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ABSTRACT: Enhanced thermodynamic stability is a fundamental characteristic of aromatic molecules, yet most previous studies 
of aromatic stabilization energy (ASE) have been limited to small rings with up to 18 π-electrons. Here we demonstrate that ASE 
can be detected experimentally in π-conjugated porphyrin nanorings with Hückel circuits of 76–108 π-electrons. This conclusion is 
supported by analyzing redox potentials to calculate the energy change for isodesmic reactions that convert an aromatic ring to an 
antiaromatic ring, or vice versa. It is also supported by analyzing the energy barriers to conformational equilibria that disrupt aro-
maticity in the transition state. Both types of experiment indicate that cationic porphyrin nanorings display ASEs of 1–5 kJ mol–1. 
Density functional theory (DFT) calculations reproduce the results for both types of experiment, and predict ASEs in the range 1–
16 kJ mol–1. The experimental ASE in porphyrin nanorings are compared with an experimental ASE of [18]annulene of approxi-
mately 11 kJ mol–1, deduced from analysis of the energy barriers to conformational equilibria in [16], [18] and [20]annulene. Calcu-
lated energies of isodesmic reactions give an ASE of around 37 kJ mol–1 in [18]annulene. This work contributes towards fundamen-
tal understanding of aromaticity in large macrocycles. 

Introduction	
The aromaticity of a molecule can be assessed by at least 

four criteria: (i) thermodynamic stability, (ii) chemical reactiv-
ity, (iii) molecular geometry, and (iv) magnetic characteris-
tics.1 One problem with these criteria is that they generally 
require the properties of the molecule to be compared with 
those of a hypothetical non-aromatic version of itself, and 
often there is no clear choice of reference system. Another 
problem is that different criteria can give contradictory indica-
tions. 

When textbooks introduce the concept of aromaticity, they 
invariably start by discussing thermodynamic stability. Conju-
gated cyclic molecules possessing [4n+2] delocalized π-
electrons (where n is an integer) are expected to be aromatic, 
and to have increased stability.2 Conversely, rings with [4n] π-
electrons are expected to be antiaromatic, and to be destabi-
lized. The ‘aromatic stabilization energy’ (ASE) is positive for 
aromatic molecules and negative for antiaromatic ones. 

In practice, the magnetic criterion has become the primary 
test for aromaticity in new molecular structures.3 Aromatic 
molecules manifest a diatropic ring current when placed in an 
external magnetic field. This diatropic current induces a mag-
netic field that opposes the external field inside the ring, which 
can be observed by NMR spectroscopy as a magnetic shield-
ing. Conversely, antiaromatic molecules sustain a paratropic 
ring current, which has the opposite shielding effects. The 
main advantages of the magnetic criterion are that the shield-
ing/deshielding effects of diatropic/paratropic ring currents are 
easy to measure, and they tend to be much greater than other 
shielding effects, particularly if the probe nucleus is far from 

the π-system, so that the choice of non-aromatic reference 
system is often straightforward. 

The principle of aromatic stabilization is widely used to ra-
tionalize the reactivity of organic molecules, yet surprisingly 
few experimental studies have been conducted to quantify 
ASEs.4 Many new large globally aromatic molecules have 
been reported during the last few years.5-11 In a few cases, it 
has been concluded that the ASEs of [4n+2] Hückel or [4n] 
Möbius topologies dictates the conformation,12 but no attempts 
have been made to measure the magnitude of the ASE in any 
of these systems. We have shown that NMR spectroscopy can 
be used to detect aromatic and antiaromatic ring currents in 
porphyrin nanorings, with Hückel electron counts of up to 162 
π-electrons (4n+2 with n = 40).11c Here, we explore the exper-
imental and theoretical evidence for ASE in these large mac-
rocycles, in an attempt to answer the question: Does aromatici-
ty confer measurable thermodynamic stability in large rings 
with 4n+2 >> 18? We show that redox potentials provide evi-
dence for ASEs, because the difference in stability between 
oxidation states Q+ and (Q+2)+ or (Q–2)+ is related to the 
(anti)aromaticity of these states. We also estimate the magni-
tudes of the ASEs from the energy barriers for conformational 
exchange processes that break the aromatic π-conjugation 
circuit, particularly by comparing barriers for aromatic and 
antiaromatic oxidation states, i.e. Q+ vs. (Q+2)+ or (Q–2)+. 
By comparing the ASE of closely related aromatic and anti-
aromatic systems, we avoid the need for a hypothetical non-
aromatic reference system. Density functional theory (DFT) 
calculations support both these methods of estimating the 
ASE, although the predicted magnitude of the ASEs (1–16 kJ 
mol–1) is greater than found experimentally (1–5 kJ mol–1). 
Before analyzing the ASEs of porphyrin nanorings, we briefly 
consider the concept of ASE in [N]annulenes. 
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Aromatic	Stabilization	Energies	of	[N]Annulenes	
One of the most interesting differences between the magnet-

