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Abstract

We report on the construction and application of a new bond-current additivity scheme for polybenzenoid
hydrocarbons. The method is based on identification of the smaller substructures contained in the system,
up to tricyclic subunits. Thus, it enables the prediction of any cata-condensed unbranched polybenzenoid
hydrocarbon, using a library consisting of only four building blocks. The predicted bond-currents can then
be used to generate NICS values, the results of which validate previous observations of additivity with
NICS-XY-Scans. The limitations of the method are probed, leading to clearly delineated and apparently
constant error boundaries, which are independent of the molecular size. It is shown that there is a
relationship between the accuracy of the predictions and the molecular structure and specific motifs that
are especially challenging are identified. The results of the additivity method, combined with the transparent
description of its strengths and weaknesses, ensure that this method can be used with well-defined reliability
for characterization of polybenzenoid hydrocarbons. The resource-efficient and rapid nature of the method

make it a promising tool for screening and molecular design.

Introduction

Aromatic systems are among the most prevalent compounds in nature and man-made materials. In
particular, over the past few decades, polycyclic aromatic systems (PASs) have become the workhorse of
organic electronics.>? This is due to the molecular properties that characterize these systems: they are 7-
conjugated, which allows for conductance,™ yet are relatively stable, as compared to other conjugated
systems, e.g., polyenes;* they tend to pack closely,>® which is important for charge mobility;” and they can
be relatively easily modified through substitution with functional groups or annulation, which allows for

810 as well as other attributes, e.g., solubility.**? The ability to tune their

tuning their electronic properties,
electronic properties is one of the greatest advantages of PASs as organic electronics because, in order to

perform in such a capacity, the molecule must meet certain requirements. For example, a HOMO-LUMO
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gap in a specific range and/or HOMO and LUMO levels that complement the work functions of the

electrodes.’**°

The chemical community, and physical organic chemists in particular, have been fascinated by the
electronic structure and reactivity of aromatic systems for over 150 years. With their additional importance
as functional molecules and materials, this conceptual interest has taken on a practical aspect in the past
few decades, as well. One of the different ways to identify and evaluate aromaticity is with magnetic criteria,
which are described by the Ring-Current Model (RCM). The model was originally proposed, independently
and essentially simultaneously by Pauling® and Lonsdale,!” to explain the magnetic anisotropy observed in
aromatic molecules. London®® later merged this notion with Hiickel’s molecular orbital theory to afford a
quantum mechanical treatment. Pople®® and McWeeny? are credited with subsequent developments leading
to the present version of the RCM (for further reading into the history of the RCM, see 21 and 22). In short,
according to the RCM, placing an aromatic molecule into an external magnetic field perpendicular to the
molecular plane induces a ring-current, which in turn induces a magnetic field. Various methods have been
developed to qualitatively and/or quantitatively assess aromaticity via these different magnetic responses.
One of the most common techniques in this domain is the Nucleus Independent Chemical Shift (NICS)*"
2 metric, which evaluates the strength of the induced magnetic current at a specified location. For PASs,
an extension of the method, termed the NICS-XY-Scan,?® is commonly used (we explain more about these
two methods in Appendix A). NICS-XY-Scans have already been used to characterize organic
semiconductors and to aid in the design of novel compounds,?’~*° by identifying and evaluating the aromatic
nature of systems. Moreover, a few years ago, it was demonstrated that NICS(r).zz is quantitatively
correlated to the HOMO-LUMO gap and lonization Potential.*! This means that the NICS-XY-Scan can be

used to also predict specific physical properties.

While the NICS-XY-Scan is a helpful tool, in some cases obtaining NICS values at an accurate level may
require the same computational resources as simply calculating the properties of interest. A couple of years
ago, we showed that NICS-XY-Scans can be generated with an additivity scheme (which is explained in
detail in the appropriate section).3* One of the main advantages of the additivity method is that it allows
generation of NICS-XY-Scans for large and diverse PASs in far less time and using far fewer computational
resources. Very recently, we automated the additivity method in a Python-based program, Predi-XY,*
which further cuts down the computation time (by five orders of magnitude, with the hardware we tested)
and the manual labor required to generate the scan. Thus, we can now obtain predicted NICS-XY-Scans
for PASs at a substantially reduced computational cost and in a fraction of a second. By reducing the costs

of time and resources so dramatically, Predi-XY has the potential to make the NICS-XY-Scan a much more
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widely applicable tool for molecular design. Due to this, we believe a deeper look into the additive behavior

at its base is warranted.

So far, we have tested the additivity scheme on various systems with eight different types of monocyclic
subunits systems and containing up to ten rings, and have been very gratified to see that it performs well.
Yet, we recognize that this apparent success is phenomenological and is not based on rigorous derivation.
In other words: it seems to work, but does it reflect the true behavior of the system? This question is
especially important given the general criticism of the NICS method. As an integrative method, NICS
reduces the wealth of data in the vector field of the induced current density to a single scalar value or an
array of values if a scan is performed.®® Thus, though a recent investigation of 60 charged and neutral
molecules showed that NICS-XY-Scans and current density agree in their description of the aromatic
behavior,* could it be that the additivity implied by the NICS-XY-Scans is a result of the approximations
inherent in this method? Could it be an accidental cancellation of effects that leads to an apparent additivity?
Whether this is the case or not, how can this be determined? Our approach was to return to the original
premise of the magnetic criterion of aromaticity, the RCM. NICS was developed as a tool to assess the
induced magnetic field, which stems from the induced ring-currents. Thus, to verify the observation of
additive behavior implied by NICS, we set out to determine whether the underlying property behaves in a
similar manner, i.e., we set out to reproduce our NICS-based additivity with current density.

Herein, we report on the construction and benchmarking of a new additivity scheme, based on magnetically
induced bond-current strengths (henceforth, referred to as “bond-current strengths” or BCS, for
conciseness) as a model for the induced current density. This scheme demonstrates that the bond-currents
in polybenzenoid hydrocarbons (PBHs) have the same additive behavior as their NICS-XY-Scans.
Moreover, the molecular bond-currents generated by the new scheme can themselves be used as the basis
for predicting NICS-XY-Scans. We also probe the limitations of the additivity method, highlight
challenging cases, and delineate the error margins that can be expected. Overall, this work serves to
corroborate the additive nature we previously reported on and to clearly define the accuracy of the method,

the latter of which is key to responsible and meaningful use.

