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’ INTRODUCTION

Fully conjugated macrocycles or annulenes are intriguing
compounds because they combine an end-free π-system with
well-defined size and shape.1�4 The lack of end-group effects, high
symmetry, and the presence of strain can result in surprising
changes in the linear and nonlinear optical properties compared
with straight-chain oligomers.1�5 The rigidity of conjugated
macrocyles has also been exploited for molecular recognition in
solution and on surfaces.6 Despite the high level of recent interest
in π-conjugated nanorings, their synthesis remains challenging.
Many approaches rely on statistical oligomerizations, giving
mixtures of rings with different sizes, or involve lengthy stepwise
synthesis.1�3,7 The synthesis of belt-like conjugated macrocycles

with radially alignedπ-orbitals is particularly difficult because these
molecules are usually strained.8 In most cases, as in cyclic para-
phenylacetylenes2 or the recently reported cycloparaphenylenes,3

synthesis of a partially unsaturated cyclic precursor is followed by
an efficient reaction that leads to formation of the strained
conjugated nanoring. The use of templates can reduce the entropic
and enthalpic barrier to cyclization.4,9,10 We have used this
approach to synthesize strained porphyrin nanorings consisting
of 6, 8, and 12 porphyrin units.4 Coordination to the templates not
only facilitates the synthesis but also ensures efficient overlap of the
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ABSTRACT: Linear π-conjugated oligomers have been widely investi-
gated, but the behavior of the corresponding cyclic oligomers is poorly
understood, despite the recent synthesis ofπ-conjugated macrocycles such
as [n]cycloparaphenylenes and cyclo[n]thiophenes. Here we present an
efficient template-directed synthesis of a π-conjugated butadiyne-linked
cyclic porphyrin hexamer directly from the monomer. Small-angle X-ray
scattering data show that this nanoring is shape-persistent in solution, even
without its template, whereas the linear porphyrin hexamer is relatively
flexible. The crystal structure of the nanoring�template complex shows that most of the strain is localized in the acetylenes; the
porphyrin units are slightly curved, but the zinc coordination sphere is undistorted. The electrochemistry, absorption, and
fluorescence spectra indicate that the HOMO�LUMO gap of the nanoring is less than that of the linear hexamer and less than that
of the corresponding polymer. The nanoring exhibits six one-electron reductions and six one-electron oxidations, most of which are
well resolved. Ultrafast fluorescence anisotropy measurements show that absorption of light generates an excited state that is
delocalized over the whole π-system within a time of less than 0.5 ps. The fluorescence spectrum is amazingly structured and red-
shifted. A similar, but less dramatic, red-shift has been reported in the fluorescence spectra of cycloparaphenylenes and was
attributed to a high exciton binding energy; however the exciton binding energy of the porphyrin nanoring is similar to those of
linear oligomers. Quantum-chemical excited state calculations show that the fluorescence spectrum of the nanoring can be fully
explained in terms of vibronic Herzberg�Teller (HT) intensity borrowing.
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π-orbitals in the final nanoring, by restricting rotation of the
individual porphyrin units. This control of conformation should
enhance the above-mentioned “ring-effects” and lead to a better
understanding of the peculiar electronic properties of fully
π-conjugated macrocycles. Furthermore, template binding
provides away of locking a linear oligomer into the curved geometry
of a closed nanoring,11 permitting the effects of conformation to be
investigated separately from those of topology.

Herewe present an improved template-directed synthesis of the
cyclic porphyrin hexamer c-P6, directly from the porphyrin
monomer l-P1 (Scheme 1). Small-angle X-ray scattering
data show that this nanoring is shape-persistent in solution,
even in the absence of the template. The crystal structure of
the nanoring template complex c-P6 3 T6 indicates that the
template is slightly too small for the cavity of the macrocycle,
and this conclusion is supported by DFT calculations. The
diameter of T6 is too small for c-P6 by a factor of about 2.5%.
The strain energy in the nanoring, compared with the
corresponding linear hexamer, is about 101 kJ/mol,4b and
the crystal structure shows that most of this strain is located
in the butadiyne links. The electronic structure of the
nanoring was investigated by comparing its electrochemistry
and optical spectra with end-capped linear oligomers Si2-l-
P0N and Bu2-l-P0N.12 The electrochemical and the optical
HOMO�LUMO gaps of the nanoring are significantly
lower than those of these linear oligomers, and this effect
appears to be due to the bending of the π-system. Quantum-
chemical excited state calculations at the semiempirical level
show that the structured fluorescence spectrum of the
nanoring can be fully explained in terms of Herzberg�Teller
intensity borrowing from S2�S0 to S1�S0 transitions. In this
respect, c-P6 has a similar electronic structure to benzene.
The insights developed here are relevant to understanding

the electronic structures of smaller conjugated macrocycles
such as cyclothiophenes,1 cycloparaphenylacetylenes,2 and
cycloparaphenylenes.3

’RESULTS AND DISCUSSION

Synthesis. The key step in the synthesis of porphyrin nanor-
ing c-P6 is the oxidative coupling of porphyrin building blocks on
a hexadentate template T6 (Scheme 1). Initially, we used a Pd/
Cu cocatalyst system with iodine as the oxidant13 to couple
porphyrin dimer l-P2 on templateT6 at 60 �C, yielding the cyclic
hexamer template complex c-P6 3T6 in 33�44% yield.4b Reac-
tion of porphyrin monomer l-P1 under these conditions gave
only a 5% yield of c-P6 3T6. Replacing iodine with 1,4-benzo-
quinone, as reported by Swager,14 increased the catalytic activity,
enabling the coupling reaction to be carried out at 20 �C and
giving c-P6 3T6 in 21% yield directly from monomer l-P1. The
increased efficiency of this synthesis probably results from the
stronger interaction of the zinc porphyrin units to the template at
the lower temperature.10c The main byproduct of the cyclization
reaction is linear polymer. When using the more active catalyst
system (benzoquinone rather than iodine), this polymer is
formed with a higher molecular weight, making it more insoluble
and easier to remove: After passing the crude reaction mix-
ture over a pad of alumina, the only remaining products are
cyclic species that can be readily separated by size exclusion

