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Exploration of novel biaryls consisting of two polycyclic aromatic hydrocarbon
(PAH) units can be an important strategy toward further developments of
organic materials with unique properties. In this study,
5,5’-bibenzo[rst]pentaphene (BBPP) with two benzo[rst]pentaphene (BPP)
units is synthesized in an efficient and versatile approach, and its structure is
unambiguously elucidated by X-ray crystallography. BBPP exhibits axial
chirality, and the (M)- and (P)-enantiomers are resolved by chiral
high-performance liquid chromatography and studied by circular dichroism
spectroscopy. These enantiomers have a relatively high isomerization barrier
of 43.6 kcal mol~" calculated by density functional theory. The monomer BPP
and dimer BBPP are characterized by UV-vis absorption and fluorescence
spectroscopy, cyclic voltammetry, and femtosecond transient absorption
spectroscopy. The results indicate that both BPP and BBPP fluoresce from a
formally dark S, electronic state that is enabled by Herzberg—Teller intensity
borrowing from a neighboring bright S, state. While BPP exhibits a relatively
low photoluminescence quantum yield (PLQY), BBPP exhibits a significantly
enhanced PLQY due to a greater S, intensity borrowing. Moreover,
symmetry-breaking charge transfer in BBPP is demonstrated by spectroscopic
investigations in solvents of different polarity. This suggests high potential for
singlet fission in such r-extended biaryls through appropriate molecular
design.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs)
have been intensively studied as build-
ing blocks to prepare multifunctional or-
ganic materials with intriguing proper-
ties, exhibiting a great promise for appli-
cations in photonics, optoelectronics, and
spintronics.'!l The electronic structure of
PAHs is strongly influenced by symmetry,
typically resulting in a complex manifold
of bright (optically allowed) and dark (op-
tically forbidden) states. Crucially, the tran-
sition probability for these states is gov-
erned not by the structural symmetry of the
molecule, but rather by the symmetry of
the corresponding molecular orbitals. For
instance, the transition from the ground
(So) to the lowest singlet excited (S,) state
of tetracene, consisting of four benzene
rings fused in a linear fashion (D,, struc-
ture), is strongly allowed, whereas the tran-
sition to the S, state is optically forbidden.?]
This and similar molecules typically ex-
hibit mirror-image symmetry of absorption
and emission and negligible Stokes shifts.
In contrast, in the case of pyrene, which
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Figure 1. a) Molecular structures of 9,9’-bianthyl and representative biaryls based on the z-extension of 9,9'-bianthyl.

also consists of four benzene rings but fused in a rhombus-
shape, the situation becomes totally reversed despite the same
D, symmetry: the S to S, transition is forbidden, while the S
to S, transition is allowed.’] In such a case, one might expect the
molecule to be essentially nonemissive, as is the case for many
linear! polyenes. However, these optical selection rules can be
modulated by coupling to vibrational modes that break the state
symmetry. Such Herzberg-Teller vibronic coupling permits dark
states to borrow a small but finite oscillator strength from en-
ergetically proximate bright states.l’! The magnitude of borrow-
ing is determined by the energy difference between bright and
dark states. In pyrene, S, and S, are close enough that S; can be
directly detected in absorption and efficiently emits photons.!®!
Such a situation yields complex absorption and emission line
shapes, which often cannot be described with simple Franck-
Condon progressions.’! Importantly, because of Kasha’s rule the
principal absorbing and emitting states are different in these
systems, and they consequently exhibit deviations from mirror-
image symmetry and much larger Stokes shifts.

The key determining properties, i.e., structural shape, size,
and energetic proximity of bright and dark states, are all
amenable to tuning through synthetic approaches, making
PAHs an excellent platform to modify electronic properties
for a variety of applications. Dimerization to form biaryls is
a particularly powerful technique to alter their photophysical
properties. Depending on the nature of the linkage, the degree
of coupling between aryl units can be widely tuned. At the upper
limit, this can have the effect of altering the molecular orbital
symmetries and thus optical selection rules.l®! For intermediate
and weaker coupling, interaryl interactions can lead to enhanced
delocalization and consequent energetic shifts of the bright
states. Moreover, the presence of multiple units opens access to
entirely new photophysical decay pathways. For instance, deriva-
tives of 5,5-bitetracene and the equivalent 5,5’-bipentacene
(see Figure 1a) exhibit ultrafast singlet fission, in which an ini-
tially delocalized singlet state symmetrically separates into two
low-energy triplets, one on each aryl unit.’! In other systems,
symmetry-breaking charge transfer (SB-CT), a photoinduced
electron transfer reaction between two identical chromophores,
becomes possible. This phenomenon is of wide interest, since it
is a primary process of a bacteriochlorophyll homodimer within
the reaction center of natural light-harvesting systems essential
to drive further photochemistry. Similar effects are observed in
9,9"-bianthryl,!% as well as the aforementioned tetracene and
pentacene analogs,”®!l and a host of other dimers.?l SB-CT
can be inferred from solvent-polarity effects on the fluorescence
line-shape and lifetime,'%M] or directly tracked through the
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photoinduced absorption of cationic and anionic residues.!'%!

