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Imide-fused [n]lphenacenes (nPDls, n = 3, 5, 7) were systematically synthesised and their electronic features
were investigated by electrochemical and electronic spectral measurements. nPDIs showed two reduction
waves attributed to formation of radical ions and dianions. 3PDI produced blue fluorescence independent
of solvent polarity. In contrast, 5PDI and 7PDI displayed marked positive solvatofluorochromism due to
intramolecular charge transfer characters between the imide moieties and phenacene = cores in the
excited state. The spectral features were analyzed by the Lippert—Mataga relationship and theoretical
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Introduction

[n]Phenacenes are polycyclic aromatic hydrocarbons (PAHs)
consisting of a zigzag alignment of n benzene rings. These are
referred to as one-dimensional graphene ribbons with armchair
edges. Although phenacenes are chemically quite stable and
robust, they have attracted less interest as functional materials
because of their low solubility, low fluorescence efficiency and
low light absorbing ability in the visible region.'”* Convention-
ally, w-extended [n]phenacenes, i.e. n = 5, have received little
attention in functional chemistry and materials chemistry.
Meanwhile, it was found that large phenacenes served as high-
performance p-channel semiconductors and even as aromatic
superconductors.*® The results have opened the door to the
material sciences of phenacenes, in organic
electronics.®”

Recently, the electronic properties and unprecedented
optical characteristics of large phenacenes have been revealed;
e.g., picene ([5]phenacene) displayed fluorescence from the
second excited state (S,) in the vapour phase, a [2,2](5,8)pice-
nophane derivative showed an exciplex fluorescence band and
tetraester-functionalised [12]phenacene behaved as a unique
nematogen, emitting polarised fluorescence from monomeric
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and dimeric forms.**® It is thus expected that phenacenes
would be a promising platform for constructing novel func-
tional luminophores.

Imide-fused PAHs, typified by rylene diimides and acene
diimides, have been extensively utilised as n-type organic elec-
tronic molecules, efficient fluorophores and supramolecular
components.”™ In particular, synthesis and elucidation of
electronic natures of rylene-diimide based functional molecules
are one of the central topics in current fundamental and
materials sciences.***® Additionally, diverse molecular designs
of polycyclic aromatic molecules are proposed and their elec-
tronic and optical properties are extensively explored. An imide
fused fluoranthene, symmetrically combined with anthracene
core, was reported to be solvatfluorochromic.” A naphthalimide
derivative, substituted with two different functionalities on the
imide moieties, showed fluorescence colour changes by inter-
acting with aromatic solvents through exciplex formation.'®
Helicene and the related helical diimides provide optical
properties due to the intra-molecular conjugation between the
imide functionalities."*>°

In contrast to such established aromatic imide compounds,
there are only a few studies on phenacenes incorporating imide
functionalities. Previously reported imide-fused phenacenes
have imide functionalities in the branching direction of the
molecular axis because of the limited synthetic protocols.** A
fulminene ([6]phenacene) diimide was reported to provide
a fluorescence band with a maximum at 500 nm.** Extremely 7t-
extended phenacene diimides exhibit an absorption band in
a 450-470 nm region that is little dependent on numbers of the
benzene rings involved in the molecules.>® We recently synthe-
sized picenes bearing imide moieties in the long molecular axis
directions, C,-PicDIs (see Fig. 1 for the chemical structure), and
revealed that they served as n-channel organic semiconductors
and displayed fluorescence band in the deep blue region.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Chemical structures of nPDIs and the related aromatic diimides.

Due to chemical stability and robustness, efficient functional
dyes would be constructed employing the phenacene 7 core
through an appropriate molecular design, e.g., proper imida-
tion. However, little is known about active manipulation of the
electronic and spectral features of functionalised phanacenes.
Therefore, we aimed to produce a phenacene-based functional
dye. In this study, we synthesised [n]phanacene derivatives,
nPDIs (n = 3, 5 and 7, see Fig. 1 for the chemical structures),
incorporating imide functionalities at both edges of the mole-
cules. The electronic features of nPDIs investigated by electro-
chemical and photophysical measurements are described,
namely, it has been revealed that fluorescence behaviour of
nPDIs can be effectively manipulated by solvent polarity.

