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Green plants, and other photosynthetic organisms, capture 
sunlight using antenna complexes that consist of large 
arrays of chlorophyll molecules. Electronic excitation is fun-

nelled through the antenna complex into a reaction centre, where 
it is converted into chemical energy1,2. There are typically 100–800 
light-absorbing chlorophyll units per reaction centre3, and each 
absorption event results in a long cascade of electronic excitation 
energy transfer (EET) steps. Light-harvesting systems have evolved 
so that this EET process is extremely rapid, and it occurs efficiently 
without substantial competition from other decay channels, such as 
fluorescence, intersystem crossing and non-radiative internal con-
version. Different organisms use a wide variety of light-harvesting 
chlorophyll antenna complexes. Two of the most highly studied 
examples are light-harvesting systems 1 and 2 (LH1 and LH2) from 
purple bacteria1. LH2 consists of two concentric rings of bacterio-
chlorophyll units (both with diameters of ∼6 nm)4: the B800 ring of 
nine chlorophylls and the B850 ring of 18 chlorophylls. The B850 
ring is remarkable because its 18 bacteriochlorophyll units are 
closely spaced and strongly coupled, resulting in ultrafast intra-ring 
EET (<200 fs)2. Many rings of porphyrin units have been synthesized 
and investigated as models for LH2 (refs. 5–12), but in most cases the 
EET in these models is much slower than in the natural B850 ring. 
The only synthetic cyclic porphyrin arrays that mimic intra-ring 
EET on the same timescale (<200 fs) and length scale (∼6 nm diam-
eter) as the B850 ring are the butadiyne-linked porphyrin nanor-
ings developed in our laboratories8,9. However, these rings achieve 
strong porphyrin–porphyrin coupling through π-conjugation (that 
is, direct orbital overlap), which makes them fundamentally differ-
ent from the exciton-coupled rings of chlorophyll units in LH2. In 
this paper, we explore the synthesis and photophysical properties of 
rings consisting of closely spaced exciton-coupled porphyrin units, 
with diameters of ∼6 nm, which exhibit ultrafast EET.

Kim, Osuka and co-workers have shown that directly meso–
meso linked linear porphyrin arrays (l-PN, Fig. 1) behave as ‘pho-
tonic wires’ and exhibit ultrafast EET due to strong exciton coupling 

between neighbouring porphyrin units, with radiative coherence 
lengths of about 4–6 porphyrin units13–15. The corresponding cyclic 
5,15-linked porphyrin nanorings (c-PN, Fig. 1) would be fasci-
nating models for LH2, but it would be difficult to study EET in 
these highly symmetric rings because there would be no directional 
energy flow16. It would be easier to probe EET in structures such 
as c-PNb, with a single butadiyne link, because excitation would 
then migrate to the site of the butadiyne, because a π-conjugated 
butadiyne-linked porphyrin dimer has a lower S1 excited state than 
a meso–meso linked porphyrin oligomer. The single butadiyne link 
in c-PNb also makes it easier to synthesize. Here we report the 
template-directed synthesis of a 24-porphyrin nanoring of this type 
with a single butadiyne link. Oligomers of the type l-PN are often 
described as ‘rod-like’13, which raises the question of whether we 
can bend a straight rod into a ring. Here we show that molecular 
templates can be used to enforce a circular geometry to create this 
strained nanoring.

Results and discussion
Computational modelling and design of the template. We started 
this project by calculating the strain in c-PN and c-PNb, as a func-
tion of N, by considering gas-phase homodesmotic reactions, 
using both molecular mechanics calculations and density func-
tional theory (DFT) (see Supplementary Information for details). 
As expected, the level of strain is high in the smaller macrocycles 
(for example, c-P12: 155.8 kJ mol–1; c-P12b: 143.5 kJ mol–1), but 
declines as the rings become larger. Thus the strain energies of 
c-P24 (78.7 kJ mol–1) or c-P24b (75.7 kJ mol–1) are less than in the 
alkyne-linked porphyrin nanorings that we have reported previ-
ously (100–130 kJ mol–1)17, implying that they are reasonable targets 
for template-directed synthesis.

