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in bis(tri-isopropylsilyl)ethynyl-
functionalized polycyclic aromatic hydrocarbons:
localized representation versus Clar's model

Kais Dhbaibi, a Huong Le Thi,ab Jérôme Marrot, a Masahiro Hayakawa, c

Masashi Mamada c and Michel Frigoli *a

Recent studies on acenes have highlighted a localized representation (LR) of aromatic sextets, challenging

Clar's classical model of migrating sextets. Here, we extend this framework to peri-fused systems by

investigating bis(tri-isopropylsilyl)ethynyl (TIPS)-functionalized polycyclic aromatic hydrocarbons (TIPS-

PAHs) namely TIPS-anthanthrene (TIPS-ATT), TIPS-pyranthrene (TIPS-PYR) and TIPS-dibenzo

[pyranthrene] (TIPS-DBPYR) as test beds for LR. Crystal structures provide direct evidence for

determining the Fries canonical structures, with bond lengths and bond length alternation (BLA) at the

zig-zag edge offering robust criteria for positioning aromatic sextets. While NICS and HOMA indices are

broadly consistent with these assignments, their interpretation should be considered with some caution.

Optical studies reveal progressive bathochromic shifts (491–599 nm) with increasing conjugation, but

absorption strength and fluorescence quantum yield depend critically on the mode of p-extension:

catacondensation enhances brightness, whereas linear extension diminishes it. Remarkably, TIPS-PYR

combines a record molar absorption coefficient (>200 000 M−1 cm−1) with a high fluorescence quantum

yield (FF = 0.93), yielding a molar brightness comparable to giant nanoribbons. Stability assays show that

TIPS-ATT and TIPS-PYR are bench stable, whereas TIPS-DBPYR, despite reduced fluorescence

efficiency, exhibits enhanced photostability relative to TIPS-pentacene (TIPS-PEN) and satisfies the

energetic criterion for singlet fission. These findings establish LR as a robust framework for describing

peri-fused PAHs, identify TIPS-PYR as an exceptionally bright dye, and position TIPS-DBPYR as

a promising singlet fission material.
Introduction

Over the past three decades, polycyclic aromatic hydrocarbons
(PAHs) have been the focus of intensive investigation, spanning
both fundamental questions of aromaticity and their emerging
optoelectronic applications.1–13 This modern interest is based
on century old foundations, from Scholl's pioneering synthetic
strategies to Clar's inuential structural and aromaticity
models.14–16 Clar's sextet model, in particular, has long provided
a powerful tool for rationalizing the interplay between aromatic
stabilization, molecular stability and optical properties.16 For
planar PAHs with a unique Clar structure such as phenan-
threne, pyrene and triphenylene, the representation is
straightforward (Fig. 1a).16,17 For systems describable by
Fig. 1 (a) Clar representation of the selected PAHs; (b) localised
representation (LR)19 and optical properties of TIPS-acenes in chlo-
roform solution.20
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Fig. 2 Localized representations of the molecules investigated in this
study and their associated optical properties.
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multiple Clar structures, Clar introduced the concept of
migrating sextets, exemplied in acenes, chrysene, anthan-
threne (ATT) (Fig. 1a) and related PAHs.16,18 Yet the case of ac-
enes has recently challenged the classical Clar picture. We
recently proposed the localized representation (LR) of acenes, in
which the aromatic sextet is centred in the middle of the
molecules (Fig. 1b).19 Accordingly, acenes can be viewed as
symmetric linear extensions of benzene. The validity of this LR
is supported by bond length alternation (BLA) analyses, which
show that the zig-zag edges of acenes closely resemble those of
ortho-quinoid acenothiophenes.19,21 The LR highlights that ac-
enes are aromatic compounds with a 4n + 2 p-electron count
along their periphery. Thus, despite their polycyclic structure,
they can also be regarded as 4n + 2 annulenes, not only by virtue
of the alternating single and double bonds along the zig-zag
edge, but also because this connectivity gives rise to a predom-
inantly global perimetric ring current, as evidenced by the
anisotropy of the induced current density (ACID) plots.19

Complementary current density analyses based on the pseudo-
p approach further indicate that, in addition to this dominant
global current, acenes exhibit weaker (semi)local contribu-
tions.22,23 It should be emphasized that unlike the classical
representation of acenes based on a single Kekulé structure,24,25

which no longer provides an adequate account of their ring
current behaviour, the LR systematically incorporates all these
components of the 4n + 2 diatropic ring current (see the SI).26

Moreover, resonance energy data derived from experimental
heats of formation, which increase nearly linearly with ring
number, underscore that stabilization is not fully delocalized
across the backbone but instead reects localized contribu-
tions.27 In this way, the LR reconciles bond length alternation
with energetic resonance stabilization and with both global and
subsidiary current density contributions, characteristic of
acenes.28