The NICS-XY-Scan Additivity Scheme (NAdd)

The main goals of this report are to investigate and discuss the issue of additivity of current density and its
link to the apparent NICS additivity. Therefore, it is important to briefly explain the NICS-XY-Scan
Additivity method (for conciseness, we shall refer to it from this point as the NAdd, and to NICS values
obtained with this method as NICSNA9). For further details and examples, we refer the reader to the original

publications introducing the method.?**® In the NAdd, we define two main components: building blocks
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and combination rules. The building blocks are the monocyclic, bicyclic, and tricyclic subunits; for PBHs,
these are benzene (1_0), naphthalene (2_0), anthracene (3_0), and phenanthrene (3_1). The combination
rules are applied based on the sequence in which the individual subunits appear in the larger system. To
clarify this, we show an example in Figure 1a. In our method, this PBH is seen as a superposition of all of
the subunits it contains. The sequence of subunits is determined by “reading” the molecule; the direction of
“reading” is arbitrary and does not change the results, other than reversing the direction of the final predicted
scan. In Figure 1b we “read” the sample molecule from left to right (our conventional direction) and show
that it contains five benzenes (green), four naphthalenes (pink), two phenanthrenes (light blue), and one
anthracene (dark blue). Just as the subunits overlap in space, their NICS-XY-Scans should overlap in the
additive calculation (Figure 1c, same color-coding), and therefore their NICS-XY-Scans also overlap
(Figure 1d, same color-coding). To obtain the final prediction, all contributions are summed for each

distance point (dashed gray curve in Figure 1d).

To avoid “double-" and “triple-counting”, we use Bicyclic Corrections (BC) and Tricyclic Corrections (TC)
in place of the explicit scans for these subunits. The BC is the difference between the explicitly calculated
NICS-XY-Scan of the bicyclic system and the superimposed monocyclic subunits; the TC is the difference
between the explicitly calculated NICS-XY-Scan of the tricyclic system and the superimposed monocyclic
subunits and BCs. By using these terms, we are “correcting” each benzene ring with the change it undergoes
when it becomes part of a naphthalene and then part of an anthracene/phenanthrene. The success of this
approach is evident in the final predicted scan (the NICSN curve, dashed gray), which shows remarkable
agreement with the explicitly calculated scan for the pentacyclic system (black).

Figure 1. Example of the NAdd procedure. a) Scheme of sample pentacyclic PBH and the pathway of the scan through
it. b) Color-coded identification of the building blocks contained in the sample molecule: monocyclic (green), bicyclic
(pink), tricyclic (light blue—angular, dark blue—linear). ¢) Schematic illustration of the superposition of building
blocks, color-coded as in (b). d) Plot of superimposed NICS-XY-Scans of the individual building blocks, color-coded

as in (b); the sum of contributions (dashed gray) and the explicitly calculated NICS-XY-Scan (black). Double-bonds
are omitted for clarity. Figure reproduced from Ref. %,

An important conclusion from the NAdd is that the final scan, consisting of the NICSN values, will be
determined by the sequence of tricyclic subunits [linearly annulated (L) or angularly annulated (A)] that
make up the molecule. To understand this, consider the isomers of pentacyclic PBHs shown in Figure 2. In
our examples, “reading” the molecules left-to-right, 6_3 has the sequence ALLA and 6_13 and 6_14 both
have the annulation sequence ALAA. The monocyclic and bicyclic subunits are identical for all three
isomers (five benzenes, four naphthalenes); they differ only in the sequence of tricyclic subunits. It follows
from this that two isomers that have the same annulation sequence will also have the same NICS-XY-Scan,

even if they are geometrically distinct, and this is indeed seen in Figure 2b.
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Figure 2. a) Three hexacyclic PBH isomers with their respective notation and annulation sequence and a detailed
scheme of the individual tricyclic building blocks contained in them, “reading” left-to-right. b) Plots of the explicitly
calculated NICS-XY-scans of the three isomers. 6_13 (pink), and 6_14 (dashed purple) overlap almost exactly, 6 3
(gray) has a different scan curve. Double-bonds are omitted for clarity.

This observation can be seen as a corroboration, or even generalization, of the notion of equiaromaticity
coined by Bird and coworkers.*” According to this notion, polycyclic systems are equiaromatic if the n-
currents of their individual rings correspond in a one-to-one manner. Using ring- and bond-currents
obtained with a graph-theoretical approach and with Valence Bond calculations, they demonstrated this
equiaromaticity between isomers of fibonacenes (in our terminology, these are fully-angularly annulated
molecules) and between isomers of heptacyclic lucacenes (in our terminology, these are isomers having an
LAAAA annulation sequence). As they note in their report, “equiaromaticity arises naturally in the VB
picture”, however, it is not trivial to assume that it survives the Molecular Orbitals (MO) treatment of
electronic structure. The NAdd shows that, not only does the notion exist within the MO treatment, but also

that the annulation sequence reveals in a very simple manner which isomers will be equiaromatic.

Methods

Building blocks and test set

The molecules included in the investigation reported herein are depicted in Figure 3. They include PBHs
containing from one to six rings, divided into families, where the name of the family is determined by the
number of rings in the isomers (e.g., Family 5 contains the pentacyclic isomers considered). The molecules
chosen are a selection of the possible isomers in each family (i.e., there are additional isomers we did not
calculate), and are considered to be a representative set of each family. Families 1-3 are the building blocks

of the additivity schemes and Families 4-6 are the test set for this work.

Figure 3. All molecules investigated in this work, including their respective notation.

Geometries

All geometry calculations were performed using Gaussian 09 Revision D.01.*® The geometries of all
molecules were optimized with the B3LYP*“ functional and the 6-311G(d)**? basis set and with the
Grimme D3 dispersion correction.”® Aside from tight optimization thresholds (keyword “opt=tight™), all
other parameters were kept in their default settings. Frequencies analysis was performed to ensure true
minima on the potential energy surface. Optimization of some of the molecules led to non-planar geometries
(theseare5 6,6 5,6 12,6 15, and 6_16, which optimize to helical geometries). In such cases, a second

optimization was undertaken, in which the starting geometry was made planar. The planarity was then
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retained throughout the optimization process. Only planar structures were used in the current work. All

optimized geometries are provided in the Supporting Information (SI).

NICS calculations

Explicit NICS-XY-Scan calculations were performed with the Gauge-Including Atomic Orbitals
(GIAO)** method, using the same functional and basis set as the optimizations, to allow for the closest
comparison between the NICS values obtained from our implemented procedures. Using the Aroma
package,?®¢8 the NICS(1.7)xzz metric was calculated with the 5-Only Model.*’ It is important to note that
NICS-XY-Scans obtained with Predi-XY (which automates the NICS-XY-Scan additivity scheme) use a
library of building blocks for which NICS(1.7).zz values were obtained at the B3LYP/6-311+G(d) level of
theory, with the Natural Chemical Shielding® procedure implemented in NBO 6.0.° Based on our
experience with these calculations, including several published examples,® the difference in values is
negligible, allowing for comparison between the different methods. For all molecules in the test set, the
NICS-XY-Scans generated with both methods are shown in the SI Section S3.1.

Current densities

The current densities were calculated from the wavefunction (.wfx) file obtained from B3LYP/6-311G(d)
calculations with the “output=(wfx,csgt)” keyword, which invoked the Continuous Set of Gauge
Transformation (CSGT) method.* The m-electron current density data was then calculated from the
wavefunction file with the SYSMOIC program.® First, the m-orbitals were identified with the MO807xI
module, then the JECK module was used to calculate the current density using only the r-orbitals and with

a magnetic field perpendicular to the molecular plane (see S| Section S1 for further details).