ic and energetic criteria for aromaticity is that the ASEs of 
[N]annulenes decline more steeply than magnetic manifesta-
tions of aromaticity with increasing N. Simple Hückel molecu-
lar orbital (HMO) and perturbation theory predicts that the 
ring current scales with the area of the ring,13 i.e. with N2, so it 
is not surprising that large aromatic rings have substantial ring 
currents, even when their ASEs are very small. There are 
many theoretical approaches to calculating the ASE of 
[N]annulenes as a function of N and they all predict that the 
ASE decays rapidly, becoming negligible (or constant) by 
about N = 30.2,14–16 This effect is obvious from a Frost-
Musulin diagram, the simplest HMO model for the π-orbitals 
of a conjugated ring: as N increases, the energy levels get 
closer together and the energy difference between aromatic 
and antiaromatic species becomes smaller. If we make the 
approximation that, for large [N]annulenes, the ASE in aro-
matic (N = 4n+2) rings is the same in magnitude but opposite 
in sign to the ASE in antiaromatic (N = 4n) rings, then the 
ASE is predicted by HMO theory to be approximately inverse-
ly proportional to N, as expressed by equation (1), 

𝐴𝑆𝐸(𝑁) ≈ !"
!

  (1) 

where β is the Hückel resonance integral (see SI Section 6.8 
for derivation of this equation). This model is extremely crude, 
but it is a useful reminder that we expect ASE to decrease 
steeply with increasing N, even without considering the con-
formational disorder and bond-length alternation that inevita-
bly disrupt aromaticity in large annulenes. 

When the experimental (or theoretical) heat of formation of 
an (anti)aromatic compound is known, the ASE can be esti-
mated by constructing a thermodynamic cycle for a hypothet-
ical isodesmic (and ideally hyperhomodesmotic)17 reaction 
that involves breaking the π-conjugation in the ring. However, 
even when the heat of formation is known accurately (as is the 
case for benzene,18 ΔHf (g) = 82.6 ± 0.7 kJ mol–1), there is 
uncertainty in the ASE because different isodesmic cycles give 
different values. For example, experimental estimates of the 
ASE of benzene range from +90 to +150 kJ mol–1 (and theo-
retical estimates have a similar spread).2,4 The problem is not 
that ASE is difficult to measure or difficult to define, but that 
it is difficult to choose between many competing definitions, 
based on different reference systems. The ASE of benzene 
compared with ‘Kekulé benzene’, with three isolated (non-
conjugated) double bonds, is about +150 kJ mol–1; this is the 
total resonance energy. In contrast, the Dewar resonance ener-
gy compares benzene with a linear π-conjugated triene to give 
an ASE of about 90 kJ mol–1; this is the extra stabilization 
from closure of the aromatic ring.2,16 

To the best of our knowledge, the largest π-conjugated mac-
rocycle for which experimental thermochemical data have 
been used to estimate the ASE is [18]annulene (C18H18). In this 
case, two wildly different determinations of the heat of for-
mation (ΔHf (g) = 280 ± 25 and 516 ± 16 kJ mol–1)4,19-21 lead to 
estimates of the ASE of 162 and 398 kJ mol−1, both defined by 
comparison with a hypothetical ‘Kekulé [18]annulene’ in 
which every double bond is isolated. Various theoretical esti-
mates of the ASE of [18]annulene have been reported,15,22,23 
and the best approach appears to be to calculate the enthalpy 
for a homodesmotic reaction of the type shown in Figure 1a.24 
The energy for conversion A→C provides an estimate for the 

ASE, which can be improved by adding the conversion of 
B→D.23,24 In terms of the hierarchy of homodesmotic reac-
tions, A→C is homodesmotic (RC4) whereas (A+B)→(C+D) 
is hyperhomodesmotic (RC5).17 Schleyer and coworkers ap-
plied the reaction (A+B)→(C+D) to estimate the ASEs of 
antiaromatic [N]annulenes (N = 4n),24 but it does not previous-
ly appear to have been applied to aromatic [N]annulenes. We 
used Schleyer’s method, in which molecules A–D are con-
strained to Cs symmetry, to calculate the ASE for 
[N]annulenes for N = 12–66 (Figure 1b) by DFT with the 6-
31G* basis set, using two different hybrid functionals, with 
correction for zero-point energy (ZPE). In this case, the two 
functionals B3LYP and LC-ωhPBE (ω = 0.1) give similar 
results. The difference between these functionals is discussed 
below. Using B3LYP, this approach gives ASEs for [16] and 
[18]annulene of –23.4 and +36.9 kJ mol–1, respectively.  

 
Figure 1. (a) A hyperhomodesmotic reaction for estimating the 
ASE of [N]annulenes and (b) values of ΔH calculated for this 
reaction for with N = 12–66. The molecular geometries were op-
timized while constraining Cs symmetry using the B3LYP/6-31G* 
and LC-ωhPBE (ω = 0.1)/6-31G* DFT methods, both with cor-
rection for ZPE. 