Scheme 1. Synthesis of Cyclic Hexamer Template Complex c-P6 3T6 and Free Nanoring c-P6a

aReaction conditions: (a) t-BuCl, AlCl3, 50%;
16a (b) NBS, (BzO)2;

16a (c) hexamethylenetetramine, HCl, 64% (over two steps);16a (d) CH2O,
TFA, 52%;16b (e) TFA then DDQ then Zn(OAc)2, 56%; (f) NBS, 92%; (g) trihexylsilylacetylene, Pd2(dba)3, CuI, PPh3, 99%; (h) TBAF, 92%;
(i) Br2, 96%;

4b (j) 4-pyridineboronic acid, PdCl2(PPh3)2, NaHCO3, 50%;
4b,17 (k) PdCl2(PPh3)2, CuI, 1,4-benzoquinone, i-Pr2NH, 21%; (l) DABCO,

90%.4b
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chromatography (Figure 1). Besides c-P6 3T6, the recently
reported figure-of-eight 12-porphyrin nanoring complex c-P12 3
(T6)2 is also formed in 4% yield.4c

Now that c-P6 3T6 can be prepared directly from the porphyr-
in monomer l-P1, this nanoring is available in a few steps from
simple starting materials as illustrated in Scheme 1. Starting
from toluene and pyrrole, 3,5-di(tert-butyl)benzaldehyde and
dipyrromethane are easily prepared on a multigram scale.15

Porphyrin synthesis and attachment of terminal acetylenes in
themeso-positions can be carried out on a gram scale in four steps
to give porphyrin monomer l-P1 in an overall yield of 45%.16

The hexapyridyl template T6 is accessible in two steps (50%
overall yield) via bromination of hexaphenyl benzene followed
by a 6-fold Suzuki coupling with 4-pyridineboronic acid.4b

Addition of a large excess of the competing ligand DABCO
(1,4-diazabicyclo[2.2.2]octane) to c-P6 3T6 displaces the tem-
plate to give the free nanoring c-P6 in high yield. The nanoring
with solubilizing octyloxy chains in place of the tert-butyl groups
was prepared under the same reaction conditions in similar
yield.12

1H NMR Spectroscopy. The high symmetry of the nanoring
template complex c-P6 3T6 is reflected in its simple 1H NMR
spectrum (Figure 2a). The two faces of each porphyrin unit are
inequivalent due to the presence of the hexadentate ligand T6,
resulting in three singlets in the aromatic region, corresponding
to the aryl protons c1, c2, and d, as well as two singlets from tert-
butyl protons i1 and i2. Upon removal of the template, the signals
of aryl protons c1 and c2 merge into one signal, as do tert-butyl
protons i1 and i2, implying that rotation of the porphyrin units
becomes fast on the NMR time scale (Figure 2b).
Solution-Phase Small-Angle X-ray Scattering. SAXS is a

well-established technique for solution-phase structure determi-
nation of biological macromolecules such as proteins.17 Over the
past few years, it has emerged as an important tool for determin-
ing the shapes of large synthetic molecules and molecular
assemblies.4c,18 We found very good agreement between the
experimental scattering data and simulated scattering curves
calculated from molecular models of c-P6 3T6 and c-P6
(Figure 3a,b). The radii of gyration, Rg, determined from a
Guinier fit, match the values calculated from models (see
Supporting Information). The pair distribution function
(PDF) is the normalized probability of finding electron density
at separation r and can be interpreted more intuitively than the
scattering data from which it is obtained by indirect Fourier

transformation. PDFs of metalloporphyrin assemblies are parti-
cularly informative due to the local point symmetry of the
porphyrin cores and the presence of high atomic number metal
centers. This often results in well resolved peaks that can be
assigned to particular metal�metal distances.18 The high sym-
metry of c-P6 and c-P6 3T6 results in two distinct peaks that
correspond to the distance between two neighboring and two
opposite porphyrin units. All features in the PDFs are well
reproduced by curves calculated from molecular models. For
comparison, Figure 3c shows the scattering data and pair
distribution function of linear porphyrin hexamer Si2-l-P06.
The greater length of this linear oligomer, compared with the
cyclic hexamer, is evident from the larger radius of gyration and
the presence of peaks at up to 70 Å in the pair distribution
function. The five peaks in the PDF correspond to the five
distances between porphyrin centers in the hexamer. The shape
of the PDF is well reproduced by simulated data from the
molecular model; however at increasing distances the model
overestimates r. This discrepancy is due to the flexibility of Si2-l-
P06 in solution, which reduces the end-to-end length. The
excellent agreement between experimental and simulated PDF
of c-P6 shows that the shape of the nanoring persists in the
absence of the template.

Figure 1. Analytical gel permeation chromatogram of the crude cycliza-
tion product eluted in THF (detection wavelength 360 nm). The larger
12-porphyrin figure-of-eight complex c-P12 3 (T6)2 is eluting first,
followed by c-P6 3T6.