Bond-current strengths (BCS)

To obtain quantitative and easily interpretable data, we opted to calculate bond-current strengths
(alternatively “bond-current susceptibilities”) from the current density data, analogously to the procedure
employed in the Gauge Including Magnetically Induced Currents (GIMIC) program.® Specifically, for each
bond, we numerically integrated the current density calculated with JECK on a bond-centered quadrature
perpendicular to that bond. We chose a disc quadrature, similarly to the one recently reported in a study by
Irons et al.>* We used the Legendre-Gauss radial quadrature® and an evenly spaced angular quadrature with

the rectangle rule. Accordingly, the numerical integration was performed according to Equation 1.

ng ny

92 :z : N
Ihona = RE wjrj(lij'n) €y
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where n, and n,. are the number of angular and radial nodes, respectively; 8 = 2m/n, is the angle between
the radial grid lines; R is the radius of the disc; w; and r; are the Gauss-Legendre weight and the radial
distance for the j-th radial point, respectively; j; is the current vector for the i-th angular and j-th radial
point, and 7 is the normalized normal vector of the disc. We chose the covalent radius of an sp® carbon®
as the disc radius, and placed 10 radial nodes and 20 angular nodes (Figure 4). For reference, our integration
gave a BCS value of 5.08 nA T~ for benzene (1_0). Expectedly, this is smaller than the BCS value of 11.8
nA T calculated with B3LYP and a triple-{ basis set with GIMIC.>" As Irons et al reported,> BCS values
calculated with a disc quadrature are smaller than the respective values calculated with larger integration
planes, e.g., the rectangular planes reported in reference *’. Although the absolute magnitudes are smaller,
we expect the relative magnitudes to be reliable. In our data, the ratio between the circumference current
strength in 2_0 and 1_0 is 1.09, similar to the ratio reported by Irons et al (1.10-1.13, depending on the
method)** and McWeeny (1.09).%

Figure 4. Example of the disc quadrature on a bond in benzene (1_0), shown in top view (left) and tilted view (right).
The points at which the current was calculated are shown in pink.

NICS from the Biot-Savart equation
NICSzz (the variant of NICS that we use in this work) at a point r is defined as the negative of the ZZ
component of the chemical shielding tensor at that point.

oxx(1) oxy(r) oxz(1)
o(r) = oyx(r) oyy(r) oyz(r) (2)

ozx(r) ozy(r) 0zz(7)
The chemical shielding tensor relates to the induced magnetic field B(r), which arises from the current
density induced by an external magnetic field B®*. For a uniform external magnetic field, the relationship

is:®

B (r) = —g(r)Bext 3)

B™M(r) can be calculated by integrating the differential Biot-Savart equation.®® In case the current is defined

on a line, as is the case with bond-currents, the integral is a line integral:

dix (r—r")
[r —7'|3

i Ho
Bind :_fl ! 4
) =4 ) 16D @
where 1(r’) the current strength at »’, dl is a differential vector along the current path C, and xo is vacuum
permeability. There are several examples of using bond-currents instead of the full current density to

calculate the induced magnetic field by the Biot-Savart equation, dating back to the late 1950s.2%°9¢° We

7
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used a similar approach, in which we approximated the integral by calculating the contribution from all of
the N bond-currents, each of which we discretized into M evenly spaced grid points (intervals of A1) with

the same current value lnong.

Bina(®) ~ 22 Z bond ZM X r) )

> |r — r|

As our absolute magnitudes of BCSs (and thereby lywong) are smaller than the “true” ones, but the ratios
between different BCSs are expected to be correct, we decided to scale the BCS values to more realistic
magnitudes prior to the B™(r) calculation. We applied a constant scaling factor such that the BCS value for
benzene (1_0) would be 11.7 nA T2, as calculated for the n-electron current by Monaco et al.* Although
the computational method used for our current density field calculations differs from that of Monaco et al,
we expect the influence of the method to be less significant than that of the size of the integration grid,

based on the data by Irons et al.>*

To obtain the NICS-XY-Scans, we followed the conventional NICS-XY-Scan protocol by placing NICS
probes along a pathway connecting the centers of the rings and the centers of the fused bonds, with 0.1 A
intervals, at a constant height above the molecular plane. For each probe, we calculated the induced
magnetic field based on our numerical approximation of Biot-Savart's law (Equation 5, with M = 100) and

calculated NICSzz as:

B; r
NICSzz (1) = —05;(r) = 1;(:1,_2() (6)
ext,Z

We found the optimal scan height of 1.15 A by minimizing the root-mean-square deviation (RMSD)
between the NICS-XY-Scans calculated for the whole test set by Equation 6 and the respective explicit
NICS-XY-Scans as described in “NICS calculations”, using the Brent method.®? Note that, because only
the m-orbitals were used to obtain the current density data, these are NICS(r).zz values. Thus they can be

compared to the NICS(1.7).zz values obtained with the explicit calculation.

We used an in-house Python code to perform the current density integration and the Biot-Savart calculation;

the numerical operations were performed with standard NumPy® and SciPy® tools.

The Bond-Current Strengths Additivity Scheme (BAdd)

We define the BAdd scheme analogously to the NAdd scheme (see The NICS-XY-Scan Additivity Scheme
(NAdd) section), i.e., we identify monocylic, bicyclic, and tricyclic subunits in a PBH, and combine their
superimposed contributions based on the sequence in which they appear in the molecule. The main technical

difference between the two schemes is that, whereas in the NAdd we can simply sum up the superimposed

8
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arrays of the individual contributions, for the BAdd every bond in the subunit must be mapped to the
respective bond in the larger molecule. To handle this procedure in an automated manner, we wrote an in-
house Python code using the NetworkX package.®® In short, the code generates a graph for the molecule of
interest, using the list of atoms to define the nodes, and the respective Cartesian coordinates and the
covalent radii to identify the connectivity and thereby define the edges (bonds). The monocyclic, bicyclic,
and tricyclic subunits are then identified within the molecule and set as subgraphs of the molecular graph.
For each subgraph, the respective building block is selected by testing for isomorphism, and the respective
pre-calculated BCS values are mapped to a directed graph of that subunit. From those directed graphs, the
bicyclic and tricyclic corrections are calculated on-the-fly using the same definition as in the NAdd. In the
last step, a directed graph of the molecule of interest is generated where the weight (BCS) for each edge
(bond) is calculated by adding together the respective values of the subgraphs, i.e., the monocyclic

contributions, the bicyclic corrections, and the tricyclic corrections.

Visualization

The 3D molecular representations were visualized with Pymol (version 1.7.4).°® The BCS plots and NICS-
XY-Scan plots were generated with Matplotlib.®” The direction of the current in the BCS plots is defined
as the positive current, with the external magnetic field perpendicular to the plane of the molecule and
pointing into the plane. The NICS-XY-Scans are plotted as lines for clarity, although the data consist of

discrete data points, spaced by approximately 0.1 A on the abscissa.