Oth and coworkers estimated the ASE of [18]annulene from 
the activation energy for conformational exchange of internal 
and external hydrogen atoms, i.e. exchange of protons Ha and 
Hb in Figure 2a, measured by 1H NMR spectroscopy, giving 
ASE ≈ ΔG‡ ≈ 67 kJ mol−1.25,26 Later, they suggested that this 
method underestimates the ASE, because the transition state 
for exchange, in which one alkene unit is twisted out of conju-
gation, still has the resonance energy of a linear polyene.20,21 
In other words, the exchange barrier is nearer the Dewar reso-
nance energy2,16 than the ASE relative to Kekulé [18]annulene. 
Conversely, other factors may destabilize the transition state, 
so that ΔG‡ overestimates the ASE, as indicated by the obser-
vation that antiaromatic [16] and [20]annulenes also have sig-
nificant barriers for this type of exchange process, even when 
the ASE is expected to be negative. Values of ΔG‡ for 
[N]annulenes (N = 12–24) show a clear alternation, with high-
er barriers for N = 4n+2 and lower barriers for N = 4n (Figure 
2b).25,27-32 If we assume that this alternating pattern reflects the 
underlying aromatic and antiaromatic ASEs, which make it 
alternately harder and easier to twist the molecule out of con-
jugation, then an estimate of the ASE can be made according 
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to equation (2), as represented by the lengths of the red arrows 
in Figure 2b. 

ASE 𝑁 ≈ !!‡ !
!

− [!!‡ !!! ! !!‡ !!! ]
!

  (2) 

This approach gives an experimental ASE for [18]annulene 
of 11 kJ mol–1. To the best of our knowledge, the data shown 
in Figure 2 have not previously been interpreted in this way. 
There is a high level of uncertainty in this estimate, because 
many factors may contribute towards the energy barrier, but it 
is reasonable to assume that the alternating effect seen in Fig-
ure 2b reflects the alternating sign of the ASE. This estimate 
of the ASE seems more likely to be correct than the values of 
162 and 398 kJ mol−1 from thermochemical data, because it is 
nearer the values from DFT calculations.  

 
Figure 2. (a) Conformational exchange of inner (Ha) and outer 
(Hb) protons in [18]annulene. The Eyring equation gives the ener-
gy barrier, ΔG‡, in terms of the gas constant, R, the temperature T, 
the Boltzmann constant kB, the Planck constant h and the rate of 
exchange k. (b) Barriers for this type of exchange process for 
[N]annulenes (N = 12–24) from 1H NMR spectroscopy.25,27-32 The 
blue line is drawn between the averages for neighboring points. 
The lengths of the red arrows is the ASE(N) from equation (2). 

Results	and	Discussion	
Electrochemistry	of	Nanoring-Template	Complexes	

Previously, we used 1H, 13C and 19F NMR spectroscopy and 
magnetic susceptibility measurements to show that oxidation 
and reduction can induce global ring currents in porphyrin 
nanorings.11 In every case, the direction of the ring current 
(aromatic vs. antiaromatic) is correctly predicted by Hückel’s 
rule, which means that the ring current is reversed by changing 
the oxidation state by ΔQ = 2. Here, we investigate whether 
the ASE associated with global aromaticity is reflected in the 
redox potentials by studying the electrochemistry of bu-
tadiyne-linked nanoring template complexes c-P6·T6, c-
P6(t)·T6, c-P7·T7 and c-P8·(T4)2 (Figure 3). These com-
pounds were synthesized as reported previously.33 The trun-
cated six-porphyrin nanoring c-P6(t) has one ethyne-link, so 
that its Hückel electron count is two less that c-P6, reversing 
the direction of the ring current.11c The aromatic and antiaro-
matic oxidation states of these compounds are summarized in 
Table 1. 

 
Figure 3. Structures of c-P6·T6, c-P6(t)·T6, c-P7·T7 and c-
P8·(T4)2. The template units, T6, T7 and T4, are drawn in blue. 

Table 1. Aromatic and antiaromatic forms of selected por-
phyrin nanoring template complexes deduced from NMR 
spectroscopy, where Q is the oxidation state. 

Q c-P6·T6a,b c-P6(t)·T6b c-P7·Tc c-P8·(T4)2
b 

2 82π 
aromatic 

80π 
antiaromatic 

— — 

4 80π 
antiaromatic 

78π 
aromatic 

94π 
aromatic 

108π 
antiaromatic 

6 78π 
aromatic 

76π 
antiaromatic 

92π 
antiaromatic 

106π 
aromatic 

8 — — – 104π 
antiaromatic 

 

a Data from ref 11a. b Data from ref 11c. c This work (see SI for 
details). 