Though in many instances the photoinduced electron transfer
is energetically feasible even in vacuum (AG = e(E,, — E,.q) —
Eg; < 0), it is typically found that solvent-solute interactions
or structural fluctuations are essential to induce the symmetry
breaking.%*11.13]

Moreover, biaryls can offer inherent chiral properties, as rep-
resented by chiral binaphthyls, with various applications rang-
ing from enantioselective catalysis!** and chiroptical devices!*”]
to molecular recognition and switches.[') To obtain stable enan-
tiomers at a room temperature, typical biaryls, such as biphenyls
and binaphthyls need bulky substituents to restrict rotation about
the axial C—C bond.['”] In contrast, functionalized 9,9'-bianthyls
display axial chirality when substituents are introduced at appro-
priate positions, such as 2,2’- and 3,3’-positions, with high en-
ergy barriers (>180 k] mol~1)!8] for the isomerization via the
rotation at the C9-C9’ bond (Figure 1).'31] A few other chiral
biaryls are reported based on the z-extension of 9,9’-bianthyl.
For examples, 5,5'-bitetracene exhibits axially chiral properties
along C5-C5’ bond and its enantiomers can be resolved by chiral
high-performance liquid chromatography (HPLC; Figure 1).[2%
Heteroatom-incorporated analogs, such as bibenzo[b]carbazole
with anisotropy factors g, . on the order of 10~* to 107321l
and bis(dibenzothiophene)!??] are also reported. Nevertheless, re-
ported examples of such axially chiral biaryls based on extended
PAHs, without the use of bulky substituents to prohibit the iso-
merization, are still limited, especially for PAHs with more than
four benzene rings.!**!

Benzo[rstlpentaphene (BPP, 1) is a PAH with a shape of an
isosceles triangle, having the two zigzag-edged sides of equal
length and one armchair-edged side. The synthesis of BPP was
reported by Scholl and Neumann in 192224 and an improved
procedure was later described by Clar in 1939.12] BPP has
been one of typical PAHs to examine new synthetic meth-
ods over the past decades,! with the “dehydrative z-extension
(DPEX)” reaction reported by Amsharov and co-workers in
2018 as one of the latest examples.[?l Nevertheless, synthesis
of functionalized derivatives of BPP and investigation of their
detailed electronic and photophysical properties have rarely been
reported.[“?’] We have thus selected BPP and its dimer, 5,5'-
bibenzo[rst]pentaphene (BBPP),[?’] as a new platform to explore
the SB-CT effect. BBPP with a structure of bisphenanthro-
fused 9,9'-bianthryl was also expected to show stable axial
chirality.

Herein, we report the synthesis and characterization of
8,8'-dimesityl-5,5'-bibenzo[rstjpentaphene  (6) in compari-
son to BPP 1, 5-mesitylbenzo[rstlpentaphene (3), and 5,8
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Scheme 1. Synthetic route to BPP derivatives 3 and 5, and 8,8’-dimesityl-5,5"-bibenzo[rst]pentaphene (6). COD: 1,5-cyclooctadiene; DMF: dimethylfor-

mamide; THF: tetrahydrofuran.

dimesitylbenzo[rstjpentaphene (5). The structure of 6 was
revealed by single-crystal X-ray analysis, denoting the presence
of enantiomers due to the axial chirality. Density functional
theory (DFT) calculations indicated a high isomerization barrier
of 43.6 kcal mol~!, and the optical resolution could be achieved
by chiral HPLC, enabling the analysis by circular dichroism
spectroscopy. Through a comprehensive set of spectroscopic and
electrochemical measurements, we determine that BPP and its
derivatives exhibit similar photophysical properties to pyrene.
Namely, all possess a low-lying dark electronic state which
can be weakly detected in absorption due to Herzberg-Teller
intensity borrowing. In both monomers and the dimer, this
dark S, state is formed by ultrafast (<500 fs) internal conversion
and is responsible for the moderately efficient photolumines-
cence (PL). In BBPP, we detect appreciable interchromophore
interactions and a marked increase in fluorescence quantum
efficiency. This molecule is uniquely sensitive to solvent polarity,
revealing SB-CT from the dark S, state and subsequent CT
emission.

