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ABSTRACT: A recently reported synthetic method has been employed to prepare
several arrays of free base and zinc porphyrins. In the arrays, the porphyrins are arranged
around a central benzene ring. The lack of aryl rings in the linkages to the central
benzene ring, coupled with the presence of only one meso-aryl substituent on each
porphyrin, allows strong electronic interactions between the porphyrin macrocycles. In
arrays containing two or six porphyrins, a variety of evidence indicates that the
porphyrins exist as twist-stacked dimers reminiscent of the special pairs of
bacteriochlorophylls found in some photosynthetic bacteria. These dimers feature van
der Waals contact between the macrocycles, and demonstrate excitonic splitting due to
π−π interactions. The excitonic effects split and blue-shift the Soret absorptions, and
slightly broaden the Q-band absorptions and shift them to longer wavelengths. The
interactions also lower the first oxidation potentials by ca. 100 mV, and the arrays show
evidence for delocalization of the radical cation over both porphyrins in the dimer. The
arrays demonstrate singlet−singlet energy transfer among the chromophores. Arrays of
this type will be good models for some aspects of the interactions of photosynthetic pigments, including those of reaction center
special pairs and possibly quantum coherence effects. They can also be useful in artificial photosynthetic constructs.

■ INTRODUCTION

Most of the sunlight used in photosynthesis is absorbed by
light-gathering antenna molecules, rather than reaction centers
where conversion to electrochemical potential occurs. Although
antenna systems vary considerably from organism to
organism,1−4 a large fraction of antennas use chlorophylls as
light absorbers. These chlorophylls are arranged in arrays
featuring relatively strong interactions among the chromo-
phores that permit very rapid and efficient singlet−singlet
energy transfer between them. A variety of antenna
architectures are known, including rings5 of chlorophylls and
carotenoids. Some reaction centers also feature multiple
chlorophylls with strong electronic interactions.6,7 Synthetic
arrays in which porphyrins are arranged in ring-like structures
have been prepared and studied in order to model the natural
antennas and reaction centers and for potential use in artificial
photosynthesis.8−23 In some of these, the chromophores are
held in large macrocyclic structures via covalent bonds8,9,12 or
self-assembly.24 In others,11,14,25 the porphyrins are organized
in wheel-like structures whose covalent “spokes” are joined to a
central hub. We and others have found hexaphenylbenzene to
be an especially useful hub.10,26−33 The various hexaphenyl-
benzene-based porphyrin arrays have shown interesting energy-
and electron-transfer phenomena. However, the interactions
between the porphyrins and other antenna chromophores
linked to the hexaphenylbenzene core have not been as strong
as those observed in some natural photosynthetic anten-

nas34−42 because the central hexaphenylbenzene hub limits
close approach of the chromophores, and the porphyrins used
have in general been tetra-arylporphyrins whose aryl groups
inhibit close approach of the macrocyclic π-electron systems.
We recently reported a new synthetic method for the

preparation of porphyrins that places a carboxylic acid group
directly on one or more of the meso-carbon atoms, and
produces porphyrins having only one meso-aryl substituent.43

The acid moiety is available for further functionalization, and
because there is no aryl group between it and the porphyrin
ring, it allows construction of arrays in which the porphyrin
macrocycles are closer together than in hexaphenylbenzenes
and some related structures, and therefore can interact more
strongly. Herein we describe the synthesis and the spectro-
scopic and electrochemical properties of several new cyclic
porphyrin arrays constructed using this chemistry (Figure 1).
The UV−vis and NMR spectroscopic data show that in these
arrays the porphyrins associate intramolecularly via π−π
interactions, resulting in significant perturbations of steady-
state and time-resolved spectral properties and electrochemical
behavior and rapid singlet−singlet energy transfer among
chromophores.
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■ RESULTS
Synthesis. Given the availability of the meso carboxylic acid

derivatives, preparation of the arrays was reasonably facile. The
synthesis of 1 is shown in Figure 2, and similar chemistry was
used to prepare the arrays. For 1, porphyrin diester 4 was
prepared as described earlier.43 Controlled base-catalyzed
hydrolysis yielded the monoester 5. Coupling 5 to alcohols
or amines using common coupling agents such as carbodi-
imides and dimethylaminopyridine was not successful.
Evidently the intermediate O-acylisourea either does not form
or is so stabilized by the porphyrin macrocycle that it is
unreactive. However, we found that tetrabutylammonium
fluoride (TBAF)-assisted esterification44 by reaction of the

acid with a benzyl bromide or chloride smoothly converted the
acid to the corresponding ester. Reactions were performed in
the presence of air and went smoothly to give the desired
products in good yields. Even the hexad was obtained in about
80% yield, with almost no intermediates such as porphyrin
triads, tetrads, or pentads. It is likely that the high yields and
lack of intermediates are due to intermolecular porphyrin π−π
stacking interactions that bring reactants into close proximity.
Such π−π stacking effects were also postulated by Biemans et
al. to explain a lack of intermediates in the synthesis of other
porphyrin arrays.45 To make the metalated analogues, zinc was
introduced using zinc acetate dihydrate. Details of the syntheses
and characterization of the compounds are given in the
Supporting Information.

Conformations of the Arrays: Nuclear Magnetic
Resonance and Theoretical Studies. There are four single
bonds in the linkages joining a meso carbon atom of each
porphyrin to the central benzene ring in the arrays. Some
degree of rotational freedom is expected about each of these
bonds, which, coupled with the presence of only one aryl ring
per porphyrin, is expected to allow the porphyrin rings to
approach one another and interact via attractive face-to-face

Figure 1. Structures of the porphyrin arrays.

Figure 2. Synthetic scheme for preparation of 1. The routes to 2, 3,
and 6 were similar, but the benzyl bromide was replaced by the
appropriate benzyl halide: THF = tetrahydrofuran, TBAF = tetra-n-
butylammonium fluoride.
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π−π interactions. Because porphyrins show strong shielding
and deshielding ring current effects in NMR spectra, we
investigated these spectra in order to detect any such
interactions in the arrays, and obtain conformational
information.

The 1H NMR spectrum of monomer 1 in deuterated
dichloromethane at 25 °C is shown at the top of Figure 3.
Precursor porphyrin 5 and all of the porphyrins in the various
linked compounds are ABCD porphyrins46 in which all eight β-
pyrrole protons are in constitutionally heterotopic environ-

Figure 3. 400 MHz 1H NMR spectra of the free base porphyrin arrays at 25 °C in deuterated dichloromethane containing tetramethylsilane as a
reference.