Results

Throughout this text we compare results obtained with different methods of calculation. For clarity, we list
here the terminology we used in the text:

BC" — Bond-current strengths obtained by integration of DFT-calculated current density.
BCBA% _ Bond-current strengths obtained with the bond-current additivity scheme (BAdd).
NICS™ — NICS values calculated explicitly with DFT.

NICSNA% _ NICS value calculated with the NICS-XY-Scan additivity scheme (NAdd).
NICSB® — NICS values calculated with the Biot-Savart law on the basis of BC™ values.
NICSBAY _ NICS value calculated with the Biot-Savart law on the basis of BC®% values.

In addition, we note that, for conciseness, we do not present here the results for all of the compounds in the
test set. Rather, we have selected six representative compounds—6 0,6 2,6 6,6 7,6 9, and 6 10—
which contain all of the structural motifs relevant for the analysis of the results. The data for all of the

molecules are provided in the Sl and are consistent with the conclusions described in this text.
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The Bond-Current Strengths Additivity Scheme (BAdd)

The BCSs were calculated by integration of the current densities (see Methods section for further details).
Using the calculated BCSs, we constructed the Bond-Current Strengths Additivity Scheme (hence, the
BAdd) analogously to the NAdd. In Figure 5a we display the building block library of the BAdd method.
The values of benzene (1_0) are used as-is, as they form the basis of the predicted value for the larger PASs.
As described above, the bi- and tricyclic components are considered via correction terms, which are
calculated as the difference (BC™ —BCBA%), We show in Figure 5b the results of these two metrics and the
resulting correction, depicted as arrows placed on the respective bonds, where the size of the arrow
represents the magnitude of the BCS (the arrows of the correction terms are scaled by a factor of 5 to make
them clearly visible). For the correction terms, the color of the arrow represents the direction of the current,
where the direction of the BC™ for each bond is considered to be the positive direction. Accordingly, green
arrows are a result of positive errors (BC™ — BC®A% > 0) and purple arrows indicate negative errors (BC™
_ BCBAdd ¢ 0).

Figure 5. a) The building block library of the BAdd: benzene (1_0), naphthalene (2_0), anthracene (3_0), and
phenanthrene (3_1). b) BC™" (dark blue) and BC®A% (light blue) for the bi- and tricyclic building blocks, and the
respective correction terms (calculated as BC'™ — BCBA4), Green arrows show positive corrections; purple arrows
show negative corrections. The corrections are scaled by a factor of 5 and double-bonds are omitted in all figures for
clarity.

Using these building blocks and the combination rules we previously described for the NAdd, we
constructed the predicted BCSs of the larger molecules (containing from four to six rings). In Figure 6 we
compare BC™ and BC®"% values for the six representative molecules, and also display the difference

between the two.

Figure 6. Comparison of the BCS values obtained with BC™" (dark blue) and BCBA% (light blue). The difference
between the two (third column from the left, arrows scaled by a factor of 5) is shown to demonstrate the closeness of
the two methods. Green arrows show positive errors; purple arrows show negative errors.

NICS-XY-Scans obtained with BAdd-generated bond-currents (N1CSBAdd)

We then used the Biot-Savart law to obtain NICS values from the BCSs (see Methods section for further
details). Figure 7 displays the results of several calculations for the six representative molecules (for data
for all molecules in the test set, see Sl Section S2.1). Each plot describes the results for one particular
molecule, divided into two sets: BAdd (blue) and NAdd (black/gray). The blue set includes NICSE®,
NICSBAY and the difference between these two scans. The black/gray set includes NICS™, NICSNA%, and

the difference between these two scans (for the definitions of each acronym, see the beginning of the Results

10
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section). The two solid curves are the respective reference values for each set, and the difference curves are

the respective error values, by which we can evaluate the performance of the BAdd and NAdd.

Figure 7. Comparison between the NICS-XY-Scans generated with the constructed additivity methods and their
respective reference scans.

Based on visual inspection of the results of BC®% and NICS® %, we divided the molecules into five sets:
1) fully angularly-annulated molecules; 2) molecules containing linear annulation stretches no longer than
three rings; 3) molecules containing linear annulation stretches of four rings or longer; 4) fully linearly-
annulated molecules; 5) molecules containing the LAL annulation sequence. Table 1 details the molecules
contained within each set. For each set, we report the mean unsigned error (MUE) calculated for all
molecules in that set, as well as the single maximal error observed among the set (for MUEs of the
individual molecules, see Table S3 in the Sl). All of the values are reported as a ratio relative to the reference
value of benzene. Compound 6_1 was placed in Sets 3 and 5, as it fits the structural criteria for both.

Table 1. Relative errors in the BAdd method for each of the sets of molecules. Expressed as a ratio to the value
calculated by the same method for benzene.

Relative BCBA% errord Relative NICSBAY error® )

Set Molecules in Set
MUE® Max. Errord MUE® Max. Errorf

1 0.05 0.16 0.05 0.13 4254610612615
2 0.05 0.21 0.04 0.14 41515356,6906 11,6 13,6 14,6 16
3 0.09 0.36 0.07 0.31 556.1,6263656668
4 0.13 0.32 0.11 0.31 40,5060
5 0.10 0.36 0.09 0.31 52616467

2values reported as a ratio w.r.t to the reference value for benzene (5.1 nA T1)

b values reported as a ratio w.r.t to the reference value for benzene (~16.6 ppm, in the middle of the ring)
¢ MUE of BCBAU w.r.t. BC™

4 maximal BCBAd error in set

¢ MUE of NICSBAd w r.t. NICSBC

fmaximal NICSBA error in set

Discussion

Before we turn to discussing the results presented in this report, we wish to put this investigation into the
appropriate context. The field of research dealing with ring-currents in aromatic systems is wide and varied,
including multiple methods for computation of current densities and multiple suggestions for how to
understand aromaticity based on these currents. A complete survey of these works is not in the scope of the

current paper, however, we do wish to point out previous reports that specifically focused on two issues: a)
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the notion of additivity with currents and b) the use of BCSs in PASs, because these are highly relevant to
this text.