Acenes represent a particularly remarkable family of PAHs as
each additional fused ring containing a cis-diene induces an
exceptionally large bathochromic shi of nearly 100 nm in the
absorption maximum. For instance, when functionalized with
TIPS-ethynyl groups at the central ring, the absorption maxima
are 442 nm for TIPS-anthracene (TIPS-ANT), 536 nm for TIPS-
tetracene (TIPS-TET) and 642 nm for TIPS-pentacene (TIPS-PEN)
in diluted chloroform solution (Fig. 1b).20 However, both the
molar absorption coefficient (3) and the uorescence quantum
yield (FF) decrease with increasing ring number, correlating
with a progressive loss of aromatic stabilization from the dilu-
tion of the central aromatic sextet by the successive addition of
cis-diene fragments (Fig. 1b). This pattern is also observed in
the [m,2]peri-acenoacene family developed by Wu and
coworkers, where 3 and FF decrease as the molecular structure
becomes more laterally extended.29 In this series, although the
substituents are not located in the same position and therefore
they are not strictly comparable, 3 decreases roughly from 65
000 M−1 cm−1 for mesityl-anthanthrene (Mes-ATT) to 35 000
M−1 cm−1 for peri-pentacenopentacene (PPP) and FF decreases
from 56 to 32%, respectively. Recently, we synthesized TIPS-
PPP, which exhibits a 26-fold increase in stability compared to
TIPS-PEN,28 maintaining the same 2D p–p brickwork molecular
Chem. Sci.
packing and a 6-fold increase in charge transport in organic
eld-effect transistor (OFET) devices.19,30 With absorption at
726 nm and a 3 of 85 000 M−1 cm−1, the optical properties of
TIPS-PPP suggest that TIPS-ATT, a smaller analogue, may have
a 3 exceeding 100 000 M−1 cm−1, a remarkable value for a small
PAH (Fig. 2). The optical properties of TIPS-ATT, beyond its
absorption spectrum, remain unknown despite its use as
a donor in OPV devices and as an active layer in OFETs.31,32 Even
more striking, Morin and coworkers recently reported dibenzo
[a,l]peri-tetracenotetracene derivatives (DBPTT) with an 3 of 168
000 M−1 cm−1 at 611 nm when functionalized with TIPS groups,
although uorescence data were not reported.33 This nding
suggests that TIPS-pyranthrene (TIPS-PYR), a smaller analogue,
could possess an even stronger 3, making it a very high bright-
ness dye if combined with high uorescence quantum yield
(Fig. 2).31

In this context, TIPS-ATT and TIPS-PYR, the latter of which
can be regarded as cata-extensions of the ATT core along the a,j
faces, emerge as particularly valuable cases due to their
multiple Clar structures, making them ideal test beds for the
localized representation (LR). To further extend this framework,
we also investigated TIPS-dibenzo[pyranthrene] (TIPS-DBPYR),
a lateral expansion of the PYR core (Fig. 2), in order to elucidate
the impact of cata versus linear extension in PAHs on their
optoelectronic properties. This study reports their synthesis,
optoelectronic properties, stability, and crystal structures. The
latter were analysed in depth using structural parameters such
as bond lengths and bond length alternation (BLA), along with
“aromaticity indices” including nucleus-independent chemical
shi (NICS)34 and the harmonic oscillator model of aromaticity
(HOMA).35

Results and discussions
Synthesis

TIPS-ATT can be synthesized in a single step from anthanthrone
(Scheme 1).30 Using the classical lithium salt of TIPS, the yield
was limited to 15%, reecting the well-known competition
between 1,2- and 1,4-addition pathways on anthanthrone.36 To
favour the desired 1,2-addition, we carried out the reaction in
the presence of LaCl3 LiCl, as previously applied in the synthesis
of TIPS-PPP, which signicantly improved the yield.19
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of TIPS-ATT. (a) (1) tri-isopropylsilylacetylide, THF, −10 °C to rt, (2) SnCl2/HCl, rt; (b) tri-isopropylsilylacetylide, LaCl3$2 LiCl,
THF, −10 to 0 °C and (2) SnCl2/HCl, rt. Synthesis of TIPS-PYR and TIPS-DBPYR. (c) Ester boronic derivatives, Pd2(dba)3, S-Phos, K3PO4, toluene/
water, 100 °C; (d) TfOH, 1,2-dichloroethane, 90 °C.
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Pyranthrone is a commercially available product that can be
synthesized by two main methods: the rst starts with 2,20-
dimethyl-[1,10-bianthracene]-9,90,10,100-tetraone as the starting
material and the second starts with pyrene-1,6-
diylbis(phenylmethanone), which then undergoes a Scholl
reaction. In the Scholl reaction, when starting from pyrene-1,6-
diylbis(naphthalen-2-ylmethanone), cyclization occurs speci-
cally at position 1 of the naphthalene ring.37 Consequently,
none of these methods is suitable to obtain the extended
version of pyranthrone. Given that the rst two Friedel–Cras
acylations of pyrene occur at positions 1 and 6, compounds 1
and 2 emerged as convenient precursors for obtaining large
diones (Scheme 1). These two compounds were obtained in
good yield through a Suzuki reaction between 5,10-di-
bromopyrene and the corresponding boronic esters.38 The
double intramolecular Friedel–Cras acylation/cyclization
using triic acid as an activator proceeded smoothly.39–42