One challenge in designing a template to bind a linear 
oligo-porphyrin, such as l-P24e, to direct the formation of c-P24b 
is that meso–meso singly linked oligomers have twisted conforma-
tions18,19. The dihedral angle between neighbouring zinc porphyrins  
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is typically 70°–90°, so that the axial vectors of the porphyrin 
units in c-P24b do not point towards the centre of the nanoring. 
Inspired by the work of Osuka and co-workers18 on the binding of 
α,ω-diaminoalkanes to dimers such as l-P2, we designed a binding 
unit L, which has two 4-pyridyl binding sites connected to a ben-
zene core via flexible meta-linked -O(CH2)3- chains. Computational 
studies indicated that this ligand would coordinate the two zinc cen-
tres of the twisted porphyrin dimer l-P2 and this was confirmed by 
ultraviolet–visible binding studies, which gave a binding constant 
7.8 × 105 M–1 (in CDCl3 at 298 K), compared with 1.2 × 104 M–1 for 
the P1 monomer binding 4-ethyl pyridine, under identical condi-
tions (Fig. 2). Although the effective molarity of this system is quite 
low (EM = 2.7 mM), it is high enough for the l-P2·L complex to be 
94% closed (that is, coordinated at both sites)20.

It would be difficult to design a single template capable of bind-
ing all 24 zinc sites in l-P24e, to bend it into a circular conformation. 
Instead, we designed the T12 template, which has six L binding units 
linked to a benzene core, and is shaped so that a cofacial stack of two 
molecules of T12 can bind inside the cavity of c-P24b (Fig. 3)21.  
Molecular dynamics simulations of l-P24e·(T12)2 predicted that all 
24 of the pyridyl binding sites of the templates remain coordinated 
to zinc atoms in the 1:2 complex. General AMBER force field22 
parameters were employed together with novel hybrid bonded/
non-bonded parameters for the zinc ions that were adjusted to 
reproduce the coordination geometry and energy of pyridine zinc 
interactions. The l-P24e·(T12)2 complex is predicted to exist as 
two isomers with similar energies (binding modes A and B, Fig. 4). 
The angle θ and distance d between the terminal alkynes fluctuates 
across a distribution of values in these complexes (Fig. 4b,c), includ-
ing those in a range suitable for Glaser coupling23. There is no strong 
correlation between the two parameters θ and d because the alkynes 
tend to move apart by displacement away from the mean plane of 
the complex, rather than unwrapping from the templates.

Synthesis and chemical characterization. Palladium-catalysed 
oxidative coupling of l-P24e in the presence of T12, followed by 
displacement of the template with pyridine, gave nanoring c-P24b 
in 26% yield (Fig. 3). This compound was initially identified from 
its retention time by gel-permeation chromatography (GPC) and by 
observation of its molecular ion in mass spectrometry (m/z found, 
24,927.5; calc. C1540H1968N96O96Zn24, 24,930.0). The GPC retention 
time of c-P24b is 4.6% longer than that of l-P24e, as expected for the 
smaller hydrodynamic radius of the cyclic compound24. The same 
effect is seen by diffusion-ordered NMR spectroscopy (DOSY): 
c-P24b and l-P24 have diffusion coefficients of 1.37 × 10–10 m2 s–1 
and 9.40 × 10–11 m2 s–1, respectively, in CDCl3 at 298 K. The 1H NMR 
spectrum of c-P24b resembles that of l-P24e, except without the 
terminal alkyne peak at δH 4.28 ppm. The many similar unresolved 
porphyrin 1H NMR environments of the cyclic compound also 
show a wider chemical shift dispersion than for the linear chain.

The interaction of the nanoring c-P24b with template T12 
was studied by ultraviolet–visible and fluorescence titrations (in 
CDCl3 at 298 K). The formation titration confirms that c-P24b 
binds strongly with two equivalents of T12 to give a 1:2 complex 
c-P24b·(T12)2 (Supplementary Figs. 20 and 21). The formation 
constant (Kf) is too high to measure directly from the formation 
titration, and denaturation titrations, in which a competing ligand 
(quinuclidine) is added to displace the template, were used to deter-
mine the stability of the complex25. Displacement of T12 from 
c-P24b·(T12)2 with increasing quinuclidine concentration can 
be monitored by the turn-on response of fluorescence at 472 nm, 
because the free T12 template is highly florescent, whereas its fluo-
rescence is quenched in the complex (due to energy transfer to 
the porphyrin nanoring, as shown below). Analysis of the binding 
isotherms shows that the 1:2 complex c-P24b·(T12)2 is extremely 
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stable with log(Kf) = 81.5 ± 0.7, ΔG = 465 kJ mol–1, which illustrates 
that there is ample binding energy to overcome the strain energy 
required to form the nanoring. The effective molarity for formation 
of c-P24b·(T12)2 (EM = 0.2 M) is two orders of magnitude greater 

than for the reference system l-P2·L (EM = 2.7 mM), reflecting the 
shape-complementarity between the template and the nanoring.