Figure 2. 1H NMR (298 K, 500 MHz) of (a) c-P6 3T6 in CDCl3 and
(b) c-P6 in CDCl3/1% C5D5N.
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Crystallography.Determination of the crystal structure of the
nanoring was challenging because it forms small weakly diffract-
ing crystals, with large unit cells and substantial amounts of
disordered solvent. It is near the upper limit of the size range of
synthetic molecules that have been characterized crystallographi-
cally, and the Cambridge Structural Database (CSD, version 5.32)
contains only two previous structures of covalent porphyrin
oligomers with more than five porphyrin units.19 Crystals of
c-P6 3T6 were grown by vapor diffusion of n-hexane into a solution
of c-P6 3T6 in CHCl3/1% pyridine. The asymmetric unit con-
tains half a molecule of c-P6 3T6, with a crystallographic inver-
sion center at the center of the molecule. The molecules pack in a
herringbone arrangement and form infinite layers (Figure 4a).
The experimental mean transannular Zn 3 3 3Zn distance (24.35
( 0.08 Å) is in excellent agreement with the previously published
calculated value of 24.2 Å.4b Molecules of c-P6 3T6 are slightly
distorted from ideal D6h symmetry, and the nanoring adopts a
“chair-like” conformation, with alternate butadiyne links above
and below the mean plane of the six zinc atoms (mean deviations
of 0.80 Å at Cα and 0.89 Å at Cβ, Figure 4b,c). This distortion

makes the c-P6 ring contract slightly round the T6 template, and
it reveals that the template is too small for the cavity of the
nanoring. However the zinc coordination geometry is essentially
normal. Themean zinc to pyridine nitrogen bond length (dZn�Py

= 2.15 ( 0.02 Å) in c-P6 3T6 is the same as that reported in the
crystal structure of the linear dimer Si2-l-P2 (2.164( 0.002 Å)20

and in other five-coordinate Zn-porphyrin pyridine complexes
(Figure 5a; mean value from the CSD, dZn�Py = 2.16( 0.03 Å).
The porphyrin units in c-P6 3T6 are almost planar: the root-
mean-squared deviation for the 24 atoms of the porphyrin core,
averaged over all three crystallographically inequivalent porphyr-
in units, is 0.020 Å, which is less than in the linear dimer Si2-l-P2
(0.043 Å). The porphyrin units are slightly curved around the
nanoring, which reduces the distance from the zinc atom to the
mean plane of the 24-atom porphyrin core (Figure 5b, dZn�Porph

= 0.24 ( 0.06 Å; mean value from the CSD, dZn�Porph = 0.37(
0.06 Å; in Si2-l-P2, dZn�Porph = 0.32 Å). The curvature in the
porphyrins is most clearly revealed by the angles between meso
carbon atoms C(5) and C(15) and the centroid of four pyrrole
nitrogens (mean γ = 174.2� ( 0.9�), which is less than the

Figure 3. SAXS data for (a) c-P6 3T6, (b) c-P6, and (c) Si2-l-P
06 acquired in toluene or toluene/1% pyridine at 298 K at the Diamond Light Source, U.

K. The top row shows the raw scattering data (black circles) together with the simulated curves based on calculated models (lines). The scattering
intensity is a function of the scattering vector, q, which is related to the scattering angle 2θ by the relation q = (4π/λ)sin θ, where λ is the X-ray
wavelength. The insets are Guinier fits that were used to determine the radii of gyration, Rg. The middle row shows the molecular models that were used
to simulate SAXS data, with calculated Zn 3 3 3Zn distances. Energy minimized structures were obtained using the MM+ force field implemented in the
package HyperChem (Hypercube Inc.). The bottom row shows pair distribution functions determined experimentally (black circles) and from models
(lines). SAXS data for c-P6 3T6 were acquired both at the Diamond Light Source and at the Advanced Photon Source at the Argonne National
Laboratory in Chicago, Illinois, USA. The PDF from the data acquired at the ArgonneNational Laboratory (gray triangles) is in excellent agreement with
that from measurements at the Diamond Light Source (black circles).
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corresponding angle between meso carbon atoms C(10) and
C(20) (mean γ = 177.9� ( 0.5�; Figure 5c). A similar curved
distortion is evident in the porphyrin tetramer nanobarrel
reported recently by Osuka and co-workers.21 Most of the strain
in c-P6 3T6 is distributed among the acetylenes. The averages of
the C(sp2)�CαtCβ and CαtCβ�Cβ bond angles for the six
nonequivalent CtC units in c-P6 3T6 deviate significantly from
values found for linear butadiynes in the CSD (Figure 5d).
However the distortion in these acetylenes is less than that found
in many other butadiyne-linked macrocycles.22 The average
crystallographic Cβ�Cβ and CαtCβ bond lengths in c-P6 3T6
are 1.386( 0.022 Å and 1.223( 0.016 Å, respectively, reflecting
a normal level of bond length alternation for a 1,3-butadiyne, in
contrast to the behavior observed in longer polyynes.23

Electrochemistry. Cyclic and square-wave (SW) voltamme-
try were carried out on c-P6 3T6 and c-P6 in THF in the presence
of NBu4PF6 (0.10 M). The SW voltammograms are plotted in
Figure 6a, for the range �2.2 to +0.8 V (relative to internal
ferrocene Fc/Fc+). The trace for c-P6 3T6 appears to show six

one-electron reductions and six one-electron oxidations,
although the first and second reductions potentials are unre-
solved, as are the 1st/2nd and 5th/6th oxidations.
In Figure 6b, the first and sixth oxidation and reduction

potentials of c-P6 3T6 and c-P6 (EOx
1 , EOx

6 , ERed
1 , ERed

6 ) are
compared with the first and Nth oxidation and reduction
potentials of Bu2-l-P0N, which vary linearly with 1/N (where N
= 1, 2 and 4; data from ref 24). The HOMO�LUMO gap of c-
P6 3T6 (Eg = Eox

1 � Ered
1 = 1.55 V) is smaller than the gap

extrapolated for an infinite polymer (1.71 eV). The splittings

Figure 4. (a) Packing diagram for c-P6 3T6. Front (b) and side (c)
views of individual molecules of c-P6 3T6 in the crystal with mean plane
fitted through six zinc-centers (red dashed line). Hydrogen atoms, aryl
groups, and solvent molecules are omitted for clarity.

