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Hydrogen bonding interactions can decrease clar
sextet character in acridone pigments†

Zhili Wen, Lucas José Karas and Judy I-Chia Wu *

Computed nucleus-independent chemical shifts (NICS), contour

plots of isotropic magnetic shielding (IMS), and gauge-including

magnetically induced current (GIMIC) plots suggest that polariz-

ation of the π-system of acridones may perturb the numbers and

positions of Clar sextet rings. Decreasing numbers of Clar sextets

are connected to experimental observations of a narrowing

HOMO–LUMO gap and increased charge mobility in solid-state

assemblies of quinacridone and epindolidione.

Acridone pigments like quinacridone (1) and epindolidione (2)
(a structural isomer of indigo) (Fig. 1) are low-cost, air-stable,
and have use as paints, cosmetics, and printing inks, but their
potential application as components of organic field-effect
transistors has received little attention until the last decade.1–5

These compounds were intentionally avoided in the designs of
organic electronics, as the amine and carbonyl groups were
thought to disrupt π-conjugation. Yet many solid-state pig-
ments, containing N–H and C–O groups, have been found to
exhibit high charge mobilities, rivaling those of acenes.3–6 In
the solid state, 1 has a hole mobility comparable to that of
pentacene (0.1 vs. 0.1 cm2 V−1 s−1)3 and 2 displays a hole mobi-
lity higher than that of tetracene (1.5 vs. 0.1 cm2 V−1 s−1).4 It
was suggested that hydrogen bonding can increase acene char-
acter of the monomers (see Fig. 1, imminium-enolate reso-
nance structures on right).

Many N–H and CvO containing chromophores display
large bathochromic UV-vis absorption shifts going from dilute
solution to the solid state.5–7 Quinacridone is yellow in solu-
tion, but turns red to violet in the solid state.8,9 Epindolidione
is blue in solution, and turns yellowish to orange in the solid
state.4 When dissolved in sulfuric acid, the doubly protonated
quinacridone displays a narrower HOMO–LUMO gap than the

neutral parent, showing a UV-vis spectrum similar to that of
pentance.5 These changes suggest that polarization of the
π-system through hydrogen bonding, can reduce the HOMO–
LUMO gaps of acridone pigments giving rise to increased
charge mobility.5 Hydrogen bonding interactions were found
to improve the electronic properties of other conjugated
organic systems10,11 and donor–acceptor pairs.12–14

Here, we relate the known effects of enhanced charge mobi-
lity in hydrogen-bonded acridones to decreased aromaticity of
the π-system.15,16 First called the “aromatic sextet” in 1925,17

and then proposed by Clar to follow a selective placement in
polycyclic systems,18 the “Clar sextet” describes a fully benze-
noid ring where all π-electrons of a six membered ring belong
to a single sextet. As shown in Fig. 1, 1 has three Clar sextets,
and 2 has two, but polarization of the N–H and CvO sites
enhance the contribution of “acene-like” resonance forms
which can have only one Clar sextet.19–21 In this way, hydrogen
bonding self-assembly can reduce Clar sextet ratio of the acri-
done π-system, and the drop in Clar aromaticity can be related
to a decreased HOMO–LUMO gap.15,22,23 Isomers of closed-
shell polyaromatic hydrocarbons (PAH) with fewer numbers of
Clar sextets typically have lower ionization potentials, light

Fig. 1 (a) Quinacridone, (b) epindolidione, and their imminium-enolate
resonance forms. Clar sextets are drawn in red. A red arrow across two
rings indicates equivalent Clar structures.

†Electronic supplementary information (ESI) available: Computed IMS plots,
GIMIC plots, and NICS(1)zz values of 2-hydroxypyridine, 2-pyridone, 3, 3-pro,
3-taut, chrysene, and hydrogen-bonded trimers of 1–3. Optimized Cartesian
coordinates for all structures. See DOI: 10.1039/d1ob01720a
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absorption shifted towards the visible region, and a smaller
HOMO–LUMO separation.24–30 We previously reported that for-
mally non-aromatic organic dyes, like diketopyrrolopyrrole,
naphthodipyrrolidone, indigo, and isoindigo, can show
increased antiaromaticity upon hydrogen bonding.31 The
effects of intermolecular hydrogen bonding on aromaticity
also can be seen in contrasting examples of the 2-pyridone
dimer (aromaticity gain upon hydrogen bonding) and the
2-hydroxypyridine dimer (aromaticity loss upon hydrogen
bonding) (see also supplementary data in the, ESI†).32