Figure 4. 1H NMR chemical shifts (black), downfield chemical shift changes (blue), and upfield chemical shift changes (red) relative to compound 1
for 2, 3, and 6 based on the spectra shown in Figure 3. The additional substituents on the central benzene rings of the arrays are not shown.
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ments. Thus, the spectrum of 1 features 8 resonances for these
protons (labeled b in Figure 3). There is one meso-proton, and
it appears as a single sharp resonance labeled a. The resonances
for the meso- and β-protons appear relatively far downfield
because they lie in the deshielding, peripheral region of the
porphyrin ring current magnetic field.47 The resonances for the
N−H protons fall far upfield (resonance j), as these protons lie
in the strongly shielded, central region of the macrocycle. There
is only one resonance for these protons, as they rapidly
chemically exchange on the NMR time scale at this
temperature.
Turning now to dyad 2 (Figure 3), we first note that the

same number of porphyrin resonances are present as were seen
for 1. This proves that either the structure of 2 has C2
symmetry, with both porphyrins in identical environments, or
else there is rapid averaging of the environments of the protons
from the two individual rings on the NMR time scale. Second,
it is apparent that there are large chemical shift changes for
some of the resonances of 2 relative to 1. These changes are
summarized in Figure 4. The meso-proton resonance has moved
upfield by 3.33 ppm, and the N−H proton by 2.04 ppm. Large
upf ield shifts are observed for four of the β-protons on one side
of the macrocycle, while the four on the other side have moved
downf ield by very small amounts. Only very small changes have
occurred for the protons of the mesityl group. Thus, the spectra
are consistent with a conformation in which the two porphyrin
rings are equivalent and stacked in a partial face-to-face
arrangement in which the half of each porphyrin that does not
bear a mesityl substituent lies above the corresponding region
of the other porphyrin, with a separation of only a few Å.
We simulated the chemical shift changes for the protons of 2

using a molecular mechanics (MM2) generated structural
model and the quantitative ring current model of Cross and
Crossley,47 and found a satisfactory fit of the experimental data
for the conformation shown in Figure 5 (see Supporting
Information Table S1). The C2-symmetric structure shows that
the porphyrins are in a twisted stack, with a ca. 3.5 Å separation
of the macrocycle planes. This conformation suggests strong
π−π interactions between the macrocycles and is reminiscent of
the arrangement of the two bacteriochlorophylls of the “special
pair” of bacterial reaction centers.7,48

Because of the C2 symmetry, the benzylic protons of 2 are
diastereotopic, and should in principle have different chemical
shifts. This is not observed. One possibility is that this is a case

of accidental isochrony, where the two protons have chemical
shifts that are apparently identical at this field strength. This
may be the case, as the line width for these protons is
approximately twice that for the resolved doublets. Alter-
natively, the environments of the two protons may be averaged
by interconversion between enantiomers that is rapid on the
NMR time scale. This might occur on the slow NMR time scale
via rotations about the single bonds in the linkages between the
porphyrin macrocycles and the central benzene ring, even
though at any given time, essentially all of the molecules reside
in one of the two enantiomeric forms.
A low-temperature study of the spectrum of 2 (Supporting

InformationFigure S1) shows some additional shielding of
some of the protons in the region where the macrocyclic rings
are stacked on one another, but no splitting due to population
of multiple conformers. The increased shielding may be due to
slightly closer approach of the two macrocycles at lower
temperatures, or a reduction in small-scale motions of the rings.
The N−H protons split into two resonances at around 10 °C,
and this is ascribed to the chemical exchange of these protons
becoming slow on the NMR time scale.49−52

Selective NOE experiments on dyad 2 were also carried out.
Irradiation of the meso proton of 2 at 7.00 ppm gave rise to a
strong NOE in one of the ortho methyl groups of the other
porphyrin at 1.96 ppm, corresponding to an internuclear
distance of about 3 Å (Supporting Information Figure S12). A
similar NOE was measured for the proton at 7.00 ppm when
the methyl group at 1.96 was irradiated. Although these results
alone do not permit calculation of a full solution structure, they
confirm that the two porphyrins are in van der Waals contact
essentially all the time.
Turning now to hexad 6, Figures 3 and 4 show that the six

porphyrins are again in equivalent environments, as indicated
by the fact that no splitting of the resonances is observed. The
β- and meso-protons on the half of the macrocyclic rings that
lack mesityl groups are shielded by similar (although not
identical) amounts to those observed for 2. The same is true for
the N−H protons (labeled j). These data suggest that 6 exists
as a symmetric trimer of dimers, where each dimer has a
conformation similar to that of 2. However, there are additional
shieldings observed for 6 that were not found in 2. In particular,
the mesityl aromatic and methyl group protons are shifted
significantly upfield, as are the β-pyrrole protons closest to the
mesityl group. These results indicate that the half of the

Figure 5. Top view (left) and side view (right) of the conformation of dyad 2 as determined by NMR spectroscopy.
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macrocyclic rings bearing the mesityl group and the mesityl
group itself are located in the shielding region of porphyrin
macrocycles of adjacent dimers. That is, 6 exists in a
conformation consisting of three identical twist-stacked dimers,
each of which features ca. 3.5 Å separation of the porphyrin
planes, and each of which interacts less strongly with adjacent
dimers.
In order to obtain more information about the conformation

of 6, we undertook modeling of the structure using a
dispersion-corrected density functional method (DFT-
DCP).53 The DFT-DCP method at the B3LYP/6-31+G(d,p)
level has been successfully applied to modeling non-covalent
interactions in chlorophyll dimers in photosynthetic struc-
tures.54 Calculation on this large structure was very slow, and
constraints on SCF had to be relaxed. After 3 months of
continuous energy minimization, the structure shown in Figure
6 was obtained. This structure shows a trimer of dimers related
by a C3 symmetry axis, as expected from the NMR results. Each
dimer has a structure very similar to that of 2 derived from
NMR measurements. In addition, each dimer has part of one
porphyrin ring in close proximity to the other dimers, in

regions consistent with the shielding observed in the NMR
spectra. In particular, one mesityl ring of each dimer is located
in the strongly shielding region of a porphyrin ring of another
dimer, and this is consistent with the mesityl shieldings
observed in the NMR spectrum. In these respects, the
calculated structure is consistent with the NMR results.
However, the calculated structure features C3 symmetry, rather
than the D3 symmetry seen in the NMR spectrum. All three
dimers are located on the same side of the plane of the central
benzene ring. One consequence of this is that each dimer in
Figure 6 has not only a shielded mesityl group, as discussed
above, but also a second mesityl ring in a region relatively far
from the adjacent dimers.
The NMR and DFT results may be reconciled by postulating

that the structure in Figure 6 is fluctuating on the NMR time
scale between the one shown and an additional homomeric or
enantiomeric structure in which the two macrocycles of each
dimer have changed places, relative to the other dimers and the
plane of the central benzene ring. Such a situation is consistent
with the chemical shift changes between 2 and 6, and with the
fact that some of the β- and meso-resonances of 6 are

Figure 6. Top view (left) and side view (right) of hexad 6 as calculated by DFT methods. The hydrogen atoms are not shown. Note the C3
symmetry and the trimer of dyads conformation.