Figure 5. Comparison of crystallographic parameters in c-P6 3T6 with
those of structural fragments from the Cambridge Crystallographic
Database: (a) Zn�N bond length dZn�Py of the pyridyl nitrogen; (b)
out-of-plane distance dZn�plane of the Zn atom from the plane of the 24-
atom porphyrin core; (c) angle between opposite meso-positions and
centroid of four pyrrole nitrogens γ; (d) sum of the angles C-
(sp2)�CαtCβ (θ1) and CαtCβ�Cβ (θ2), compared with acyclic
(gray bars) and cyclic (white bars) 1,3-butadiynes. Red and green arrows
indicate the values of dZn�plane, dZn�Py, γ, and (θ1 + θ2) over the three
inequivalent butadiyne and porphyrin units in c-P6 3T6.
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between the first and sixth oxidation and reduction potentials of
c-P6 3T6 (EOx

1 � EOx
6 = 0.39 V; ERed

1 � ERed
6 = 0.50) are also wider

than the extrapolated splittings for the infinite polymer (0.31 and
0.29 V, respectively). Both these comparisons indicate that the
electronic coupling in the nanoring is stronger than in the linear
oligomers. Removal of the template reduces the resolution
between the different redox processes and increases the HOMO
�LUMO gap to 1.62 V, but this is still less than the gap expected
for an infinite polymer. Thus the strong electronic coupling in c-
P6 3T6 seems to be partly a consequence of the rigid geometry
enforced by the template and partly a consequence of distortion
of the π-system. Electrochemical measurements on cyclo-
[10]thiophene1b and [8]cycloparaphenylene3d revealed similar
strain-induced decreases in the first oxidation potentials, although
reduction potentials were not reported for either of these systems,
so it is not known whether strain also reduces the electrochemical
HOMO�LUMO gap in other π-conjugated macrocycles.
Optical Spectroscopy and Photophysics. The absorption

and fluorescence spectra of the linear and cyclic hexamers (Si2-l-
P06 and P6) are compared in the presence and absence of the T6
template in Figure 7.25 In agreement with the trend seen in the
electrochemical HOMO�LUMO gaps, both the onset of ab-
sorption and the first emission maxima in c-P6 and c-P6 3T6 are
red-shifted by 60�70 nm (ca. 0.1 eV) compared with Si2-l-P06. A
similar effect is observed in the loop complex Si2-l-P06 3T6. The
red shift in the absorption spectra of c-P6 3T6 and Si2-l-P

06 3T6
may be partly a consequence of the small porphyrin�porphyrin
torsional angles in these systems, whereas the full range of
torsional angles is populated in Si2-l-P06. However when the
porphyrin�porphyrin torsional angles are fixed by self-assembly

of double-strand ladder complexes (e.g., (Si2-l-P06)2 3 (Bipy)6,
see Supporting Information),16a this does not result in such a
large red-shift, so part of the effect must originate from the
curvature of the π-system. Bending the π-system also results in
new emission bands at long wavelengths (1000�1300 nm,
Figure 7). The relative intensity of these NIR bands increases
in the order Si2-l-P06 3T6 < c-P6 < c-P6 3T6, which correlates
with the growing rigidity of the porphyrin oligomers. The most
rigid species, c-P6 3T6, shows a complex pattern of emission
peaks extending to 1300 nm. The appearance of these low-energy
NIR bands is accompanied by a dramatic drop in the fluorescence
quantum yields (Figure 7), and this effect is most pronounced in
the c-P6 3T6 complex. The structured absorption and fluores-
cence spectra of c-P6 3T6 become well resolved at low tempera-
tures (e.g., 80 K, Figure 7e). The assignment of these transitions
is discussed below.
The fluorescence decay times of c-P6 3T6 and Si2-l-P06 are

250 and 650 ps, respectively.26 When combined with the
fluorescence quantum yields in Figure 7, these data give radiative
rate constants of kF = 4.8� 106 s�1 for c-P6 3T6 and kF = 1.2�
108 s�1 for Si2-l-P06. The small S1�S0 radiative rate constant for
c-P6 3T6 indicates that its S1 state is delocalized over all six
porphyrin units, as discussed in the next section. Time-resolved
fluorescence polarization anisotropy measurements confirmed
that optical excitation results in an excited state that is delocalized
over the whole nanoring. The initial anisotropies for c-P6 and c-

Figure 6. (a) Square-wave voltammograms of c-P6 3T6 (black line) and
c-P6 (red dashed line) in THF in the presence of NBu4PF6 (0.10 M)
referenced to internal ferrocene (Fc/Fc+ at 0.00 V). (b) Comparison of
the oxidation and reduction potentials of c-P6 3T6 (green points) and c-
P6 (red points) with those of Bu2-l-P0N, measured under the same
conditions.24

Figure 7. Normalized steady-state absorption (black lines) and fluor-
escence (blue lines) spectra at 295 K of (a) Si2-l-P06 in toluene/1%
pyridine, (b) Si2-l-P06 3T6 in toluene, (c) c-P6 in toluene/1% pyridine,
(d) c-P6 3T6 in toluene, and (e) c-P6 3T6 in methylcyclohexane at 80 K.
Samples were excited at 489 nm, except c-P6 3T6 (λex = 809 nm at 295
K; λex = 856 nm at 80 K). The red arrow indicates the S1�S0 0�0
transition at 946 nm and / indicates a fluorescent impurity at 930 nm
(see Supporting Information).25
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P6 3T6 were found to be 0.08 ( 0.02 and 0.08 ( 0.01,
respectively; in both cases, the value remained constant over
the period 0.5�20 ps after excitation (see Supporting In-
formation). These anisotropies match the value of 0.1 expected
for depolarization over a two-dimensional chromophore. In
contrast, the initial fluorescence anisotropy of the linear hexamer
Si2-l-P06 is 0.32( 0.02, which is close to the value of 0.4 expected
for a linear chromophore.27 The observation that the anisotropy
of Si2-l-P06 is slightly less than 0.4 reflects the flexibility of this
molecule in solution (as indicated by the SAXS data, Figure 3c).
These results are consistent with the ultrafast fluorescence
depolarization previously reported for the linear octamer Si2-l-
P08 locked into a cyclic conformation by binding to an octapyr-
idyl template.27