Adv. Sci. 2022, 2200004

2. Results and Discussions

2.1. Synthesis

BPP 1 was initially prepared by the “DPEX” reac-
tion according to the literature.”®! Subsequently, 1 was
brominated by N-bromosuccinimide (NBS) to afford 5-
bromobenzo[rstjpentaphene (2) in 88% yield (Scheme 1). Next, 2
and mesitylboronic acid were subjected to Suzuki-Miyaura cou-
pling to provide 5-mesitylbenzo[rst]pentaphene (3) in 77% yield,
where the mesityl (Mes) group was expected to improve solubility
and stability. Treatment of 3 with an equivalent amount of NBS
then gave 5-bromo-8-mesitylbenzo|rst]pentaphene (4) in 80%
yield, followed by Suzuki-Miyaura coupling with mesitylboronic
acid to afford 5,8-dimesitylbenzo[rstjpentaphene (5) in 82% yield.
On the other hand, 6 was obtained by Yamamoto coupling of
4 in 76% vyield. The chemical structures of 8,8'-dimesityl-5,5'-
bibenzo[rstlpentaphene (6) and all the other new compounds
were characterized by 'H and *C NMR spectroscopy, together

2200004 (3 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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(a) (b)

Figure 2. Single-crystal structure of racemic 6. a) Side view and b) top view
of 6. ¢) Molecular packing of 6 in a unit cell. All the hydrogen atoms are
omitted for clarity.

with high-resolution matrix assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-TOF MS) (see the
Supporting Information).

2.2. Single-Crystal X-Ray Structure of BBPP Dimer

The single crystal of racemic 6 was grown by slow evaporation of
its solution in CH,Cl,/CH;OH, and X-ray analysis was carried
out at 120 K (Figure 2 and Figure S1, Supporting Information).
As depicted in Figure 2a, the mesityl group was almost perpen-
dicular to the attached BPP plane, reducing the intermolecular
interaction to improve solubility. The two planar BPP moieties
were connected to each other through C-C single bond axis with a
torsion angle of 84.0° (C5-C4a—C5'-C4a’) (Figure 2b). The steric
effect between the hydrogen atoms H4, H6 and H4', H6' leads
to a nearly orthogonal conformation about the C5-C5’ axis. In a
unit cell, enantiomers (M)- and (P)-enantiomers (Figure S1, Sup-
porting Information) are observed in a ratio of 1:1. As illustrated
in Figure 2c, there are two kinds of subunits with four heterochi-
ral molecules being staked alternately along the c-axis. Neverthe-
less, along the a-axis in every subunit, two homochiral molecules
are stacked along the c-axis between another two homochiral
molecules. Furthermore, the shortest intermolecular distance be-
tween the C-H bonds of the planar BPP and the core of the
neighboring BBPP molecules was estimated to be 2.76 A (Figure
S1, Supporting Information). In addition, the face-to-face interac-
tion among planar BPPs was not observed, suggesting that 6 was
loosely packed in such orthogonal conformations, which reduce
the possibility of appearance of excimer. We further confirmed

Adv. Sci. 2022, 2200004
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Figure 3. a) Molar absorptivity (¢) of compounds 1, 3, 5, and 6 measured
in toluene. The forbidden S, absorption peaks of each compound are indi-
cated by arrows, and are highlighted in the inset. b) Normalized PL spectra
of compounds 1, 3, 5, and 6 measured in toluene with a 3.5 eV excitation.
For reference, the S, absorption energies from (a) are indicated by vertical
dashed lines. Since the respective S; states of 5 (red) and 6 (black) coin-
cide in energy, the dashed lines overlap. The absolute PL quantum yields
(®) are provided in the legend.

that there is no significant difference between the X-ray and the
DFT-optimized structures (Figure S2, Supporting Information).

2.3. Steady-State Optical Characterization

The steady-state absorption spectra for 1, 3, 5, and 6 measured
in toluene are presented in Figure 3a. The absorption spectra of
the monomeric compounds (1, 3, and 5) possess three intense
absorption peaks (€,,,, ~ 74000 M~! cm™!) within the measure-
ment window. These three peaks constitute a vibronic progres-
sion of a singlet excited state. The absorption peaks reveal red-
shifts with increasing number of mesityl groups going from 1 to
3to0 5, due to the electron-donating property of the mesityl groups
with minor delocalization of frontier orbitals (Table 1). Closer in-
spection of the absorption spectra for 1, 3, and 5 reveals that the
most intense absorption peaks do not correspond to the lowest
energy excited state. Small peaks (e ~ 1200 M~! cm™) that do not
match the primary vibronic progression are observed below the
largest absorption peaks for 1, 3, and 5 (Figure 3a, inset). These
suggest the presence of a lower energy dark singlet state which
we denote S,. The largest absorption peak and its accompany-
ing vibronic progression can thus be assigned to a distinct bright

2200004 (4 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Summary of photophysical and energy gap data of all compounds 1, 3, 5, and 6.

ns” [nm] o [nm] FWHM® [nm] ®p° 0. [ns] Enpe’ [eV] HOMO/LUMO" [eV]
1 375,397 435, 462 38 0.13 17 2.99 ~5.30/-2.06
3 383, 405 439, 467 39 0.16 20 2.93 ~5.24/-2.05
5 390, 414 443,471 4 0.24 19 2.87 ~5.19/-2.04
6 394, 423 450 58 0.44 8 2.7 ~5.20/-2.09

? Measured in 10-5 m toluene solution. Peak positions correspond to the strongest (S,) absorption bands; ) Measured in 105 u toluene solution with excitation of their

maximum absorption wavelength; 9 pbsolute photoluminescence quantum yield measured in toluene solution; 4
toluene solution;  Optical energy gap (Eopt) was calculated according to the onsets of their UV/vis absorption spectra by using the following equation: E,, = 1240/4;
HOMO/LUMO energy levels were calculated based on the density functional theory (DFT) at the B3LYP/6-311G(d,p) level.