Figure 7. 1H NMR spectra of 1Zn, 2Zn2, 2Zn1, and free base dyad 2 at 25 °C in dimethyl sulfoxide-d6.
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broadened (Figure 3). This broadening is consistent with
exchange of environments which is becoming slow on the
NMR time scale. In order to investigate this phenomenon, we
obtained the NMR spectrum of 6 in 1,1,2,2-tetrachloroethane-
d2 at 100 °C (Supporting Information Figure S2). At this
temperature, all of the resonances of 6 sharpen to narrow lines,
as expected for a fluxional process that has become rapid on the
NMR time scale.
The NMR spectrum of triad 3 is also shown in Figure 3, and

the chemical shift changes are indicated in Figure 4. As was the
case for the other molecules, the number of resonances
observed indicates that the three porphyrin moieties of 3 are in
equivalent average environments. It will be noted that upfield
shifts of the mesityl, meso-, and all but one of the β-protons
relative to 1 occur. This suggests that the porphyrins of 3 tend
to form twist-stacked dyads much like those found in 2 and 6.
However, the chemical shift changes are much smaller for 3
than they are for the other compounds. Two factors
undoubtedly contribute to this fact. First, due to the meta
relationship of the links of the three porphyrins to the central
benzene ring, each porphyrin is constrained to be farther from
its neighbors than in the other molecules. This likely limits the
strength of the interporphyrin π−π stacking interactions.
Second, it may be that only two porphyrins at a time exhibit
strong stacking, while the third is farther away. This would
reduce the average shielding experienced by a porphyrin as the
conformations of the molecule interconvert on the NMR time
scale. This possibility is supported by the UV−vis spectral data
(vide infra).
Turning now to the zinc-containing arrays, portions of the

1H NMR spectra of 2, 2Zn1, and 2Zn2 are shown in Figure 7.
The spectra were recorded in deuterated dimethyl sulfoxide, as
the spectra of the zinc-containing porphyrins in CDCl3 or
CD2Cl2 were broad. The spectra show that dyad 2 still assumes
a twist-stacked dyad conformation, as it does in CD2Cl2. Dyad
2Zn1 shows some of the same shielding phenomena as 2, but
the chemical shift changes for the β-, meso-, and N−H
resonances are not as large. For dyad 2Zn2, small upfield shifts
are still apparent for some protons, but in general the spectra
are not very different from those of 1Zn. Thus, the spectra
suggest that the porphyrins of 2Zn2 form stacked dyads in
which there may be less electronic interaction between the
porphyrins than there is in 2. Dyad 2Zn1 shows more
association between the macrocycles, but it is weaker than
that in free base dyad 2. Thus, the NMR results suggest that
π−π stacking attractive interactions are present, but reduced in
both of the zinc dyads, relative to the free base. The NMR
spectrum of 6Zn (Supporting Information Figure S3) shows
shielding of the β- and meso-protons that suggests that there are
significantly larger π−π stacking interactions among the
porphyrins in this molecule as compared to the dyads.
UV−Visible Spectroscopic Properties. The UV−vis

spectroscopic properties of the arrays are of major importance,
since one purpose of the compounds is to investigate the effects
of interchromophore interactions on these properties. In
addition, the spectra can yield additional information
concerning the conformations of the molecules. Figure 8
shows the UV−vis spectra of the free base series 1, 2, 3, and 6
in dichloromethane at ambient temperatures. The spectra are
shown with the extinction coefficients divided by the number of
porphyrins in the array (e.g., ε/2 for 2). Monomer 1 shows a
Soret band at 408 nm and Q-band maxima at 506, 543, 583,
and 638 nm. These bands are typical for porphyrins of this

type; the Soret extinction coefficient of 2.8 × 105 M−1 cm−1 is
between that of porphine (2.5 × 105 M−1 cm−1)55 and typical
meso-tetraarylporphyrins (ca. 4.0 × 105 M−1 cm−1).56 The
spectrum of dyad 2 features the same transitions, but the
spectra are perturbed. The Soret is blue-shifted, and has split
into at least two overlapping peaks at 395 and 405 nm. This is
characteristic of interchromophore excitonic interactions,57,58

which are sometimes seen in stacked porphyrins or other
chromophores.58−65 The Q-bands appear at 508, 546, 586, and
640 nm. In addition to the ca. 3 nm shift to longer wavelengths,
the Q-bands are broadened, relative to those of 1, and the
extinction coefficients at the maxima are reduced. Related
effects have been reported for the spectra of intermolecularly
associated porphyrin dimers.62

Figure 8 also shows the absorption spectrum of hexad 6 in
dichloromethane. The absorption maxima and extinction
coefficients are given in the Supporting Information (see
synthesis and characterization). It is apparent that the spectrum
of 6 closely resembles that of 2. The Soret band is broadened
and split in a similar fashion to that of 2, and the Q-bands are
also broadened and shifted to longer wavelengths. Thus, the
spectrum of 6 is consistent with the trimer of dimers structure
discussed above, with major excitonic interactions between
porphyrins in pairs, and weaker interactions between different
dimers. Triad 3, on the other hand, features a sharper Soret
band with a maximum at 408 nm, like monomer 1, but the
band is of reduced intensity and has a significant shoulder a few
nm to the shorter wavelengths. The Q-bands also have maxima
close to those of 1, but are somewhat broadened relative to that
compound. Thus, the UV−vis spectral data are consistent with
the NMR data in showing that the effects of dimer formation in
3 are not as pronounced as they are in 2 and 6. Given the meta
arrangement of the linkages of the porphyrins of 3 to the
central benzene ring, it is reasonable to expect that dimer
formation would be different in 3 and the other compounds.
One possibility is that at any one time, two of the porphyrins of
3 form a dimer structure, whereas the third exists in a non-
associated form. The spectrum of the Soret region of 3 is
consistent with this interpretation. It consists of a sharp peak
near the wavelength maximum for monomer 1 superimposed
on a broader feature similar to the Soret regions of 2 and 6.

Figure 8. Absorption spectra in dichloromethane of 1 (black), 2
(green), 3 (magenta), and 6 (red). The inset is an offset 10-fold
expansion of the y-axis scale. The extinction coefficient values given on
the y-axis are the true extinction coefficients divided by the number of
porphyrins in the array.
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The fluorescence emission spectra of 1, 2, 3, and 6 in toluene
solution are shown in Figure 9, along with the Q-band

absorption spectra. The Soret absorption spectra (not shown)
are similar to those in Figure 8 in that 1 and 3 show relatively
sharp bands, whereas 2 and 6 show excitonic splitting. The Q-
band absorption maxima are at essentially the same wave-
lengths as they are in dichloromethane. The emission of
porphyrin 1 with excitation at 432 nm shows maxima at 649
and 711 nm. The spectrum of dyad 2 has maxima at 651 and
715 nm, triad 3 maxima are found at 650 and 713 nm, and the
hexad 6 shows peaks at 658 and ca. 718 nm. Thus, the emission
maxima of the arrays are shifted slightly to longer wavelengths
relative to the model monomeric porphyrin. More importantly,
the emissions of the arrays are broadened, relative to that of the
monomer, the fluorescence quantum yield of 3 is somewhat
reduced, relative to 1, and the yields of 2 and 6 are about half
that of the monomer (Table 1). Such a reduction of
fluorescence quantum yield is characteristic of chromophores
with excitonic interactions in which the higher-energy excitonic
state is most allowed (see Discussion section).57 In the present

case, emission is from Qx-band states, but these are populated
by internal conversion from Soret excitation.
Turning now to the zinc-containing molecules, absorption

spectra in toluene solution are shown in Figure 10a. Porphyrin

1Zn has maxima at 414 (Soret), 542, and 578 nm. The Soret
maximum for dyad 2Zn2 appears at 401 nm, and the
hypsochromic shift relative to 1Zn is accompanied by

Figure 9. Absorption spectra (solid lines) and fluorescence emission
spectra with excitation at 368 and/or 432 nm (dashes) in toluene
solution of porphyrin 1 (black), dyad 2 (green), triad 3 (magenta),
and hexad 6 (red). The emission spectra have been adjusted to reflect
equal absorbance of all solutions at the excitation wavelength.

