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Abstract

Aromaticity is a fundamental concept in chemistry, underpinning the properties and reactivity
of many organic compounds and materials. The ability to easily and accurately discern
aromatic behavior is key to leveraging it as a design element, yet most aromaticity metrics
struggle to combine accurate quantitative evaluation, intuitive interpretability, and user-
friendliness. We introduce a new method, NICS2BC, which uses simple and inexpensive NICS
calculations to generate information-rich and easily-interpreted bond-current graphs. We test
the quantitative and qualitative characterizations afforded by NICS2BC for a selection of
molecules of varying structural and electronic complexity to demonstrate its accuracy and ease
of analysis. Moreover, we show that NICS2BC successfully identifies ring-current patterns in
molecules known to be difficult cases to interpret with NICS, and enables deeper understanding

of local aromaticity trends, demonstrating that our method adds additional insight.

Introduction

Aromatic molecules have long captured the imagination of chemists, both for the synthetic
challenges they pose and for the opportunities they provide to investigate this elusive property.
Recent reports demonstrating this ongoing interest include the preparation of highly anti-
aromatic s-indacene derivatives,® the discovery of novel carbon allotropes,? and the on-surface
synthesis of graphene-based structures.® In addition, due to the prevalence of polycyclic
aromatic molecules as functional materials (e.g., photoswitches,* emitters,® dyes,® organic
semiconductors,”** and many others), aromaticity has emerged as a potential design element
for tuning important molecular properties, e.g., HOMO-LUMO?*® or singlet-triplet energy
gap.1*18 Thus, the ability to identify and quantify aromaticity in such systems is a promising

tool for the construction and characterization of novel compounds.

There are myriad approaches and techniques for quantifying aromaticity, stemming from the
four main criteria in which it manifests—energetic, geometric, magnetic, and electronic—
which are discussed extensively in the book recently edited by Fernandez.*® Among these, the

methods that evaluate the induced ring current and the resulting induced magnetic field share
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a particular advantage: they describe physical properties with spatial distributions, which can
be mapped onto the molecular structure. As noted by Sundholm et al., the current density itself
IS a subobservable that can, in principle, be accessed experimentally, though there is to date no
experimental procedure to do so. However, it can be calculated as the expectation value of a
quantum-mechanical operator.?> Moreover, computational techniques allow us to specifically
distinguish the contribution of the m-electrons to the current density—a separation that would
not be feasible experimentally. As it is the n-electron delocalization and its resulting current
density that are associated with aromaticity, it is imperative to analyze only these contributions.

Because the human eye is adept at recognizing patterns and features in spatial distributions,
such visualizations of chemical properties enable quick and intuitive understanding of
molecular behavior,42¢ in this case, of aromaticity. Though the same information can be
conveyed numerically or textually, the clarity and context are significantly enhanced by the
visual depiction. Put succinctly, as the adage says, “a picture is worth a thousand words.” In
Figure 1, we demonstrate the various numerical and visual aromaticity evaluators for
anthracene (CC7, Scheme 2). We note that, in general, there is a continued interest in
visualizing abstract chemical phenomena, as is demonstrated by the recent publications
detailing such methods for, e.g., dispersion forces,?’ strain?® and Clar sextets in polybenzenoid

hydrocarbons.?®
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Figure 1. Comparison of various aromaticity evaluations for anthracene (CC7). a) Scalar metrics: NICSzz,%%
HOMA 3233 FLLU,3* MCBO,% calculated with Multiwfn.3® NICS values are calculated 1 A above the centers of
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the rings (shown by black dots) and reported in ppm units, all other metrics are unitless. b) Current density,
calculated with SYSMOIC®* and visualized with in-house Python code. ¢) Bond-currents, calculated with
SYSMOIC?® by integration of the current density, visualized with BC-Wizard (see Computational details).

In the study of aromaticity, despite the clear advantages of pictorial depiction, w-electron
current density visualization methods are not the most widely used. This is because, for a
visualization to be valuable, it should be an accurate and clear representation of the chemical
information and, ideally, also easy to generate and analyze. Paradoxically, the same
information-richness that makes current density plots intuitive to understand also makes them
difficult to use (e.g., to compare different systems, to discern clear patterns of behavior). These
difficulties can be somewhat mitigated by using bond-currents, which reduce the complexity
by integrating the current density and mapping the result to the molecular structure (e.g., Figure
1c). The calculation of m-electron bond-currents has a long history in the characterization of
aromatic molecules®®#° and has recently enjoyed renewed popularity.**>! However, this
method has not yet gained widespread use, most likely due to the technical difficulty of
obtaining the bond-currents—via integration,®>>® graph theoretical,>* or topological®°®
methods. Similarly to the methods or programs that calculate the current density (e.g.,
SYSMOIC,*” GIMIC,# ACID%), the calculation of bond-currents often also requires more
user-expertise and is not as readily accessible to the broader audience of chemists. Hence,
despite their advantages, these methods do not manage to combine the requirements of clarity
and ease-of-use, and are therefore relatively sparingly used. In most cases, the resulting visual

does not allow clear qualitative interpretation, let alone quantitative assessment.