f)

state, which we denote S,. The presence of a dark S; and a bright
S, for 1, 3, and 5 is reminiscent of pyrene, from which the com-
pounds derive (i.e., benzo[rst]pentaphene = dibenzo[a,i]pyrene).
Drawing analogy from pyrene, the S-S, transition for 1, 3, and 5
is likely symmetry forbidden and absorption is enabled by inten-
sity borrowing from the nearby S, state through Herzberg-Teller
vibronic coupling. Time-dependent DFT (TD-DFT) calculations
atthe B3LYP/6-311G(d,p) level capture well the energetic position
of the strongly absorbing state and its systematic redshift from 1
to 3 to 5 (see the Supporting Information). The calculations also
reveal a dark state at very similar energies involving the same
frontier orbitals, however in each molecule it is predicted to lie
slightly above the bright state. We note that computationally re-
producing the relative energetic position of these low-lying states
poses a challenge due to their different electronic nature. For in-
stance, TD-DFT calculations with the B3LYP functional correctly
describe the states and ordering in circumpyrene,?®! yet fail to
correctly place the low-lying dark state in pyrene.[?”) Correcting
for the contribution of long-range exchange effects with other
functionals results in a correct description of pyrene and an incor-
rect description of circumpyrene. In this context, we consider the
predicted close proximity of bright and dark states to constitute a
reasonable description of the molecular electronic structure.
The absorption spectrum of the dimer (6) features three
primary peaks just as with the monomeric compounds (1, 3,
and 5). Compared to 1, 3, and 5, the three peaks for 6 are further
redshifted and are broader. In 6, the adjacent BPP units (i.e., 3)
behave as coupled chromophores. The redshift in the spectrum of
6 compared to that of 3 is in part due to the long-range Coulomb
interaction between the uncoupled chromophore excitons. The
broadening in the peaks can be attributed to excitonic coupling
between the chromophores which results in a so-called Davydov
splitting in the transition energies. Indeed, closer inspection of
the largest absorption peak for 6 reveals a slight shoulder toward
higher energies, suggesting that the absorption peak is a sum
of two peaks (Figure 3a). Additionally, the peak molar extinction
coefficient of 6 (€,,,; ~ 113000 M~ cm™!) is less than twice that
of 3, implying a redistribution of the oscillator strength of the
individual BPP units due to exciton coupling. The absorption
spectrum of 6 also exhibits a small shoulder below the largest ab-
sorption peak, indicating a dark S, state similar to the monomeric
compounds. Interestingly, in 6 this band exhibits a significantly
enhanced molar extinction coefficient (¢ ~ 14000 M~ cm™)
compared to the monomers. It occurs at precisely the same spec-
tral position as in monomer 5, suggesting that excitonic coupling

Adv. Sci. 2022, 2200004

PL decay lifetime measured at the emission peak in dilute

between the two S; states of neighboring monomers is negligi-
ble, as we expect for a dark state. This behavior can be explained
through the same intensity borrowing mechanism, which de-
pends on the energetic difference between bright and dark states.
Additional insights into the photophysical properties of the
BPP derivatives can be obtained from the PL spectroscopy. The
PL spectra of 1, 3, and 5 exhibit structured but more complicated
vibronic progressions while the PL spectrum of 6 is unstructured
(Figure 3b). The energetic onsets of emission for 1, 3, 5, and
6 correspond well with the energies of the respective forbidden
transitions in the absorption spectra (Figure 3a, inset). As noted
above, the dark S, state of the BPP monomers acquires a small
but nonzero oscillator strength through Herzberg-Teller vibronic
coupling. Because S; is also the lowest-lying singlet state, this
effect enables S, to emit photons; the different character of the
principal absorbing (S,) and emitting (S,) states results in a de-
viation from the standard mirror-image symmetry typically ob-
served in organic molecules. The absolute PL quantum yields
(PLQYs) of monomers 1, 3, and 5 are estimated to be 0.13, 0.16,
and 0.24, and their PL lifetimes are 17, 20, and 19 ns, respectively
(Table 1). Based on these parameters, the radiative rate constants
of the monomers are ~1 X 107 s! and thus of the same order as
in pyrene. Interestingly, the PLQY of the BBPP dimer 6 is sub-
stantially larger at 0.44 and the PL lifetime is 8 ns, which is less
than half that of the monomers. The lower PL lifetime for 6 can
be ascribed to the enhanced radiative rate constant of 5.3 x 107
s71, which is consistent with the increased oscillator strength ob-
served in the absorption spectra. Additionally, the PL spectrum of
6 loses the vibronic structure that is present in the PL spectra of
1,3, and 5 (Figure 3b). This suggests a modified emission mecha-
nism for 6. With increasing solvent polarity, the absorption spec-
tra of 6 show negligible spectral changes, whereas the PL spec-
tra reveal a considerable redshift (Figure 4). This positive solva-
tochromism of PL is a hallmark of CT-state formation upon pho-
toexcitation. Therefore, we assign that 6 undergoes SB-CT and
the degree of stabilization is determined by the solvent polarity.

