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January 8, 2020

Abstract

The aromaticity of three non-planar, fully conjugated aza-nanographenes built

around a pyrrolo[3,2-b]pyrrole core is assessed through application of two different com-

putational procedures – GIMIC and NICS. We examine the calculated magnetically

induced current densities (GIMIC) and nucleus independent chemical shifts (NICS).

The structural differences between these three apparently similar molecules lead to sig-

nificantly different aromatic properties. GIMIC analysis indicates that the peripheral

diatropic ring current of 3.9 nA/T for the studied bowl-shaped diaza-nanographene

is the strongest, followed by the double [6]helicene which lacks seven-membered rings,

and is practically nonexistent for the double [5]helicene possessing seven-membered

rings. The biggest difference however is that in the two not-fully-fused molecules the

central pyrrole rings possess a significant diatropic current of about 4.1 nA/T, whereas

there is no such current in the diaza-nanographene. Moreover, the antiaromaticity of

the seven-membered rings is increasing while moving from double [5]helicene to diaza-

nanographene (from -2.4 to -6.0 nA/T). The induced currents derived from NICSπ,zz-

XY-scan analysis for all of the studied systems are in qualitative agreement with the

GIMIC results. Subtle differences may originate from σ-electron currents in GIMIC or

inaccuracy of NICSπ,zz values due to the non-planarity of the systems, but the general

picture is similar.

1 Introduction

Aromaticity has been a key idea in the development of organic chemistry over the past

150 years. It is not a well-defined concept even when one considers isolated rings, and

it becomes more complicated for polycyclic aromatic hydrocarbons and their heterocyclic

analogs. Numerous computational approaches have been employed to find out whether

such a molecule is aromatic as a whole and, more importantly, to investigate the aromatic
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character of various rings in the same polycyclic molecule.1–28

Aromatic properties of existing molecules and not yet synthesized compounds have been

studied using these methods. The calculations suggest that while planar polycyclic aro-

matic hydrocarbons (PAHs) comprised of only six-membered rings often behave predictably,

the presence of additional five and seven-membered rings makes the aromatic properties

more complicated and interesting.29–33 In particular, the incorporation of five-membered

non-heterocyclic rings typically leads to antiaromaticity.34 Decorating nanographenes with

seven-membered rings is less common and a limited number of cases has been reported so

far.35–40 In principle, the propensity of the nitrogen atom to form three covalent bonds can

enable the study of nanographene analogs in which the central benzene ring or naphthalene

moiety is formally replaced with an aza-heterocyclic scaffold. Very recently, we succeeded in

the surface-assisted synthesis of such a nitrogen-embedded buckybowl (diaza-nanographene,

molecule 1 in Figure 1), possessing two seven-membered rings, two five-membered rings, 10

six-membered rings and a fully conjugated structure.41 The presence of two fused pyrrole

rings in this molecule offers unique opportunities that did not previously exist for the inves-

tigation of curved aromatic systems. Thus, the key question behind this work is how the

aromatic properties of nanographene analogs will be affected by the concave curvature and

the presence of pyrrole rings adjacent to seven-membered rings.

Figure 1: The molecular structures of bowl-shaped diaza-nanographene (1), double [6]he-
licene (2), double [5]helicene (3) and substituted double [5]helicene (4).

There is a variety of theoretical methods that enable the study and interpretation of

molecular magnetic properties, related to their aromatic or antiaromatic character.42–44

3

Page 3 of 37

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Given that aromaticity of curved molecules containing pyrrole units is very rarely studied,45

in this work we examine the properties of four previously synthesized41 curved molecules

shown in Figure 1. The aromaticity of these non-planar molecules, consisting of increasing

numbers of 5-, 6- and 7-membered rings, will be first discussed in terms of the net dia-

and paratropic ring currents induced by the magnetic field perpendicular to the central

diaza-pentalenic unit. In addition to the ring currents, we also present the values of nucleus

independent chemical shifts (NICS). We determine the aromatic or antiaromatic character

of all the rings using the NICS-scan procedure.