We also attempted to synthesize a smaller nanoring c-P12b using 
two smaller versions of T12, but no cyclic products were formed 
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from l-P12e in either case. This can probably be attributed to the 
high strain in c-P12b (see Supplementary Information, section 4 
and Fig. 5).

Scanning probe microscopy. The c-P24b nanoring was transferred 
from solution in toluene/methanol onto a Au(111) substrate, held 
under vacuum conditions, by electrospray deposition using a previ-
ously reported procedure26. Images of the molecules were recorded 
by scanning tunnelling microscopy (STM), as illustrated in Fig. 5a,b 
and Supplementary Figs. 12–15. The variation in contrast around the 
nanorings is attributed to the non-planar orientation of the porphy-
rin subunits, with the brighter features assigned to porphyrins tilted 
upwards from the surface plane. The measured long and short axes of 
the rings indicate some structural flexibility. The mean ± s.d. values of 
the long axis (a = 6.9 ± 0.9 nm) and short axis (b = 4.3 ± 0.7 nm) cor-
respond to an ellipticity or flattening factor of f = 1 − b/a = 0.4 ± 0.2 
on the gold surface, which is significantly greater than for the opti-
mized geometry from DFT (a = 6.8 nm, b = 6.4 nm, f = 0.07; Fig. 5c). 
The distribution of conformations observed by STM is compared to 
that from molecular dynamics calculations (at 300 K with explicit 
CHCl3 solvent; a = 6.9 ± 0.3 nm, b = 5.8 ± 0.3 nm, f = 0.16 ± 0.07) 
in Fig. 5d. The mean circumference from the molecular dynamics 
calculations (c = 20.0 nm) is slightly larger than the apparent aver-
age circumference from the STM images (18.2 nm, for the average 
of 38 images), but this probably reflects the fact that the molecules 
on the surface are not exactly elliptical. Interactions with substrate 
features, such as step-edges and the herringbone reconstruction of 
Au(111), may favour alternative conformations to those predicted 
by solution-phase calculations. The nanorings display noticeable 
mobility under these measurement conditions, with several lateral 
translation events observed (diffusion occurs at a faster rate than the 
acquisition time of an STM image and translation events are high-
lighted with arrows in Fig. 5a). This mobility indicates a decreased 
adsorption energy compared to the butadiyne-linked variant, which 
can be attributed to the non-planarity of c-P24b.

Photophysics and excited-state energy transfer. The ultraviolet–
visible absorption and fluorescence spectra of c-P24b and l-P24 are 
compared to those of a porphyrin tetramer with a central butadiyne 
link, l-P4b, in Fig. 6a,b. The absorption spectra of c-P24b and l-P24 
feature intense bands at 419, 515 and 594 nm, which are assigned to 
the By, Bx and Q transition, respectively13. The absorption spectra of 
c-P24b and l-P4b also feature a weaker band at 650–700 nm, which 
is not present for l-P24 and which is attributed to the π-conjugated 
butadiyne-linked porphyrin dimer unit (Fig. 6a, inset). The fluo-
rescence spectra of c-P24b and l-P4b are very similar with peaks at 
729 and 723 nm, respectively (Fig. 6b), and both compounds emit 
at a longer wavelength than l-P24 (λmax = 651 nm), which indicates 
that EET to the butadiyne-linked porphyrin dimer unit occurs effi-
ciently in c-P24b. Comparison of the emission intensities at 651 and 
729 nm in the steady-state fluorescence spectra of l-P24, l-P4b and 
c-P24b (Fig. 6b) implies that the EET efficiency is >93%.

The EET process in c-P24b was investigated by monitoring the 
evolution of its fluorescence on a picosecond timescale through flu-
orescence up-conversion spectroscopy (time resolution, ∼350 fs). 
The fluorescence from c-P24b displays a rapid decay at 650 nm and 
a concomitant rise at 720 nm (Fig. 6c, and Supplementary Figs. 35 
and 36). A stretched exponential decay, equation (1), provides an 
excellent description of the 650 nm emission kinetics for the ring 
(see Supplementary Information, section 9)27.

