Global Aromaticity in Neutral Porphyrin Nanobelts
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Abstract: The ability of a ring-shaped molecule to sustain a global
ring current, when placed in a magnetic field, indicates that its
electronic wavefunction is coherently delocalized around its whole
circumference. Large molecules that display global ring currents are
attractive components for molecular electronic devices because it
should be possible to control charge transport through these
molecules using quantum interference. Here, we use theoretical
methods to investigate how the global ring currents in molecular
nanobelts built from edge-fused porphyrins evolve with increasing
ring size. Our predictions were validated by using coupled clusters
to construct a density functional approximation (denoted OX-
B3LYP) that is specifically tailored to accurately describe these
nanobelts. The results indicate that a global ring current persists in
neutral belts consisting of up to about 22 porphyrin units, with
Hiickel circuits of 220 electrons (circumference 18.6 nm), which is
surprising because global ring currents have not previously been
reported in neutral macrocycles of this size.

The miniaturization of electronic circuits using conventional
top-down fabrication has become limited by deleterious quantum
effects, such as tunneling, which start to appear at the scale of a
few nm.Pl Bottom-up fabrication with molecular electronic
components offers a fascinating alternative, as well-designed
single-molecule devices can exploit quantum effects instead of
being limited by them.Pl Edge-fused porphyrin nanoribbons
(Figure 1a) are excellent candidates for such devices as the
electronic wavefunction is coherently delocalized over long
ribbons of this type, resulting in exceptionally low energy gaps,“!
quantum interference,”® and length-independent conductance.!
In this work, we explore the electronic delocalization in edge-
fused porphyrin nanobelts ¢c-PN (where N is the number of
porphyrin units, Figure 1b) computationally, to guide the selection
of synthetic targets.

In molecular rings, a coherently delocalized electronic
wavefunction causes the appearance of a global ring current
under an externally applied magnetic field. This ring current
produces shielding patterns that may be described using a
particle-on-a-ring (POR) model. Hiickel's rule states that systems
with circuits of 4n+2 1-electrons (where n is an integer) sustain a
diatropic current associated with aromaticity, while 4n 1r-systems
sustain an anti-aromatic paratropic current’l As ring size
increases, ring currents tend to become weaker due to symmetry-
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Figure 1. Porphyrin nanostructures. (a) Edge-fused nanoribbons. (b)
TripIy-_Iinked nanobelts c-PN, investigated in this work. (c) Singly-linked
nanorings.

breaking and structural flexibility, which interrupt electronic
delocalization.

NMR spectroscopy has revealed substantial global ring
currents in butadiyne- (Figure 1c) and ethyne-linked nanorings
with circuits of up to 162 T-electrons (n = 40).59 These singly-
linked nanorings only show global ring currents in their charged
states, where Coulombic repulsion promotes a more uniform
charge distribution around the ring. In contrast, we demonstrate
here that triply-linked c-PN nanobelts (Figure 1b) are expected to
exhibit global ring currents even in the neutral state, due to the
stronger coupling between the porphyrin subunits. Here, we
address the question: What is the largest ¢-PN nanobelt that
sustains a global ring current, in the neutral state? This work is
part of a wider project exploring the frontier between molecular
rings and top-down fabricated non-molecular nanorings that also
exhibit persistent ring currents.[®!

While the experimental identification of global ring currents
using NMR spectroscopy is often unambiguous, theoretical
modelling is more challenging, particularly when using density
functional theory (DFT) and nucleus-independent chemical shift
(NICS) calculations.' This is not surprising, as the extent of
symmetry breaking and electronic delocalization in conjugated
systems is highly sensitive to the choice of method,['"! as first
noted by Longuet-Higgins and Salem in 1959.'2 This is especially
apparent in the case of hybrid DFT, which builds on pure Kohn-
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Figure 2. Variation of exact exchange (EE) with interelectronic distance
(r12) in (a) popular hybrid DFAs, and (b) the OX-B3LYP DFA, with two w
values (in units of ao™') shown. N in the upper length scales indicates the
number of edge-fused porphyrin units.