However, infrared spectra of both insoluble compounds
revealed the presence of two carbonyl stretches: more intense
bands at 1641 and 1648 cm−1, characteristic of a six-membered
ring (6-MR) aromatic ketone, and less intense bands at 1704 and
1691 cm−1, respectively, indicative of a ve-membered ring (5-
MR) aromatic ketone (see the SI). Despite this, the two targeted
diones having two 6-MRs are likely the major products, as the
C]O stretch of 5-MR is typically much more intense compared
to that of 6-MR (see the SI).38 The regioselectivity reects
a competition between electronic and steric factors. The
intrinsic reactivity of the 1,6-positions in pyrene rationalizes
their role as the preferred electrophilic sites, even though they
are also the most sterically hindered. Following the rst cycli-
zation at C1, the electrophilic susceptibility of C6 is attenuated,
thereby shiing partial activation toward C4, which represents
the most sterically accessible alternative site. Addition of TIPS-
acetylide to either the pyranthrone or dibenzopyranthrone
mixture afforded TIPS-PYR and TIPS-DBPYR, respectively, in
moderate yields. The structures of all three compounds were
unambiguously conrmed by NMR spectroscopy, high-
resolution mass spectrometry (HRMS) and single crystal X-ray
crystallography (see the SI).
© 2026 The Author(s). Published by the Royal Society of Chemistry
X-ray crystallographic analysis and localised representation

The crystal structures of TIPS-ATT and TIPS-PYR have already
been determined.29,30 However, the reliability factor (R-factor)
exceeds 0.1, precluding meaningful discussion of bond lengths.
Attempts to obtain higher quality crystals of TIPS-ATT were
unsuccessful, whereas crystals of sufficient quality were ob-
tained for TIPS-PYR (R = 0.060) and TIPS-DBPYR (R = 0.057),
enabling reliable structural analysis. For structural comparison,
we therefore refer to the crystal structures of Mesityl-ATT and
the parent ATT.27,43

Since the LR of acenes has been rationalized by analogy with
the bond lengths observed in both acenes and acenothioph-
enes,19 we begin with pyrene, phenanthrene and chrysene as
reference systems, together with naphthalene (Fig. 3). In the
crystal structures, the bonds depicted in blue are shorter than
their neighbours. By analogy with acenes, these shortened
bonds can be assigned as formal double bonds, thereby giving
rise to a specic Kekulé resonance structure (Fig. 3 and 4). This
latter corresponds to the Fries structure, in which themaximum
number of rings share a double bond at the fusion and can
therefore be formally represented as having six internal p-
electrons.44,45 Consequently, the preferred representation of
PAHs using single and double bonds should be the Fries
structure, since it corresponds most closely to the crystallo-
graphic data. While Graovac et al. introduced the Kekulé index
and suggested that the Fries structure has the dominant
contribution in the ground state,46 the Fries structure of naph-
thalene likely accounts for 50% of the ground state. This is
because the rings of naphthalene can be regarded as a reso-
nance hybrid between a delocalized aromatic sextet and a cis-
diene, in agreement with the Clar model (Fig. 3). This inter-
pretation is supported by bond length alternation analysis: the
peripheral BLA of naphthalene corresponds to the average of an
aromatic sextet (0) and a cis-diene (0.074, as in anthracene),
yielding a value of 0.037, which is in close agreement with the
observed BLA of 0.043.19 It should be noted that Fries assumed,
in the case of anthracene, that the oscillation of double bonds
was conned to the central ring while the outer rings retained
xed double bonds.43 This arrangement corresponds directly to
the LR of anthracene (Fig. 1).
Chem. Sci.
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Fig. 3 Crystal structures of naphthalene,47 pyrene,48 phenanthrene,49 chrysene50 and 1,3-diphenylbenzo[c]thiophene21 (phenyl rings removed)
with bond lengths and HOMA values inside the rings. The deduced Fries structures and the corresponding Clar structures and LR for chrysene.
ACID plots and NICS(1.7)pzz inside the rings of molecules with optimized structures.
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Pyrene and phenanthrene each possess a single Clar struc-
ture, whereas chrysene has three. For pyrene and phenan-
threne, there is broad consensus that the Clar structure with
two aromatic sextets located in the terminal rings provides the
most accurate description.18 Pyrene belongs to the D2h point
group, and as a consequence, the bond lengths in the outer
rings B are inherently delocalized. This delocalization makes
the Clar structure particularly evident: the outer rings B are
represented as aromatic sextets, while ring A contains a local-
ized double bond of 1.347 Å. The bond length distribution thus
provides direct structural support for the Clar structure of pyr-
ene. Accordingly, HOMA and NICS values are highest for rings
B. Notably, the single bond highlighted in red is as short as
1.426 Å. Pyrene, with 16 p-electrons (4n), exhibits a strong
global diatropic ring current (clockwise) of 14 p-electrons (4n +
2), together with two weaker local ring currents of 6 p-electrons,
each around rings B, as revealed by the acid plot.