Table 1. Fluorescence Quantum Yields and Decay Time Constantsa

compd λem (nm) decay lifetime (% of decay) χ2 ΦF
e anisotropy decayd

1 650 4.03 ns (100) 1.04 0.07 114 ps
650 4.52 ns (100)b 1.02

2 650 3.43 ns (88) 118 ps (12) 1.05 0.04 50 ps 210 ps
3 650 3.74 ns (70) 1.31 ns (13) 121 ps (17) 1.05 0.06
6 650 3.73 ns (64) 937 ps (5) 70 ps (31) 1.01 0.04 50 ps 660 ps

650 3.82 (59)b 882 ps (8)b 48 ps (34)b 1.10 35 psb 480 psb

1Zn 600 3.25 ns (100) 1.01 0.06 140 ps
2Zn2 600 2.84 ns (36) 1.51 ns (39) 67 ps (26) 1.01 0.03 50 ps 290 ps
2Zn1 600/720c 3.62 nm 1.82 ns 700 ps 44 ps 1.02

600 3.07 ns (9) 1.51 ns (10) 42 ps (81) 1.01
6Zn 600 1.97 ns (34) 864 ps (27) 89 ps (39) 1.01 0.02 40 ps 860 ps

aMeasured in toluene with 400 nm excitation unless otherwise noted. bMeasured in 2-methyltetrahydrofuran with 590 nm excitation. cGlobal fit over
these wavelengths. dMeasured in toluene at 660 nm with 590 nm excitation unless otherwise noted. eMeasured in toluene; meso-
tetraphenylporphyrin in toluene was used as fluorescence standard (ϕF = 0.11, from Murov, S. L.; Carmichael, I.; Hug, G. L. Handbook of
Photochemistry, 2nd ed.; CRC: New York, 1993).

Figure 10. (a) Absorption and (b) fluorescence emission with
excitation at 411 nm spectra in toluene solution of porphyrin 1Zn
(black), dyad 2Zn2 (green), and hexad 6Zn (red). The absorption
spectra in (a) have been normalized at the Soret maxima. The
emission spectra in (b) without addition of pyridine are from solutions
with equal absorbance at the excitation wavelength. The dotted lines
show spectra for a similar solution of hexad 6Zn after the addition of a
small amount of pyridine. The inset in (a) is times 6 along the y axis.
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significant broadening. The Q-bands appear at 546 and 580 nm,
representing a bathochromic shift of these bands. The spectrum
of 6Zn is similar to that of 2Zn2, except that the Soret band
shows even more broadening. Addition of a small amount of
pyridine to the solution of 6Zn results in considerable
sharpening of the Soret absorption, and a bathochromic shift
to slightly longer wavelengths than 1Zn. Some sharpening is
seen for the Q-bands upon addition of pyridine, and a
bathochromic shift is also present. The red shifts are a well-
known characteristic of coordination of pyridine to the zinc
atoms of porphyrins, and coordination could interfere with
porphyrin π−π interactions.
The emission spectra of the zinc porphyrins in toluene

solution are shown in Figure 10b. Porphyrin 1Zn features sharp
emissions at 591 and 642 nm that have an approximate mirror
image relationship to the Q-bands in absorption, which is
typical. In dyad 2Zn2, the two maxima appear at 594 and 642
nm. Hexad 6Zn, on the other hand, features a single broad
emission band at 647 nm. The emission quantum yields for the
dyad and hexad are reduced, relative to that of the monomer
1Zn. In 6Zn, the spectrum is featureless, which indicates an
additional interchromophore interaction not present in the
dyad. Addition of a small amount of pyridine partially disrupts
the internal aggregation, and the emission again has two
maxima, at 610 and 660 nm.
Time-Resolved Emission Studies. We investigated the

fluorescence properties of the arrays as a function of time after
excitation in order to determine the effects of interchromo-
phore interactions on excited state lifetimes. In addition, the
time scale of fluorescence is much shorter than that of NMR,
and thus allows observation of the properties of individual
conformations that may be rapidly interconverting on the NMR
time scale. The single photon timing technique was employed
with excitation at either 400 or 590 nm. Results are shown in
Table 1.
Free Base Porphyrin Arrays. The emission of porphyrin 1

in toluene solution at 650 nm decays as a single exponential
with a time constant of 4.03 ns. This lifetime is approximately
half that typically found for free base porphyrins. Shortened
lifetimes have been observed in other meso-substituted
porphyrins, including “push-pull” porphyrins,66−68 and may
be due to charge-transfer character of the first excited singlet
state resulting from the meso ester group. Dyad 2 under the
same conditions shows lifetimes of 3.43 ns (88% of the decay)
and 118 ps (12%). The two lifetimes suggest that the molecule
exists in a major and a minor conformation (or possibly more
closely related conformations whose lifetimes were not
distinguished at the signal-to-noise ratio obtained). The excited
state lifetimes of dyad 2 are both shorter than that of the
monomer 1, signaling electronic interaction between the
chromophores in both conformations.
For triad 3, Table 1 shows three exponential components of

the decay, all with somewhat shorter lifetimes than that of
monomer 1. The lifetimes and percentages of these
components are roughly consistent with the steady-state
emission seen in Figure 9.
Hexad 6 in toluene shows a longest lifetime of 3.73 ns (64%)

a short lifetime of 70 ps (31%), and a very small amount (5%)
of a component with a lifetime of 937 ps.
Looking at the results for 1, 2, 3, and 6, it is apparent that 2,

3, and 6 all have multiple conformations that do not
interconvert on the nanosecond time scale, and that most or
all of these conformations feature interchromophore inter-

actions that reduce the fluorescence lifetimes of the
chromophores, relative to non-interacting species. Molecules
2 and 6 show relatively more perturbation than does 3, which is
consistent with the higher degree of twist-stacked dimer
formation suggested by the NMR and steady-state UV−vis
spectra.

Zinc Porphyrin Arrays. Turning now to the zinc series of
arrays, the 1Zn first excited singlet state decays with a time
constant of 3.25 ns as a single exponential (Table 1). The dyad
2Zn2 decay was fitted with three exponential processes with
lifetimes of 2.84 ns (36%), 1.51 ns (39%), and 67 ps (26%).
Thus, as with 2, this molecule exists in several conformations,
and the excited-state lifetimes are all shorter than that of the
monomer 1Zn due to interchromophore interactions. Hexad
6Zn features three decay components, all of which are
significantly shorter than the lifetime of 1Zn (1.97 ns, 864 ps,
and 89 ps). Thus, the molecule also resides in several
conformations, all of which show strong interchromophore
interactions.