Synthesis of nPDIs

To construct phenacene frameworks, the Mallory photoreaction
of diarylethenes is one of the most efficient and reliable
methods.”® We have fully taken advantages of this strategy in
the final step to effectively obtain nPDIs (Scheme 1). Penta-
fluorophenyl moieties have been introduced to enhance the
electron-attracting ability of imide functionality.”®

Diarylethene precursors 3, 6 and 8 were prepared by either
Wittig alkene synthesis between the appropriate arylaldehyde
and arymethylphosphonium salt (for precursors 3 and 6) or
Migita-Kosugi-Stille coupling® between distannylethene and
bromoarene 7 (for precursor 8). These precursors were illumi-
nated with black-light lamps (352 nm), in the presence of
a catalytic amount of I,, producing the desired nPDIs in
moderate to good yields, 3PDI (95%), 5PDI (76%) and 7PDI
(40% from 7). The detailed synthetic procedures of nPDIs and
the intermediate building blocks, and their compound data are
deposited in the ESLf

Electrochemical characterization of nPDIs

To reveal the electronic features of nPDIs, electrochemical
measurements were carried out using cyclic voltammetry (CV)
and square wave voltammetry (SWV) techniques (Fig. 2). 3PDI
and 5PDI showed two reversible reduction peaks in CV owing to
the formation of radical anion and dianion species, as in the
case of the reported rylene diimides.”® 7PDI showed a single

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic routes to nPDls. Reagents and conditions: (i)
BuaNF, CH,CLy, (ii) hw, 15, air, toluene, (i) K2COs, BusNBr, CH,Cl-THF
then BuyNF, (iv) (E)-1,2-Dbis(tetrabutylstannyl)ethene, Pd(PPhs),.

reduction peak; the two reduction waves were considered to be
merged into one reduction wave. Such electrochemical behav-
iour was similar to that reported for aromatic diimides.”®*® The
first reduction potential (E.q;) was estimated to be —1.37, —1.49
and —1.54 V (vs. F¢/Fc") for 3PDI, 5PDI and 7PDI, respectively.
The electron affinity of the nPDI series was higher for the
smaller homologue because the radical anion form of the
smaller nPDI was more effectively stabilized by the two imide
moieties in proximity. As for the second reduction potential
(Ereaz), the order is inverted: —1.66, —1.60 and —1.54 V (vs. Fc/
Fc') for 3PDI, 5PDI and 7PDI, respectively. It is considered that
the negative charges distributed to the two imide moieties in
the dianions of nPDIs, produced during two successive one-

$1ouA

Current

0.0 -0.5 -1.0 1.5 -2.0
Potential/V vs Fc/Fc

Fig.2 CV (full lines) and SWV (dotted lines) curves for nPDIs observed
in benzonitrile, in the presence of BusNPFg (0.1 M).
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electron reduction processes, led to repulsive coulombic inter-
actions in the smaller homologue, namely, 3PDI.>® The energy
levels of the lowest unoccupied molecular orbitals (LUMO,
Erumo) were estimated to be —3.43, —3.31 and —3.26 eV for
3PDI, 5PDI and 7PDI, respectively [Eruvo = —(4.8 + Ereq1) €V]*°
The Epymo values were slightly higher than those of related
picene diimides (ELymo = ca. —3.9 eV)* indicating that the
imide-fusing position affected the electron accepting ability.

Electronic spectra

The electronic spectral characteristics of nPDIs were investi-
gated by absorption and fluorescence spectral measurements in
various solvents (Fig. 3), and the photophysical parameters are
summarised in Table 1. nPDIs showed a small absorption band
in the longer wavelength region (400-450 nm). The absorption
band slightly red shifted upon increasing the number of fused
benzene rings from n = 3 to 5, and A, values of 5PDI and 7PDI
were similar to each other; A,,s = 404-409 nm for 3PDI, 428-
434 nm for 5PDI, 423-431 nm for 7PDI (¢f. Fig. S6 in the ESIT).
The entire absorption spectral profiles for each nPDIs were
almost independent of the solvent polarity.

In fluorescence spectra, 3PDI displayed an emission band in
the 400-600 nm region. The emission band was essentially
insensitive to solvent polarity (Fig. 3a). In DMSO, no fluores-
cence emission of 3PDI was detected. For 5PDI and 7PDI, the
fluorescence band was significantly sensitive to solvent polarity
and bathochromically shifted depending on solvent polarity
(Fig. 3b and c). As a result, the fluorescence colour changed
from blue (Ap, = 454 nm in toluene) to yellow (Ap, = 533 nm in
DMSO) for 5PDI, and from sky blue (Ag;, = 482 nm in toluene) to
orange (Ap, = 581 nm in DMSO) for 7PDI.