The experimental square-wave voltammogram for oxidation 
of c-P6·T6 to c-P6·T66+ was deconvoluted by fitting to the 
sum of six Gaussian functions (Figure 4a). A plot of the peak 
potential for each redox process (Eox) against oxidation state 
(Q) is almost linear (Figure 4b). The slight deviations from 
linearity might indicate that the aromatic 2+ and 6+ oxidation 
states are slightly more stable than expected, while the anti-
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aromatic 4+ oxidation state is slightly less stable than ex-
pected. However, these deviations from linear behavior are 
comparable with the experimental uncertainty (ca. 10 mV) and 
similar plots for c-P6(t)·T6, c-P7·T7 and c-P8·(T4)2 do not 
show systematic evidence for stabilization of aromatic oxida-
tion states relative to antiaromatic ones (see SI Section 4.5).  

 
Figure 4. a) Square-wave voltammogram of c-P6·T6 (gray cir-
cles) measured in CH2Cl2 at −45 °C. Sum (red line) of the fit of 
the individual Gaussian functions (blue lines) allows for an accu-
rate determination the oxidation potential for each state. b) Plot of 
the oxidation states against the estimated oxidation potentials. 

The hypothetical hyperhomodesmotic reaction represented 
by equation (3) provides a more sensitive test for the electro-
chemical data: 

c-PNQ+ + c-PN(t) → c-PN + c-PN(t)Q+  (3) 
In this reaction, the charge Q+ is switched between two na-

norings, c-PN and c-PN(t), which differ by two π-electrons. 
This process converts an aromatic system to an anti-aromatic 
one, or vice versa, as the neutral nanorings (Q = 0) do not ex-
hibit any global aromaticity. 

The oxidation potentials of c-P6 and c-P6(t) were used to 
calculate the free-energy change for equation (3) for N = 6, 
with Q = 2, 4 and 6, giving the data plotted in Figure 5a. For Q 
= 2, the net free energy change is less than the experimental 
uncertainty, (ΔG = –1.6 ± 1.9 kJ mol–1). However, the obser-
vation that equation (3) is thermodynamically favorable for Q 
= 4 (ΔG = –5.8 ± 2.7 kJ mol–1) and unfavorable for Q = 6 (ΔG 
= +9.9 ± 3.3 kJ mol–1) suggests that the ASE influences the 
redox potentials. The magnitude of the ASE can be approxi-
mated for half the energy difference, as the effect results from 
aromaticity in one ring and antiaromaticity in the other, giving 
ASE ≈ 2.9 ± 1.4 kJ mol–1 (for Q = 4) and ASE ≈ 5.0 ± 1.7 kJ 
mol–1 (for Q = 6). 

Although c-P6(t) is the only truncated nanoring that we 
have studied experimentally, we have calculated the energy 
change for equation (3) for N = 5–8, with Q = 2, 4 and 6, using 
DFT. We used the 6-31G* basis set in combination with two 
different functionals: B3LYP34 and long-range corrected LC-
ωhPBE (ω = 0.1 a0

−1),35 in both cases with ZPE correction. 
The qualitative difference between these two hybrid function-
als is in the way they introduce Hartree-Fock (HF) exchange 
to correct for self-interaction error.36 In B3LYP, the fraction of 
HF exchange is set at 20%, whereas in LC-ωhPBE it is gradu-
ally increased up to 100% as a function of distance according 
to the range separation parameter ω,35,37 providing a handle to 
adjust the description of electronic localization. The LC-
ωhPBE (ω = 0.1) functional was chosen as it was bench-
marked in a previous study to best reproduce the experimen-
tally observed ring currents in porphyrin nanorings cations.11c 
The B3LYP functional is a popular standard and we have pre-
viously used it to qualitatively reproduce observed global ring 
current effects in nanorings,11a,b however it tends to exaggerate 

electronic delocalization and global aromaticity.36,38,39 The aryl 
solubilizing groups (Ar in Figure 3) were replaced with hy-
drogen atoms to reduce the cost of these calculations. The 
geometries were optimized, and the total energies were cor-
rected for the zero-point energy obtained from the harmonic 
vibrational frequency calculations (for details see SI Section 
6.2). The results (Figure 5b,c) show that both functionals give 
a clear alternating pattern of energy with ΔQ = 2, as expected 
for the alternating aromaticity of the nanorings, in agreement 
with the experimental results in Figure 5a. This alternation is 
superimposed on a positive gradient, indicating that c-PN is 
slightly easier to oxidize than c-PN(t). The magnitude of the 
ASE estimated from the deviation from a linear rise is 6–10 kJ 
mol–1 for B3LYP and 1–5 kJ mol–1 for LC-ωhPBE (Table 
S16).  

 
Figure 5. Energy changes for the homodesmotic reaction repre-
sented by equation (3). (a) Experimental free energies for N = 6 
from redox potentials; (b) and (c) enthalpies for N = 5–8, calculat-
ed using the 6-31G* basis set in combination with two different 
functionals, B3LYP and LC-ωhPBE (ω = 0.1), both with ZPE 
correction. (Points are not shown for N = 8 with LC-ωhPBE be-
cause there was a problem with these calculations; see SI Section 
6.2.) 