Rather, the most commonly used aromaticity method is the Nucleus Independent Chemical
Shift (NICS) method, 203157%8 the basic concept of which is similar to NMR. From a practical
perspective, NICS is very easy to use, allows straightforward comparison between systems,
and can be calculated with all popular quantum chemical computational software. However,
one must recognize that NICS is a proxy for the actual physical property that is the
manifestation of aromaticity (i.e., the ring current).>*-®3 This also has practical consequences:
NICS values are obtained by integrating over the entire current density vector field, which
results in loss of spatial information. Thus, it is not uncommon that NICS results are
misinterpreted and local/global currents are mischaracterized.3*¢4%5 While more informative
NICS-based methods exist, such as the NICS-XY-Scan® or NICS isosurfaces,®” the
interpretation of NICS in terms of current densities is not intuitive and can lead to mistakes in

identification of local and global current pathways.%



Herein, we propose a new method, NICS2BC, for generating quantitative bond-current graphs
from NICS values. Our approach capitalizes on the individual strengths of the two techniques:
it uses simple and inexpensive NICS calculations to afford an intuitively and easily
interpretable visual depiction of n-electron bond-currents. We demonstrate here the generality
of our method by applying it to representative molecules and comparing our results to those
obtained with other techniques. In all cases, the NICS2BC map distills the salient features of
the current flow and portrays them in a clear and unambiguous manner. In addition to its visual
appeal, we show that NICS2BC successfully deals with cases where interpretations based only
on NICS are difficult or ambiguous. Furthermore, the formulation of our method defines a
“weight” term for each ring, which essentially translates into a local aromaticity evaluator. To
our knowledge, this is the first time NICS values of polycyclic molecules have been
deconvolved in such a manner. To clarify, throughout this text, we use the term “aromaticity”
to refer specifically to “magnetic aromaticity”, i.e., the characterization based on the ring-

current model.>%%3

Computational details

The geometries of all molecules were optimized with Gaussian 09 Revision D.01%° using the
B3LYP'"3/def2-TZVP™ combination with the D3 dispersion correction.” All optimized
geometries are provided in the Sl. For all molecules, NICS calculations were performed with
Gaussian using the B3LYP/6-311G(d,p) combination and the gauge-including atomic orbital
(GIAO) method for NICS probes at heights of 0.00, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.50,
1.75, and 2.00 A above the centers of the rings. From the NICS calculations, NICSzz values
were extracted for all molecules and all heights. For the CC set of molecules (Scheme 2), we
also performed natural chemical shielding (NCS)’® calculations using the NBO 678 software
interfacing with Gaussian, to dissect the ¢ and m contributions to the NICS values and obtain
NICS;zz values. The n-orbitals were automatically identified by SYSMOIC®' and verified by

visual inspection.

For all molecules, wavefunction files were generated with Gaussian using the B3LYP/6-
311G(d,p) combination and the continuous set of gauge transformations (CSGT) method.’®
The wavefunction file (.wfx) was used with the SYSMOIC®’ program package to calculate
current-density vector fields and integrated bond-currents. Herein we present the results
obtained by considering only the m-electrons (i.e., the current density and integrated bond-

currents from z-electrons only). For results obtained using total integrated bond-currents (i.e.,



o + m electrons), see Section S6 in the SI. We note that the integrated bond-currents from =-
electrons had a slightly better agreement with the NICSzz-based bond-currents than with the
NICSxzz-based bond-currents. The closer agreement of NICSzz with m-currents was also
recently reported by Radenkovié¢ and Dordevié¢,*® and this strengthened our decision to use the
simpler metric. All current-density plots were visualized with an in-house Python code
(available in Section S4.2 in the SI). The integrated bond-currents were visualized with BC-

Wizard (available on GitLab: gitlab.com/porannegroup/bcwizard).