I (t) = I0 exp
[

− (t/τ0)β
]

(1)

where I(t) is the fluorescence intensity, t is time, τ0 is the time con-
stant and β is the stretching exponent. The extracted parameters 
are τ0 = 8.5 ± 0.6 ps and β = 0.54 ± 0.04. The stretching exponent is 
significantly below unity (monoexponential decay), indicating that 
a range of excitation transfer times is present, as expected for ran-
dom placement of excitation across the different porphyrins units 
comprising the ring. The characteristic transfer time τ0 represents 
an average time taken for an excitation to migrate from porphy-
rin donors to the butadiyne-linked porphyrin dimer acceptor unit. 
The matching rise dynamics observed in the emission at 720 nm 
confirms that these coupled dynamics are associated with energy 
transfer. Modelling of the transient fluorescence at 650 and 720 nm 
(Fig. 6c and Supplementary Fig. 36) with an exciton generation 
function (Supplementary Information, equation (14)) indicates that 
approximately 40% of the excitation arrives at the butadiyne-linked 
porphyrin unit within the time resolution. We estimate from the 
absorption spectra (Fig. 6a) that 9% of the absorption at 410 nm 
is direct excitation of the butadiyne-linked acceptor site, which 
implies that about 30% of the EET occurs within the time resolution 
(350 fs). Further evidence of EET is provided by the pronounced 
redshift of the peak emission wavelength in c-P24b, during 0–50 ps 
after excitation (Fig. 6d,e). Again, it is clear that part of the EET 
occurs within the time resolution, because the emission maximum 
of c-P24b is redshifted with respect to that of l-P24 even at the earli-
est times we can measure (Fig. 6e). On a longer timescale (∼500 ps), 
the emission spectrum of c-P24b exhibits a slower redshift due to 
planarization of the excited state of the butadiyne-linked porphyrin 
dimer unit28,29; this slow process is also observed in l-P4b. In con-
trast, l-P24 displays only weak shifts due to EET among segments of 
the chain with different porphyrin–porphyrin dihedral angles13. It 
is interesting that the average rate of EET in c-P24b is significantly 
faster than in a similar linear 24-porphyrin chain terminated with 
an ethynyl-porphyrin energy acceptor (time constant, 110 ps)30,31.

Energy transfer is also observed from the central template units 
in c-P24b·(T12)2 to the surrounding zinc porphyrins. The T12 
template is highly fluorescent (λem = 472 nm; ϕf = 0.26, in toluene at 
298 K) and its fluorescence is quenched (by a factor of 99.6%) in the 
c-P24b·(T12)2 complex, as mentioned above and shown in Fig. 6f.  
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The excitation spectrum of c-P24b·(T12)2, based on emission 
at 760 nm, has a peak at 319 nm corresponding to the absorption 
spectrum of the template (Supplementary Fig. 30), which demon-
strates that there is energy transfer from the T12 unit to the por-
phyrin manifold. Analysis of transient fluorescence decays (Fig. 6f, 
inset) reveals an average energy transfer time of 0.15 ns. EET from 
meso–meso-linked porphyrins to the butadiyne-linked porphyrin 
dimer unit in c-P24b·(T12)2 is much less efficient than in c-P24b, 
as indicated by the broad fluorescence spectrum of c-P24b·(T12)2, 
which extends from around 650 nm to 750 nm (Supplementary Fig. 
30). Molecular dynamics simulations provide an explanation for the 
reduced efficiency of EET in c-P24b·(T12)2: the T12 template tends 
to hold the butadiyne-linked porphyrins in a twisted conforma-
tion, with the two porphyrins orthogonal. This conformation is not 
π-conjugated and it has a higher energy S1 excited state28, so that the 
butadiyne-linked porphyrins cease to constitute an effective energy 
acceptor when the nanoring is bound to two T12 units.

Conclusion
This work demonstrates that oligo-pyridine templates can be used 
to direct the synthesis of large zinc porphyrin nanorings, even from 
linear oligomers that are twisted and rod-like. It also illustrates the 