The conclusion from this electrochemical study is that c-
P64+ and c-P66+ appear to have experimental ASEs of about 3 
kJ mol–1 and 5 kJ mol–1, respectively. These values are similar 
in magnitude to the ASEs predicted by DFT using the LC-
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ωhPBE functional, based on gas-phase homodesmotic charge-
exchange reactions. Below, we explore the evidence for ASE 
from the barriers to conformational exchange processes, but 
first we need to demonstrate that template-free nanorings ex-
hibit global (anti)aromatic ring currents. 
Analysis	of	Aromaticity	in	Template-Free	Nanorings	by	
NMR	Spectroscopy	

Bound templates facilitate the investigation of global aro-
matic ring currents in porphyrin nanoring cations by NMR 
spectroscopy in three ways:11 (a) they hold the macrocycle in a 
well-defined conformation, (b) they probe magnetic shielding 
near the center of the nanoring, and (c) they enable resonances 
from porphyrin sidechains on the inside of the ring to be as-
signed via the observation of nuclear Overhauser effects 
(NOEs) to the template. However, the presence of bound tem-
plates also brings two disadvantages: (d) they make it more 
difficult to compare behavior in a homologous series of c-PN 
nanorings, because each template has unique features (e.g. T6 
vs. T7 in Figure 3; the templates are non-homologous), and (e) 
they prevent investigation of the effects of aromaticity on con-
formational flexibility. Here we investigate aromatic ring cur-
rents in oxidized nanorings, c-PNQ+ with N = 5–8 and Q = 4 or 
6 (structure in Figure 3), with no bound template. These com-
pounds were synthesized as reported previously.33,40 The na-
norings are decorated with meso-3,5-bis(trihexylsilyl)phenyl 
(THS) groups, which increases the solubility and provides two 
unique NMR probes. One THS group points towards the in-
side (THSin) and the other towards the outside (THSout) of the 
nanoring (Figure 6).  

 
Figure 6. 3-D representation of c-PN showing the two non-
equivalent THS groups pointing either inside or outside the mac-
rocycle. The two THS environments can be exchanged by rotation 
of a porphyrin unit (rotor A), which has a much lower barrier than 
rotation of the aryl group (rotor B). 

The oxidation of nanorings c-PN (N = 5–8) and c-P6(t) was 
carried out by titration with thianthrenium hexafluoroantimo-
nate (Thn+SbF6

−), as reported previously.11 This single-
electron oxidant has a suitable reduction potential (0.86 V vs. 
Fc/Fc+) to prepare any oxidation state in the range Q = 1 to N 
(i.e. up to one positive charge per porphyrin). 1H NMR spectra 
of tetra- and hexacations of c-PN (N = 5–8), together with 
calculated 2D maps of the nucleus-independent chemical 
shifts (NICS) indicating the predicted global (anti)aromaticity, 
as summarized in Figure 7. Each bis(ethynyl)porphyrin unit 
contributes 14 π electrons to the overall π-conjugation path, 
giving a total Hückel electron count of 14N − Q. All the spec-
tra of c-PN4+ and c-PN6+ display evidence for the ring currents 
expected from the Hückel rule. 

 
Figure 7. NICS(0)zz (left panels, LC-ωhPBE (ω = 0.1)/6-31G*) and 1H NMR spectra (500 MHz, CD2Cl2) (right panels) of c-P5–8 tetraca-
tions (left) and c-P6–8 hexacations (right). INICS and INMR are estimates of the global ring current from fitting a current loop model to the 
NICS and NMR data (see SI Section 6.5.2 for details). 
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The 1H NMR spectra of these cationic nanorings are broad, 
probably due to conformational exchange, and only the THS 
signals (which comprise 92% of the hydrogens) are identifia-
ble. Under the conditions of these experiments (CD2Cl2, −60 
to −30 °C, 500 MHz 1H NMR), the rotation of the porphyrin 
units and the accompanying exchange of the THSin and THSout 
environments proceeds slowly on the NMR timescale. Odd 
nanoring tetracations (c-P54+ and c-P74+) and even nanoring 
hexacation (c-P66+ and c-P86+) have diatropic ring currents, 
resulting in shielded THSin resonances at 0 to –2 ppm. In con-
trast, even nanoring tetracations (c-P64+ and c-P84+) and the 
odd nanoring hexacation (c-P76+) have paratropic ring cur-
rents, resulting in deshielded THSin resonances at 2–4 ppm 
(Figure 7). All of the observed ring currents are well repro-
duced by DFT (LC-ωhPBE (ω = 0.1)/6-31G*) NICS calcula-
tions. The magnitudes of the calculated and observed ring 
currents (INICS and INMR) were estimated using a current-loop 
model to simulate the shielding, giving the values (nA/T) 
listed in Figure 7.  