NICS2BC bond-currents were calculated according to the algorithm described in the NICS2BC
Method section of this report (and the additional details in the accompanying Sl). For
calculating the & matrix, we set the I value to 11.5 nA T-1 (cf. Equation S1); this value was
found by averaging the total and m-current strengths of benzene (Table S7), and rounding it for
simplicity. The procedure was automated and implemented as a module within the BC-Wizard
Python program package developed by wus, which is freely available online
(gitlab.com/porannegroup/bcwizard). In addition to the NICS2BC module, BC-Wizard also
includes modules for performing BC2NICS calculations (according to Equation S1 in the SI;
for the introductory information of such calculations, see Reference 57), input file preparation,

and visualization of integrated bond-currents.

The input templates for all the calculations are provided in Section S4 in the SI.

The NICS2BC Method

As mentioned above, NICS is the most popular method for evaluation of aromaticity, due to its
simplicity and accessibility, but these advantages come at the price of reduction in information
content.3! This then begs the question: can NICS values be reverted to recreate the underlying
current density? Bultinck and coworkers convincingly showed that one cannot uniquely
reconstruct the current density from a set of NICS values.®! The main reason is that the number
of NICS values is usually much smaller than the number of grid points required for a 3D
current-density map, and therefore the problem is underdetermined. This implies that reverting
NICS to current density is, in principle, achievable but, in practice, unfeasible. Recreating
current-flow information from NICS requires one to solve the issue of the undetermined

equations.

Bond-currents provide a potential solution to this issue, as they require much fewer grid points
than a 3D current-density map. Moreover, we recently observed a very good agreement

between NICSzz values calculated with density functional theory (DFT) and NICSzz values
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calculated from bond-currents using the Biot-Savart equation.®® Based on the surprisingly
accurate predictions obtained with this approach, we hypothesized that a scheme converting

NICS to unique bond-current graphs could be established.

To summarize the procedure: the bond-currents for each individual ring must follow the
continuity equation, which leads to each ring effectively having a uniform ring current,
consisting of the bond-currents, of some specific strength. We express this current strength
with relation to a reference strength (lref, usually set to be the bond-current strength of the C-C
bonds in benzene), such that each ring only carries information about the relation to lref, which
is denoted as the weight of that ring. As a result, the total bond-current graph is now fully
determined by the weights of the monocyclic subunits, which sufficiently reduces the
dimensionality of the problem to render it solvable. In other words, within this framework of
our assumptions and definitions, the number of variables that need to be determined equals the
number of rings in the system and, therefore, the problem can be solved with one NICS value

per monocyclic subunit. The full derivation is detailed below.

Throughout our derivation, we refer to polycyclic systems and the monocyclic subunits
contained within them as directed graphs. Therefore, we first define these graphs, using the
example of naphthalene. Scheme 1a shows the full directed graph of naphthalene (CC4), where
each bond is denoted as a vector between the two respective atoms. Scheme 1b shows the
directed graphs of the two individual monocyclic subunits in naphthalene. The directions of
the vectors in the full directed graph are, in principle, arbitrary; they only determine the sign
of the bond-current strengths used to generate the final bond-current graphs (Scheme 1c).



(b) Monocyclic subunit
directed graph

(c) Final bond-current graph

Scheme 1. Graph examples for naphthalene. The numbers indicate the atom indices and the direction of the arrow
indicates the direction of the bond vector.

Let us consider the Biot-Savart equation for calculating the induced magnetic field Bi"? at
position r from a line current with strength I along path C:2

indr _ Ho dlx (r—r')
Bin (r) _E CW

(1)

where dl is the differential vector at position r’ pointing in the direction of the current flow,
and u, is the vacuum permeability. For a molecule with N bonds, with each bond i having a
bond-current strength I;, the induced magnetic field at position r can be calculated as the sum

of the individual line integrals over all the bonds:

Bma()_qu fle(r ) @

lr—r'|?
Next, we state the following assumptions, within which the NICS2BC scheme was developed:

1) Bond-current graphs obey the continuity equation, i.e., the total current is conserved.
2) Bond-current graphs of polycyclic molecules can be constructed as a sum of the
constituent monocyclic bond-current graphs, which individually also follow the

continuity equation.