Regardless of the solvent used, the fluorescence quantum
yield of 3PDI (@ = ca. 0.15) was slightly higher than that of
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Fig. 3 Electronic absorption (full lines) and fluorescence spectra
(dashed lines) of nPDlIs in various solvents: (a) 3PDI, (b) 5PDI and (c)
7PDI.
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Table 1 Photophysical parameters for nPDIs

Aabs
Compound  Solvent (nm)  Ap®(nm) AP (em™h) &
3PDI Toluene 409 429¢ 863 0.17
CHCl, 409 4174 485 0.11
AcOEt 404 4159 677 0.15
MeCN 405 4194 836 0.17
DMSO 408 — — —°
5PDI Toluene 428 454 1340 0.32
CHCl, 434 483 2340 0.26
AcOEt 429 478 2390 0.15
MeCN 430 516 3880 0.29
DMSO 433 533 4330 0.07
7PDI Toluene 4299 482 2580 0.35
CHCl, 4314 515 3790 0.28
AcOEt 4237 510 4020 0.30
MeCN 4307 571 5740 0.10
DMSO 4307 581 6040 0.08

“ Fluorescence excitation spectra were consistent with absorption
spectra (Fig. S1-S3 in ESI). ” Stokes shift. ° Fluorescence quantum
yield determined under aerated conditions. ¢ The positions of the 0-
0 band were estimated from simulated spectra by peak fitting (Fig. S4
and S5, in ESI). ® No detectable fluorescence emission was observed.

parent phenanthrene (®r = 0.049 in aerated CHCI;).* The @
values of 5PDI and 7PDI were, respectively, determined to be
0.32 and 0.35 in toluene, which were about 4-fold larger than
that for parent picene (®r = 0.088 in aerated CHCl;).> Upon
increasing solvent polarity, the ®@r values tended to decrease.
These results suggest that the lowest excited states (S;) of 5PDI
and 7PDI are of intramolecular charge transfer (ICT) nature.

The solvatofluorochromic behaviour of nPDIs was analysed
using the Lippert-Mataga relationship (eqn (1)),***>

L 5 2007
AV =Dp — Vg = hay? Af + const, (1)
& — 1 n—1

Af = (2)

2e,+1 22417
where A7 is the Stokes shift estimated by the difference in peak
wavenumbers between the absorption and fluorescence emis-
sion bands (¢f. Fig. S4 and S5 in the ESIf), & is the Planck
constant, ¢ is the velocity of light in vacuum, Ay is the dipole
moment change between the ground and excited states, a, is the
Onsagar cavity radius and Af'is the orientation polarizability of
solvents expressed by dielectric constant (¢;) and refractive
index (n) of the solvents (eqn (2)). The Lippert-Mataga plots
showed linear correlations (Fig. 4) and the Au values were
estimated from the slopes; Au = 4.8 D for 3PDI, 11.3 D for 5PDI
and 13.8 D for 7PDI. It was, thus, revealed that 3PDI showed
little change in dipole moment upon excitation whereas 5PDI
and 7PDI were significantly polarised in the S; state.

In the case of related picene diimide, Cg-PicDI, the solvato-
fluorochromic shift was substancially less significant (Ag, =
412 nm in toluene, Ag;, = 425 nm in DMSO, Fig. S7a in the ESIT)
compared to that of 5PDI (Ag, = 428 nm in toluene, Ap, =
533 nm in DMSO, Table 1). It can be concluded that the imide-
fusing positions play an important role for inducing the solvent-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Lippert—Mataga plots for nPDIs. The point for 3PDI in toluene
(Af = 0.013) was omitted as it deviated from the linear correlation. The
Afvalues were calculated by eqn (2). The n and ¢, values were obtained
from ref. 33.

dependent fluorescence behaviour. Additionally, only slight
solvent-dependent electronic spectral shift of PTCDI (R = octyl)
was observed indicating that the perylene diimide, incorpo-
rating no substituent on the aromatic core, insignificantly
responded to solvent environments (Fig. S7b in the ESIt).

It would be worth mentioning that 3PDI displayed fluores-
cence behaviour different form that of 5PDI and 7PDI. The
fluorescence band observed in toluene was apparently broad-
ened and its onset wavelength slightly red shifted compared to
that observed in the other solvent. Additionally, in DMSO, the
fluorescence of 3PDI was totally quenched, whereas that of 5PDI
and 7PDI did not vanish. A Stern-Volmer plot for the fluores-
cence quenching of 3PDI with DMSO apparently showed a linear
relationship in a low DMSO concentration region (<75 mM,
Fig. S8 in the ESIf). It is considered that there is a specific
interaction between 3PDI and DMSO molecules through
a dynamic process. DMSO has been shown to cause fluorescence
quenching of ICT fluorophores via specific mechanisms such as
hydrogen bonding and improved twisted intramolecular charge
transfer (TICT).>*** However, in the case of 3PDI, such mecha-
nisms could be excluded as 3PDI has no hydrogen donor and the
pentafluorophenyl moieties would not contribute to the frontier
orbitals (¢f: Fig. 5). It has been mentioned that DMSO quenched
fluorescence of Zn-bis(dipyrromethenate)s through
coordination-mediated interactions and/or photo-induced elec-
tron transfer (PET).*® In the case of 3PDI-DMSO system, fluo-
rescence quenching through a PET mechanism might be an
alternative possibility. The detailed quenching mechanism is
currently not clear and is being investigated.