For phenanthrene, the Fries structure can be deduced from
the alternating lengths of the external bonds in rings B. These
bond lengths are very similar to those of naphthalene, with the
notable exception of the C2–C3 bond, which measures 1.391 Å
in phenanthrene versus 1.414 Å in naphthalene (Fig. 3), result-
ing in a slightly higher HOMA value. Owing to this shorter bond,
three adjacent bonds within rings B fall within a narrow range
(1.366–1.391 Å; BLA = 0.025 Å), lower than that observed in
Fig. 4 Crystal structures of Mes-ATT,27 ATT,43 TIPS-PYR and TIPS-DBP
structures and ACID plots and NICS(1.7)pzz inside the rings of parent PA

Chem. Sci.
naphthalene (BLA = 0.040 Å). Since naphthalene is represented
as a resonance hybrid between a delocalized aromatic sextet
and a cis-diene (Fig. 3), rings B of phenanthrene are most
appropriately described as delocalized aromatic sextets. The
outer bond lengths of rings A, which closely resemble those
observed in pyrene, further support the placement of the
aromatic sextet in rings B. As in pyrene, the NICS and HOMA
values for rings B corresponding to the aromatic sextet are
higher than those for rings A. The red bond connecting the two
phenyl rings measures 1.447 Å and a comparison with the cor-
responding bond in pyrene (1.426 Å) illustrates how single bond
lengths are strongly modulated by their molecular environ-
ment, just as the lengths of single and double bonds are
modulated in acenes.19 Phenanthrene, with 14 p-electrons,
sustains a global diatropic ring current of 14 p-electrons in the
ACID plot.

Chrysene can be analyzed in the same way. The bond lengths
in rings B closely resemble those in phenanthrene, thereby
supporting the placement of the aromatic sextets in the
terminal rings, as conrmed by comparable HOMA and NICS
values. This interpretation is further reinforced by the single
bond connecting rings B and A (highlighted in red, 1.451 Å),
which is nearly identical to the corresponding bond in phen-
anthrene (1.447 Å) and consistent with their cata-condensed
arrangement. Moreover, while the BLA of the outer bonds in
YR with bond lengths and HOMA values inside rings, deduced Fries
Hs with optimized structures.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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rings B is slightly lower than in phenanthrene, leading to
a higher HOMA value, similar outer bond lengths are also
observed in the 6-MR of benzo[c]thiophene (Fig. 3).21 Accord-
ingly, chrysene can be represented as one LR. While phenan-
threne and pyrene can be considered as biphenyls linked by one
or two ethenyl spacers, respectively, chrysene can be considered
a trans-stilbene with two ethenyl bridges. Chrysene, with 18 p-
electrons, shows a global ring current of 18 p-electrons in the
ACID plot.