Singlet−Singlet Energy Transfer. The strong interpor-
phyrin interactions observed in the NMR and UV−visible
spectroscopic results for the arrays suggest that singlet−singlet
energy transfer between the porphyrins is likely. This does in
fact occur, as illustrated by results for 2Zn1, a dyad that features
one free base porphyrin and one zinc porphyrin. Figure 11a
shows the absorption spectrum of 2Zn1 in toluene. It is similar
to a superposition of the spectra of 2 and 2Zn2, with a
broadened Soret band indicating interchromophore inter-

Figure 11. (a) Absorption and (b) fluorescence emission with
excitation at 330 nm of the mixed dyad 2Zn1 in toluene. The lack of
emission from the zinc porphyrin moiety indicates highly efficient
singlet−singlet energy transfer to the free base porphyrin.

Journal of the American Chemical Society Article

DOI: 10.1021/ja510267c
J. Am. Chem. Soc. 2015, 137, 245−258

252

http://dx.doi.org/10.1021/ja510267c


actions similar to those of the other dyads. Figure 11b shows
the fluorescence spectrum of 2Zn1 in toluene with excitation at
330 nm, where the absorption by the zinc and free base
chromophores is comparable. It is clear that even though the
zinc porphyrin is being excited, emission is from the free base
porphyrin, with only a trace of emission around 600 nm where
the zinc porphyrin emits strongly. This result indicates that
singlet−singlet energy transfer from the zinc porphyrin to the
free base is essentially quantitative.
The time-resolved fluorescence data for 2Zn1 in Table 1

shows that a global fit to data obtained at 600 and 720 nm
yields time constants of 3.62 ns, 1.82 ns, 700 ps, and 44 ps.
Note from Figures 9 and 10 that emission at 600 nm is almost
entirely from the zinc porphyrin, and emission at 720 nm is
mainly from the free base porphyrin. When the data at 600 nm
are fitted alone, almost all the emission (81%) has a time
constant of 44 ps. This is ascribed to decay of the zinc
porphyrin excited singlet state by energy transfer to the free
base. The rate constant for this energy transfer process is ca. 2.3
× 1010 s−1.
Energy transfer in the other arrays is more difficult to

investigate because all the porphyrins are identical. However,
information may be derived from fluorescence anisotropy decay
measurements. In these experiments, the decay of the
fluorescence anisotropy occurs either by molecular motions
that reorient the chromophores or by energy transfer.
Anisotropy measurements on 1 with excitation at 590 nm
and detection at 660 nm gave a single exponential decay of the
anisotropy with a time constant of 114 ps (Supporting
Information Figure S4). This is ascribed to tumbling of the
molecule in solution, as energy transfer is not possible in this
case. Similar measurements on free base hexad 6 yielded two
decay components of 50 and 660 ps (Supporting Information
Figure S5). The long component is assigned to overall
reorientation of the molecule, and is longer than was observed
for 1 because of the increase in molecular size. The short
component could be due to porphyrin−porphyrin energy
transfer to adjacent porphyrins or dimers, giving a time
constant for energy transfer of ca. 150 ps. (Assuming that the
transition dipoles of the hexad are randomized, the energy
hopping time is 3 times longer than the depolarization time).30

Alternatively, the 50 ps time constant could be due to internal
motions of the chromophores about the single bonds in their
linkages, or to a combination of the two processes.
In order to obtain more information on the situation,

anisotropy measurements were made on 6 in a less-viscous
solvent, 2-methyltetrahydrofuran. As seen in Supporting
Information Figure S6 and Table 1, anisotropy decays of 35
and 480 ps were obtained. The 480 ps component is assigned
to more rapid overall tumbling of the molecule in the less
viscous solvent. The short component also decreases,
suggesting that internal motions of the moieties may be
responsible, at least in part, for the short component. These
internal motions would consist of rotations about the single
bonds in the linkages joining the porphyrins to the central
benzene ring. Thus, either the time constants for energy
transfer and internal motions may be very similar, such that the
two processes cannot be distinguished by the anisotropy
measurements, or energy transfer occurs on a time scale that is
too short to observe in the anisotropy measurements. Given the
time constant of 44 ps found for energy transfer in 2Zn1, it
seems likely that energy transfers among identical porphyrins in
6 would be slower than this, in light of the less favorable

energetics for Förster transfer.69,70 Thus, although we cannot
entirely rule out ultrafast energy transfer on a time scale too
short to observe in our measurement, it is likely that
interchromophore singlet−singlet energy transfer in 6 occurs
with time constants on the order of 150 ps. Similar experiments
were carried out with the zinc series of arrays. As seen in Table
1, monomer 1Zn displayed an anisotropy decay time of 140 ps.
The decay of hexad 6Zn showed two components, of 40 and
860 ps. Thus, the zinc series behaves in a similar fashion to the
free base compounds.
Anisotropy experiments on the dyads gave consistent results.

For free base dyad 2, anisotropy decays of 50 and 210 ps were
observed in toluene. The 210 ps time constant is due to overall
tumbling of the dyad, and the 50 ps time is ascribed to internal
motions and/or energy transfer. As seen in Table 1, very similar
results were obtained for the zinc dyad.

Electrochemistry. Redox potentials for the arrays and
monomers 1 and 1Zn were measured by cyclic voltammetry in
dichloromethane containing 0.1 M tetra-n-butylammonium
hexafluorophosphate. The potentials were determined using
internal ferrocene/ferrocenium and converted to SCE using a
conversion factor of 0.46 V.71 The results are given in Table 2.

Porphyrin 1 is more difficult to oxidize and more easily
reduced than H2TPP. This is ascribed to the electron
withdrawing effects of the ester groups directly attached to
the meso positions of the macrocycle. The potentials for triad 3
are almost identical to those for 1, suggesting that interactions
among the chromophores are not strong enough to affect redox
properties. The first oxidation potentials of dyad 2 and hexad 6
are about 100 mV lower than that of 1. These changes indicate
that in these molecules, the interactions among porphyrins are
strong enough to affect the electrochemistry.
The cyclic voltammogram of 1 is shown in Figure 12a. The

two reduction waves and the quasireversible oxidation with an
anodic peak at 1.33 V vs SCE are each ascribed to one-electron
processes. The second oxidation wave has an anodic peak at
1.60 V. Figure 12b shows the corresponding experiment for
dyad 2 at the same concentration. The reduction waves look
similar to those observed for 1, albeit approximately twice the
amplitude, and are ascribed to two-electron reductions; i.e., one
electron for each porphyrin in the dyad. The first anodic
oxidation peak, however, at 1.22 V, occurs at a potential about
100 mV lower than that for 1, as mentioned above, and