Theoretical analyses

To further obtain insights into the electronic features of the
excited state of nPDIs, theoretical analyses were carried out at
the (TD) PBE0/6-311+G(2df,2p) level of theory.*” Fig. 5 shows the
calculated frontier molecular orbitals and energy levels, and
density difference mapping corresponding to the electronic
transition from the S, to S; states. The energy gap for the
highest occupied molecular orbitals (HOMO) and LUMO (AE; -
u) gradually decreases with increasing benzene ring numbers in
nPDIs.

The molecular orbital diagrams of the HOMO display similar
features for the nPDI series, i.e., the HOMO is localised exactly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Upper: Frontier molecular orbital diagrams of nPDls. The
calculated energy levels of HOMO and LUMO, and HOMO-LUMO
energy gap (AE| _) are shown. Lower: Density difference mappings for
So—S; electronic transition; the red regions indicate reduced electron
density and the blue regions indicate increased electron density upon
the photoexcitation.

on the phenacene cores. In contrast, the LUMO was delocalised
over the entire molecules extending to the two imide moieties.
The LUMO energy levels (Epymo) increased with the increasing
number of fused benzene rings in nPDIs. It is reasonable to
consider that, for 3PDI, more efficient conjugation between the
phenanthrene core and electron-accepting imide moieties more
effectively stabilises the LUMO compared to larger nPDIs. The
order of the calculated E; ymo values was consistent with that of
the first reduction potentials estimated by electrochemical
measurements (Fig. 2).

The excited state natures of nPDIs were investigated in
vacuum using the TD-DFT method. The calculated transition
wavelengths [A(So—S;)], oscillator strengths (f) and configura-
tions of the electronic transitions are summarized in Table S1 in
the ESL{ Additionally, the calculated absorption spectra were
compared with the experimental absorption spectra recorded in
CHCl; (Fig. S9 in the ESIt). The calculation results slightly
overestimated the transition energies compared with the
experimentally observed absorption spectra. The S; state is
mainly attributed to the HOMO-LUMO transition for all nPDIs
(Table S1 in the ESIT). Based on the results that the HOMO is
located on the phenacene cores and the LUMO expands to the
two imide moieties (Fig. 5), the S; state of nPDISs is considered to
possess ICT properties between the phenacene 7w core and
imide functionality.

The density difference mappings for the S,-S; electronic
transition (Fig. 5, lower) provide additional insight into the ICT
characteristics of nPDIs in the S; state. Upon excitation, the
electron density at the peripheral double bonds in the central
phenacene cores decreased (red regions), whereas that at the
imide carbonyl moieties increased (blue regions). Conse-
quently, in the cases of 5PDI and 7PDI, an enhanced electronic
dipole moment was induced in the S; state resulting in appre-
ciable positive solvatofluorochromism. In the case of 3PDI, the
two negatively charged imide moieties opposed the positively

RSC Adv, 2023, 13, 4096-4101 | 4099
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charged double bond. They behave like quasi-quadrupoles to
reduce the polarized character of the entire molecule in the S;
state. Thus, 3PDI showed minimal fluorescence response to
solvent polarity.

Conclusions

A series of imide-fused phenacenes nPDIs was photochemically
synthesized and their electronic features were electrochemically
and photophysically investigated. The Epypmo of 5PDI estimated
from the electrochemical measurements, —3.31 eV, was slightly
higher than that of related C,-PicDI, ca. —3.9 eV. The results
suggested that electron accepting ability of imide-fused phe-
nacenes can be manipulated by the position of the imide
functionalities. Due to the ICT characters between the phena-
cene T-core and the imide moieties, 5PDI and 7PDI displayed
marked positive solvatofluorochromism. 3PDI displayed negli-
gible solvent effects on fluorescence and showed effective
quenching in DMSO. The present results provide a novel
strategy for developing fluorophores utilising [n]phenacenes,
specifically n = 5, which have rarely been used in development
of luminescent functional materials. To our knowledge, 5PDI
and 7PDI provide the first phanacene-based fluorophores
responding to solvent environments, and their A-D(7)-A elec-
tronic alignment would be potentially applicable to non-linear
optics.*
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