The Clar representation of ATT already indicated that rings C
contain localized bonds since Clar originally regarded ATT as an
extension of pyrene (Fig. 1a).16 This assignment is consistent
with the highest BLA at the periphery and the lowest HOMA and
NICS values observed for rings C (Fig. 4). However, as discussed
above, smaller cata-condensed PAHs are more appropriately
described as arenes bridged by two ethenyl spacers, in line with
the general tendency of nature to favour symmetry. From this
perspective, ATT should therefore be regarded not as an
extension of pyrene but rather as an extension of chrysene.
Accordingly, the LR of ATT can be directly deduced from that of
chrysene and both HOMA and NICS values fully support this
assignment. More specically, the BLA of the outer bonds in
rings B is similar to or lower than that observed in chrysene with
both molecules sharing the same symmetry. In contrast, the
reduced HOMA values originate from relatively long intra-
annular bonds, in comparison to pyrene, which exhibits the
same structural motif. Nevertheless, the NICS value of ring B
remains comparable to that of pyrene, consistent with its
designation as an aromatic sextet within an identical environ-
ment of two neighbouring rings. The BLA at the periphery of
rings A is signicantly lower than in chrysene, reecting their
central position and the resulting higher degree of conjugation,
as observed in acenes.19 Nevertheless, the BLA of rings A (0.034–
0.037 Å) remains higher than that of the second ring of penta-
cene (0.026 Å), indicating that the bonds in rings A are localized.
Owing to this relatively low BLA and the fact that each ring A is
fused to three different neighbours, their NICS values are higher
than those of pyrene, in which the corresponding rings are
fused to only two different neighbours. Although ATT is an
aromatic compound with 22 p electrons, the ACID plot reveals
two distinct 18 p-electron ring current circuits when only the
symmetry allowed pathways are considered: one following the
periphery and the other bifurcated, corresponding to the
chrysene subunit of the p-structure. This dual circuit conrms
that ATT is best described as an extended version of chrysene.
The chrysene contribution is further evident in the shape of the
HOMO orbital (see the SI).

Considering all of the above, the Fries structure of TIPS-PYR
together with its molecular symmetry and the structural
parameters at the zig-zag edge (bond lengths and BLA values)
and HOMA index, places the aromatic sextets on rings B and D
(Fig. 2). Although the HOMA and NICS values of rings B are
comparable to or higher than those of phenanthrene, which
correspond to a phenanthrene-type aromatic sextet, the NICS
values of rings A are very similar to those of rings B and could be
misinterpreted as a migration of the sextet between rings A and
B. This apparent “magnetic delocalisation” results from the
© 2026 The Author(s). Published by the Royal Society of Chemistry
local environment of ring A: its three non-equivalent neigh-
bours reinforce its local magnetic susceptibility. The combined
evidence from the structure (bond lengths, BLA and HOMA)
therefore continues to support the LR with sextets localized on
rings B and D (Fig. 2). Moreover, PYR can be regarded as an
extended fulminene ([6]-phenacene): a fulminene core bridged
by two ethenyl spacers. PYR is an aromatic system with 30 p-
electrons (4n + 2), but the ACID plot reveals two distinct 26 p-
electron ring current circuits: one delocalized along the
periphery and another bifurcated pathway around the fulmi-
nene subunit. Moreover, fulminene itself can be seen as a 2,6-
diphenylnaphthalene bridged by two ethenyl spacers.18

In the case of TIPS-DBPYR, all structural parameters (bond
lengths and BLA) and “aromaticity indices” (HOMA and NICS)
consistently place the aromatic sextets on rings B and D. Thus,
the LR of TIPS-DBPYR can be seen in Fig. 2.

Ultimately, crystal structures provide a direct means of
identifying the Fries structures. Bond lengths and bond length
alternation (BLA) analysis at the zig-zag edge offer a robust
criterion for positioning aromatic sextets. In the present series,
NICS and HOMA values are largely consistent with these
structural attributions, except in the case of PYR, where NICS
overestimates the local aromaticity of a ring due to the high
number of neighboring rings. HOMA may likewise underesti-
mate local aromaticity when internal bonds are elongated by
conjugation, as observed for the central ring in pentacene.51

These discrepancies highlight the need to interpret local
aromaticity indices with caution, and the placement of aromatic
sextets cannot be deduced from a single criterion such as NICS
or HOMA in molecules that possess more than one Clar
structure.

It should be noted that in phenanthrene, chrysene and
anthanthrene, electrophilic substitution occurs preferentially at
the central rings bearing double bonds, whereas in pyrene and
in the acenes, the most reactive sites correspond to the rings
hosting aromatic sextets.52,53 This demonstrates that the reac-
tivity of PAHs cannot be rationalized solely in terms of their
ground state electronic structures. While the computed ther-
modynamic stability of PAH adduct intermediates and the
average local ionization energy (ALIE) provide a reasonable
prediction of reactivity,51 the calculated spin density distribu-
tion of the triplet state (the singlet state being inaccessible for
closed-shell systems) may serve as an even more reliable
predictor of reactivity, as it likely resembles the electronic
structure of the transition state.54 For ATT, PYR and DBPYR, the
most reactive site is ring A, which bears the highest spin density
at the zig-zag edge, as illustrated in Fig. 5. The Clar structure of
the diradical is in good agreement with these calculations.
Electrooptical properties, stability and theoretical
calculations

The optical properties and stability were investigated in toluene
solution (Fig. 6 and Table 1). The smaller analogue, TIPS-ATT,
exhibits an absorption maximum at 491 nm, while TIPS-PYR is
red shied by 36 nm to 527 nm. A further linear extension from
TIPS-PYR to TIPS-DBPYR produces an even more pronounced
Chem. Sci.
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Fig. 5 Triplet spin density and Clar structures showing the main
delocalization along red highlighted bonds.