The first assumption is an incontrovertible physical principle, although it is not always fulfilled

exactly by bond-currents obtained by integration of current densities, as also discussed in the



construction of other bond-current methods.> Its numerical consequence is that for a
monocyclic molecule, every bond has the same current strength I,,,,4, Which we can denote as

the ring-current strength:
Iyond = Lring V bond € ring (3)

The second assumption stems from the fact that any linear combination of bond-currents that
obey the continuity equation will naturally produce new bond-currents that also obey the
continuity equation. Our scheme defines each bond-current in the total system as a linear
combination of the bond-currents in the individual monocyclic subunits; this choice
corresponds to using the smallest set of smallest rings definition,®® and is distinct from other
approaches, which consider all possible circuits.>** In accordance with Equation 3, the bond-

current strength I, ,4 in a polycyclic molecule is:

Iyona = Z Lying (4)
ring 3 bond

In this notation, the ring-current strength I, also carries a sign that depends on the direction
of the current flow—i.e., monocyclic ring-current strengths are added with a positive (negative)
sign if the respective bond in the monocyclic directed graph is defined in the same (opposite)
direction as the bond in the full directed graph. For example, in the left monocyclic directed
graph in Scheme 1b, the bond between atoms 3 and 8 is defined in the same direction as in the
full directed graph in Scheme la (3 — 8), and the value of I;;,, would thus be added as a
positive value; the same bond in the right monocyclic directed graph is in the opposite direction
(8 — 3), and would therefore be added as the negative of the respective I, value. Because
the monocyclic ring currents obey the rule of current conservation, it follows that such linearly
combined polycyclic bond-current graphs also obey current conservation and thus satisfy the

first assumption.
Using the definition in Equation 4, we can now rewrite Equation 2 as:
| o % dl x (r — ")
BM(r) = Ez Z Liing LW (5)

i=1 \ring>31i

Due to the linearity property of integration (the integral of a sum equals the sum of the

integrals), we can rearrange this equation to sum over all the rings j in a polycyclic molecule



of M monocyclic subunits (rings), where for each ring we sum over bonds i that belong to that

ring:

M

B =2 ©)
41 £

To simplify the notation, we first define the ring-current strength I; of ring j as a product of a

reference ring-current strength I,.¢ and the weight of the ring w;. This definition shifts the

variable from being a ring-current strength to being a weight.

Bind(y) = MOZ fefoCdl|: (rr'|3r) %

i€]

Now, we can define the unweighted contribution to B™d from a monocyclic subunit j,
parametric with respect to I..;, as E}“d:

Bmd(r ref) = Iref Z f aLx (r r) (8)
C;

R

For brevity, we drop the parametric notation and rewrite Equation 7 as:
M
BM(r) = Z w; B (r) (9)
j=1

This equation can be easily transformed to apply to NICS calculations. Firstly, we note that in
a uniform external magnetic field B®*, the induced magnetic field can be expressed in terms
of the chemical shielding tensor o as: B™4(r) = —a(r)B®*.#! Depending on the specific
NICS metric, NICS is defined as the negative of some component of the chemical shielding
tensor. In this work, we focus on the scalar NICSzz metric, which is defined as: NICSzz =
—047 = B9 /BS*t where the subscripts denote the component of the tensor or the vector. For
notational simplicity and due to the direct connection to the chemical shielding tensor, we
denote the scalar NICS value as o. As the external magnetic field is constant, the Bi"d vector

in Equation 9 can be trivially substituted by a scalar NICS value:

M
o(r) = ij 5.(r) (10)

j=1



When NICS values are calculated at several positions r;, we have several instances of Equation
10, each corresponding to an expression for the NICS values at the respective position (denoted
as a(r;) = g;. For N NICS values and M monocyclic subunits, we can cast these into the

following matrix equation:

01 011 012z = Om\ /W1
On On1 Onz *° Onm/ \Wm

where §;; denotes the contribution of the j-th ring to the i-th o value, w; is the weight of the j-

th ring, and g; is the i-th NICS value (Figure 2b). We can write this equation in condensed

notation as:
o =0ow (12)

To solve for the weights, we need to invert this equation. If the number of rings (M) is equal
to the number of NICS probes (N) and the matrix @ is invertible, then the weights can be
calculated by multiplying Equation 2 from the left by the inverse of & (Equation 13). If N > M,

we can multiply from the left by the pseuso-inverse of & (Equation 14).

Q

w=6"1d (13)

w=(¢Te)"1e7q (14)

In these equations,  vector contains the input NICS values which are converted to the weights
and the @ matrix can be populated by various means, e.g., with the Biot-Savart equation (cf.
Equation S1 in the SI) or with a Huckel-like parametrized approach (Section S2 in the Sl). All
of the results presented in this text were obtained with the Biot-Savart equation.