Table 2. Redox Potentials from Cyclic Voltammetry

V vs SCE

compd Ox2 Ox1 Red1 Red2

1 1.54b 1.28b −0.90 −1.22
2 1.44a 1.19b −0.89 −1.21
3 1.55a 1.27b −0.85 −1.22b

6 1.46a 1.18b −0.86 −1.25b

1Zn 1.36 1.04b −1.08
2Zn2 1.15 0.99b −1.09
6Zn 1.01 0.92 −0.82 −1.16
H2TPP

c 1.02 −1.20
ZnTPPd 0.78 −1.39

aThese are anodic peak potentials, as the waves were not reversible.
bQuasireversible. cE1/2 from Kadish, K.; Morrison, M. J. Am. Chem.
Soc. 1976, 98, 3326−3328. dE1/2 from D’Souza, F.; Zandler, M.;
Tagliatesta, P.; Ou, Z.; Shao, J.; Van Caemelbecke, E.; Kadish, K. Inorg.
Chem. 1998, 96, 877−910.
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interestingly, its amplitude corresponds to one electron per
dyad molecule, rather than two. The second oxidation anodic
peak is found at 1.44 V. The CV of triad 3 (Supporting
Information Figure S7) features two reduction and one
oxidation wave at potentials similar to those found for 1, and
the amplitudes are consistent with approximately three
electrons per molecule. The CV for hexad 6, on the other
hand (Supporting Information Figure S8), shows a reduced
amplitude for the first oxidation wave.
We propose that the reduced amplitudes for the first

oxidations of 2 and 6 are due to delocalization of the radical
cation over two (or possibly more in the case of 6) porphyrin
moieties with strong π−π interactions. That is, the two
porphyrins of, for example, 2 interact electronically due to the
π−π stacking. When one of the two porphyrins is oxidized, the
resulting “hole” is shared by both porphyrins in the dimer. As a
result, removal of the first electron occurs at a lower potential
than it does for the monomer, and removal of a second electron
occurs at a significantly higher potential than the first. This
phenomenon is not observed for the reductions of 2.
Delocalization of a radical cation over two cyclic tetrapyrroles
is characteristic of the strongly associated “special pair” of
bacteriochlorophylls in some bacterial reaction centers.72

The cyclic voltammograms for monomer 1Zn and dyad 2Zn2
are shown in Supporting Information Figures S9 and S10,
respectively. The voltammogram for 1Zn shows first and
second oxidation waves for the single porphyrin at 1.04 and
1.36 V vs SCE, respectively (Table 2). Dyad 2Zn2 has a first
oxidation at 0.99 V, which is slightly lower than that for 1Zn.
However, a second, overlapping wave is seen at 1.15 V. We
assign these two waves to the first (0.99 V) and second (1.15
V) one-electron oxidations of the two porphyrin moieties of the

dyad. Thus, as with 2, removing a second electron from the
molecule is significantly more difficult than removing the first.
This is consistent with delocalization of the radical cation of
2Zn2 over both porphyrins, as was discussed above for dyad 2.
The cyclic voltammogram for hexad 6Zn (Supporting

Information Figure S11) shows a first oxidation at ∼0.93 V
vs SCE and additional, overlapping waves at higher potentials.
The oxidations are irreversible under the conditions employed.
The potential for the first oxidation is about 100 mV lower than
that observed for 1Zn, and indicates that the porphyrin
moieties interact electronically, as has been observed for 6 and
the dyads.

■ DISCUSSION
All of the spectroscopic and electrochemical data and molecular
modeling results for the arrays are consistent with the presence
of attractive π−π interactions between adjacent porphyrins on
the central benzene ring to form sets of partially stacked,
dimeric structures. For dyad 2, the NMR spectra show C2
symmetry and strong shielding of roughly half of each
macrocycle (the half that does not bear a mesityl ring). This
shielding is due to the porphyrin aromatic ring current, and is
consistent with the twist-stacked conformation shown in Figure
5, where the planes of the porphyrin macrocycles are at
approximate van der Waals contact (ca. 3.5 Å). The NMR
results for hexad 6 indicate formation of three similar dimers,
which are arranged such that additional electronic interactions
occur between the pairs of twist-stacked porphyrins. In triad 3,
interchromophore interactions are present, as indicated by the
NMR chemical shift changes relative to 1, but these interactions
are not as strong as they are in 2 and 6. The zinc series of arrays
shows similar behavior, although the chemical shift changes are
not as large as they are for the free base series. In principle, this
might represent either different twist-stacked conformations in
the dimers, or the influence of adjacent dimers. The
spectroscopic data discussed below suggest that the second
reason is correct.
The molecular modeling performed on 6 is consistent with

the NMR results. The chromophores are present as a trimer of
dimers (Figure 6). As mentioned above, the calculated
conformation does not show the symmetry predicted by the
NMR spectra, as all six porphyrins are on one side of the plane
of the central benzene ring. However, the calculated structure
could be rapidly equilibrating with the same or an enantiomeric
structure on the opposite side of the ring plane, and
interchange proton environments in the process.
NMR spectroscopy is a relatively slow method, and if

intramolecular interconversion of conformations is rapid on the
NMR time scale (typically milliseconds or longer), only time-
averaged chemical shifts will be observed. For example, the
chemical shift change of −3.3 ppm observed for the meso-
proton of 2 could be due in principle to a single conformation
as shown in Figure 5, or an average of a conformation in which
the porphyrin macrocycles do not interact to form dimers and
one in which the chemical shift change is even greater.
Porphyrin ring current models47 show that the absolute
maximum chemical shift change for a proton located at van
der Waals separation from a porphyrin is −5.2 ppm, and that
this occurs only when the proton is directly over the center of
the porphyrin ring. Thus, at the very least, 63% of the dyads
would necessarily exist in this dimer conformation. As can be
seen from Figure 5, achieving such a conformation would result
in significant strain energy in the molecule. Thus, it appears

Figure 12. Cyclic voltammograms in dichloromethane solution
containing 0.1 M tetra-n-butylammonium hexafluorophosphate of
(a) monomer 1 and (b) dyad 2 under the same conditions.
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from the NMR data that most or all molecules of 2 (and by
extension 6) in solution exist entirely in twist-stacked dimer
conformations. This conclusion is supported by the NOE
experiments
This conclusion is also supported by the UV−vis data. Strong

π−π interactions between chromophores can lead to excitonic
splittings that are due to electronic interactions of the transition
dipoles.57,58 The absorption spectra of the arrays indicate such
excitonic interactions. According to simple exciton
theory,23,57,58 excitonic interactions are determined by the
oscillator strengths of the transitions, and the distance and
angles between them. Excitonic interactions are often discussed
in terms of two extremes. In one of these, the interacting
transition dipoles are parallel, and stacked one above the other.
In such “face-to-face” arrangements of chromophores (found in
intermolecular H-aggregates) transitions to the upper of the
two electronic states formed by interaction of the transition
dipoles are allowed, resulting in hypsochromic shifts of
absorption bands. Once such states are formed, they usually
relax rapidly to the lower, forbidden state, and the system
shows reduced emission intensities and shortened fluorescence
lifetimes. In the other extreme, the transition moments are
collinear in a “head-to-tail” arrangement, as observed in
intermolecular J-aggregates. The lower-energy excitonic state
is the allowed state, which leads to bathochromic shifts in
absorption and emission, relatively stronger fluorescence, and
reduced excited-state lifetimes. However, these two oft-
discussed types of excitonic interaction are only extremes,
and many other possibilities exist. In the arrays discussed here,
as exemplified by the structure in Figure 5, the transition
dipoles are neither coplanar nor collinear. Such conditions can
lead to red shifts, blue shifts, no shift, or band splitting in
absorption, and small changes in the angles between transition
moments can lead to large changes in the nature of the
exciton.23,57,58