Theory. The absorption and emission behavior of conjugated
macrocycles can be explained in terms of a simple exciton
model.4b,28 In the lowest energy (S0�S1) transition of a linear
π-system consisting of several component chromophores, the
individual transition dipoles of the component chromophores
add up to give a strong overall transition dipole. However in the
lowest energy transition of the corresponding cyclic oligomer,
the individual transition dipoles cancel, leading to no overall
transition dipole. Consequently the absorption spectrum of the
nanoring is dominated by the strongly allowed S0�S2 transition,
and emission from S1 is slow and inefficient, explaining the low
fluorescence quantum yield and small radiative rate constant of c-
P6 3T6. The cancellation of the transition dipoles is expected to
be less complete in more flexible and less symmetrical systems
such as Si2-l-P6 3T6 and c-P6, which explains why they fluoresce
more efficiently than c-P6 3T6.
Quantum-chemical excited state calculations at the semiem-

pirical intermediate neglect of differential overlap single config-
uration interaction (INDO/SCI)29 and time-dependent density
functional theory (TD-DFT)30 levels of theory provide a more

detailed picture than this excitonic model. The ground state
geometries of c-P6 3T6 and c-P6 were optimized (without
solubilizing aryl groups and constrained to minimum D6

symmetry) at the DFT level of theory.31 While c-P6 was found
to exhibit D6h symmetry, the propeller twist of the T6 template
reduced the symmetry of c-P6 3T6 to D6. The lowest singlet
excited state S1 (Figure 8a) has A2g symmetry in c-P6 and A2
symmetry in c-P6 3T6. In c-P6, transition between S0 (A1g) and
S1 (A2g) is forbidden,32a while in c-P6 3T6 transitions are
formally allowed via the a2(z) component of the electric dipole
operator but have a vanishingly small transition dipole moment.
However S0�S2 transitions are strongly allowed

32b and doubly
degenerate with x- and y-polarizations (see Figure 8b,c).
In order to develop an interpretation of the low-energy

emission bands, it is instructive to compare c-P6 to benzene,
with which it shares the same symmetry point group. In benzene,
the transitions between the ground state S0 (A1g) and lowest
singlet S1 (B2u) at approximately 5 eV33 are forbidden.32c The
weak absorption band in this spectral region is well studied34 and
interpreted in terms of Herzberg�Teller (HT) intensity
borrowing35 mediated via vibronic coupling. Simulated spectra
of benzene including HT coupling have been performed at a very
high level of theory and are in excellent agreement with experi-
mental spectra.36a Here we calculate the HT emission spectra of
c-P6 3T6 using more approximate models practical for a system
of this size. The physical basis of the HT coupling can be pictured
in two equally valid ways: In the first, the nuclear and electronic
wave functions are regarded to be completely decoupled at
zeroth-order, while perturbative interactions between the S1
electronic wave function (A2) and nuclear motions of the correct
symmetry (e1) result in a combined electronic and vibronic state
of E1 symmetry, which can mix with nearby purely electronic
states of the same E1 symmetry. Because electric dipole transi-
tions from E1 to A1 are strongly allowed,

32d the mixing results in

Figure 8. INDO/SCI atomic transition densities (blue and red spheres) and schematic excitonic models of S1 (a, d) and the y-polarized (b, e) and x-
polarized (c, f) components of the doubly degenerate S2 at the D6 symmetric ground state geometry (a�c) and distorted 0.1 a0 along vibrational mode
968 (d�f). Peripheral yellow arrows indicate the direction of individual porphyrin transition dipole moments, while central yellow arrows show the net
transition dipole moments. The black arrows in parts d�f indicate the displacement of butadiyne carbons along mode 968 and bonds inset indicate the
direction of the change in bond length alternation.
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nonzero intensity for the combined vibronic HT transition. The
intensity of the purely electronic state decreases proportionally to
the intensity of the HT transition and the strength of this
“intensity borrowing” depends on the energy spacing between
the states. In a simpler but less informative picture ofHT coupling,
nuclear motions along non-totally-symmetric vibrational modes
break the D6 symmetry of the electronic wave function, resulting
in a net transition dipole moment to the ground state.
The HT framework accounts for intensity borrowing via the

first derivative of the transition dipole moment with respect to
displacement of the nuclear coordinates along vibrational
modes.35 A detailed description of our model can be found in
the Computational Methods section. We begin by calculating the
vibrational modes of c-P6 3T6 at the DFT level using the BHLYP
functional with the 6-31g(d,p) basis set. Comparing the simu-
lated and experimental IR spectra shows that agreement is
acceptable if the BHLYP frequencies are multiplied by a literature
scaling factor of 0.940 (Figure 9).37