Once the weights have been calculated, the third step is to construct the bond-current graphs
by simply adding the superimposed weighted bond-currents of the monocyclic subunits
(Equation 15, Figure 2c).

Ivond = Z Wringlref (15)

ring 3 bond

These Iy,nq Values, together with the bond vector definitions (which can be in arbitrary
directions as they only matter for the sign of I,,,4), can then be used to construct bond-current

graphs. At the conclusion of the procedure, both the weights of the individual rings and the
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molecular bond-currents have been obtained. In other words, information pertaining to both

the local and global magnetic behavior of the molecule is afforded.

An illustration of the overall workflow of the NICS2BC method for the example of anthracene
(CC7, Scheme 2), together with a condensed notation of the relevant equations, is depicted in
Figure 2. In this section, we describe the general workflow of NICS2BC; for details on how to
run the BC-Wizard program that automates the NICS2BC procedure, we refer the reader to the

documentation.

Workflow
- a) Step 1: Set up the system --------------------- N

Identify rings

Input:

+ Atomic coordinates 3 I\A

* NICS coordinates + values

(" c) Step 3: Combine the weighted ring currents --------- \

1
1 [}
: 1 X Wy :
1 S \
1 |
i 2 Sy o ‘:> e W o O 4 :
i 3 . XV i
v

Figure 2. The general workflow of the NICS2BC scheme exemplified on anthracene (CC7).

It is worth emphasizing that, to the best of our knowledge, NICS2BC is the first method that
enables calculation of the m-electron contribution to the current strength using the GIAO
(gauge-including atomic orbitals)’®# framework. To date, this has only been achieved within

the ipsocentric approach.®®
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Results and Discussion

To ensure that our bond-current visualization method provides trustworthy information, it is
necessary to verify that they capture the same behavior, both qualitatively and quantitatively.
In other words, we need to ascertain that the bond-currents generated by our method are in the

correct directions and magnitudes.

To test this, we created two sets of molecules: a) the cata-condensed (CC) set and b) peri-
condensed (PC) set. The reasoning for this was that each set provided a different test of the
method’s capabilities. The CC set allowed us to perform a quantitative assessment of our
method, because we could compare the predicted bond-currents to those obtained by
integration with an independent method (SYSMOIC,*" developed by Zanasi and coworkers).
This quantitative comparison was not possible for the PC set, because the integration of the
currents in these molecules by SYSMOIC tended to disobey the continuity equation (see
Section S3.1 in the SlI). On the other hand, the PC set was much more suited for testing the
advantages of our method for qualitative interpretation (i.e., identifying different currents
within a polycyclic system). While the CC set was mostly straightforward to interpret, the PC
set was more challenging, due to bifurcation of currents and the co-existence of multiple =-
circuits. The combination of both of these sets tests the accuracy and generality of NICS2BC

for visualizing bond-currents and for interpretation of magnetic behavior in polycyclic systems.

The CC set included 39 mono- and polycyclic systems comprising rings of different size,
charge, and aromatic character (depicted in Scheme 2; all molecules except CC1- CC4 and
CC13-CC15 were also calculated with +2 charge, see Section S5.1 in the Sl for further
details).

12
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Scheme 2. The cata-condensed (CC) set of molecules used for quantitative assessment of the method. All
molecules except CC1— CC4 and CC13—CC15 were also calculated with a charge of +2. The bond-current
strength calculated with NICS2BC using the NICSzz values are shown in red (only unique values are shown).
For the complete set of bond-current values and for the bond-current values of the dicationic systems, see SI.

For each of these molecules, we calculated the bond-currents with our method, using NICSzz
values extracted from probes placed at 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2.0 A above
the center of each respective ring in the molecule (NICS.zz values were also calculated at the
same heights; for further details see Section S5.2 in the SI). We then compared the bond-
currents obtained with our method to bond-currents obtained by integration of the current

density field generated by the n-electrons only, calculated using SYSMOIC.3” As can be seen
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in Figure 3, there is an excellent agreement between the bond-currents obtained with the two
methods when the NICS probe is placed at a height of 1.25 A above the ring, agreeing with the
recent report by Radenkovi¢ and Pordevi¢ regarding both the optimal height and the correlation
between NICSzz and the m-current (see Section S5.2 in the Sl for correlations obtained at other
heights).*® This indicates that our approach does indeed reproduce the current susceptibilities
of the system, both in size and direction. It is important to note that, in principle, the NICSzzz
metric is considered to be the most accurate NICS-based metric for aromaticity
evaluation.318%87 However, it requires more specialized and more expensive calculations. We
elected to report here on results obtained using NICSzz values in order to demonstrate the
generality of the method and the quality of the results, when using the more accessible and
computationally inexpensive metric. The quality of the results indicates that the gain in ease-
of-use does not come at the cost of accuracy, which is supported a recent report by Berger et
al, which also demonstrates the relationship between the NICSzz metric and the strength of the
ring-current in monocyclic systems.> The results obtained with NICSzz values are reported in

the Sl and show very close agreement.
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Figure 3. Correlation between bond-current strengths calculated by SYSMOIC (x-axis) and NICS2BC (y-axis),
RMSD=18nAT™