power of molecular dynamics simulations to guide the design of 
templates. STM images confirm that the nanorings adopt elliptical 
conformations, similar to those predicted computationally. Excited 
state energy transfer from the 22 meso–meso linked porphyrin units 
to the butadiyne-linked segment of c-P24b occurs over a range of 
timescales, as expected from the distribution of donor–acceptor 
distances. About 30% of the energy is transferred within the time 
resolution of our measurements (350 fs), while the EET process has 
an average time constant of 8.5 ps. The c-P24b macrocycle has a 
similar size to the B850 ring of LH2, and a similar distance between 
neighbouring porphyrin units. However, in c-P24b neighbouring 
porphyrins are almost orthogonal, whereas in B850 they are essen-
tially parallel. This difference in geometry probably accounts for the 
slower EET in c-P24b.
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calculated using Ramanujan’s approximation). The dashed line indicates circular geometries, a = b.
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Methods
Synthesis of c-P24b. A solution of T12 template (5.3 mg, 1.0 μmol, 2.0 equiv) 
in CHCl3 (220 mL) was added to a solution of linear 24-mer l-P24e (12.5 mg, 
0.50 μmol) in CHCl3 (250 mL). A catalyst mixture was prepared by dissolving CuI 
(54 mg, 284 μmol), Pd(PPh3)2Cl2 (39 mg, 56 μmol) and 1,4-benzoquinone (121 mg, 
1120 μmol) in diisopropylamine (1.2 mL) and CHCl3 (48 mL) using sonication. The 
catalyst mixture was added to the reaction flask and stirred under air for 18 h, while 
monitoring the reaction by analytical GPC. A solution of pyridine (0.5 mL) in THF 
(50 mL) was added to the reaction mixture, which was concentrated under reduced 
pressure to a volume of ∼10 mL, then passed through a short size-exclusion column 
(Bio-Beads S-X1, THF + 1% pyridine) to remove unreacted 1,4-benzoquinone 
and copper salts. Purification by recycling GPC (loading in THF + 20% pyridine; 
eluting in THF + 1% pyridine), followed by further size-exclusion chromatography 
(Bio-Beads S-X1, CHCl3) gave c-P24b as a black solid (3.22 mg, 26%). See 
Supplementary Information for characterization data and related compounds.

Molecular dynamics. All simulations were performed in an isothermal–isobaric 
(NPT) ensemble at 300 K and 1 bar with a time step of 2 fs using GROMACS 
v. 2019.232. Systems were minimized using the steepest descent algorithm and 
subsequently equilibrated using a velocity-rescaling thermostat and Parrinello–
Rahman barostat. All simulations were performed in explicit chloroform with 
three-dimensional periodic boundary conditions. See Supplementary Information 
for further details.

STM. Images were acquired with an Omicron STM-1 system operating under 
ultrahigh vacuum (UHV) with a base pressure of 2 × 10–9 mbar. c-P24b was 
transferred from solution (toluene/methanol) to a clean Au(111) substrate 
using electrospray deposition26,33. Images were acquired at room temperature in 
constant-current mode using electrochemically etched tungsten tips, coated in gold 
during tip optimization. All images taken at –1.8 V sample-bias, 20 pA set point 
current. See Supplementary Information for further details.

Optical spectroscopy. All measurements were carried out on solutions in toluene 
containing 1% pyridine (or neat toluene in the case of T12 and c-P24b·(T12)2), 
in silica cuvettes 3.5 mm × 10.0 mm or 10.0 mm × 10.0 mm, at a concentration of 
0.25–2.0 μM for steady-state measurements and 0.25–2.0 mM for time-resolved 
experiments. Ultrafast time-resolved measurements were conducted using the 
photoluminescence up-conversion (PL UC) technique. Samples were excited with 
a 410 nm pulse, generated by frequency doubling of a titanium:sapphire oscillator 
820 nm output (Spectra Physics Mai-Tai, 100 fs, 80 MHz). The side-excitation 
configuration was adopted to avoid possible artefacts caused by self-absorption. 
In this configuration, the excitation beam entered the cuvette close to its front 
surface and photoluminescence was collected in the perpendicular direction 
with respect to the excitation beam by a pair of off-axis parabolic mirrors. The 
photoluminescence signal was then focused onto a β-barium borate (BBO) crystal, 
mounted on a rotation stage to allow tuning of the phase-matching angle, and 
optically gated by a vertically polarized gate beam (820 nm) arriving at the BBO 
crystal at controllable time delays. The resulting photoluminescence up-conversion 
signal generated by sum-frequency generation was then spectrally dispersed by 
a monochromator (Triax 190, Jobin-Yvon) and detected by a nitrogen-cooled 
charge-coupled device. A Schott filter UG11 was used to filter scattering from 
excitation and gate beams. The resulting time resolution was around 350 fs. 
Time-resolved spectra were corrected for instrument response by using a filament 
lamp of known emissivity. Time-integrated photoluminescence was measured 
by using the same spectrometer and charge-coupled device detector, while 

removing the BBO crystal and UG11 filter. Time-resolved photoluminescence 
dynamics at longer delay times (>1 ns) were measured by using the time-correlated 
single-photon counting technique with a temporal resolution of around 40 ps.

Data availability
All relevant data, including raw computational data, etc., and the x,y,z 
coordinates of calculated molecular geometries, are available within the paper 
and its Supplementary Information files, or have been deposited in the Oxford 
Research Archive34. The NMR and STM data are presented in detail in the main 
Supplementary Information file and are available upon reasonable request from the 
authors. Source data are provided with this paper.
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