2 Computational methods

2.1 GIMIC

The magnetically induced current density (susceptibilities) and strengths of the current den-

sity (susceptibilities) were computed using the open-source GIMIC program.42,46–48 The in-

put data for the GIMIC program are basis-set information, density matrices and magnetically

perturbed density matrices, which are obtained in calculations of nuclear magnetic resonance

(NMR) shielding constants. The NMR shielding constants were calculated with the Turbo-

mole program package version 7.349,50 at the density functional theory (DFT) level using

Becke’s three-parameter functional (B3LYP)51–53 with the Karlsruhe triple-ζ quality basis

sets (def2-TZVP).54 Gauge-including atomic orbitals (GIAO) were applied in order to ensure

gauge-origin independence and a fast basis-set convergence for the current density.55–57 The

strengths of the current density along different current pathways were obtained by integrat-

ing the current density flow passing planes that intersect chemical bonds perpendicularly to

it.46 In the figures we shall use black arrows to show the path for the global current, pink

and red arrows to show the dia- and paratropic currents in the sub-rings, and green arrows

to show currents which contribute, but do not sustain a current in the sub-rings.

The molecular structures (given in the Supporting Information) were optimized using

4
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B3LYP. Dispersion was considered with Grimme’s D3-BJ correction58 and def2-TZVP basis

sets were employed. The calculations were performed with Turbomole version 7.3.

2.2 NICS

Different NICS-based approximations are used to study aromaticity; we refer to a recent

review43 for a description and to other recent works59–62 for examples of applications.

The NICS-XY-scan approximation applied in this work was developed in order to allow

the study of polycyclic systems using the NICS approach. In these systems, several types of

ring currents are possible: local (at each ring), semi-global (on two or more rings) and global

(spreading over or around the whole system). In many cases, two or more of such currents

are overlapping. Hence, regular NICS procedures which produce values above the center of

the rings represent the magnetic field that is induced by all the currents below it, therefore

give only a partial, sometimes misleading picture of the tropicity of the studied systems. The

NICS-XY-scan procedure is based on the fact that following a trajectory along which NICS

values are computed allows deduction of the ring current(s) which produce this induced

magnetic field, as manifested by the NICS value.63 The detailed rules for the interpretation

of the NICS-scan trajectories are given elsewhere,64 but in short, a maximum/minimum

with a positive/negative NICS value represents the center of diatropic/paratropic current,

respectively and a shoulder represents a point in which two (or more) currents start to

overlap.

For aromaticity purposes, the π-system is best described by NICSπ,zz values, namely, the

zz part of the shielding tensor (perpendicular to the molecular plane) for which only the con-

tribution of the π electrons is considered. These can be obtained by two different procedures:

Canonic Molecular Orbitals (CMO-NICSπ,zz) and the σ-only model (σ-only-NICSπ,zz).
65 The

CMO-NICS method requires a clear separation between the σ and π electrons, therefore it

can be applied only for planar systems. Since most of the systems that are studied here

are not planar, the σ-only-NICSπ,zz is used for all the calculations. It should be noted

5

Page 5 of 37

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



that direct comparison between NICSπ,zz and GIMIC results is not straightforward. Thus,

while NICSπ,zz describes the magnetic field created by ring currents originating from the π

electrons only, GIMIC considers both π and σ electrons.

NICS calculations were carried out using the Aroma software66 at the GIAO-B3LYP-

6-311+G(d) computational level (for B3LYP/6-311G(d) optimized molecular structures).

NICS(1)π,zz values were obtained from NICS-scan67 and the σ-only procedure65 (CMO-

NICSπ,zz values cannot be obtained since the molecules are not planar). The NICS-XY-scan

procedure63 at a distance of 1.7 Å above the rings was used for identifying local, semi-global

and global π currents.

3 Results and discussion

3.1 Molecule 2

3.1.1 GIMIC

The strengths of the current density passing selected chemical bonds of 2 are shown in

Figure 2, where one sees that the benzene rings at the periphery of the molecule sustain

weak local diatropic ring currents. The strengths of their local diatropic ring currents are in

the range of 2.6 – 5.4 nA/T. The inner benzene rings do not sustain any local ring current.

They serve as bridges allowing the current density flow between the two annelated pyrrole

rings to the outer benzene rings, as shown with the green arrows. A diatropic ring current

flows along the edge around the whole molecule. The strength of the current density along

the perimeter, shown with black arrows in Figure 2, is 9.2 nA/T in the left part of the

molecule. The edge current splits at the nitrogen of the pyrrole rings leading to a weaker

edge current of 3.4 nA/T at two of the outer benzene rings. A current pathway of about

9 nA/T follows the outer bonds of the two annelated pyrrole rings and splits into two almost

equally strong pathways leading to a local ring current of 3.5 nA/T around the two pyrrole

6
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rings. Kirchhoff’s law for charge conservation is not completely fulfilled due to difficulties in

the determination of the integration domains.