Sham DFT by including a proportion of exact exchange (EE) in
the density functional. Adding EE reduces the self-interaction
error, which is one of the main weaknesses of pure DFT, but
adding too much EE causes too much localization by
underestimating dynamic correlation, which pure DFT generally
handles very well.[3

The difficulty of striking the right balance between localization
(too much EE) and delocalization (too little EE) can be illustrated
by the case of the butadiyne-linked 6-porphyrin nanoring in its 6+
oxidation state (Figure 1c). For this system, B3LYP!"4 (19% EE)
overestimates the experimentally measured global ring
current, %116 M06-2X"%1 (54%) underestimates it,'® while BLYP35
(35%) reproduces the experimental results.[' All of these DFAs
have a constant proportion of EE (red, light blue, and purple in
Figure 2a), which results in an incorrect description of the
Coulomb interaction in the long-range limit and a poor description
of charge transfer. Range-separated DFAs (e.g. LC-wPBE,"
gray in Figure 2a), in which the proportion of EE is dependent on
the interelectronic distance ri2, remedy this issue,[' but need
three tunable parameters: EEo and EE-, which control the
proportion of EE at the short- (ri2 = 0) and long-range (ri2 = «)
limits, and w (usually given in units of reciprocal Bohr radius, ac™
1, with a0 = 0.52 A) , which controls the transition from EEo to EE«
(Figure 2b). In the case of the above-mentioned butadiyne-linked
6-porphyrin nanoring hexacation, the range separated functionals
CAM-B3LYP®2 (green in Figure 2a) and a modified flavor of LC-
WPBE (w = 0.1 a0™")"® were both used to model its ring current,
with good results.['6-17. 211

At this point, the skeptical reader may rightly ask: If choosing
a suitable DFA for modelling ring currents in nanorings for which
experimental data are available is so difficult, what hope do we
have of accurately predicting ring currents in c-PN nanobelts,
which have yet to be synthesized? To answer this question, we
recall that the equilibrium geometry of a conjugated system will
be the result of a balance between the (distortive) - and the
(restorative) o-electrons.[''® 22 This balance will be highly
dependent on the proportion of EE in hybrid DFT. Therefore, if we
build a series of DFAs with different proportions of EE, the DFA
providing the most accurate equilibrium geometry is likely to have
the correct balance, and can be expected to give a reliable
description of the electronic structure and ring current. We have
recently shown that this hypothesis holds very well in case of
[18]annulene, an archetypal conjugated system.?®! Using coupled
clusters energies as reference (which are free from self-
interaction error, but also include dynamic correlation), we
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identified BLYP45 (45% EE) as the optimal functional and found
that it reproduces chemical shifts in both [18]annulene and its
anions with a <1 ppm accuracy over a >30 ppm range. Similar
approaches have been used successfully to identify appropriate
DFAs for modelling interconversions between Hiickel and Mébius
topologies,?! fullerene-based memristors,? and pericyclic
reactions.? Here, we adopted the following general strategy
(details in SI):

1. Optimize geometries of various c-PN nanobelts using
several families of DFAs (PBE,?"1 BLYP,[" wB97X®). Within
each family, test many DFAs by changing the proportion of EE or
EEo, EE~, and w.

2. Calculate the single-point energy for each optimized
geometry of each ¢c-PN using coupled clusters (or second-order
perturbation theory, MP2, for larger belts). Identify the DFA that
minimizes this energy, for each value of N. Keeping in mind that
coupled clusters and MP2 calculations are sensitive to basis size,
refine the DFA by correcting for basis set incompleteness.

3. Use the optimal DFA determined in (2.) to determine the
NICS value at the center of the ring (NICS(0)z). This parameter
provides a good probe of the ring current.

An alternative non-empirical approach for tuning a DFA for a
specific system relies on making it compliant with Koopmans'
theorem, which is usually accomplished by varying EE to match
the negative HOMO energy and the vertical electron detachment
energy of the neutral molecule.?® Unfortunately, our attempts to
construct a DFA using this approach failed (details in Sl).

Following the strategy outlined above, we built OX-B3LYP
(Optimized for eXtensively conjugated systems, dark blue in
Figure 2b) as the optimal DFA for describing the c-PN nanobelts.
At small ri2, OX-B3LYP (EEo = 19%) is virtually identical to B3LYP
(EE = 19%), which is a suitable DFA for modelling the optical
properties of edge-fused porphyrin nanoribbons (Figure 1a).B% In
the long-range limit, OX-B3LYP recovers the correct form of the
Columbic decay (EE- = 100%).