2.4. Chiral Properties of BBPP Dimer

The P/M isomerization process of BBPP 6 was estimated by
DFT calculation at the B3LYP/6-311G-(d,p) level. As illustrated
in Figure 5, the racemization undergoes through a transition
state (TS) where the BPP moieties are oriented in an almost
parallel manner. The energy barrier for the isomerization via

2200004 (5 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Normalized absorption spectra (solid) and PL spectra (dashed)
for 6 in benzonitrile (BzN), chlorobenzene (CIB), tetrahydrofuran (THF),
and toluene (Tol).

the rotation about C5-C5’ bond is calculated to be 43.6 kcal
mol™!, encouraging us to separate the enantiomers of BBPP
6. By using chiral HPLC on Daicel Chiralpak IG column with
toluene-hexane (7:13) as eluent, BBPP 6 could be successfully
resolved (Figure S3. Supporting Information), enabling the

(a)

www.advancedscience.com

characterization by circular dichroism (CD) spectroscopy. The
obtained experimental CD spectra agreed well with the simu-
lation based on the TD-DFT calculations (B3LYP/6-311G(d,p)),
allowing the assignment of the first and second eluted peaks in
the chiral HPLC separation (Figure S3, Supporting Information)
to BBPP 6 (M) and BBPP 6 (P), respectively (Figure 5b,c). The
CD spectrum of BBPP 6 (P) is the mirror image of that of BBPP
6 (M), resulting from the opposite axial chirality. The major
negative and positive Cotton effect of BBPP 6 (M) is located at
424 nm (Ae = —183 M~! cm™') and 388 nm (Ae = 108 M~!
cm™), respectively. The absorption dissymmetry factor (g, =
Ae/e€) of BBPP 6 (M) at its absorption maximum (424 nm) was
estimated to be 5.56 X 1073 together with its UV-vis spectrum.

2.5. Electrochemical Properties

The investigation of redox behavior of BPP derivatives 1, 3, and
5 and BBPP 6 has been carried out in highly purified and dry
dichloromethane (DCM) and tetrahydrofuran (THF) solutions,
by exploring potential windows comprised between about +2.0
and —3.0 V. The resulting cyclic voltammetry (CV) curves are re-
ported in Figure 6 and the half-wave (E,) potentials of the vari-
ous processes, versus saturated calomel electrode (SCE), are sum-
marized in Table 2. Regarding the oxidation processes studied

TS
—
/ 43.6 kcal/mol X
/ \
/ \
/ \
/ \
/ \
7 \
/ \
/ \
/ \
/ \
BBPP 6 (P) v \ BBPP6(M)
0 kcal/mol 0 kcal/mol
(b) (c)
300
40 —— (P)-BBPP 6
—lesre L
30+ 2004
. 20-
= — 100+
§ 104 s
< o
= 0 - 4
s z °
< 104 P
20 -100 4
-30 4 -200 4
-40 4
. . T T T ol
300 400 500 600 700 800 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Wavelength (nm)

Figure 5. a) P/M isomerization process of BBPP 6. The relative Gibbs free energy (kcal mol™') was calculated at the B3LYP/6-311G(d,p) level. b)
Simulated circular dichroism spectra of (P)-isomer to (M) by TD-DFT at the B3LYP/6-311G(d,p) level. c) Circular dichroism spectra of the first peak and

second peak in 1076 m toluene.
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Figure 6. Cyclic voltammetric curves of a) 0.8 x 1073 M compound 1, b) 0.8 x 1073 M compound 3, c) 0.7 x 1073 M compound 5, and d) 0.4 x 1073 m
compound 6 recorded in 0.08 m TBAH/DCM and 0.08 m TBAH/THF at 298 K; scan rate: 1V s™'; working electrode: platinum disk (diameter 125 um);
reference electrode: SCE.

Table 2. Half-wave (Ey,) redox potentials (vs SCE) of compounds 1, 3, 5, and 6 recorded in electrolyte solution at 298 K.

Species oxid? E,/V Red” E,/ Vv
| I 1 v | I 1 v
1 +1.079 +1.707 —1.75 -2.26" ~2.68
3 +1.03 +1.66 -1.76 -2.289 -2.68
5 +0.98 +1.64 -1.77 -2.28
6 +1.01 +1.23 +1.719 1.799 -1.70 -1.88 -2.33 -2.51

