spectrometer at 25°C.
All chemical shifts are reported using the standardδ notation
in parts per million; positive chemical shifts are to higher
frequency from the given reference. Unless otherwise stated,
all spectroscopic measurements were carried out at room
temperature (25( 2 °C) on 1× 10-5 M solutions. Samples for
spectroscopic measurements were contained within an optical
cell equipped with a solvent reservoir and a Starna Cells, Inc.,
1-cm-path-length clear fused-quartz cell. The two chambers are
isolated from each other by a high-vacuum Teflon valve and
from the environment with a second high-vacuum Teflon valve.
Samples were degassed by four freeze-pump-thaw cycles
(1 × 10-5 Torr). UV/visible absorption spectra were recorded
on a Spectral Instruments, Inc., 440 CCD array spectrophotom-
eter. Steady-state emission spectra were recorded on a custom-
built high-resolution instrument.78 The emission produced upon
excitation at 546 nm was collected with a red-sensitive
Hamamatsu R316-02 photomultiplier tube over a wavelength
range of 565-860 nm. Phosphorescence quantum yields were
measured by the comparative method using zinc tetraphenylpor-
phyrin (ZnTPP) in methylcyclohexane (Φfl ) 0.04) as the
standard.79 Optical densities of solutions used in quantum yield
measurements were adjusted to be nearly identical, and a
correction formula80 was employed to correct for the different
solvents used. Transient absorption of all porphyrins and
phosphorescence lifetimes of Pd(Etio) and Pd2(DPX) were
measured on a nanosecond laser system, whereas lifetimes of
Pd2(DPD) and Pd(PhEtio) were measured on a subpicosecond
laser system.

The nanosecond laser system consists of a Coherent Infinity-
XPO laser. The third harmonic of the 1064-nm fundamental is
used to pump an optical parametric oscillator (OPO) that is
tunable throughout the visible region (420-700 nm). The OPO
produces laser pulses at a repetition rate of 20 Hz with pulse
energies of∼200 µJ and pulse widths of 5 ns. Transient
absorption is performed by exciting the sample at 550 nm (pump
pulse) and probing with white light continuum generated by a
75-W xenon arc lamp (probe pulse). The probe pulse is
electronically delayed relative to the pump pulse by a DG535
delay generator from Stanford Research Systems, Inc.; the
shutters used are Vincent Associates Uniblitz T132 fast shutters.
The probe pulse passes through the sample into a SPEX Triax
320 spectrometer and is detected with an Andor Technology
DH520-25F-01 ICCD camera thermoelectrically cooled to-40
°C. In this study, transient spectra were collected over a
wavelength range of 374-638 nm. Time-resolved emission was
performed by exciting the sample at 550 nm and collecting the
emission at either 650 or 670 nm. The emission signal was
amplified in a Hamamatsu R928 photomultiplier tube attached
to the lateral exit of the spectrometer. The output from the
photomultiplier tube was channelled into a Lecroy 9384 CM
digital oscilloscope. All instruments and electronics in this laser
system were controlled by software written in Labview (National
Instruments).

The subpicosecond laser system consists of a Coherent/BMI
Comet-400S two-stage optical parametric amplifier (OPA). The
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OPA generates laser pulses at a repetition rate of 1 kHz and
offers wavelength tunability from 475 to 710 nm with pulse
energies greater than 20µJ. The OPA is pumped by a Coherent/
BMI Alpha-1000 chirped-pulse regenerative amplifier, which,
in turn, is pumped by a 10-W, 1-kHz Nd:YLF laser and seeded
by a Coherent Mira femtosecond Ti:sapphire oscillator. The
oscillator is pumped by a 5-W cw Coherent Verdi solid-state,
frequency-doubled Nd:YVO4 laser. The modular design allows
access to the low power (nanojoules per pulse) oscillator pulses
at 76 MHz, as well as the more powerful (near-millijoule per
pulse) output from the regenerative amplifier (800 nm, 1 kHz).
Pulses from the regenerative amplifier are frequency doubled
to give pulses at 400 nm. UV pulses are routinely generated
from the OPA output to make the effective range for excitation
from less than 240 nm to more than 800 nm. The pulses from
the regenerative amplifier can be characterized in real time by
a Positive Light SSA single-shot autocorrelator, and they were
measured to be 100 fs in duration. Emission lifetimes were
measured on a Hamamatsu C4334 Streak Scope streak camera,
which was controlled with the high-performance digital temporal
analyzer (HPDTA) software provided by Hamamatsu Photonics.
This system allows for measurements of lifetimes with a
resolution of∼10 ps in a time window up to 1 ms limited by
the laser repetition rate. Delays involving long time windows
(g100 ns) were generated by a Stanford Research Systems
DG535 delay generator, whereas delays for short time windows
(<100 ns) were generated by a Hamamatsu C1097-04 delay
unit. The streak camera is capable of measuring the rise and
decay of fluorescence at every wavelength in a 100-nm window
simultaneously, allowing for a direct comparison of the kinetics
of different spectral features. In this study, the samples were
excited using the 550-nm output from the OPA, and emission
was collected with the spectral window centered at 650 nm.

Electrochemical experiments were carried out using a Bio-
analytical Systems, Inc. (BAS), CV-50W potentiostat/galvano-
stat. Cyclic voltammetric measurements were performed in a
three-compartment cell using a glassy carbon working electrode,
an Ag/AgCl reference electrode, and a platinum-wire auxiliary
electrode. A modified Luggin capillary separated the working
compartment from the reference electrode. Dichloromethane was
used as the solvent, with 0.1 M NBu4ClO4 as the supporting
electrolyte. The solution in the working compartment of the cell
was deaerated by bubbling with nitrogen. The working solutions
were prepared by recording the background cyclic voltammo-
grams of the electrolyte solution prior to addition of the solid
sample. All potentials are reported vs Ag/AgCl and are not
corrected for the junction potential.

Computational Methods. Density functional theory (DFT)
calculations were carried out at the local density approximation
(LDA) level of theory using the Amsterdam Density Functional
program.81-83 The calculations were performed on a home-built
Linux cluster consisting of 12 processors running in parallel.
Gradient corrections were introduced using the Becke exchange
functional84 (B) and the Lee-Yang-Parr85 (LYP) correlation
functional. Relativistic corrections were included by using the
scalar zero-order regular approximation (ZORA).86-88 C and
H were described by a Slater-type orbital double-ê basis set
augmented by one set of polarization functions. N and Pd were
described by a Slater-type orbital triple-ê basis set augmented
by two and one set of polarization functions, respectively. Non-
hydrogen atoms were assigned a relativistic frozen core
potential, with the shells up to and including 3d for Pd and 1s
for C and N treated as core.
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