Table 1 Optoelectrochemical properties of the molecules

Compounds TIPS-ATT TIPS-PYR TIPS-DBPYR

lmax [nm]a 491 527 599
3max [M

−1 cm−1]b 132 000 208 000 148 000
3365 [M

−1 cm−1]b 1000 7100 11 700
lem [nm]c 495 535 610
FF (air)/FF (N2) [%]d 0.64/0.70 0.86/0.93 0.51/0.61
FF × 3max (N2)

e 92 400 193 400 90 300
sF (air)/sF (N

2) [ns]f 2.37/2.65 2.20/2.52 5.34/6.24
kr (N2) [s

−1] g 2.64 × 108 3.69 × 108 9.77 × 107

knr (N2) [s
−1]h 1.13 × 108 2.06 × 107 6.25 × 107

Eg
opt i 2.48 (499) 2.30 (538) 2.02 (614)

E(S1) [eV] (nm)j 2.51 (493) 2.33 (531) 2.05 (604)
E(S1) [eV] (nm)k 2.58 (480) 2.40 (517) 2.10 (591)
ff,l 0.98 1.80 1.62
E(T1) [eV] (nm)k 1.35 (918) 1.29 (961) 1.03 (1204)
DE([S1]–[T1]) [eV]

k 1.23 1.11 1.07
HOMO/LUMO [eV]l −5.15/−2.67 −5.06/−2.76 −4.91/−2.91
H–L gap [eV] (nm)m 2.48 (500) 2.30 (540) 2.00 (620)
y0

n 0.30 0.34 0.42

a Absorption maximum. b Molar absorption coefficient. c Emission
maximum. d Quantum yield of uorescence determined in air and
under N2.

e Molar uorescence brightness calculated under N2.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
7/

20
26

 1
:3

8:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
red shi of 72 nm, yielding an absorption maximum at 599 nm.
Thus, each additional ring induces a red shi of approximately
36 nm, in sharp contrast to the ∼100 nm increments typically
observed in acenes. These progressive bathochromic shis arise
from the concomitant destabilization of the HOMO and stabi-
lization of the LUMO, amounting to 0.09 eV from TIPS-ATT to
TIPS-PYR and 0.15 eV from TIPS-PYR to TIPS-DBPYR, thereby
narrowing the frontier orbital gap (Table 1). The calculated
HOMO–LUMO gaps for the three molecules are in very good
Fig. 6 Absorption and fluorescence spectra of (a) TIPS-ATT, (b) TIPS-
PYR and (c) TIPS-DBPYR accompanied by photographs of the corre-
sponding cuvettes under ambient light (left) and under 365 nm UV
illumination (right); (d) UV/vis spectral evolution and (e) change of
absorbance at 599 nm over time under ambient laboratory conditions
for TIPS-DBPYR ([C]= 1× 10−5 M in toluene); (f) change of absorbance
at their own lmax over time in toluene with 365 nm light for TIPS-ATT
(red), TIPS-PYR (blue) and TIPS-DBPYR (black).

f Fluorescence lifetime. g Radiative rate constant calculated as kr = FF/
sF.

h Non-radiative rate constant calculated as knr = (1 – FF)/sF.
i Optical band gap estimated from absorption onset (tangent).
j Deduced from the intersection between absorption and emission
spectra. k TD-DFT calculation at the M062X/6-311+G(d,p) level using
optimized geometry calculated at the B3LYP/6311 + G(d,p) level.
l Oscillator strength. m Calculated at the B3LYP/6311 + G(d,p) level.
n Biradical character calculated at the BS-UHF/6-31G(d,p) level.