Firstly, we address the issue of additivity. Though our NAdd method was the first demonstration of
additivity with NICS, the idea of additivity within PASs is not new. In the 1970s, Randi¢ introduced the

“conjugated circuits model” (CCM),% "

whereby one identifies all possible circuits made of alternating
single and double bonds in conjugated hydrocarbons. According to the CCM, systems containing only (4n
+ 2) circuits are aromatic, those containing only (4n) circuits are antiaromatic, and those containing both
types are intermediate (partially aromatic). A few years after the method was introduced, Gomes’*
demonstrated that the conjugated circuits behave in an additive manner, which he termed a “non-empirical
system of increments”. Moreover, he showed that the conjugated circuits could be used to obtain properties
such as resonance energies and ring-currents. More recent work has used the framework of the CCM in
combination with a wavefunction ansatz to determine London susceptibilities and ring-current intensities
with high accuracy.’? For many years, the Aihara group has been developing a graph theory of aromaticity
and diatropicity, leading to the introduction of metrics such as TRE” and CRE" (topological- and circuit-
resonance energy, respectively). As with the Randi¢ model, Aihara’s approach does not break the molecules
into structural components, but rather, identifies possible circuits within the total structure. These are
seminal contributions that put forth the notion that identifying parts within a polycyclic system could aid in
characterizing the system, as a whole. For further reading, one may refer to the recent study by Hamzah et
al, which uses a test set of benzenoids containing 1-7 rings to compare two CCM versions with the graph-
theoretical Hiickel-London model.” Bultinck and coworkers also made use of the subcircuit notion, but
focused on specific types, e.g., six-, ten-, or fourteen-center circuits to find correlation between ring-
currents and multi-center bond indices.”® A special case of additivity is known as the “annulene within an
annulene” model, in which a single PAS sustains separate rotational fields on two or more subunits within
the structure (i.e., the m-current is separable into contributions that are largely localized on some subunits).
In such cases, the circuits do not affect one another and therefore the total current density of the larger PAS
can be described as the sum of the individual components, i.e., as additive.”” Candidates for such behavior
are the altan-molecules,”® which are characterized by an inner annulene ring connected to an outer annulene
ring via spokes (e.g., corannulene, coronene). Several recent publications have investigated the topological
ring currents in altan systems.”®® The current flows along each of the annulenes, but not on the spoke
bonds, thus many of the molecules in this family exhibit additivity of current density® and of ring- and
bond-currents.2® To the best of our knowledge, the additivity of altans has not been demonstrated
guantitatively. Rather, it is more a conceptual pursuit, dedicated to identifying structures that display this
behavior and finding characteristics of the additive behavior (e.g., a saddle point in the current density).

Moreover, the individual components are unique to each molecule, so the model is not universally
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applicable. Thus, the BAdd method is unique in several aspects: a) it deconstructs the molecule into smaller
structural components, b) it uses a small, fixed-size library for all compounds, ¢) it affords a quantitative

prediction of the property of the studied compound.

Secondly, we address the issue of BCSs. To construct an additivity scheme for the induced current density,
we first needed to determine how to represent it. As described very aptly by Jusélius and Sundholm, “though
the current density is a proper quantum mechanical observable... current density plots do not provide any
guantifiable measures of the current strengths nor are they suitable for comparing current strengths in
different molecular systems”.%® In addition, we required a method that could be mapped easily to the
structure of the PBH (specific bonds), to allow for easier mathematical treatment, i.e., addition and
subtraction of effects. Therefore, we chose to use bond-current strengths (BCSs) as a model for the induced
current density. Early examples of using of bond-currents (in place of the current density) for calculating
the induced magnetic field with Biot-Savart’s law were reported approximately 70 years ago by McWeeny?
and Longuet-Higgins.*® Ring-currents, which are an alternative method of describing currents in PASs, are
also commonly used. Lazzeretti and coworkers reported on a ring-current model, in which they described
the flow of electrons in a conjugated system by modeling it as an infinitely thin and perfectly circular
conducting loop, and then used Biot-Savart’s law to integrate the current and obtain NICS values.? In a
separate paper, they describe construction of ring-currents from homotropic local vortices.®> Mallion and
coworkers have used both ring- and bond-currents extensively,®*#¢8” and specifically emphasize the value
of considering bond-currents when investigating n-electron magnetic properties in PASs.® Thus, the use of
BCSs is well-established in the literature and brings with it several advantages that make it suitable for our

goals.

In this section, we interpret and discuss the Results presented above, focusing on the accuracy of the
implemented procedures, the quality of the BAdd method, the agreement between the NAdd and BAdd

methods, and the possible causes for error in the BAdd method.

Accuracy of the implemented procedures

The first step of our analysis was to verify that our constructed procedure (integration of current density to
give BCSs, followed by application of Biot-Savart’s law) is capable of correctly reproducing the magnetic
response of the PBHs. To ensure an accurate comparison, we addressed three issues: a) which orbitals are
considered, b) which components of the chemical shift tensors are considered and c) where the NICS probes
are located relative to the current. For calculating NICS™, we used the NICS(1.7).zz metric obtained with
the 5-Only Model.*” This means that the probes were placed 1.7 A above the molecular plane, only the ZZ
component of the chemical shielding tensor was considered and, to a good approximation, only the

contributions of the n-electrons were considered. Therefore, to ensure similarity, in our procedure we used
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only the current density resulting from the w-orbitals and then used only the ZZ component of the resulting
chemical shielding tensor obtained with the Biot-Savart equation (Equation 5). Thus, the only issue
remaining was the location of the probes. The explicit calculation for NICS™ placed the probes at the
conventional height of 1.7 A above the molecular plane. Because the BCS model reduces the 3-dimensional
current density to a 2-dimensional representation, the optimal location (height) of the probes is expected to
change. To find the best height, we performed an optimization of the RMSD between NICS"™" and NICSE®
and found the optimal height to be 1.15 A. Though this is just a fit parameter in our procedure, it does
comport with our expectation that the probes should be closer to the molecular plane, where the BCSs are
located. We emphasize that once the optimal value was determined, all NICSE® and NICSBAY values were

calculated at the same height.

The success of the implemented procedure is demonstrated in Figure 7 with the comparison between
NICS™ (solid black) and NICSE® (solid blue). As seen in the plots, in all examples, these lines show a
remarkable agreement. From this we can conclude that the procedure we constructed can safely be used to
model the actual induced currents in PBHSs, and that the NICS-XY-Scans generated by our code faithfully
reflect the BCSs sustained in the systems. The ability of the model to reproduce NICS values as accurately

as it does is even more remarkable, given the simplifications introduced.

Quiality of the BAdd
The BAdd can be assessed on two levels: a) its ability to reproduce the BCSs obtained based on DFT
calculations (BC™) and b) its ability to reproduce the explicitly calculated NICS-XY-Scans (NICS™".