a)TBAH/CHZCIZ electrolyte solution;
metric curve.
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b)TBAH/THF electrolyte solution; 9 Irreversible process; peak potential; 9 E,, potential determined by digital simulation of the voltam-
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in DCM, BPP 1 shows the first oxidation as a reversible pro-
cess while the second process is apparently affected by a fol-
lowing up chemical reaction, as indicated by the cathodic peak
at 0.70 V, which appears reversing the potential scan soon af-
ter the second electron transfer (Figure 6a, full and dashed line
curves). However, it must be noticed that, for this compound
1, both oxidation processes are severely affected by adsorption
phenomena, as evidenced by the triangularly shaped peaks and
the dependence of peak current on the potential sweep rate. In
contrast, BPP 3 shows two one-electron reversible voltammetric
peaks (Figure 6b), indicating that the introduction of a mesityl
side-group on the BPP core makes the compound more stable,
without changing the number of voltammetric processes but only
modifying slightly their potentials compared to 1. Similarly, com-
pound 5, bearing two mesityl groups, shows the same redox pat-
tern as that of 3 (Figure 6¢), with potential values shifted to less
positive values (about few tens of mV) by the electronic donat-
ing effects of mesityl groups (Table 2) in good agreement with
the DFT-calculated highest occupied molecular orbital (HOMO)
levels (Table 1). On the other hand, BBPP 6 demonstrated a dis-
tinct oxidation pattern comprising three reversible voltammetric
peaks (Figure 6d): the first two peaks are one-electron transfer
each, whereas the last voltammetric wave is made of two closely
spaced one-electron transfers. The comparison of the first two ox-
idations shows an E,, separation of 0.22 V, which is a typical value
for the interaction between two equivalent redox centers in aro-
matic species.?%l Thus, the first and second oxidation can be as-
cribed to a one-electron removal from each BPP moiety of BBPP
6. The subsequent third and fourth, closely spaced, one-electron
oxidations occur at a potential 0.48 V more positive than the sec-
ond one, and they represent the abstraction of a second electron
from the same molecular orbitals.’®) Moreover, these last pro-
cesses are in the same potential region of the second oxidation
for BPP 1. Interestingly, on the basis of the E,, separation, when
the trication radical 6>** is oxidized to tetracation 6**, the two
BPP moieties have a smaller interaction, i.e., 0.08 V.
Concerning the reduction processes investigated in THF, the
first one-electron process is reversible for all the four compounds
and occurs at about —1.7 V (Figure 6). The second reduction
for BPPs 1 and 3 is complicated by a following up chemical
reaction and, as consequence, a small anodic voltammetric peak
appears on the reverse scan. At more negative potentials, beyond
—2.5V, a third process is observed, which is reversible although
apparently affected by the irreversibility of the second reduction
(not further investigated herein). Nevertheless, BPP 5 with two
mesityl groups displays a simpler voltammetric pattern with
two completely reversible one-electron reductions (Figure 6c¢),
indicating enhanced chemical stability of the reduced species.
Finally, BBPP 6 shows a voltammetric curve with four reversible
electron transfers grouped in two set of processes (Figure 6d).
Similar to its oxidations, the first two reduction processes are
relatively close to each other, with an E,, separation of 0.18 V,
representing a one-electron transfer to each BPP moiety. The
third reduction is situated at a potential 0.45 V more negative
than the second one; it represents the further reduction cen-
tered onto one of the two equivalent BPP moieties and hence
presumably the electron coupling into one of the two equivalent
molecular orbitals. Accordingly, the last reduction occurs at
—2.51V, that is 0.18 V more negative than the third reduction,
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like the E,, separation between the first and second reductions
(vide supra).

To estimate the driving force of charge transfer of the dimer
6,311 we have applied the Weller equation based on the parame-
ters obtained from electrochemical results

62

4rmeye, Rpy

2
ElEy
8rey \1p T4 Eof &

E,p) and E,.,, are the first oxidation and reduction potential
energies of BBPP 6, respectively. Here, we assume that all ex-
periments were done in THF and an oxidation potential value in
DCM is nearly the same as that in THF, considering their simi-
lar dielectric constants. E,, is the energy of the state where charge
transfer occurs. Here, the S, state of BBPP 6 corresponds to this
case and the value is 2.80 eV derived from the second derivative
of the linear absorption spectrum (Figure S5, Supporting Infor-
mation). Ry, is the center-to-center distance between the elec-
tron donor and acceptor. Here, we used the distance between
the centroids of the two BPPs, which is 7.52 A. ¢, and ¢, are
the dielectric constants of the solvents used in spectroscopic and
electrochemical experiments, respectively, which is 7.6. ry and r,
are the effective ionic radii of donor and acceptor. Nevertheless,
we do not need to consider these parameters here because the
final term, the Born ionic solvation energy, in the Weller equa-
tion is zero (since we only consider the situation that the same
solvents are used in both electrochemical and spectroscopic ex-
periments). Based on these, we could calculate the AG; in THF
to —0.34 eV, which identifies that the charge transfer process be-
tween the two BPP units of BBPP 6 is thermodynamically favor-
able. Although we did not estimate AG; in other solvents, this
value is already negative without any treatment of solvation and
electrostatic energies. Therefore, we expect that photoinduced
charge transfer of 6 would be feasible regardless of the sort of
solvents.