Figure 2: The strength of the current density passing selected chemical bonds of 2 calculated
using the GIMIC program.

3.1.2 NICS

Molecule 2 is built from two parts which are not co-planar, but each is planar. The inter-

pretation of the scan curves is therefore simple. Figure 3 gives the labelling of 2 used for the

NICSπ,zz scans shown in Figure 4. The scan 4a clearly shows a semi-global current on the

two five-membered rings (B and C), centered on bond d. Rings A and D are diatropic, and

from scan 4b it seems that they are local. Scan 4b suggests a local current at ring E (and

in its symmetric equivalent) and no current at ring F. Rings G and H and their symmetric

7
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Figure 3: Labelling of molecule 2 applied in the analysis of the NICS scans.
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Figure 4: NICSπ,zz-XY-scans of 2 (see Figure 3).
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equivalents seem to share a semi-global diatropic current, with an additional local current

at ring H.

3.2 Molecule 3

3.2.1 GIMIC

Figure 5: The strength of the current density passing selected chemical bonds of 3 calculated
using the GIMIC program.

The strengths of the current density passing selected chemical bonds in 3 are shown in

Figure 5, where one sees that the benzene rings at the periphery of the molecule sustain local

diatropic ring currents, with strengths of 4.4, 5.6 and 7.7 nA/T. Analogously to 2, the inner

benzene rings serve as bridges allowing the current density flow between the two pyrrole

rings and the outer benzene rings. There is no significant edge current around the whole
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molecule 3. The current density flow in the rings annelated to the seven-membered rings

results in a weak paratropic ring current of -2.4 nA/T in the heptagon. A current pathway

of 10.2 nA/T follows the common bonds of the seven-membered ring and the two annelated

pyrrole rings and splits at the nitrogens into two pathways, whose strengths are 6.1 nA/T

and 4.1 nA/T, respectively, implying that the annelated pyrrole rings sustain a local ring

current of 4.1 nA/T.

3.2.2 NICS

A B 
C D 

E 

F 

G 

H 

a b c 

d 
e f 

g 

h 

i 

j 

k 

l 

m 

n 

o 

p 

q 

r 

Figure 6: Labelling of molecule 3 applied in the analysis of the NICS scans.

Molecule 3 is very difficult to analyze due to its non-planarity and the fact that some

individual rings are not planar as well. This causes asymmetry in the scan curve which

should otherwise be symmetric; many of these complications are due to the structure of the
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Figure 7: NICSπ,zz and NICSzz -XY-scans of 3 (see Figure 6).
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σ-only model. The scan is performed 1.7 Å above the molecular plane, since at this distance

the shape (but not the values) of the NICSzz scan is similar to that of the NICSπ,zz scan.63

Figures 6 and 7 show the labelling and the NICSzz and NICSπ,zz scans of 3, respectively. The

analysis is qualitative, since there are sometimes significant differences between the NICSzz

and the NICSπ,zz scans.

Figures 7a and 7b suggest that rings A and E are diatropic and that their diatropic

currents are local. From Figure 7a and the region between n and o in Figure 7c it looks like

rings B and C share a semi-global diatropic current. From Figure 7b and especially Figure 7c

it is clear that both seven-membered rings F and H are paratropic. Ring G is non-aromatic.

since its NICS value is ≈0, as seen in Figure 7b.

3.2.3 NMR of molecule 4 – tetrakis(t-Bu)-substituted molecule 3

The first computational step of the two approaches we use to analyse aromaticity provides

the shielding constants of all the nuclei, which can be compared with experimental data to

estimate the quality of the employed computational methods. For 4, we can compare the

experimental and computed NMR chemical shifts. The spectrum has been measured for 4,

because it possesses sufficient solubility for 2D NMR studies, whereas 3 is almost insoluble in

all common solvents. Molecule 1 has so far been prepared only via surface assisted synthesis

using scanning tunneling microscope (STM), which precludes NMR characterization; NMR

data for molecule 2 has already been reported.68 We do not discuss the current density of

4, because it is practically the same as that of 3.