Chem. Sci.
agreement with the optical band gap (Eoptg ) obtained from the
absorption onset using the tangent method (Table 1). As ex-
pected, TIPS-ATT exhibits a higher 3 than the laterally extended
TIPS-PPP (85 000 M−1 cm−1), reaching a remarkable value of
132 000 M−1 cm−1. Even more striking, TIPS-PYR displays an 3

exceeding 200 000 M−1 cm−1 underscoring the exceptional light
harvesting capability of this system. In contrast, lateral exten-
sion of the PYR core to TIPS-DBPYR reduces 3 to 148
000 M−1 cm−1, highlighting the sensitivity of absorption
strength to the mode of p-extension (cata vs. linear). Within this
series, the fraction of rings that can be described as Clar sextets
increases upon cata extension (2/6 in ATT vs. 3/8 in PYR)
correlating with the observed enhancement in 3, whereas this
fraction decreases with the introduction of cis-diene units upon
linear extension (3/8 PYR vs. 3/10 DBPYR), which in turn
correlates with a reduction in 3. TD-DFT calculations of these
allowed S0/ S1 transitions reproduce this trend, with TIPS-PYR
exhibiting the highest oscillator strength (f = 1.80), while TIPS-
ATT shows the lowest (f = 0.98). In relative terms, however, the
calculated intermediate f value of 1.62 for TIPS-DBPYR appears
to be signicantly overestimated compared to the experimental
value. Among the three compounds, TIPS-PYR shows the
highest absolute quantum yield of uorescence (FF = 0.93) in
deoxygenated solution, while TIPS-DBPYR has the lowest (FF =

0.61). By contrast, TIPS-ATT has an intermediate value (FF =

0.70). Notably, the formal molar uorescence brightness of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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TIPS-PYR (3FF = 193 000 M−1 cm−1) is comparable to that re-
ported for giant nanoribbons (GNRs).55 TIPS-PYR thus stands
out as one of the brightest dyes among polybenzenoid
compounds. By contrast, TIPS-ATT and TIPS-PYR display 3FF

values of approximately 90 000 M−1 cm−1, which are compa-
rable to those of well-established uorescent benchmarks such
as pyrromethene dyes and perylenediimides.56,57 It should be
noted that peri-acenoacenes generally display lower FF values
compared to their acene counterparts. TIPS-ANT exhibits aFF of
0.96, whereas TIPS-ATT shows a reduced value of 0.70 and
similarly TIPS-PEN (FF = 0.44) is reduced relative to TIPS-PPP
(FF= 0.27) in diluted toluene solution.19 The reduction ofFF for
TIPS-ATT can be attributed to the competition between uo-
rescence and intersystem crossing (ISC) from the rst excited
singlet state (S1), a process that has previously been demon-
strated in ATT derivatives.58,59 For all compounds, the uores-
cence quantum yield (FF) increased under deoxygenated
conditions, indicating the quenching of S1 by molecular oxygen
(3O2).60 This effect wasmost pronounced for TIPS-DBPYR, which
can be ascribed to its comparatively smaller radiative decay rate
constant and larger molecular size (Table 1).60 As recently
demonstrated for perylenediimides, all compounds studied
here are intrinsically capable of producing singlet oxygen (1O2)
from both S1 and the rst triplet excited state (T1).60 From S1,
this process is energetically allowed since the gap DE = E(S1)–
E(T1) exceeds 0.976 eV, while from T1, it is enabled because E(T1)
lies above the excitation energy of 3O2 /

1O2 (0.976 eV) (Table
1). In other words, under illumination, these molecules act as
photosensitizers, generating reactive 1O2 with TIPS-DBPYR
likely being the most efficient. Moreover, according to the
calculation, energetically, only TIPS-DBPYR satises the singlet
ssion criterion with E(S1) $ 2E(T1) providing a near iso-
energetic driving force for the formation of the correlated triplet
pair. Given that TIPS-DBPYR also exhibits markedly greater
photostability than TIPS-PEN (vide infra), it emerges as
a particularly promising candidate for singlet ssion
applications.61