We first address the ability of the BAdd to reproduce accurate BCSs. We show in Figure 6 the agreement
between the BC™ and BCBA% by representing the current with arrows, wherein the size of the arrow
correlates to the magnitude of the BCS on that bond. Visual inspection of the six representative molecules
shows that the BCB®A% arrows (light blue) look very similar to the BC™ arrows (dark blue), but there are
subtle differences in arrow size. To visualize the agreement more easily, we display the difference between
the two calculation methods in the right-hand column, which can be considered as the error of the BAdd
(the arrows in this column are enlarged by a factor of 5 to make the effects more clearly visible). In our
color coding scheme, green arrows indicate BCSs for which BC™ > BC®A% and purple arrows indicate
BCSs for which BC™ < BCPA%, Because all of the molecules studied here are aromatic and are
characterized by diatropic currents, green (purple) error arrows indicate that the BAdd method
underestimated (overestimated) the diatropic current in that location. The BC™', BC®A% and error data for

all molecules is presented in the SI Section S2.2.
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In general, visual comparison between BC®A% to BC™ plots shows that the BAdd method reproduces the
BCSs well. This is corroborated by the fact the BC®% values for all 27 molecules consisting of four to six
benzene rings have a MUE = 0.07 (expressed as a ratio w.r.t. to the reference value of benzene). As
described above, visual inspection of the resulting plots revealed that certain structural motifs tend to have
larger errors than others, leading us to divide the data into five sets. We detail the observations leading to
this decision here: For 4_0, 5_0, and 6_0, the errors consistently appear as green arrows in the middle part
of the molecule (i.e., the BAdd underestimates the strength of the diatropic current flowing around these
rings; see Figure 6 and Sl Section S2.1). Due to symmetry, in 4_0 and 6_0, the error encompasses the
middle two rings; for 5_0 the error is largest in the middle ring. This is repeated in the molecules that are
not fully linearly annulated, as well (e.g., 6_1). When longer linear substructures (i.e., four or more rings)
are adjacent to an angular substructure, similar trends are seen in the linear stretches—the BCSs of the
middle rings are noticeably underestimated—and in addition the diatropic current in the middle ring the
angular (i.e., phenanthrenic) subunit is overestimated by the BAdd, as denoted by purple arrows. For the
LAL motif, seenin5 2,6 1, 6 4, and 6_7, the diatropic currents are overestimated in the phenanthrene
subunit (purple error arrows) (see Figure 6 and Sl Section S2.1). These repetitive patterns indicate that the
BAdd does not capture some of the subtler nuances of specific PBH structural motifs, and that the accuracy

is linked to particular structural motifs.

To probe this further, we divided the molecules into sets and analyzed the accuracy of the method w.r.t.
these sets. Table 1 details the errors for the different sets (for MUEs of the individual molecules, see Sl
Table S3). The MUEs of the different sets follow the trends observed from the visual inspection. The
molecules in Set 1 and Set 2 show the smallest average error, MUE = 0.05 for both sets, as well as the
smallest maximal error, max error = 0.15 and 0.21, observed for 6_12 and 6_16, respectively. The error
increases when the length of the linear stretch in the molecule elongates, as seen for Set 3 (MUE = 0.09).
This trend continues, culminating in the largest errors being observed for the compounds in Set 4 (MUE =
0.13). There is also a specific annulation sequence, LAL, which appears to challenge the model, which is
seen in the results for Set 3 (MUE = 0.10). The molecule with the highest maximal error is 6_1 (max error
= 0.36), which contains not only a tetracyclic linear stretch but also an LAL sequence. These quantitative
error data support our previous conclusion, which was based on visual inspection, that there is a relationship

between structural features and the performance of the method.

To evaluate the performance of the BAdd with respect to reproducing NICS-XY-Scans, we compare the
NICSBAY (dashed blue) to NICSE® (solid blue), seen in Figure 7. Visual inspection of the plots suggests
that the BAdd provides the basis for satisfactory NICS-XY-Scans. The NICS®A% scans generally follow

the reference curves of NICSB® well, matching the trends and local minima/maxima. The curves of the
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difference between these two methods (dashed-dotted light blue), which serve as a quantitative indication
of the agreement, lie for the most part in the range +2 ppm, with maximal errors reaching approximately
+5 ppm (0.13 and 0.31, respectively, when expressed as a ratio w.r.t. to the value calculated for benzene
with the same method). Not surprisingly, the MUEs for NICSBA% are close in range to those for BCBAY
(between 0.05 — 0.13), and they follow the same trends observed before, in terms of the structural motifs
and division into sets. Sets 1 and 2 have the lowest errors (MUE = 0.05 and 0.04, respectively); the error
for Set 3 is higher (MUE = 0.07), continuing to even larger errors in Set 4 (MUE = 0.11); and the error for
Set 5, the molecules containing the LAL motif, is somewhere between Sets 3 and 4 (MUE = 0.09). 6_1 is

again the molecule with the highest individual error, max error = 0.31.

The division into sets of molecules allows us to identify certain relationships between structural motifs and
the accuracy of the method, which we summarize here. Firstly, it appears that Sets 1 and 2 are described
with comparable accuracy, i.e., though there are structural distinctions between them, these do not appear
to change the way they are treated by the BAdd method. Accordingly, the method achieves its maximum
accuracy in treating molecules having no linear stretches at all and those having a tricyclic linear stretch.
We note also that having two separate tricyclic linear subunits does not seem to increase the error, e.g., for
6_9, MUE = 0.04 and 0.03, for BC®A% and NICSBA% respectively. Secondly, more noticeable deviations
appear when there are linear stretches longer than four rings, and these deviations increase as the linear
stretch increases in length. Thirdly, the LAL sequence is a specific substructure that stands out as being
poorly described with the BAdd method.

Agreement between the NAdd and the BAdd

In the previous subsection we assessed the performance of the BAdd in reproducing the BC™" and NICSB®
of the systems in our test set (we note that, due to the close matching of NICSE® and NICS™, this indicates
that NICSBA% also reproduces NICS™ well). The final comparison we want to explore is that between the
NICS-XY-Scans generated by the two additivity schemes. i.e., NICSNA® and NICSBA%, As mentioned in
the introduction, the initial motivation behind this study was to corroborate the NAdd results with the
underlying property, i.e., the current density. If indeed the additive behavior implied by the NAdd is linked
to an underlying additivity of current density (modeled here with BCSs), then the results of the two schemes
should agree. In Figure 7 the NICS-XY-Scans of the six representative molecules, obtained with the two
methods, are shown (NICSBA% in dashed blue, NICSN% in dashed gray) and can be seen that the agreement
between the two is excellent (data for all molecules in the test set is provided in Section S3.1 of the SI).
Additional proof that the NAdd is closely linked to the underlying BAdd is that their errors coincide. This

is seen by the difference curves (light blue and light gray, respectively), which show the errors of each
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scheme relative to its respective reference. These error curves show that the two schemes agree very well,

both in the areas that they model well and in those that they struggle to describe accurately.

To further strengthen our observation of correspondence between the NAdd and BAdd, we compare the
results of NICSN% with BCBAY, For each ring in each molecule, we calculated the average of BCBA% errors

(i.e., the average of the individual errors for each of the BCBA%

values in a given ring expressed as a ratio
w.r.t. to benzene) and plotted these values as bars, where the color of each bar matches the sign of the error
(green when BC™ > BCB®A% purple when BC™ < BCBA4) and the position of the bar corresponds to the
location of the ring along the distance axis in A. Against these bars, we plotted the NICSBA% and NICSNA%
errors (i.e., the light blue and light gray curves from Figure 7), expressed as a ratio w.r.t. to the reference
value of benzene. In Figure 8 we display two cases, 6_2 and 6_9, which represent cases of less and more
accurate prediction by the models, respectively (the same plots for all of the molecules are provided in
Section S4.1 of the SI). We observe that the errors in the NAdd correspond very closely to those in the
BAdd, both in magnitude and in the direction of the error (over- or underestimation). Note that the BC®A%
errors are reported in the opposite sign. The reason is that the two metrics are reported with opposite
mathematical signs: a stronger induced ring-current will give a more positive BC®% and a more negative
NICSBAY, As a result, for an overestimated (underestimated) ring-current, the BC®% errors will be negative
(positive) and the NICSBA% errors will be positive (negative). To more clearly compare the two, one of the
metrics must be “flipped” and we arbitrarily chose the BC metric.