AGer = ¢ [on (D) — E,oq (A)] — Ey —

2.6. Ultrafast Internal Conversion and Charge Transfer

Transient absorption (TA) spectroscopy was performed on
compounds 1, 5, and 6 in toluene (%17 pg mL™!). The samples
were pumped by a 180 fs pump pulse (150 nJ) at the energy
of maximal absorptivity (e,,,,). After a time delay (0-7 ns), the
samples were probed by an UV probe (2.4-3.4 eV) and a visible
(Vis)—near-infrared (NIR) probe (1.4-2.4 eV). The resulting TA
spectra for the two probe regions are combined and presented
in Figure 7. Within the UV range, the TA spectra for 1, 5, and
6 show clear evidence of ground-state bleach (GSB), which
manifests as a negative AA signal that overlaps well with the
steady-state absorption. Notably, even though the compounds
were pumped at the energy of ¢,,,., a GSB feature for the S; peak
(Figure 3) is observable as a slight modulation at lower energies.
This provides confirmation that the S; peak and the S, peaks
belong to the same electronic system. Within the Vis—-NIR range,
there is a broad positive AA signal that is due to photoinduced
absorption (PIA). There is no discernable evidence of negative
stimulated emission (SE) features that match the PL spectra,

2200004 (8 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 7. TA spectra in toluene for a) 1 (3.10 eV pump), c) 5 (2.99 eV pump), and e) 6 (2.92 eV pump) as well as kinetic traces at select energies for b) 1,
d) 5, and f) 6. In spectral plots, the inverted steady-state absorption is shaded gray and the inverted steady-state PL is shaded blue. The probe energies
taken for the kinetic traces in (b), (d), and (f) are labeled in the top axis of (a), (c), and (e), respectively.

though the long-time decay dynamics (right panels) agree well
with the measured PL dynamics. We therefore assign these
primary TA signatures to the emitting S, state; the absence of
SE is consistent with its very weakly emitting nature.

At early timescales (0-2 ps), we observe a distinct PIA decay
in the 1.45-1.65 eV region for 1 (r = 0.488 ps), 5 (z = 0.530 ps),
and 6 (r = 0.234 ps). While these timescales are comparable to
vibrational relaxation dynamics, the NIR band does not dynami-
cally shift but rather decays uniformly. This behavior is consis-
tent with ultrafast internal conversion between two electronic
states, as widely observed following excitation of the S, state in
polyenes.[*32] To probe the origin of this behavior, we further
measured the transient absorption of 1 following resonant exci-
tation of the weakly absorbing S, state (Figure 8). We detect the
same principal features as observed following higher-energy S,
excitation, except that the fast-decaying PIA band at 1.55 eV is
wholly absent. It is evidently possible to circumvent the ultrafast
internal conversion through direct excitation of S;, and we ac-
cordingly assign the short-lived band at 1.55 eV as a signature
of S,. Following the initial sub-ps evolution, the TA spectra re-
main relatively constant up to ~1 ns. Beyond 1 ns, we begin to
detect a new PIA peak at 2.5 eV. Considering the formation of
this band matches the decay of the S, signatures (see right panels

Adv. Sci. 2022, 2200004
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Figure 8. TA spectra of 1 after pumping at 2.86 eV (700 n)), the energy
of the S peak (Figure 3a). There is no evidence of the initial, rapidly de-
creasing AA signal at 1.55 eV observed following higher energy excitation
(Figure 7a, inset). The (*) indicates the second-order diffraction of pump
scatter at half the energy of the pump pulse.

in Figure 7), we assign the origin of this peak as the triplet state
generated by intersystem crossing.

As Figure 7 shows, in toluene dimer 6 follows the same
general photophysical pathway as the monomers. By contrast,
in benzonitrile we observe an entirely new decay channel for S,
(Figure 9). In the 1-100 ps range, we detect the formation of a
strong PIA peak centered at 2.05 eV. The formation timescale
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Figure 9. a) TA spectrum of 6 measured in benzonitrile (3.10 eV, 150 n}).
Shaded spectra correspond to inverted steady-state absorption (gray) and
PL (blue). b) Kinetic traces obtained from (a) at two select energies. The
energy values correspond to the labels in the top axis of (a). (c) Compari-
son of the TA spectrum of 6 in toluene versus benzonitrile at short (0.5 ps)
and long (7 ns) time delays.

(12.4 ps) is consistent with solvent reorganization,l**! and the
decay of this species (%14 ns) matches the dynamics of the
SB-CT emission reported above. Notably, the TA spectrum of
6 in benzonitrile agrees well with the absorption spectrum of
the reduced form (radical anion) of 6. Together, these results
demonstrate rapid, solvent-induced SB-CT in 6, and the absence
of any persistent S, features beyond 20 ps indicates this process
is essentially quantitative.