To demonstrate the visual nature of NICS2BC and the easy interpretation it enables, Figure 4
shows a comparison between NICS2BC maps and current density maps for representative
examples of the CC set (the results for the complete set are provided in Section S5.3 in the SI).
Note that diatropic (paratropic) currents, which generally denote aromaticity (antiaromaticity),
are shown flowing in the clockwise (counter-clockwise) direction. The analysis of these
molecules’ aromatic behavior has been previously described in the literature,®5% thus we

mainly comment on the agreement between the NICS2BC and current-density maps and
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describe the main features of the current. In general, the NICS2BC maps replicate the current-
density features well. Phenanthrene (CC9, Figure 4a) is largely characterized by a global
diatropic current at the periphery, with slightly stronger currents in the side rings. CC18 (below
Figure 4b) is characterized by multiple currents, creating an asymmetric current flow whereby
the strongest paratropic current is seen in the right-hand 5-membered ring. Biphenylene (CC19,
Figure 4c) has diatropic currents in the 6-membered rings and a stronger paratropic current in

the 4-membered ring.
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Figure 4. Comparison of NICS2BC and current density maps for representative examples of cata-condensed
molecules. Top: Scheme of molecule and NICS values above each ring center; Middle: Current-density maps;
Bottom: NICS2BC graph for a) CC9 (phenanthrene); b) CC18; ¢) CC19 (biphenylene). Current density calculated
with SYSMOIC and plotted with in-house Python code at a height of 1.25 A above the molecular plane. NICS2BC
currents calculated from NICS(1.25)zz, strength is reported relative to lwf (the ring current of benzene, 11.5 NA T-

1

).

Having established that the description provided by our method is a satisfactory reproduction
of the current density for these relatively simple molecules, and having found the optimal
height for placing the NICS probe, we then turned to testing the capabilities of NICS2BC in

more challenging molecules, i.e., the PC set (Figure 5).

Peri-condensed molecules, in which a single atom is shared by three rings, generally exhibit
more complex aromatic behavior than cata-condensed molecules, owing to the larger number
of individual (and possibly overlapping) n-circuits.®® We show here a few classic examples of
such cases.® Certain types of current patterns can arise that might be mischaracterized if NICS
values alone are used for interpretation.®°* We show here a few classic examples of such cases.
The first example is perylene (PC1), in which the central ring displays a positive NICS value
(NICS(1.25)zz = 7 ppm, Figure 5a), which indicates a weak paratropic current. However,
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current density maps show that there is no ring current at all flowing in this ring. Instead, the
value is a result of the effects of the neighboring rings, where two semi-global diatropic current
flow in the disjoint naphthalene units. Though the NICS value itself would suggest a paratropic
current, NICS2BC accurately reproduces the true current flow and reveals the lack of current

in this ring.

The second example is the case of bifurcating currents,®? as exemplified in pyrene (PC2) and
anthanthrene (PC3), which is specifically known to be a “hard case” for NICS.%® In both of
these molecules there are rings that have markedly negative NICS values, indicating diatropic
currents (for PC2: NICS(1.25)zz = —19 ppm, Figure 5b; for PC3: NICS(1.25)zz = —12 ppm,
Figure 5c). Bond-current maps show, however, that these rings have currents flowing in
opposite directions branching from the bifurcation point, and thus do not form diatropic ring
currents. In these cases, assignment of the aromatic character based solely on the NICS value
is, in the best case, ambiguous and, in the worst case, misleading. It is therefore even more
remarkable that, using only these same NICS values as input, NICS2BC identifies the

bifurcation and replicates the current flow successfully (Figure 5b and 5c).