Figure 8. Comparison of errors in the BCBAY, NICSBAY, and NICSNAY metrics. All errors expressed as a ratio w.r.t.
to the respective reference value for benzene. BCBA% errors are reported with the opposite sign.

From Figure 7 we make the additional observation that the two schemes differ in the fine features of the

§BAdd seans, which often have small fluctuations,

scans. The NICSNA% scans appear smoother than the NIC
or “waves” (e.g., in 6_10, Figure 7). These waves appear also in the reference scans, but NICSN scans
fail to reproduce these fine details, while the NICS®A% scans do. As a result, the error curve for the NAdd
appears bumpy and the BAdd error curve is smoother (seen in Figure 8). The locations of the waves
generally coincide with the location of the fused bonds (this can be understood from Figure 8, where the

two metrics agree at the centers of the ring, but the NICSN has spurious extrema between ring centers).

Causes of error and limitations of the schemes
The results discussed in the previous subsections demonstrate that the additivity we previously observed
with NICS-XY-Scans is indeed echoed in the underlying behavior of currents, and both schemes, NAdd

and BAdd, reproduce the explicitly calculated results remarkably well. Though we were gratified to see the
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overall performance of the schemes, our attention was drawn to the more challenging cases, where both
schemes struggle. While predictive models can be useful, they can only be employed safely when one is
aware of the limitations of the model. Moreover, as the errors in these cases seemed to be tied to specific

structural motifs, we were intrigued to understand their origin better.

Our approach to doing so was to remove the bi- and tricyclic building blocks from the additivity scheme.
In other words, to use only monocyclic subunits (i.e., benzene) in the construction of the larger PBHSs. This
was prompted by two observations: a) Figure 5a shows that the bi- and tricylic corrections are barely
noticeable, compared to the monocyclic BCS, giving the impression that these larger building blocks may
be unnecessary and b) the additivity schemes appear to perform better with all-angular sequences,

suggesting that there might be a problem with the description of the linear subunits.

If only monocyclic building blocks are used, then, by definition, all PBH isomers will have the same BCSs.
Furthermore, there will be bond-currents only on the circumference bonds, because, by symmetry, all
currents on the fused bonds will be cancelled out. We refer to this as the “uniform-current” model, and the
NICS-XY-Scans resulting from its application to the representative molecules are presented in Figure 9

(results for all molecules in the test set are provided in Section S3.2 of the SI).

Figure 9. Comparison of the NICS-XY-Scan obtained from the uniform-current model (yellow) to the NICSEC scans
(blue) for the six representative compounds.

Several observations can be made on the basis of Figure 9. First and foremost, we can conclude that this
model does not reproduce the NICS™ values well, i.e., using only monocyclic building blocks is not
sufficient for constructing an additivity scheme and the additional bicyclic and tricyclic corrections are
necessary. Thus, the results of the uniform-current model clearly show that, though these corrections are
substantially smaller than the base value (as seen in Figure 5a), they determine the features of the BCSs and

NICS in the molecule. Moreover, they play a critical role in differentiating between isomers.

Secondly, we note that the molecules of Set 1 (fully angularly-annulated molecules, namely, 4 2, 5 4,
6_10, 6_12, 6_16; the data for 6_10 is shown in Figure 9, and for the rest of the set in Section S3.2 of the
SI) are the only ones that show an acceptable agreement between NICS™ and the NICS-XY-Scan from the
uniform-current model. What sets these molecules apart from the other sets is that they all have very small
currents on the fused bonds (see Figure 6) and, according to the continuity equation (or, in analogy to
electrical circuits, Kirchhoff’s First Law),?® therefore also have a rather consistent current strength at the
circumference. This kind of behavior is extremely similar to the uniform-current model, which explains

why this model reproduces the NICS™" scans remarkably well for these systems.
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Thirdly, we observe that the uniform-current model generates essentially identical NICS-XY-Scans for all
isomers, regardless of their structure. Simplistically, we can think of the different isomers as wire loops,
sustaining identical currents, which have been bent into different shapes. The fact that they all afford
effectively indistinguishable plots therefore implies that it is not the geometrical shape of the current that

determines the features of the scan.

Put simply, we consider the largest contribution of this model to be its clear demonstration of the necessity
of the larger building blocks, which is a corroboration of our choice of building blocks in the additivity
methods. Furthermore, it does clarify the importance of the currents on the fused bonds and of the
fluctuations in strength of the circumference current in determining the magnetic features of the molecules.
Aside from this, this model mostly reiterates previous conclusions—the additivity schemes work better for
the all-angular molecules and the deviations are linked to the linear stretches—and does not provide

additional clarity into why this is so.

A possible explanation for the difficulty in describing linear stretches with additivity can be found in the
work of Szczepanik and coworkers.®® Similarly to us, they observed (with various aromaticity indices) that
the difference between side and middle rings increases as the length of the linear polyacene increases. They
concluded that, for linear polyacenes, inter-ring resonance effects play a key role in determining the
distribution of current density and these effects could be modeled accurately by solving a system of simple
linear equations. Another way to frame this, in the context of our own results, would be to say that angular
subunits retain their characteristic behavior regardless of the larger structure in which they appear, while
linear subunits are impacted by their environment. This is echoed in other electronic properties, as well. As
reported widely in the literature, for polyacene molecules (fully linearly annulated PBHs) the HOMO-
LUMO gap decreases with the increase in number of rings,® which is similar to the relationship seen in
polyenes, and suggests that there is extended conjugation. In contrast, the polyphenacenes (“zig-zag”
isomers of PBHs) have a relatively consistent HOMO-LUMO gap, even when the chain is extended

substantially.*

To summarize these observations in terms of the additivity schemes we have constructed, we conclude that
the fully-angular systems and the systems containing linear stretches no longer than three rings are the most
accurately predicted, and that an increase in the length of linear stretches (four rings and longer) leads to
poorer accuracy. Specifically, for molecules including such substructures, while the trends will most likely
be correctly found (local minima and maxima), the exact BCBA%, NICSBA% and NICSNAY values will not
match the reference values. These conclusions raise two additional questions: a) how do the errors scale
with the size of the molecule, and b) does the inaccuracy arising from a linear stretch mean that the entire

molecule is not modeled accurately.
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To answer these questions, we considered some larger systems. In Figure 10 we reproduce results from our
recent report, which demonstrated the use of the automated code Predi-XY to predict NICS-XY-Scans
based on the NAdd.** We chose three PBHs, containing seven to ten rings, denoted 8-10. The NICSNA% for
these systems results can now be viewed in light of the conclusions outlined above, and we observe that
they remain valid for larger systems as well. Compound 9, which is fully angularly-annulated, and
compound 10, which contains both linear and angular subunits, both show good agreement between the
NICS™ and NICSN% scans. This corroborates our previous conclusions that the method deals well with
angular annulations and with linear stretches of three rings. However, if two linear tricyclic subunits happen
to be part of an LAL sequence, as in 8, this does indeed lead to larger error, as we outlined above. Moreover,
we observe that these errors are localized, i.e., the other areas of these molecules (e.g., the rings outside the
LAL sequence in 8) are modeled well. Therefore, to answer the two questions posed above: a) the error
margins we described above (average error ~2 ppm, maximal error ~5 ppm) hold true for the larger systems
and do not increase with the size of the system; b) no, inaccuracies arising from poorly-modeled areas do

not lead to the entire scan being wrong.