Free base porphyrins have two orthogonal transition
moments associated with the Bx and By (Soret) band
absorptions that pass through the lines connecting opposite
meso−meso positions, and two orthogonal transition moments
associated with Qx and Qy bands absorption that pass through
opposite nitrogen atoms. (The Qx transition is associated with
the protonated nitrogens.) In metalated porphyrins, the two B
bands are degenerate, as are the two Q bands, and protonation
is impossible. Thus, when two or more porphyrins exhibit
excitonic coupling, each transition in one-half of a dimer can
couple with two or more transitions in the other, which further
complicates excitonic analysis. Excitonic interactions in
porphyrin dimers has been observed often, and the subject
has been reviewed.23,73,74

In the spectrum of dyad 2, at least two Soret bands are
observed, and these are both shifted to shorter wavelengths
than the Soret band of monomer 1. Due to the forbidden
nature of the Q transitions, excitonic effects are reduced in this
region, and any large shifts of these bands are not observed.
However, broadening and small red shifts are seen. These
observations are qualitatively consistent with the proposed
twist-stacked conformation of 2, where the molecular planes are
roughly parallel, and the two transition moments for each
porphyrin are offset from those of the other porphyrin and have
different angular relationships to the moments of the other
porphyrin. The strong B-bands show blue shifts, which are
generally consistent with stacked porphyrins of some type.
Given that each porphyrin in a dimer has two B-type transition

moments and that each nitrogen will be protonated only part of
the time due to rapid exchange of hydrogen atoms, the
absorption in these molecules is actually an amalgam of a group
of closely related excitonic transitions with different angles
between the transition moments. The different angles will lead
to different spectral shifts, leading to a broad band, as is
observed.23

The UV−vis results for 6 are very similar to those for 2, and
this is consistent with the formation of similar dimer-like
structures. Three of these will be present in each hexad.
Additional interactions between these dimers are also present,
as shown especially by additional spectral broadening in the
emission spectrum. On the other hand, the excitonic
interactions in the absorption spectra are much reduced in
triad 3. This is reasonable, given that the meta relationships of
the porphyrin linkages at the central benzene ring may restrict
the close approach of the chromophores, and that only one
dimer may be present at any one time.
The zinc series shows slightly different behavior. In such

metalated porphyrins, the two B-type transition moments are
degenerate, as are the Q-band transitions. The absorption
spectrum of 2Zn2 (Figure 10) shows mainly blue shifts relative
to that of 1Zn due to exciton formation, but also some
absorption to longer wavelengths than are found in 1Zn. Hexad
6Zn shows similar behavior. Thus, the spectra of these arrays
suggest excitonic interactions characteristic of both the blue-
shifted (H-type) and red-shifted (J-type) regimes. Addition of
pyridine disrupts the excitonic interactions, presumably due to
coordination to the zinc atoms to act as fifth ligands.
The fluorescence spectra of the arrays are also consistent

with excitonic interactions. The emission spectra of the dyads
and free base hexad (Figures 9 and 10) have basically the same
shape as that of the monomer, but are quenched. Such
quenching is characteristic of cofacial arrangements of
porphyrins in which the transition dipoles are stacked.60,75 In
Figure 9 excitation was into the B-bands, which are expected to
populate the formally forbidden and short-lived Q-band exciton
states, perhaps via the influence of vibronic states,76 leading to
reduced emission intensity. Of special interest is the unusual
red shift and loss of vibrational fine structure in the emission
spectrum of the zinc hexad 6Zn (Figure 10b). It is unlikely that
this is due to any sort of charge-transfer interaction, as no such
behavior was observed in 2Zn2, and Table 2 shows that the two
compounds have nearly equal energies for any charge-separated
state. It is possible that the red-shifted emission observed for
6Zn is mainly from more head-to-tail-like arrangements of
transition moments with different degrees of bathochromic
shift. The situation in the hexads is complex due to the
possibility of interaction of transitions in different dimer pairs
with one another. The addition of pyridine disrupts the
association of the chromophores, resulting in spectra closer to
those of porphyrin 1Zn.
The time-resolved data for all the molecules studied show

reduced emission lifetimes, which are consistent with
perturbations to the individual porphyrin chromophores due
to excitonic interactions. These measurements suggest that
several conformations are present for each molecule, and that in
all conformations the fluorescence lifetimes are quenched
relative to those of 1 or 1Zn. These lifetimes are those of the
Q-band first excited singlet states, which do not show large
excitonic interactions in absorption due to their relatively small
extinction coefficients, but which in these experiments were
populated from the B-states. Shortened fluorescence lifetimes
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and multiple fluorescence liftetimes have been reported for
porphyrin dimers and aggregates of many types, including both
H- and J-aggregates.23,60,74,75,77,78 Typically, the H-aggregates
show shorter fluorescence lifetimes than J-aggregates, but both
are shorter than those of the monomer. Thus, the results for the
arrays studied here are consistent with multiple, structurally
closely related conformers, some with more H-aggregate-like
character and some with more J-aggregate-like character. This is
consistent with twisted stacked conformations similar to those
proposed in the dyads and hexads.
Finally, the electrochemical data in Table 2 are also

consistent with this general conformational picture. The data
for 3 are similar to those for 1, suggesting relatively little
perturbation of the π-systems. For 2 and 6 the potential shifts
for the first oxidation, and the reduction in the area of the
oxidation wave are consistent with dimer-type interactions in
which the radical cation is spread over both porphyrins. A
similar situation exists for the zinc series. Negative potential
shifts in the first oxidation of porphyrin-like dimers, such as
observed with 2 and 6, have been reported in synthetic79 and
natural80−82 systems.