Another classic example of ambiguity in aromaticity characterization of peri-condensed
molecules is found in coronene (PC4, Figure 5d). All of the rings in coronene have negative
NICS values, a result which is consistent with two different interpretations. It was first
rationalized that coronene is an “annulene-within-an-annulene”,**** whereby there are two
diatropic currents, a peripheral and a central one. Subsequently, it was shown that there is
actually a central paratropic current and a peripheral diatropic current,?*® The interpretation
of these counter-rotating currents in terms of aromatic behavior has been debated in the
literature, and different approaches have been employed to identify whether the central ring is
aromatic or antiaromatic.®®°” Though the NICS values themselves do not enable unambiguous
interpretation, NICS2BC not only successfully replicates the two counter-rotating currents in
coronene (Figure 5d), but also enables interpretation of the local aromatic behavior. The weight
for each ring (inner ring = 1.23, outer rings = 1.54; see Table S87) provides the magnitude of
the ring current with respect to benzene. The positive sign of the weight for the inner ring

indicates that it is aromatic, in agreement with the characterization made by others.%®%

As an additional test of the method, we applied it to PC5, which contains both an 8-membered
ring and three types of heterocycles (pyrrole, furan, and thiophene). The NICS2BC map

obtained shows that the current flow is well-reproduced, indicating that the presence of
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heteroatoms does not adversely affect the ability of the method (Figure 5e). Altogether, these
cases demonstrate that NICS2BC can accurately reproduce the current flow in peri-condensed
molecules of varying structure and aromatic character. In particular, it succeeds in cases for

which NICS-based characterization has previously failed.

Figure 5. Comparison of NICS2BC and current density maps for representative examples of peri-condensed
molecules. Left: Scheme of molecule and NICS values above each ring center; Middle: Current-density maps;
Right: NICS2BC graphs for a) PC1 (pyrene); b) PC2 (perylene); c) PC3 (anthanthrene); d) PC4 (coronene); €)
PCS5. Current density calculated with SYSMOIC and plotted with in-house Python code at a height of 1.25 A
above the molecular plane. NICS2BC current calculated from NICS(1.25)zz, strength is reported relative to Iy
(the ring current of benzene, 11.5 nA TY).
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In all CC and PC cases (Figure 4, Figure 5, and Figures S9-S14 in the SI), the mapping of the
arrows to the bonds avoids the ambiguity that can arise from current density maps, for example,
at which height one should visualize the current density, and how one should consider arrows
going in various directions in the vicinity of a bond. Additionally, the width and color of the
arrows showcase the relative strength of the current along different bonds within the molecule,
making it simpler to identify regions with weaker/stronger currents at a glance. Remarkably,
NICS2BC not only replicates the important features of the current density well and provides a
clear picture for interpretation, but it does so by using minimal input (one NICS value per ring).

Finally, we selected two molecules from recent reports in the literature as challenging test cases
to assess the capabilities of NICS2BC. Testl (triplet-state pentacene, Figure 6a) was
computationally characterized by Sola and coworkers®® and provided an opportunity to test the
application of NICS2BC to an open-shell system. Test2 (Figure 6b) was recently prepared and
characterized experimentally and computationally by Miillen and coworkers.® This polycyclic
system, which contains 23 rings ranging in size from 5- to 7-membered rings, provided an
opportunity to test the application of NICS2BC to large molecules with complex aromatic
behavior. For both molecules, we extracted molecular coordinates and the NICS(1)zz values®®
reported by the authors of the original publications and used them to generate predicted bond-
currents with NICS2BC. For Testl, we compared our results to the reported current density
map; for Test2, we compared our results to the reported ACID?° plot. As can be seen in Figure
6, for both cases, not only do our results replicate the current flow calculated by the different
current-density methods, but the visualization of the NICS2BC results is substantially clearer
to grasp and to interpret via a cursory visual inspection. The main features of the current, as
they are obtained directly from the calculation, are plainly seen, and do not require any image
manipulation (e.g., image enlargement or overlaying of clarifying arrows). In addition to these
advantages, we emphasize that both of these information-rich depictions were obtained without

any further quantum chemical calculations on our part.
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Figure 6. Comparison of different aromaticity visualizations for Testl and Test2. a) Test1: Current-density map
(left) and bond-currents generated by NICS2BC (right). B) Test2: ACID (left) and bond-currents generated by
NICS2BC (right). Left-side images reproduced with permission from References * and 3, respectively. NICS2BC
current calculated from the reported NICS(1)zz values, strength is reported relative to l.r (the ring current of
benzene, 11.5 nA T1).

The results presented here demonstrate that the NICS2BC framework can successfully
characterize molecules of various size and aromatic behavior, and that it provides an easy-to-

obtain, clear, and accurate depiction of the current flow in both simple and complex molecules.