The normal modes plotted in Figure 9 were used to calculate
S0�S1 transition dipole moment derivatives and resulting HT-
induced transition intensities for all modes of e1 symmetry, thus
providing the vibronic envelope of the S0�S1 electronic transi-
tion. Accurate prediction of the 0�0 energy for a system of this
size represents a formidable challenge. When the electronic
transition energies were calculated using various computational
methods, the energies were found to be method-dependent (see
Supporting Information), thus we assumed an energy of 1.31 eV
for the 0�0 transition by matching the simulated HT spectrum
to the experimental low-temperature fluorescence spectrum
(Figure 10). The simulated HT spectrum reproduces the vibro-
nic structure of the low-temperature emission spectrum remark-
ably well considering the complexity of the system. Additionally,
calculated radiative rate constants of the HT transitions are in
good agreement with the experimentally determined values (see
Supporting Information), confirming the accuracy of our pre-
dicted HT transition intensities. The small peak in the experi-
mental fluorescence spectrum at 1.36 eV, which is at higher
energy than the assumed S0�S1 0�0 of 1.31 eV, is attributed to a
fluorescent impurity (see Supporting Information; this impurity
is indicated by / in Figures 7 and 10).
The most strongly coupled HTmode (mode 968) has a scaled

frequency of 2244 cm�1 (278 meV) and corresponds to bond
stretching in the butadiyne links, as represented schematically by
the black arrows in Figure 8d�f. The vibration bisects the ring,
creating two segments characterized by decreased and

increased bond length alternation and thus increased and
decreased conjugation, respectively. The change in bond length
alternation is schematically represented by the bonds drawn
around the distorted rings of Figure 8d�f. INDO/SCI atomic
transition densities of the S1, S2(x), and S2(y) electronic
transitions at the reference D6 ground state geometry and after
a displacement of 0.053 Å (i.e., 0.1a0, where a0 is the Bohr
radius) along mode 968 are also shown, providing a didactic
visualization of the HT intensity-borrowing effect. The displa-
cement disrupts the perfect symmetry of the S0�S1 atomic
transition densities present in the D6 geometry, resulting in a
net transition dipole moment in the distorted structure. The
increase in S1 transition density for the more conjugated
segment of the ring is accompanied by a decrease in S2(y)
transition density in the same segment, since the S0�S1
transition borrows intensity from the S0�S2(y) transition. This
is confirmed by the decrease in S2(y) oscillator strength, which
is approximately equal to the increase in S0�S1 oscillator
strength. Modes of e1 symmetry occur in pairs of doubly
degenerate x and y polarized vibrations, which couple to the
degenerate S0�S2(x) and S0�S2(y) electronic transitions,
respectively. The other strongly HT coupled modes also have
a butadiyne bond stretching component.
Having obtained a thorough understanding of the low-tem-

perature fluorescence spectrum of c-P6 3T6, which is due entirely
to HT S0�S1 transitions, we turn our attention briefly to the
absorption spectrum (Figure 7e). The theoretical analysis pre-
sented above indicates that the S0�S1 (0�0) absorption is an
extremely weak band at about 945 nm. We believe the three main
peaks in absorption are a result of coupling of the strongly allowed
doubly degenerate x and y polarized S2�S0 electronic transition
(Figure 8) to vibrational transitions. Whether the transitions are
the result of a Franck�Condon vibronic progression that can be
interpreted within an adiabatic Born�Oppenheimer framework
(in which the dynamics of the electronic and nuclear degrees of
freedom can be decoupled) or whether they are the result of
dynamic vibronic coupling within a nonadiabatic framework is
currently unclear. The fact that the three peaks have approximately
equal spacings of 75 meV is compatible with a Franck�Condon

Figure 9. Infrared spectra of c-P6 3T6: experimental spectrum in
CCl4 (black line), DFT stick spectrum (red bars, frequencies have been
scaled by 0.94), and DFT convoluted spectrum (red line, Lorentzian
γ = 0.01 eV).

Figure 10. Emission spectra of c-P6 3T6: experimental spectrum in
methylcyclohexane at 78 K (excitation at 1.53 eV; 810 nm; blue line),
Herzberg�Teller stick spectrum (red bars) and convoluted spectrum
(red line, Gaussian σ = 5 meV). Convoluted-HT-spectrum peak heights
are twice those of the stick spectrum as the e1 HTmodes occur in doubly
degenerate pairs. The integrated HT radiative decay rate is 8.4 � 106

s�1. The vertical dashed line marks the 0�0 transition energy at 1.31 eV
(/ indicates an impurity peak; see Supporting Information).
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interpretation. However, the importance of nonadiabatic coupling
in systems featuring degenerate electronic states is well-known.38

Work is in progress to investigate both possibilities.
Comparison of the calculated geometries of c-P6 and c-P6 3T6

indicates that the N 3 3 3N diameter of the T6 template (20.06 Å)
is about 0.5 Å less than the ideal size for binding c-P6. This
confirms the conclusion from the crystal structure of c-P6 3T6
that the template is slightly too small for the cavity. Although the
symmetry of the calculated gas-phase structure of c-P6 3T6 is
different from that in the solid state, the calculated bond lengths
and bond angles match well with the crystallographic values. For
example calculations using the BHLYP functional gave a Zn 3 3 3
Zn diameter of 24.37 Å, which agrees with the crystallographic
distance of 24.35 Å. Similarly the calculated value of (θ1 + θ2) is
343.1�, which is close to the mean crystallographic value of
338.6� (Figure 5d).

’CONCLUSIONS

The six-porphyrin nanoring c-P6 can be synthesized in one
step from porphyrin monomer l-P1, making it a readily available
systems in which to explore the consequences of conjugation
around a cylindrical barrel-shaped π-system. The free nanoring
and its template complex c-P6 3T6 adopt essentially the same
conformation in solution, as demonstrated by small-angle X-ray
scattering (SAXS) measurements, although the 1H NMR and
UV�vis�NIR spectra show that the free nanoring is more
flexible. The crystal structure of c-P6 3T6 reveals that most of
the distortion in the nanoring is located in the acetylenic bridges.
There is a slight bend in the porphyrin units, but the zinc
coordination sphere is undistorted. The solid-state structure of
c-P6 3T6 reveals a surprising ruffling of the whole nanoring,
indicating that the template is slightly too small for the cavity of
the macrocycle.