Figure 8 shows the agreement between the computed (B3LYP/def2-TZVP, see above)

and observed aromatic carbon chemical shifts. The agreement of the calculated chemical

shifts and the experimental data is satisfying with a slope of 0.93 and an offset of 3.17 in the

regression analysis; the R2 coefficient of the fit is 0.97. A similar regression analysis shows

that the calculations generally overestimate the 1H NMR chemical shifts, whereas the linear

correlation indicates that the employed computational level provides a reliable description of

13

Page 13 of 37

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



the magnetic-field induced currents. The calculated and measured 13C NMR and 1H NMR

chemical shifts are described in more detail in the Supporting Information.

Figure 8: The computed and observed aromatic carbon chemical shifts in 4. The asterisks
denote the shifts of two carbon nuclei which cannot be assigned from the spectrum.

3.3 Molecule 1

3.3.1 GIMIC

The current density flow and the strength of the current density passing selected bonds of

1 are shown in Figure 9. Four of the benzene rings along the edge of the molecule sustain

local diatropic ring currents, with strengths of 3.7 nA/T (12.0–8.3 and 7.6–3.9 nA/T) and

two of the benzene rings sustain a very weak ring current of 0.7 nA/T. The inner benzene

rings do not sustain any local ring currents. They constitute bridges for ring-current flow

14

Page 14 of 37

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 9: The strength of the current density passing selected chemical bonds of 1 calculated
using the GIMIC program.
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in the neighboring rings. The annelated pyrrole rings do not sustain any local ring current,

as shown by the green arrows. They only function as bridges for the main ring current flow

that goes along the outer edge of the molecule and turns inside at the seven-membered ring,

which sustains a local paratropic ring current of -6.0 nA/T. The strength of the global ring

current shown with black arrows is 3.9 nA/T.

3.3.2 NICS

Since molecule 1 is non-planar the NICSzz scans are included. However, in contrast to 3, in

most cases the shape of the NICSzz scans (see Figures 10 and 11) are similar to the respective

scans of NICSπ,zz, confirming the results.

Figure 11a has the same basic features as the respective scans of 2 and 3, suggesting

local diatropic currents at rings A and D and a semi-global diatropic current in B and

C. Figure 11b has the same features as the respective scan in 3 (Figure 7c), indicating

local paratropic currents at the seven-membered rings E and F. Figure 11c suggests similar

conclusions to that of Figure 7b (please note that the direction of the trajectory is opposite),

suggesting a local diatropic current at rings A and H, paratropic current at E and no current

at G. Figure 11d is a mirror image of Figure 4b (due to the opposite direction of the scan

trajectory), suggesting local diatropic current at ring I, no current in ring G, and a local

diatropic loop at ring K.

A global π current passing through the bonds h and k is not possible because rings E and

F are paratropic, while all the other rings at the circumference are diatropic. This is verified

by the circumference scan I-H-D-I′-K-A (Figure 11e∗), demonstrating both the paratropicity

of the bonds belonging to the seven-membered ring and the localized nature of the diatropic

currents in the other rings. However, a global current such as shown in Figure 9 – excluding

bonds h and k of the seven-membered rings which directly link the six-membered rings – is

feasible, in particular when we also consider the σ electrons.

A somewhat analogous trend has been observed for a highly distorted azananographene
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Figure 10: Labelling of molecule 1 applied in the analysis of the NICS scans.
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Figure 11: NICSπ,zz and NICSzz-XY-scans of 1 (see Figure 10).
e∗: Periphery scan between the center of the rings (red capital letter) and the center of the
bond connecting two adjacent rings (·).
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composed of eight conjugated pyrrole rings.45 Peripheral pyrrole rings are aromatic (negative

NICS values), while seven-membered rings possess antiaromatic character. In addition, the

naphthalene moiety located at the center of the molecule has aromatic character, in analogy

to the central pyrrolo[3,2-b]pyrrole in bowl 1. Very recently, Tokimaru et al. synthesized

a highly curved buckybowl containing an internal nitrogen atom.69 The NICS(0) analysis

indicated a significant decrease in the antiaromaticity of the central five-membered ring of

the aza-bowl shaped molecule compared to the corresponding part of corannulene.

3.4 Comparison with polycyclic aromatic hydrocarbons

3.4.1 GIMIC

The current density pathways of molecules 1-3 are compared to those in polycyclic aromatic

hydrocarbons (PAHs) of a similar size, such as ovalene and hexabenzocoronene, which are

known to have different current-density pathways.