3. Conclusion

In summary, we have synthesized 8,8'-dimesityl-5,5'
bibenzo[rstlpentaphene (BBPP 6) in a quite facile manner.
Compared to the BPP monomers, BBPP 6 exhibits a higher
PLQY, a lower HOMO-LUMO (lowest unoccupied molecular
orbital) energy gap, and chiral properties. Moreover, the isomer-
ization barrier for BBPP was estimated to be 43.6 kcal mol!,
which allows two enantiomers to be resolved by chiral HPLC
smoothly. For the monomeric BPPs, we find that the photo-
physics are governed by a molecular symmetry comparable to
pyrene: ultrafast internal conversion into a dark state is followed
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by vibronically structured emission through Herzberg—Teller
coupling. The weak intensity borrowing effect is sufficient
to enable direct excitation of the S, state, circumventing the
internal conversion pathway. Dimerization to form BBPP results
in a significant redshift, pointing to appreciable electronic inter-
actions between the units. However, this perturbation does not
alter the optical selection rules and the same basic photophysical
progression applies, albeit with markedly higher radiative rate
and efficiency due to a proximity-induced strengthening of the
intensity borrowing mechanism. Interestingly, femtosecond
transient absorption spectroscopy in polar solution reveals the
competing pathway of SB-CT, which occurs over the timescale
of ~13 ps with nearly quantitative yield. This propensity for
charge transfer offers promise for a range of optoelectronic
applications. In particular, we highlight that the lowest singlet
and triplet state energies calculated by TD-DFT differ by roughly
a factor of 2 in 1, 5, and 6. This condition alone makes them
of potential interest for the study of singlet exciton fission, in
which a photoexcited singlet exciton can spontaneously separate
into two entangled triplet excitons.**! This process can only
be accomplished through appreciable coupling between chro-
mophores, of which charge-transfer-mediated interactions are
among the most widespread. Indeed, SB-CT as we have observed
here is often an essential component for intramolecular singlet
fission.*®113%1 We thus suggest that BPP and its dimers may
serve as a much-needed new materials platform for singlet
fission studies. We believe that our studying will pave a novel
strategy to synthesize and resolve functionalized PAHs via
connecting two planar PAHs units.

4. Experimental Section

Synthesis and Basic Characterizations: Details of the synthesis and
characterizations of new compounds are reported in the Supporting In-
formation.

Electrochemical Measurements: For CV measurements, electrochemi-
cal or analytical grade tetrabutylammonium hexafluorophosphate (TBAH)
from Sigma-Aldrich was used as received as a supporting electrolyte. Sol-
vent dichloromethane (DCM) from Sigma-Aldrich and tetrahydrofuran
(THF) from Merck were used. DCM was purified and dried by refluxing
over and successively distilling from B,O; and activated 4 A molecular
sieves.3¢] THF was treated and purified as previously reported. Both sol-
vents were stored in specially designed Schlenk flasks and protected from
light.[3”] The solvents were distilled via a closed system into a custom de-
signed electrochemical cell (described below) containing the supporting
electrolyte and the species under examination, immediately before per-
forming the experiment.

Electrochemical experiments were carried out in an airtight single-
compartment cell using platinum as working and counter electrodes and a
silver spiral as a quasi-reference electrode. The drift of the quasi-reference
electrode was negligible during the time required for an experiment. All
the E;, potentials were directly obtained from cyclic voltammetric curves
as averages of the cathodic and anodic peak potentials and by digital sim-
ulation in the case of not Nernstian or overlapping processes. The Ey ),
values were determined by adding ferrocene (Fc), at the end of each ex-
periment, as an internal standard and measuring them with respect to the
ferrocenium/ferrocene couple (Fc*/%) standard potential (at 298 K it was
+0.42 V vs SCE, i.e., the aqueous saturated calomel electrode).[33]

The cell containing the supporting electrolyte and the electroactive
compound was dried under vacuum at 100-110 °C for at least 48 h be-
fore each experiment. The pressure measured in the electrochemical cell,
prior performing the trap-to-trap distillation of the solvent, was typically
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1 x 107> mbar. Voltammograms were recorded with a custom made fast
and low current potentiostat(3° controlled by an AMEL Mod. 568 pro-
grammable function generator. The potentiostat was interfaced to a Nico-
let Mod. 3091 digital oscilloscope and the data were transferred to a per-
sonal computer by the program Antigona.[*0] Minimization of the un-
compensated resistance effect in the voltammetric measurements was
achieved by the positive-feedback circuit of the potentiostat. Digital simu-
lations of the cyclic voltammetric curves were carried out either by Antig-
ona or DigiElch 7, utilizing a best fitting procedure of the experimental
curves recorded at different scan rates spanning over, at least, two orders
of magnitude.

Transient Absorption Measurements: Transient absorption measure-
ments were performed with a Helios FIRE spectrometer, driven by a Pharos
amplified laser system (Light Conversion) with fundamental 1030 nm op-
erating at 8.5 kHz. The laser output (180 fs) was directed into an auto-
mated OPA and harmonic module (Orpheus and Lyra, Light Conversion)
to generate narrowband excitation pulses, here in the range 355-465 nm.
A portion of the fundamental was separated to generate white light in YAG
crystals to cover the UV and Vis—NIR spectral ranges, permitting contin-
uous measurement from 365 to 885 nm. Pump-probe time delay was set
by a mechanical delay stage spanning an 8 ns range.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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