The most interesting feature of OX-B3LYP is the very low
value of the range separation parameter (w = 0.025 a¢™"). This
can be understood by noting that 1/w roughly corresponds to the
distance at which electron-electron interactions are no longer
screened (when EE- = 100%). In general-purpose range-
separated DFAs such the original LC-wPBE (w = 0.47 ao™', grey
in Figure 2a), 1/w is comparable to the length of a single bond
(1/w = 1.1 A). In the LC-wPBE variant suitable for singly-linked
porphyrins (w = 0.1 ao™"),l%: 16-17. 2. 31 1/ is on the order of a
single porphyrin (5.3 A), indicating that electrons are strongly
delocalized within each porphyrin, but that inter-porphyrin
interactions are unscreened. In OX-B3LYP (light blue in Figure
2b) screening persists up to several porphyrins in length (w = 21.2
A), reflecting strong inter-porphyrin coupling in c-PN nanobelts.

Each porphyrin unit in a c-PN nanobelt contributes 10
electrons to the Hiickel count,® so we expect even-numbered
belts to sustain a paratropic ring current associated with anti-
aromaticity (positive NICS inside the ring; red in Figure 3a) and
the odd-numbered ones to display a diatropic current consistent
with aromaticity (negative NICS inside the ring; blue in Figure 3b).
Using OX-B3LYP we find that this is indeed the case, and predict
that c-P22 (circumference of 18.6 nm) as the largest nanobelt to
show a ring-current-induced shift at the center of the ring larger
than 1 ppm (NICS(0)z of £3 ppm corresponds to an isotropic shift
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Figure 3. NICS(0)z; maps for c-PN nanobelts with N = 6-24, computed using OX-B3LYP. The NICS(0); value in the center of the ring is shown in bold.

of 1 ppm, which is roughly the accuracy of DFT®2; Figure 3). We
also note that the best performing DFA with a constant proportion
of EE (BLYP25) provides a very similar estimate (see Sl).

We now shift our attention to evaluating the strain in molecular
nanobelts. Template-directed synthesis, which is usually used to
synthesize porphyrin nanorings,/®! starts conceptually from a
porphyrin nanoribbon and then bends it into a ring (Figure 4a).
This process is associated with a considerable increase in strain.
We used OX-B3LYP and a hyperhomodesmotic® scheme
(details in Sl), to show that that the total strain in c-PN nanobelts
decreases rapidly until about N > 12, then declines more gradually
(Figure 4b,c). Combining these results with our NICS calculations,
we can identify N = 16-18 nanobelts as the most attractive
candidates for synthesis, offering relatively low strain energies
and significant ring currents.

Another popular way to evaluate aromaticity is through
aromatic stabilization energy (ASE), which is calculated as the
difference in energy between an (anti-)aromatic cyclic system and
a non-aromatic analogue, which may be linear or cross-
conjugated.® Classic examples are cyclobutadiene and benzene,
which have higher and lower energy, respectively, than their non-
aromatic counterparts, corresponding to positive and negative
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Figure 4. (a) Template-directed porphyrin nanoring synthesis. (b) Total
strain energy (in kJ/mol) in c-PN nanobelts, compared to archetypal
strained systems, cubane, bicyclopentane and cyclopropane (indicated by
horizontal dashed lines).['! (c) Strain energy per porphyrin (green) and
strain release associated with increasing the belt size from N to N+1
(purple). (d) Aromatic stabilisation energy (ASE) per porphyrin and (e)
NICS(0)zz at different belt sizes, with maximum ring sizes with |ASE| > 1
kJ/mol and |NICS(0).| > 3 ppm denoted.
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ASE. OX-B3LYP calculations of c-PN nanobelts reveal similar
behavior, with even-N belts (with 4n t-electrons) displaying a
positive, and odd-N belts (with 4n+2 m-electrons) a negative ASE
(Figure 4d). Here we calculate the ASE as the difference in energy
between a particular c-PN and the smooth curve without the
oscillation between aromatic and anti-aromatic species, thus
avoiding the common problem of defining a non-aromatic
reference system.B! The energetic (ASE-based) criterion of
aromaticity is somewhat more conservative than the magnetic
(NICS-based) one, as the magnitude of ASE drops below 1 kJ/mol
at N = 18 (Figure 4d), while a significant ring current persists up
to at least N = 22 (Figure 4e).

Recognizing the importance of balancing the description of
localization and delocalization in conjugated systems, here we
used coupled clusters reference energies to build OX-B3LYP, a
DFA specifically tuned for the description of edge-fused porphyrin
nanobelts. OX-B3LYP predicts the presence of global ring
currents in neutral belts with N up to 22, indicating global
(anti-)aromaticity in molecular rings with a circumference of up to
18.6 nm. We expect that charged nanobelts will exhibit global ring
currents at even larger sizes (e.g. N = 40), as indicated by our
approximate calculations (see Sl).

Supporting Information
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Supporting Information.
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