The assignments of the THSin resonances in Figure 7 might 
appear speculative, but they are based on two lines of reason-
ing: Firstly, the spectra of these template-free nanoring cations 
are very similar to those of the corresponding template-bound 
nanorings, in which the THSin signals have been unambigu-
ously assigned by the observation of NOEs to the template 
(see SI Section 4.3). Secondly, the THS signal that is most 
shielded or deshielded by the global ring current is always 
expected to be THSin, because these internal sidechains expe-
rience the largest induced magnetic field, whereas THSout sig-
nals are expected to remain at around 0.5–1.5 ppm. This ar-
gument is based on mapping the area occupied by the THSin 
and THSout chains during molecular dynamics runs. For exam-
ple, in the case of c-P6, trajectories of both THS groups were 
mapped at a simulated temperature of −40 °C for 60 ps, while 
taking a snap shot every 1 ps (MM+ forcefield; for details see 
SI Section 6.6). By approximating the barrel-shaped c-P6 to 
cylindrical symmetry (with the nanoring center at r = 0, z = 0) 
and collapsing the angular coordinates onto a plane, the area 
occupied by THS hydrogens can be displayed as a 2D graph. 
The population of individual positions is shown as a 2D histo-
gram in Figure 8a; for clarity this graph only shows the posi-
tions for Si–CH2– protons, but a similar analysis has been car-
ried out for all the THS protons. The overlay with lines of 
forces, approximating the induced magnetic field from the 
nanoring, allows a comparison of the expected relative influ-
ence of the global ring current on THSin and THSout. The vol-
ume of space populated by THSout is mainly located within a 
cone of very low induced magnetic field near Δδ = 0. On the 
contrary, a significant fraction of the THSin protons is found in 
areas strongly influenced by the ring current. The induced 
magnetic field experienced by the whole THS units can be 
visualized with a 1D histogram (Figure 8b). The average shifts 
(Δδ = –0.052 and + 0.006 ppm nA–1 T for THSin and THSout, 
respectively) predict that THSin is approximately ten times 
more sensitive to the ring current. This agrees with the exper-
imental observations: THSin is always found to be shifted by 
the global ring current, whereas THSout remains almost un-
shifted.11 

 
Figure 8. a) Map of magnetic field induced by a current loop of 
radius 12.3 Å, expressed as relative chemical shift in ppm induced 
by a current of 1 nA T−1. Positions (with angular components 
collapsed onto the vertical plane) populated by Si–CH2– hydrogen 
atoms of c-P6 of both THSin (green) and THSout (orange) are 
overlaid with a magnetic field map as a 2D histogram with a bin 
size of 1×1 Å; the sizes of the points scale with the probability of 
populating each area of space. b) 1D histograms of the induced 
magnetic field experienced by THSin (left) and THSout (right) 
unveil a dominant effect on the THSin relative to THSout. The 
values in the top-right corner are the overall average of the ex-
pected chemical shift of the THS units per 1 nA T−1 ring current.  

Rotational	Barriers	
In this section, we show how rotational barriers in (an-

ti)aromatic c-PNQ+ cations provide insights into the ASEs in 
these macrocycles, but first we consider the rotational barriers 
in the neutral c-PN rings (N = 5–8). The energy barrier for 
rotating one porphyrin unit in a nanoring (rotor A), was esti-
mated from the rate of exchange between the ortho-aromatic 
protons Ho,in and Ho,out (Figure 6). The alternative exchange 
pathway, via rotation of the 3,5-bis(trihexylsilyl)phenyl group 
(rotor B), does not compete with this process as it has a sub-
stantially higher barrier (79 kJ/mol in c-P6·T6).11b At low 
temperate (174 K), the 1H NMR spectra of c-PN nanorings (N 
= 5–7) in d8-THF show resolved signals for Ho,in and Ho,out 
because the exchange process is slow on the NMR timescale. 
The Ho,in and Ho,out signals coalesce as the temperature is in-
creased, and coalescence temperatures were used to estimate 
exchange rates and free-energy barriers, using the Eyring 
equation. We were unable to measure the exchange rate in c-
P8 because exchange is too fast; the Ho peak broadens on 
cooling to 174 K, but does not split into two signals. The bar-
riers to porphyrin rotation (Table 2, Q = 0) decrease as the 
rings get larger from c-P5 to c-P8, as expected from the de-
creasing ring strain. Even in c-P7, the rotational barrier (34.6 
kJ mol–1) is much higher than in a linear butadiyne-linked 
porphyrin dimer (ca. 5 kJ mol–1),41 reflecting the strain in the 
nanorings. 
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Table 2. Experimental porphyrin rotation exchange rates 
and energy barriers. 

Q c-PNQ+ T k (s–1) ΔG‡ (kJ mol–1) 

0 c-P5 –37 °C 120a 48.0 ± 1.0 
 c-P6 –70 °C 578a,b 38.0 ± 0.3 
 c-P6(t) –91 °C 262a 35.6 ± 1.0 
 c-P7 –93 °C 347a 34.6 ± 1.0 

2 c-P62+ –60 °C 59.5 ± 7.5c 44.3 ± 1.0 

4 c-P64+ –60 °C 14.3 ± 0.4c 46.9 ± 0.9 
 c-P6(t)4+ –50 °C 9.5 ± 0.4c 52.2 ± 1.3 
 c-P74+ –60 °C 15.4 ± 0.5c 46.7 ± 1.2 

6 c-P66+ –60 °C 1.23 ± 0.02c 51.2 ± 0.8 
 c-P6(t)6+ –50 °C 4.1 ± 0.2c 53.8 ± 1.3 
 c-P76+ –60 °C 28.9 ± 0.5c 45.6 ± 1.1 
 c-P86+ –65 °C 14.6 ± 0.8c 45.7 ± 1.4 

a k from coalescence in d8-THF. b Data from ref. 11b. c k from 
EXSY in CD2Cl2. Errors were estimated from an uncertainty in 
the temperature of ± 5 K. 