In this work, the Clar sextet patterns of 1 and 2 are com-
pared to those of a doubly protonated form (-prot) and an
acene-like tautomeric form (-taut), to model the highly polar-
ized π-system of the monomers in the solid state. Fig. 1 shows,
for each structure, the most representative resonance form
with the largest number of Clar sextet(s).18,33–35 Crystal struc-
tures of the α, β, and γ polymorphs of quinacridone36–39 have
CvO bond distances (α: 1.373 Å, β: 1.266 Å, γ: 1.299 Å) longer
than the typical carbonyl CvO length (ca. 1.23 Å), indicative of
strong π-polarization of the monomers in the solid state.
Comparing this data to the computed CvO lengths for 1
(1.227 Å), 1-prot (1.321 Å), and 1-taut (1.352 Å) suggests that
the π-systems of self-assembled quinacridone monomers may
be appropriately modeled by the π-systems of 1-prot and 1-taut.

All geometries were optimized at B3LYP-D3/6-
311+G(d,p)40,41 with constrained C2h symmetry for 1, 2, 1-prot,
2-prot, 1-taut, and 2-taut employing the Gaussian16
program.42 Nucleus independent chemical shifts (NICS) com-
puted at the PW91PW91/IGLOIII43,44 level quantified aromati-
city of the individual rings. NICS(1)zz values were computed at
1 Å above the ring centers and include only shielding tensor
components from the out-of-plane “zz” direction.45–48 Clar
sextets are identified by a more negative NICS(1)zz in a ring
compared to all of its neighboring rings. Isotropic magnetic
shielding (IMS) plots were computed at the same level at 1 Å
above the molecular plane using regular grids of points with
an interval of 0.1 Å.49 These plots were previously shown by
Lampkin, Karadakov, and VanVeller to provide feature-rich
descriptions of aromaticity and Clar sextet features in PAHs.49

Gauge-including magnetically induced current (GIMIC) plots
computed at B3LYP-D3/6-311+G(d,p) provided a visualization
of the numbers and positions of Clar sextet(s).50 Diatropic ring
currents are indicated by intensified clockwise currents at the
locations of the Clar sextets.26 The computed IMS and GIMIC
plots include magnetic shielding contributions from both the
σ and π framework, and therefore cannot be compared directly
to the computed NICS(1)zz results. Nevertheless, these plots
provide qualitative information about the locations of the Clar
sextets. Time-dependent (TD) density functional theory51 com-
putations were performed at TD-ωB97X-D/6-311+G(d,p)52 to
estimate the HOMO and LUMO levels of each model system.
HOMO–LUMO gaps were derived by the HOMO to LUMO exci-
tation energies.53

Fig. 2 compares the computed NICS(1)zz values of 1 and 2,
to their -prot and -taut forms, and acene reference. Based on
computed NICS(1)zz, 1 has three Clar sextets, each separated

by a 4-pyridone spacer (note small negative NICS(1)zz values in
the pyridone rings). The tautomer, 1-taut, can have only one
Clar sextet. The doubly protonated form, 1-prot, represents an
intermediate situation between the two, in which the NICS pat-
terns identify three Clar sextets, but the “spacer” 4-pyridone
rings have now gained significant aromatic character,
suggesting that the electronic structure of the system is
tending towards that of 1-taut. Note that the NICS patterns of
the individual rings of 1-taut follow that of pentacene.