■ METHODOLOGY
Materials. Dichloromethane and toluene were distilled from

calcium hydride, and tetrahydrofuran was distilled from sodium/
benzophenone under nitrogen. Pyridine (ACS, Mallinckrodt chem-
icals) and ethanol (200 proof, KOPTEC) were used as purchased.
Benzyl bromide (99%, Alfa Aesar), α,α′-dichloro-o-xylene (>97%, TCI
America), and hexakis(bromomethyl)benzene (TCI America) were
used as purchased. The 1,3,5-tris(bromomethyl)benzene was synthe-
sized by a literature method.83 Sodium bicarbonate (ACS,
Mallinckrodt chemicals), potassium hydroxide (technical, JT Baker),
zinc acetate dihydrate (Baker analyzed reagent), and tetrabutylammo-
nium fluoride (1 M in THF, Oakwood Products Inc.) were used as
purchased. Synthetic procedures for preparation of the previously
unknown molecules are presented in the Supporting Information.
General Procedures. All 1D and 2D NMR spectra (gCOSY and

NOESY) were recorded on 400 or 500 MHz Varian spectrometers.
Selective NOE experiments and analysis to estimate interatomic
distances in dyad 2 were performed using published methods.84 Mass
spectra were obtained on an Applied Biosystems Voyager-DE STR
matrix-assisted laser desorption/ionization time-of-flight spectrometer
(MALDI-TOF). Ultraviolet−visible absorption spectra were measured
on a Shimazu UV2100U spectrometer. The solvents for optical and
electrochemical measurements were distilled dichloromethane,
toluene, or 2-methyltetrahydrofuran as noted. Thin-layer chromatog-
raphy was performed on silica gel GHFL or GHL (Analtech).
Synthesis, TLC, workup, and purification were performed in a
darkened laboratory.
Cyclic voltammetry in dichloromethane containing 0.1 M tetra-n-

butylammonium hexafluorophosphate was performed on a CH
Instruments, Inc. potentiostat 420. A glassy carbon electrode was
used as the working electrode, and a platinum wire was used as the
counter electrode. The reference electrode was a silver wire dipped
into 0.01 M silver nitrate in acetonitrile containing 0.1 M tetra-n-
butylammonium hexafluorophosphate. Ferrocene was added as an
internal reference. Cyclic voltammetric data were analyzed by CHI
420B version 11.13 software.
Steady-state fluorescence spectra were measured using a Photon

Technology International MP-1 spectrometer and corrected for
detection system response as a function of wavelength. Excitation
was provided by a 75 W xenon-arc lamp and single-grating
monochromator. Fluorescence was detected at 90° to the excitation
beam via a single-grating monochromator and an R928 photo-
multiplier tube having S-20 spectral response and operating in the
single photon counting mode. Fluorescence decay measurements were
performed on optically dilute (ca. 1 × 10−5 M) samples by the time-

correlated single-photon-counting method. Two different excitation
systems were employed. The excitation source for the first system was
a mode-locked Ti:sapphire laser (Spectra Physics, Millennia-pumped
Tsunami) with a 130 fs pulse duration operating at 80 MHz. The laser
output was sent through a frequency doubler and pulse selector
(Spectra Physics model 3980) to obtain 370−450 nm pulses at 4
MHz. The excitation source for the second system was a fiber
supercontinuum laser based on a passive modelocked fiber laser and a
high-non-linearity photonic crystal fiber supercontinuum generator
(Fianium SC450). The laser provides 6 ps pulses at a repetition rate
variable between 0.1 and 40 MHz. The laser output was sent through
an Acousto-Optical Tunable Filter (Fianium AOTF) and the relevant
10 nm interference filter to obtain excitation pulses at a desired
wavelength. Fluorescence emission was detected at the magic angle
using a double-grating monochromator (Jobin Yvon Gemini-180) and
a microchannel plate photomultiplier tube (Hamamatsu R3809U-50).
The instrument response function was 35−65 ps. The spectrometer
was controlled by software based on the LabView programming
language, and data acquisition was done using a single photon
counting card (Becker-Hickl, SPC-830). Fluorescence anisotropy
decays were obtained by changing the detection polarization of the
fluorescence path parallel or perpendicular to the polarization of the
excitation light. The anisotropy decays then were calculated according
to eq 1, where IVV(t) (or IVH(t)) is the fluorescence decay when the

excitation light is vertically polarized and only the vertically (or
horizontally) polarized portion of fluorescence is detected, denoting
that the first and second subscripts represent excitation and detection
polarization, respectively. The factor G, which is equal to the ratio of
the sensitivities of the detection system for vertically and horizontally
polarized light, can be determined either by so-called tail matching of
IVV(t) and IVH(t) or by IHV(t)/IHH(t).

Data analysis was carried out using locally written software
(ASUFIT) developed under a MATLAB environment (Mathworks
Inc.). Random errors associated with the reported lifetimes obtained
from fluorescence measurements were typically ≤5%.

Quantum Chemical Modeling. The structure of hexad 6, was
modeled using a dispersion-corrected DFT B3LYP/6-31+G(d,p)
method with corrections implemented using carbon atom-centered
effective core-type potentials.53,85 Dispersion corrected potentials were
generated using DCPgen v1.9 software obtained from DiLabio’s
research group at the University of Alberta (www.ualberta.ca/
~gdilabio). The structure optimizations were performed using the
Gaussian 09 software package on a 48-core PC cluster. The SCF
convergence criterion was relaxed to the 10-5 level to facilitate
convergence within a reasonable time. No orbital symmetry
constraints were imposed.

■ CONCLUSIONS
The new porphyrin preparation method that we have reported
earlier has allowed facile synthesis of a series of porphyrin
arrays in which the macrocycles are distributed around a central
benzene ring. The nature of the chemical linkage to this central
ring allows the π-systems of the porphyrins to approach one
another closely, and this in turn leads to strong interchromo-
phore interactions showing excitonic splitting of transitions.
Dyad 2 assumes conformations in which the two macrocycles
are arranged in a twist-stacked geometry with C2 symmetry.
Approximately half of each porphyrin ring is stacked with the
corresponding half of the other porphyrin with an essentially
van der Waals separation. Hexad 6 exists as a trimer of similar
dimers, and all of the porphyrins interact electronically to some
extent. The triad 3 shows much weaker interactions among the
three porphyrins, perhaps including transient conformations in
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which two porphyrins form dimers and the third is relatively far
from the other two. The zinc series of molecules shows similar
behavior, and the interactions between chromophores are
strongly reduced by addition of pyridine, which coordinates to
the zinc atoms.
The UV−vis spectra indicate excitonic splitting in the dimers

in the various molecules. These interactions are generally of the
type in which the upper excitonic level is more allowed,
resulting in absorption shifts to shorter wavelengths. However,
the exact nature of the interactions depends in detail upon the
interchromophore separations and the relative orientations of
the transition dipoles in each conformation.
Singlet−singlet energy transfer is observed in 2Zn1, where

the chromophores are different, with a rate constant of ca. 2.3 ×
1010 s−1. Anisotropy studies of the other arrays show that
energy transfer among identical chromophores occurs with
time constants on the order of 150 ps or less.
The more facile oxidation of the arrays that feature dimer

formation and the suggested sharing of the radical cation
between the two macrocycles in the dimer are both
characteristic of the special pair of bacteriochlorophylls in
some bacterial photosynthetic reaction centers. Thus, 2 and
2Zn2 are potentially good models for some aspects of the
properties of these reaction centers.
Finally, strongly interacting chlorophyll molecules in photo-

synthetic antenna systems sometimes show quantum coherence
effects upon light absorption, and this may play a role in the
rapid energy transfer between such chromophores. It would be
interesting to investigate any such effects in these arrays or
similar ones.
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