The current density flow in ovalene (Figure 12) is dominated by a strong diatropic edge

current of 15.5 nA/T around the molecule.21 The benzene rings at both ends of the molecule

and those in the middle of the two sides of ovalene are Clar rings70,71 sustaining a local ring

current of about 6 nA/T, whereas the other benzene rings do not sustain any local ring

currents. They are bridging rings rendering the local ring currents feasible.

For comparison with molecules 1-3 we have in addition performed calculations at the

B3LYP/def2-TZVP/D3-BJ level on hexabenzocoronene. The results show that hexabenzo-

coronene sustains a global ring current of 7.3 nA/T (Figure 13). The six outer Clar rings of

hexabenzocoronene sustain local ring currents of 6.3 nA/T, which are slightly weaker than

the global ring current along the outer edge of the molecule. The Clar ring in the center of

hexabenzocoronene sustains a local ring current of 12.0 nA/T. The current strengths and

pathways are in good agreement with the results obtained in previous studies.46,72

The calculations show that it is difficult to find a simple rule that can be applied to all

PAHs. However, they generally sustain a strong diatropic ring current along the perimeter
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Figure 12: The strength of the current density passing selected chemical bonds of ovalene.
The current strengths are taken from M. Kaipio et al., J. Phys. Chem. A 2012, 116,
10257-10268.
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Figure 13: The strength of the current density passing selected chemical bonds of hexaben-
zocoronene calculated at the B3LYP/def2-TZVP level.
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of the whole molecule, whereas the individual hexagons can sustain a rather strong local

ring current, a weak ring current or no ring current at all depending on their position and

the topology of the molecule. The current pathways of molecules 1-3 differ from the ones

for the studied PAHs. The global ring current along the perimeter is weak in comparison to

the PAHs. The heptagons in 1 sustain local paratropic ring currents in harmony with the

global diatropic ring current passing on the inside of the seven-membered ring. The benzene

rings along the edge of the molecule are Clar rings sustaining weak local ring currents. The

rest of the rings functions as bridges. The same current pattern is obtained for molecule 3.

The main difference is that in 3 a local ring current flows around the two annelated pyrrole

rings. The current strengths in the Clar rings are stronger and the paratropic ring current

in the heptagons of 3 is weaker than in 1. The current pathway in 2 shows that the six

Clar rings sustain relatively weak local ring currents. The global ring current and the local

ring current around the two annelated pyrrole rings are of the same strength as for 1 and 3,

respectively.

The pattern of the current pathway in 2 is to some extent similar to the one for ovalene,

whereas for 3 the current pathways are more reminiscent of the ones for hexabenzocoronene.

Due to the strong local paratropic ring currents in 1, the current density pattern differs from

the ones of the PAHs.

3.4.2 NICS

The labelling and the NICS-XY-scans of ovalene are presented in Figures 14 and 15. Scan 15a

suggests a diatropic ring current over the whole anthracenic unit and additional diatropicity

in ring B. Scan 15b suggests diatropicity at rings D and G and shows a maximum over

the center (g). These data indicate a global ring current at the outer rings and local ring

currents at B and D (and their symmetric equivalent rings), with the current at D somewhat

stronger than at B. Figures 15c and 15d confirm this pattern of the currents. We note that

the maximum at g in scan 15b has a negative value and is a result of the global ring current.
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Figure 14: Labelling of ovalene applied in the analysis of the NICS scans.
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Figure 15: NICSπ,zz-XY scans of ovalene (see Figure 14).
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4 Conclusions

While the aromaticity of several curved architectures has been investigated lately, we present

here the first case of such a study investigating a bowl-shaped molecule possessing hetero-

cyclic rings at its center. The analysis of three structurally related molecules enabled us

to elucidate how the formation of two single bonds, the presence of seven-membered rings

and/or the curvature influence the local and global aromaticity. In contrast to the some-

what analogous hexabenzocoronene and ovalene, in the N-doped curved nanographene the

diatropic edge current is relatively weak.

The formal transformation of double helical aza-nanographenes into bowl-shaped aza-

nanographene is associated with large changes in the aromaticity. Seven-membered rings

become more antiaromatic, while the central five-membered pyrrole rings which in the case

of double [5]helicene and double [6]helicene supported a diatropic current, serve only as

bridges in the buckybowl. The presence of seven-membered rings makes the two molecules

less aromatic compared to the regioisomer possessing six-membered and five-membered rings

only.

5 Supporting information

Molecular structures; Figure S1 – computed and observed aromatic carbon chemical shifts

in 4; Figure S2 – computed and observed aromatic proton chemical shifts in 4.
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