The answer to question (b) warrants further discussion. The NAdd, by definition, precludes any effect
farther than two rings away from a given ring, because it only uses components up to tricyclic subunits.
However, the actual behavior of the system may, in principle, have long-range effects. The fact that we
observe lack of dependency between the “problematic” and “well-modeled” areas strengthens our
hypothesis that the main characteristics of PBHs—location of local extrema and magnitude of the NICS
metric—are governed by short-range effects, and that they behave additively. It also serves to highlight
that, although the predictions made by the schemes are quite satisfactory, further improvement could be
achieved by describing the linear subunit better, perhaps through weighting the values in a linear stretch
when the stretch exceeds three rings or by incorporating the inter-ring effects, as suggested in reference .

These are avenues that we are continuing to explore.

Figure 10. Comparison of NICS™ and NICSNA% for three larger PASs test compounds: 8, 9, and 10.

Conclusions

The present study was motivated by a desire to understand the origin of the additive nature of NICS-XY-
Scans and to provide a sounder physical basis for these observations. To investigate this, we constructed a
BCS model of the current density and implemented a BCS additivity scheme (BAdd), analogous to the
original NAdd. We tested the BAdd method’s behavior as an additivity scheme in its own right and showed
that the BAdd is capable of reproducing the explicitly calculated BCSs (BC™) well. In addition, NICSBA®
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scans generated on the basis of BCBA% values match both the NICS-XY-Scans generated from BC™" and
those calculated explicitly (NICS™. Finally, we demonstrated that the NICSBA% scans agree very closely
with the NICSNA% scans. The entirety of our results overwhelmingly support the conclusion that the NAdd

does stem from an underlying additivity, which occurs on the level of the induced current density.

We probed the accuracy of the methods on our test set, finding MUE = 0.07 for BC®A% and MUE = 0.06
for NICSBAY (expressed as a ratio w.r.t. to benzene), and reporting also the maximal error found in our test
set, 0.36 and 0.31, respectively. We identified the specific structural motifs that prove most challenging for
the models and for which the error reaches these maximal values—the LAL sequence and linear stretches
longer than three rings. We showed that these upper boundaries for error are stable even when the systems
are further extended, and we demonstrated that the areas that are poorly modeled are localized and do not
affect the accuracy of the prediction of other parts of the molecule. This further strengthens the conclusion

of additive behavior in the magnetic response of polycyclic aromatic systems.

In the course of these analyses, we investigated the role of topology in the molecular bond-currents. We
showed that the shape itself of the molecule (i.e., analogous to a wire loop in various shapes) has a minimal
effect on the bond-currents, even though the annulation types themselves are the deciding factor. The
uniform-current model we applied to study this highlighted the importance of the currents located on the
fused bonds and of the variance in circumference current strength, and supported the design of the additivity

methods we constructed.

The BAdd method we implemented for the purposes of this study is, to the best of our knowledge, the first
“bottom-up” additivity method based on BCSs. In contrast with previous methods, it uses a small, fixed-
size library of building blocks that are universally applicable to all unbranched cata-condensed PBHs. The
quantitative results the method affords allow for comparison of BCSs and NICS values within a single
molecule, as well as comparison between different molecules. Therefore, we believe the BAdd and the
NAdd can potentially become widely-used tools for the characterization of PASs. We emphasize that
poorly-modeled substructures do not harm prediction in other areas of the molecule, and that even in such
areas the maximum error appears to stay in a well-defined and constant margin, regardless of the length of
the molecule. This allows for clear demarcation of the limitations and possible deviations of the methods,
which is key to having confidence in them. Moreover, we believe these clear guidelines are necessary for
making informed and reliable interpretations based on the results. In our view, the methods mostly succeed
in reproducing explicitly-calculated values, with results varying from satisfactory to excellent.
Nevertheless, with the knowledge gained in this study, we have identified possible avenues to further

improve the accuracy, which we will explore in the near future.
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Appendix A: Short overview of the NICS method

The Nucleus-Independent Chemical Shift (NICS) method belongs to the magnetic criterion of aromaticity,
which stems from the Ring-Current Model (RCM).**%* When a molecule is placed into an external magnetic
field, currents are induced by the interaction of the molecule’s electrons with the field. The RCM refers to
the specific case when an aromatic ring is placed into an external magnetic field that is perpendicular to the
molecular plane, and an induced current is formed by the cyclic motion of the n-electrons around the
conjugated ring, i.e., the ring-current. As a result of the induced current, an induced magnetic field is
generated in the aromatic molecule such that, in the center of the ring, it is opposite (antiparallel) to the
external magnetic field, and outside the ring, it is parallel to the external field. For antiaromatic molecules,
the induced ring-current has the opposite direction, leading to an opposite direction of the induced magnetic
field. The strength of the induced magnetic field is an indication of the strength of the induced ring-current,
which is assumed to be in direct correlation to the extent of aromaticity of the molecule.®® Its strength can
be assessed experimentally, e.g., with NMR,*! or with computational approaches. One of the advantages of
computational approaches is that they allow one to sample the induced field strength at any point. Indeed,
that is what the NICS method does: the NICS “probe” is essentially a point in space for which the

calculation of the chemical shielding tensor is requested. By convention, the probe is generally placed at or
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above the ring center and the negative of the chemical shielding is reported; negative (positive) values
indicate diatropic (paratropic) ring-currents, which usually imply aromatic (antiaromatic) behavior. For
PASs, a NICS-based method is often used, termed the NICS-XY-Scan,?® whereby a series of NICS probes
is placed along a pathway that traverses the molecule. When the individual NICS values are plotted against
the distance, a shape emerges, which can be interpreted in terms of local trends in the ring-currents of the
molecule. For example, a single molecule may contain areas characterized by stronger/weaker currents, or
even currents of opposing sense (which can sometimes mean aromatic and antiaromatic character residing
side by side).”>® Importantly, the NICS-XY-Scan can be used with different types of NICS metrics,
including the most refined version, NICS(r).zz, which has been shown to be the NICS-based metric closest

to what we think aromaticity is*® and the one that agrees best with ring-current analysis.**
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