Ultrafast fluorescence anisotropy measurements show that
absorption of light by c-P6 and c-P6 3T6 generates excited states
that are delocalized over the whole π-system. The optical absorp-
tion and fluorescence spectra exhibit remarkably complex patterns
of sharp peaks. The fluorescence spectrum of c-P6 3T6 extends
over a wide region of the near-infrared, from 900 to 1300 nm.
These extraordinary spectra motivated the theoretical study pre-
sented above. Similar red-shifted fluorescence has been reported in
cyclo[n]thiophenes,28a [n]paraphenylacetylenes2a and [n]cyclo-
paraphenylenes,3 but the effect is most pronounced in c-P6 3T6.

The results of the quantum chemical DFT and INDO/SCI
calculations presented here are significant for two reasons. First
they show that the puzzling NIR fluorescence spectrum of c-
P6 3T6 can be fully explained by vibronic Herzberg�Teller
intensity borrowing from S2 to S1. Second, by providing an
assignment for the fluorescence spectrum of c-P6 3T6, they
enable us to identify the S0�S1 0�0 transition (E00 = 1.31
eV). The corresponding S0�S1 gap for the free nanoring c-P6 is
E00 = 1.38 eV (measured in toluene with 1% pyridine). These
optical gaps are lower than those of the corresponding linear
hexamer (Si2-l-P06; E00 = 1.48 eV) or linear polymer (l-P0N;N≈
30�50; E00 = 1.46 eV), both measured in toluene with 1%
pyridine. In low-viscosity solvents such as toluene, the excited
states of linear porphyrin oligomers planarize prior to emission,39

so the red-shifted emission of the nanoring is unlikely to be
related to the distribution of porphyrin�porphyrin torsional
angles. Comparison of the absorption and fluorescence spectra
of c-P6 3T6 and Si2-l-P6 3T6 indicates that the unique electronic

structure of the nanoring results partly from bending of the
π-system and partly from the high symmetry. Both the optical
S1�S0 gap (E00 = 1.31 eV) and the electrochemical HOMO
�LUMO gap (Eg = 1.55 V) of c-P6 3T6 are lower than those of
the analogous linear oligomers. The difference between these two
types of gap, which is the exciton binding energy (Eexc = Eg� E00
= 0.24 eV), is slightly lower than that in linear porphyrin
oligomers (e.g., Eexc = 0.29 eV for Si2-l-P4).

24 The free nanoring
c-P6 has an identical exciton binding energy to c-P6 3T6. It has
been suggested, based on computational results, that the red-
shifted fluorescence spectra of [n]cycloparaphenylenes originate
from unusually high exciton binding energies,3a,28b but to the best
of our knowledge, c-P6 is the first conjugated belt-like macrocycle
in which the exciton binding energy has been measured experi-
mentally, by comparing electrochemical and optical gaps. We see
no evidence for a high exciton binding energy in the nanoring.

Evidence for completed delocalization in the first excited state
of c-P6 3T6 is provided by the small S1�S0 radiative rate
constant, by the ultrafast fluorescence anisotropy depolarization,
and by the excellent match between the calculated and observed
fluorescence spectra (Figure 10). Our theoretical analysis in-
dicates that the nonemissive S1 state of c-P6 3T6 is fully
delocalized over all six porphyrins (Figure 8a), whereas the
strongly allowed S2 state is delocalized over four of the six
porphyrins (Figure 8b,c). HT coupling between these two states
gives rise to the observed fluorescence spectrum. If the S1 state
were to self-localize onto a few adjacent porphyrin units, then the
S1�S0 transitions would become strongly allowed and would
dwarf any HT transitions. The very weak purely electronic 0�0
transition (at 946 nm) is a clear signature of a fully delocalized
lowest excited state. The multiple satellites in the fluorescence
spectrum arise from dynamic HT coupling to vibrational modes,
rather than from static distortions that would result in symmetry
breaking and localization of excitation.

The results presented here give a coherent picture of the
electronic structure of a π-conjugated nanoring with a diameter
of 2.4 nm. They show that this six-porphyrin nanoring behaves as
a single π-system, not as an assembly of six discrete porphyrin
chromophores. It will be interesting to explore how the electro-
nic structure evolves in the larger nanorings of this family4 and
how the unusual behavior of these materials can be exploited.40,41

’METHODS AND MATERIALS

Synthetic Procedures. All precursors were prepared according to
the literature references given in the main text (see Supporting
Information for details).
Synthesis of c-P6 3 T6. Hexadentate template T6 (100 mg, 0.100

mmol) and porphyrin monomer l-P1 (370 mg, 0.463 mmol) were
dissolved inCHCl3 (500mL) and sonicated for 30min (bath sonicator).
A catalyst solution was prepared by dissolving Pd(PPh3)2Cl2 (108 mg,
0.154 mmol), copper(I) iodide (147 mg, 0.772 mmol), and 1,4-
benzoquinone (334 mg, 3.09 mmol) in CHCl3 (90 mL) and freshly
distilled diisopropylamine (3.7 mL). The catalyst solution was added to
the porphyrin solution, and the mixture was stirred at room temperature
for 2 h, and then at 50 �C for 1 h (under air). The mixture was passed
through a plug of alumina using CHCl3 as eluent, and purified by size
exclusion chromatography on Biobeads S-X1 in toluene. The second
band was isolated and recrystallized by layer addition (CH2Cl2/MeOH)
to give c-P6 3T6 as a dark brown solid (93 mg, 21%).
Solution Small-Angle X-ray Scattering. The synchrotron