The ortho aryl proton signals, Ho,in and Ho,out, cannot be 
identified in the 1H NMR spectra of the c-PNQ+ cations (except 
in the case of c-P66+), so rotation of the porphyrin units in 
these oxidized species was probed through exchange of 
THSin/THSout signals. The rate of exchange between these 
signals can be estimated from their coalescence temperatures, 
but the broadness of the signals makes this method unreliable. 
We found that exchange rates can be estimated more accurate-
ly by measuring the transfer of magnetization between the 
THSin/THSout resonances using exchange spectroscopy 
(EXSY), at low temperature when exchange is slow on the 
chemical shift timescale. The ratio of the off-diagonal to on-
diagonal signals, r, in the 2D EXSY spectrum is related to the 
rate constant k of the exchange process and the mixing time 
τmix according to equation (4).42 

𝑟 = !!!!!!!"#

!!!!!!!"#
  (4) 

A series of 2D EXSY experiments at various mixing times 
(τmix = 5–125 ms) were performed for the tetra- and hexa-
cations of c-P6–8 and c-P6(t). The ratio r was estimated by 
integrating the off- and on-diagonal signals related to the 
THSin. Unfortunately, the EXSY spectrum of c-P84+ could not 
be used as its low coalescence temperature did not allow accu-
rate measurement of the off-diagonal signal intensity. The 
evolution of transferred magnetization, plotted as the ratio r 
against the mixing time τmix, and the fit of variable k using 
equation (4) (Figure 9), gave the exchange rates and barriers 
listed in Table 2 (Q = 2–6). The barrier heights are plotted 
against oxidation state, Q in Figure 10a. 

The rotation barriers in the c-PNQ+ cations (N = 6–8) are all 
much higher than the rotational barriers in the corresponding 
neutral nanorings c-PN, regardless of whether the nanoring 
cation is aromatic or antiaromatic (Table 2). The increase in 
barrier height in the cations must originate form the fact that 
rotating a porphyrin out of π-conjugation disrupts charge delo-
calization. This explains why the 1H NMR spectra of the c-
PNQ+ cations are so similar to those of their template com-
plexes: the geometry is locked by the positive charge, so that a 
template is not needed to enforce the cylindrical conformation. 

 
Figure 9. Examples of the ratios of the off-diagonal to on-
diagonal THSin signal integrals (r) from 1H-1H EXSY NMR ex-
periments (500 MHz, CD2Cl2, −60 °C) at various mixing times 
(τmix) for various oxidation states of c-P6 (left) and c-P7 (right) 
fitted to equation (4).  

 
Figure 10. Porphyrin rotational barriers (a) measured experimen-
tally for c-P6, c-P6(t) and c-P7 at various oxidation states (data 
from Table 2), and calculated rotational barriers c-P6, c-P6(t), c-
P7 and c-P8 using (b) B3LYP and (c) LC-ωhPBE (ω = 0.1) func-
tionals, both with ZPE correction. 

Comparison of the rates of magnetization transfer in the c-
P6Q+ and c-P7Q+ cations (Figure 9) reveals a surprising differ-
ence: in c-P6Q+, the rates of porphyrin rotation decrease steep-
ly with increasing charge, becoming very slow in the aromatic 
c-P66+ cation; in contrast, the antiaromatic c-P76+ exhibits 
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faster rotation than c-P74+. This is a clear sign that ASE influ-
ences the barrier height. In general, there is a steady increase 
in the barrier height with charge (approx. 2 kJ mol−1 per unit 
charge), driven by charge delocalization (Figure 10a). The 
aromatic states, c-P62+, c-P66+, c-P6(t)4+ and c-P74+, show a 
deviation to higher barriers relative to the antiaromatic states, 
c-P64+, c-P76+ and c-P6(t)6+. The deviations from a linear rise 
in rotational barrier indicates that the ASE is about 1–3 kJ 
mol−1 (Table S8), which is a similar magnitude to the ASE 
deduced from redox potentials. 

DFT was used to predict the rotational barriers, by calculat-
ing the energies of transition states in which a porphyrin unit 
is rotated into the plane of the nanoring. The geometry of a 
typical transition state is compared with the ground state con-
formation in Figure 11. These calculations were carried out for 
the neutral, 2+, 4+ and 6+ oxidation states of c-P6, c-P6(t), c-
P7 and c-P8, using both the B3LYP and LC-ωhPBE (ω = 0.1) 
functionals, to give the barriers plotted in Figures 10b and 10c, 
respectively, reproducing the experimentally observed rise in 
barrier height with increasing oxidation state.  