Stability tests were performed in toluene solution ([C] = 1 ×

10−5 M) under ambient laboratory conditions with permanent
light exposure. The stability studies reveal that while TIPS-ATT
and TIPS-PYR remain intact under these conditions, TIPS-
DBPYR undergoes slow degradation with a half-life (s1/2) of 20
days (Fig. 6d and e and SI). The monoexponential decay at
599 nm conrms a rst-order kinetic process, excluding the
involvement of secondary degradation pathways that could
accelerate 1O2 generation. It should be noted that TIPS-DBPYR
is 20 times more stable than TIPS-PEN (s1/2 = 1.4 days) studied
under the same conditions.19 As illustrated in Fig. 6d, the
original absorption bands of TIPS-DBPYR progressively
decrease, while new bands emerge at 531, 495, and 462 nm. The
intensities of these new bands grow steadily up to 28 days before
subsequently declining. The progressive decrease of the three
bands in their relative intensities with energy is characteristic of
acene-like chromophores. The new spectral features are tenta-
tively attributed to endoperoxide formation localized on one of
the aromatic sextets (rings B) (see the SI). TD-DFT calculations
on this degradation product further support this assignment
© 2026 The Author(s). Published by the Royal Society of Chemistry
(see the SI). By contrast, exposure to two 6 W bench lamps at
365 nm resulted in degradation of all compounds (Fig. 6f and
SI). The decay monitored at each compound's lmax could well be
tted with a quadratic function, indicating an acceleration of
the degradation process under these conditions (Fig. 5e). This
can result from the formation of ketone-based photoproducts,
as previously shown in TIPS-PPP.19 Among the series, TIPS-ATT
proved to be the most robust (s1/2 = 37 h), TIPS-DBPYR was the
least stable (s1/2 = 14 h) and TIPS-PYR exhibited intermediate
stability (s1/2 = 25 h). By analogy with acenes, where stability
diminishes as the number of fused rings increases relative to
the single Clar sextet, the predicted stability order is TIPS-PYR
(3/8) > TIPS-ATT (2/6) > TIPS-DBPYR (3/10) (Fig. 2). Experimen-
tally, however, an inversion is observed between TIPS-ATT and
TIPS-PYR. Under our test conditions, this discrepancy indicates
that factors beyond the Clar sextet count must be considered.
Although a clear correlation exists between biradical character
(y0)62,63 and thus the HOMO–LUMO gap (Table 1) and stability,
the dominant factor in this series is likely photochemical: TIPS-
PYR and TIPS-DBPYR exhibit 3 at 365 nm that are approximately
seven and eleven times higher, respectively, than that of TIPS-
ATT, thereby accounting for their reduced stability (Table 1).
However, there is no strict correlation between 3 and stability,
only a general trend. Additional insight is provided by the
nature of the oxidation photoproducts. Upon photooxidation,
TIPS-PYR derivatives gain an extra Clar sextet (increasing from
three to four), leading to stabilization that is more signicant
than in the case of TIPS-ATT, whose Clar sextet count remains
unchanged (two to two) (Fig. 5). Accordingly, the observed
stability trend can be rationalized by the combined inuence of
photophysical properties (3 and sF) and the relative thermody-
namic stability of the resulting photoproducts.64

Conclusions

This work demonstrates that chrysene, anthanthrene and pyr-
anthrene can be consistently represented as localized structures
with the aromatic sextets positioned on the outer rings. By
analogy with phenanthrene and pyrene, which can be regarded
as biphenyls with one or two ethenyl spacers, respectively,
chrysene, anthanthrene and pyranthrene may be viewed as
derivatives of trans-stilbene, chrysene and fulminene cores,
each extended by two ethenyl spacers. Crystal structures provide
direct evidence of determining the Fries structures. Represent-
ing polybenzenoid compounds with single and double bonds
should therefore follow the Fries model. Bond lengths and bond
length alternation (BLA) at the zig-zag edge offer robust criteria
for positioning aromatic sextets. While NICS and HOMA indices
are broadly consistent with these assignments, their interpre-
tation requires caution. Photophysical studies reveal clear
design rules: cata-condensation enhances brightness, as
exemplied by TIPS-PYR with record molar brightness, whereas
linear extension reduces emission efficiency but potentially
enables singlet ssion functionality, as in TIPS-DBPYR. Stability
trends are further rationalized by the interplay between the
molar absorption coefficient, radiative lifetime and the relative
thermodynamic stabilization of oxidation photoproducts.
Chem. Sci.
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Beyond highlighting the localized structure of peri-fused
systems, this study identies TIPS-PYR as an exceptionally
bright dye and TIPS-DBPYR as a potentially robust singlet
ssion material, thereby expanding the molecular design space
for next-generation optoelectronic devices.
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18, 785–791.

19 T. Jousselin-Oba, M. Mamada, K. Wright, J. Marrot,
C. Adachi, A. Yassar and M. Frigoli, Angew. Chem., Int. Ed.,
2022, 61, e202112794.

20 Y. Duan, G. Zhang, X. Liu, F. Shi, T. Wang, H. Yan, H. Xu and
L. Zhang, J. Org. Chem., 2022, 87, 8841–8848.

21 X. Shi, T. Y. Gopalakrishna, Q. Wang and C. Chi, Chem.–Eur.
J., 2017, 23, 8525–8531.

22 P. W. Fowler and W. Myrvold, J. Phys. Chem. A, 2011, 115,
13191–13200.

23 S. Fias, P. W. Fowler, J. L. Delgado, U. Hahn and P. Bultinck,
Chem.–Eur. J., 2008, 14, 3093–3099.

24 O. L. Griffith, A. G. Jones, J. E. Anthony and
D. L. Lichtenberger, J. Phys. Chem. C, 2010, 114, 13838–
13845.

25 M. R. Ajayakumar, J. Ma and X. Feng, Eur. J. Org Chem., 2022,
2022, e202101428.
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