radiation SAXS data were collected using standard procedures on the
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I22 beamline at Diamond Light Source (UK) equipped with a photon-
counting detector. The beam was focused onto the detector placed at a
distance of 1.25 m from the sample cell. The X-ray wavelength was
λ = 1.0 Å, and scattering was recorded across the region 0.03 < q < 1.0 Å�1.
The data were normalized to the intensity of the incident beam; the
scattering of the solvent was subtracted using an in-house program. To
check for radiation damage during the SAXS experiment, the data were
collected in 10 successive 60 s frames. All SAXS measurements were
performed in either toluene or toluene/1% pyridine at known concen-
trations (∼10�4 M) in a solution cell with mica windows (1 mm path
length). Simulated scattering curves from molecular models were
obtained by fitting to the experimental scattering data using the program
CRYSOL.42 The program GNOM43 was used to calculate pair distribu-
tion functions and radii of gyration from experimental and simulated
scattering data.

X-ray scattering data were also recorded on a solution of c-P6 3T6 in
toluene at beamline 12-ID-C, Advanced Photon Source, Argonne
National Laboratory, Argonne, Illinois, USA, using samples in 2 mm
quartz capillaries with a wall thickness of 0.2 mm. The instrument
utilized a double-crystal Si(111) monochromator and a two-dimen-
sional mosaic CCD detector. The X-ray wavelength was λ = 1.0 Å and
the sample-to-detector distances were adjusted to record scattering
across the regions 0.006 < q < 0.2 Å�1 and 0.29 < q < 2.1 Å�1.
Crystallography. Single-crystal diffraction data for c-P6 3T6 were

collected at low temperature44 with synchrotron radiation using beamline
I19 (EH1) at the Diamond Light Source. The data were collected and
reduced using CrystalClear (Rigaku Inc., 2009). Initially, small black
hexagonal plate-like crystals were attempted; these gave a hexagonal cell
of a = 49.85 Å, c = 29.46 Å, V = 63395 Å3 that ultimately did not solve
(details are given in the CIF). Dark green plate-like crystals gave better
data, and the structure was solved with SuperFlip45 and was refined using
full-matrix least-squares within CRYSTALS.46 Same-distance restraints
were necessary to maintain sensible geometries for the disordered
components; positional parameters for the porphyrin cores and acetylene
bridges were unrestrained; however, thermal restraints were necessary
throughout. Standard uncertainties were calculated from the full-matrix
least-squares, except where an average value is given and the sample
standard deviation is used. The structure was compared with literature
values taken from theCambridge Structural Database (CSDVersion 5.32
with Nov. 2010 update).47 Crystallographic data for c-P6 3T6 (excluding
structure factors) have been deposited with the Cambridge Crystal-
lographic Data Centre and can be obtained via www.ccdc.cam.ac.uk/
data_request/cif.
Electrochemistry. Electrochemical experiments were performed

using an Autolab PGSTAT12 potentiostat. Compounds were dissolved
in freshly distilled THF containing Bu4NBF4 (0.1M), under helium. A 3
mm glassy carbon working electrode was used with a Pt wire counter
electrode and a Ag/AgNO3 reference electrode. The redox potentials of
all the compounds synthesized during this study were measured using
square-wave voltammetry; the reversibility of the redox waves was
checked by cyclic voltammetry.
Computational Methods. HT spectra can be calculated at many

levels of approximation, both in terms of the quantum chemical method
used and assumptions made about the ground and excited state potential
energy surfaces.36 Here we adopt a similar approach to that found in ref
36d, which assumes the harmonic approximation, negligible normal
mode rotation (Duschinsky effect) upon excitation, and identical
frequencies in S0 and S1. We consider only 0�1 vibronic transitions
(i.e., from the vibrational ground state of the electronic excited to the
first vibrationally excited state of the electronic ground state). The 0�1
squared HT transition dipole moment μHT,i

2 (to which the spectral
intensity is proportional) for each mode i of e1 symmetry having reduced
massmi and frequencyωi is calculated from the first derivative ∂μ/∂Qi of
the S0�S1 transition dipole moment μ with respect to displacement Qi

along the mode
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The S0�S1 transition dipole moment derivative ∂μ/∂Qi of each of the
356 modes of e1 symmetry was evaluated numerically by performing
semiempirical INDO/SCI excited state calculations on geometries
displaced 0.06 and 0.1a0 away from the ground state D6 geometry along
the normal coordinates of the mode. Both displacements yielded similar
∂μ/∂Qi derivatives (see Supporting Information) indicating the suit-
ability of the linear HT approximation. Furthermore, the INDO/SCI
results indicated that the HT spectrum was dominated by four sets of
doubly degenerate e1 modes. Numerical ∂μ/∂Qi derivative calculations
were repeated at the higher TD-DFT level of theory for these modes,
and the results were in good agreement with the INDO/SCI results (see
Supporting Information). Geometry optimizations and normal mode
calculations were performed using the BHLYP (50% of Hartree�Fock
exchange)31 DFT functional with the 6-31g(d,p) basis set in Turbomole,
v. 5.9.1.48 The m5 numerical quadrature grid was used, and the SCF
convergence criterion was set to 10�9. During optimizations, symmetry
was constrained to D6. The absence of imaginary frequencies indicated
the presence of a true minimum in the D6 potential energy surface.
INDO/SCI37 calculations were performed using in-house software. The
active space comprised the first 120 occupied and virtual orbitals for
which the properties of the S0�S1 and S0�S2 transitions were deemed
to have converged. TD-DFT calculations were performed at the BHLYP
6-31g(d,p) level using Gaussian 09.49
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bS Supporting Information. Synthetic procedures, charac-
terization data, and computational details. This material is
available free of charge via the Internet at http://pubs.acs.org.
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