The transition state geometries were identified by scanning 
a dihedral angle between the whole nanoring and that of the 
individual porphyrin unit being rotated. Geometries with the 
highest energy have dihedral angles near 0 °. These geometries 
were evaluated as transition states by performing harmonic 
vibrational frequency calculations unveiling one imaginary 
frequency. Translational motion of the nuclei along this mode 
corresponded to rotation of the porphyrin unit. Energies of 
both ground and transition states were corrected for ZPE, alt-
hough in most cases the effect of this correction was negligible 
(see SI Section 6.3).  

Clear oscillations, in line with the [4n+2]/[4n] count, show 
that ASE contributes towards the energy barrier (Figures 
10b,c). The deviation from linearity in these plots indicate that 
the magnitude of the ASE is 7–16 kJ mol−1 for the B3LYP 
functional, and 4–11 kJ mol−1 for LC-ωhPBE (Figure 10b,c 
and Table S22). Thus the magnitude of the ASE estimated 
from these oscillations in the energy barrier matches well with 
that estimated from the homodesmotic reaction shown in Fig-
ure 4. 

 
Figure 11. Example geometries of the ground state and transition 
state during the porphyrin rotation c-P64+ calculated using the 
B3LYP/6-31G* functional, and energy profiles from both 
B3LYP/6-31G* and LC-ωhPBE methods. 

Conclusions	
The main conclusion form this study is that porphyrin na-

noring cations with Hückel electron counts of 76–108 π-
electrons display ASEs with magnitudes in the range 1–5 kJ 
mol–1. Two different types of experimental data lead to this 
conclusion: (a) oxidation potentials and (b) barriers to confor-
mational exchange. In both cases, evidence for ASE is provid-
ed by oscillations in the energy when plotted as a function of 
charge state Q, as the electron count alternates between [4n] 
and [4n+2]. There is also clear theoretical evidence for ASE in 
these systems, from calculated oxidation potentials and calcu-
lated conformational energy barriers. The computational re-
sults mirror the experimental findings, although the magni-
tudes of the predicted ASEs is larger than that found experi-
mentally. The ASEs predicted using the B3LYP functional (6–
16 kJ mol–1) are larger than those calculated using LC-ωhPBE 
(1–11 kJ mol–1), which is consistent with the observation that 
B3LYP tends to exaggerate delocalization and global aroma-
ticity.36,38,39 The estimated ring currents in the porphyrin na-
noring cations deduced by fitting the observed 1H NMR shifts 
to a current loop model (INMR, Figure 7), match well with the 
predicted ring currents from the LC-ωhPBE NICS calculations 
(INICS, Figure 7), but they do not match with the ring currents 
from B3LYP NICS calculations (Table S27), confirming that 
the LC-ωhPBE (ω = 0.1) functional provides a better descrip-
tion of these systems. 

At the start of this study, we thought it would be impossible 
to study antiaromatic porphyrin nanoring cations without a 
central template to lock the geometry, because we anticipated 
that, in the absence of a bound template, the porphyrins would 
twist out of conjugation to avoid antiaromaticity. This predic-
tion turned out to be wrong. In reality, the presence of a posi-
tive charge tends to lock the nanorings into cylindrical geome-
tries, regardless of whether they are aromatic or antiaromatic. 
A similar effect arises in doped linear π-conjugated oligomers, 
where the presence of positive charge forces the whole π-
system into a planar conformation.38,43,44 In the cationic por-
phyrin nanorings, the high barrier to conformational exchange 
resulting from the favorability of charge delocalization is 
modulated by the ASE. The [N]annulenes have more compli-
cated conformational landscapes, however, the plot of barrier 
vs. N (Figure 2) shows a clear alternation, suggesting that ASE 
modulates the barrier height in [N]annulenes in a similar way. 
This alternation in barrier height, from experimental NMR 
data, suggests that the ASE of [18]annulene is about 11 kJ 
mol–1 (compared with 36.9 kJ mol–1 from DFT calculations of 
hyperhomodesmotic reactions), which is significantly lower 
than previously reported estimates.15,19,20-23,25 

To the best of our knowledge, this is the first study to pro-
vide experimental evidence for ASE in systems with Hückel 
electron counts greater than 18. Our results show that aroma-
ticity has a small, but measurable, effect on the stability of 
large π-conjugated macrocycles. We demonstrate the ad-
vantage of estimating ASEs by comparing the energies of 
closely related aromatic and antiaromatic systems, which dif-
fer by two π-electrons, either by changing the oxidation sate 
by ΔQ = 2 or by changing the covalent framework, e.g. c-P6 
vs. c-P6(t). This avoids comparison with a hypothetical non-
aromatic version of the molecule, which has often been an 
obstacle to previous work on estimating ASEs. 
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