Like 1, computed NICS(1)zz for 2, 2-prot, and 2-taut, show
increased diatropicity of the pyridone rings as the π-system
becomes more polarized. NICS patterns of the individual rings
of 2-taut resemble those of tetracene, indicating one Clar
sextet. In 2-taut and in tetracene, the two central rings are
equivalent Clar structures (indicated by a red arrow in Fig. 2)
like that in naphthalene (cf. data for iso-epindolidione in the
ESI,† where polarization of the π-system increases the number
of Clar sextet rings). Remarkably, hydrogen bonding can
reduce aromaticity in 1 and 2 by lowering the numbers of Clar
sextets in the π-system. Consistent with experimental findings,
the computed HOMO–LUMO gaps (Table 1) of both 1, 3.23 eV
(cf. 2.95 eV for a hydrogen-bonded trimer) and 2, 3.52 eV (cf.
3.30 eV for a hydrogen-bonded trimer) become narrower upon
hydrogen bonding at the N–H and CvO sites. Kinked systems
like the iso-epindolidione (analogous to chrysene) show the
opposite effect (i.e., hydrogen bonding reduces the number of
Clar sextets in the π-system. See data in the SI).

Fig. 2 Computed NICS(1)zz values for 1, 1-prot, and 1-taut, compared
to pentacene, and for 2, 2-prot, and 2-taut, compared to tetracene. Clar
sextets are drawn in red. A red arrow across two rings indicates equi-
valent Clar structures.
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Plots of isotropic magnetic shielding (IMS) (Fig. 3) were
computed to visualize the Clar sextet patterns of 1, 2 and their
π-polarized analogs. The IMS plot of 1 shows three particularly
shielded regions (>+12 ppm) at the positions of the arene
rings, indicative of three Clar sextets. In 1-prot, the central
ring becomes even more shielded (see dark purple region,
>+15 ppm), suggesting enhanced aromaticity, and the shielded
areas of the terminal arene rings move towards the pyridone
rings. In 1-taut, the central ring is the most strongly shielded
region (note cyclic dark purple region, indicating a Clar sextet,
>+15 ppm), followed by the pyridone rings, and then the term-
inal arene rings (cf. IMS plot for pentacene). IMS plots for 2, 2-
prot, and 2-taut, show the same trends, suggesting a migration
of the Clar sextets from the outer rings to the central rings (cf.
IMS plot for tetracene).

Details of the induced ring currents of 1, 2, and their
π-polarized analogs are shown in Fig. 4 by the gauge-including
magnetically induced current (GIMIC) plots. 1 displays three
localized diatropic ring currents, located at the positions of
the arene rings. A weakly diatropic current encompasses the
periphery of the five fused rings. 1-prot shows a pronounced

macrocyclic diatropic ring current around the periphery of the
molecule which intensifies at the central ring and terminal
rings. Note that only the central ring shows a complete loca-
lized diatropic ring current, while the terminal rings show a
breached local ring current. In 1-taut, the macrocyclic diatro-
pic current becomes dominant, and is strongest at the central
ring and weakest at the terminal rings. These features agree
with the findings of NICS and IMS, showing a reduced Clar
sextet ratio going from 1 (three Clar sextets), 1-prot, to 1-taut
(one Clar sextet). GIMIC plots for 2, 2-prot, and 2-taut, also
shown an increasingly delocalized diatropic ring current. In 2,
there are two localized diatropic ring currents, located at the
positions of the arene rings, indicating the presence of two
Clar sextets. But as the π-system becomes increasingly polar-
ized, a macrocyclic diatropic ring current dominates, and the
GIMIC plots of 2-prot and 2-taut, become more tetracene-like.

Conclusions

Hydrogen bonding interactions can play an important role in
the molecular design of organic semiconductors. Besides con-
trolling solid state structure, it is helpful to recognize that
hydrogen bonding interactions also can perturb the aromatic
character of conjugated organic molecules, having relevant
effects for their electronic properties. Here, we show that redu-
cing the ratios of Clar rings can be considered as a design
strategy to enhance charge transport property in popular
organic dyes.

Table 1 Computed HOMO–LUMO gaps (in eV) for the monomer,
hydrogen-bonded trimer, doubly protonated form, and tautomeric form
of 1 and 2

Cmpd. Monomer
H-bonded
trimer

Doubly
protonated Tautomer

1 3.23 2.95 2.50 2.44
2 3.52 3.30 2.84 3.03

Fig. 3 Computed IMS plots for 1, 1-prot, and 1-taut, compared to pen-
tacene, and for 2, 2-prot, and 2-taut, compared to tetracene.

Fig. 4 Computed GIMIC plots for 1, 1-prot, and 1-taut, compared to
pentacene, and for 2, 2-prot, and 2-taut, compared to tetracene.
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