Limitations of the Method

In the examples described above, we showed the success of NICS2BC in capturing the bond-
currents of various types of polycyclic aromatic systems. However, as with any new method,
it is natural to seek the boundaries of applicability and to identify inherent limitations.
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First and foremost, we emphasize that NICS2BC is dependent on the input NICS values and,
therefore, it can only work well in cases that NICS itself works well. If the input NICS values
are inaccurate evaluators of a molecule’s current density, then the NICS2BC graphs afforded
from them will also provide spurious results. For this reason, we recommend users follow the
best practices of using NICS, as detailed in Reference 28. In particular, NICS is not appropriate

for use with molecules containing transition metals, as noted by Foroutan-Nejad et al.100101

Another limitation stems naturally from our choice of bond-currents as a model for the current
density, and is generally true for bond-current representations, regardless of the method of
calculation (integration, graph theory, topological methods, or NICS2BC). All bond-current
methods are not ideal for cases where there are currents that cannot be mapped to bonds. This
can happen, for example, due to cancellation of currents by symmetry (currents of equal
strength and opposite directions flowing along the same bond give a net zero current). We show
two such examples in the Sl: dicationic naphthalene, CC72*, and pentalene, CC186, in Figures

S10 and S12, respectively.

The third limitation is a technical one that affects the applicability of the NICS2BC approach
to curved aromatic molecules. In our in-house trials, we have found that the Biot-Savart
equation, which is employed in Step 2 (Figure 2) to calculate NICS values from bond-currents,
does not provide equally accurate results for non-planar molecules. As a result, the & matrix,
and subsequently also the bond-currents, cannot be accurately calculated. We are currently
investigating the reason for this inaccuracy and are working towards an alternative approach
for generating the @ matrix, which will allow NICS2BC to be used safely for curved aromatic

molecules.

Conclusions

In this report, we have presented a new method, NICS2BC, which combines the respective
advantages of NICS—simple, accessible and relatively inexpensive—and bond-currents—
intuitive and quantitative visual representation—to generate clear and informative bond-
current graphs of (polycyclic) aromatic molecules. These graphs allow for straightforward
characterization of the m-electron currents and avoid many common pitfalls in interpretation of
aromatic behavior and allow for evaluation of local aromaticity using NICS. We note that this

is the first method to provide an approximation of the n-electron current density using GIAOs.

We have demonstrated the application of NICS2BC on a variety of mono- and polycyclic

aromatic compounds comprising various-sized rings, charges, heteroatoms, and aromatic
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behaviors. As a further test, we showed that NICS2BC can also successfully deal with open-
shell and with large systems (containing 23 rings). Our results show both a quantitative
agreement with bond-currents obtained by integration and a qualitative agreement between the
interpretation afforded by our graphs and that afforded by current-density maps. The results
also demonstrate that NICS2BC is capable of dealing with complex systems, some of which
have been incorrectly characterized based solely on NICS.%1% This implies that our method
recreates information that is lost in the translation of current density to NICS, without having

to do any additional quantum chemical computations.

Additionally, we note that the BC-Wizard program in which NICS2BC has been implemented
offers additional advantages. Namely, due to the style and clarity of the representation, there is
no need for enlarged high-resolution images or additional indications on the image.
Furthermore, in addition to the default settings, which are suitable for a wide range of
compounds, the program offers customizable settings, enabling the user to easily change the
arrow color and size scales to generate NICS2BC maps that best highlight the features of the
studied molecules. In the event of weak currents, the scale can be easily modified to enable
clear visualization. The program and its accompanying instructions and documentation are
freely available on GitLab and are specifically tailored for user-friendliness and

customizability.

As a final point, we wish to comment on the weights generated by NICS2BC. As written by
Bultinck et al. in 2006, “Ring-specific NICS values would certainly be very powerful quantities
for comparison of local aromaticity, but the projection operators or other techniques to do so
still remain unknown.”% Because NICS values are inherently influenced by multiple effects
within a polycyclic system, they often disagree with other metrics in the evaluation of local
aromaticity.10419291 The weights calculated by NICS2BC, by definition, represent the
contribution of each individual ring to the molecular currents. Thus, these values offer an
interesting new way to investigate the concept of local aromatic behavior within polycyclic
systems. To the best of our knowledge, this is the first demonstration of deconvolution of NICS
values to enable ring-specific values. Work is currently underway in our group to make use of
these weights for this purpose, and to investigate the relationship between weights and other

structural features.
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