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An Exploration of Substituent Effects on the Photophysical

Properties of Monobenzopentalenes

Tamas Gazdag,” "

'Enikd Meiszter,”™ 9 Péter J. Mayer,

a9 Tamas Holczbauer,™®

Henrik Ottosson,*™ Andrew B. Maurer,* Maria Abrahamsson,*? and Gabor London*™

Monobenzopentalenes have received moderate attention com-
pared to dibenzopentalenes, yet their accessibility as stable,
non-symmetric structures with diverse substituents could be
interesting for materials applications, including molecular
photonics. Recently, monobenzopentalene was considered
computationally as a potential chromophore for singlet fission
(SF) photovoltaics. To advance this compound class towards
photonics applications, the excited state energetics must be
characterized, computationally and experimentally. In this
report we synthesized a series of stable substituted mono-
benzopentalenes and provided the first experimental explora-
tion of their photophysical properties. Structural and opto-
electronic characterization revealed that all derivatives showed
'H NMR shifts in the olefinic region, bond length alternation in
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the pentalene unit, low-intensity absorptions reflecting the
ground-state antiaromatic character and in turn the symmetry
forbidden HOMO-to-LUMO transitions of ~2eV and redox
amphotericity. This was also supported by computed aromatic-
ity indices (NICS, ACID, HOMA). Accordingly, substituents did
not affect the fulfilment of the energetic criterion of SF, as the
computed excited-state energy levels satisfied the required
E(S,)/E(T,) > 2 relationship. Further spectroscopic measurements
revealed a concentration dependent quenching of the excited
state and population of the S, state on the nanosecond
timescale, providing initial evidence for unusual photophysics
and an alternative entry point for singlet fission with mono-
benzopentalenes.

Introduction

Molecular materials with embedded 4nn-electron substructures
with variously strong antiaromatic character have been ex-
plored recently as active components of molecular electronic
devices."™ The contribution of such subunits to decrease
HOMO-LUMO gaps and promote redox amphoteric behavior
underlies the vibrant research in the field.'®'”" Although in the
majority of these applications antiaromatic scaffolds are used as
organic semiconducting materials, their electronic features also
allow for the control of excited state properties useful for
molecular  photonics  including  singlet  fission  (SF)
photovoltaics™ or photoredox processes.'” These fields are
currently dominated by small molecule aromatics, especially
acene derivatives, however, materials with antiaromatic
character®?" could form the basis of a new structural and
functional chemical space in these areas. Yet, for the introduc-
tion of any new m-electron framework, the first step must be
the exploration of the fundamental photophysical properties of
its derivatives.

The key to the successful engineering of excited state
properties is the ability to tune excited state energies such that
desired photophysical processes are favored. Being able to tune
singlet-triplet energy gaps is desirable for many applications,
and especially so for SF photovoltaics. SF is a carrier multi-
plication process in which a singlet exciton (S,) that is
generated by the absorption of a photon, splits into two triplets
(27,823 For this to occur, the energy criterion of E(S;) >
2E(T,) must be fulfilled. Tuning molecular properties towards
efficient harnessing of singlet fission is foreseen to be the basis
to significantly improve solar-energy  conversion in

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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photovoltaics.**% Like in most organic electronics applications,
acenes are considered key structures in realizing efficient singlet
fission processes.””** For the design of singlet fission chromo-
phores beyond acenes® El Bakouri, Smith and Ottosson
proposed a conceptual approach® based on the combined
tuning of ground state Hickel-antiaromaticity/aromaticity and
excited state Baird-aromaticity/antiaromaticity.*** To identify
new potential SF chromophores within a 4nn-electron com-
pound class they tuned the extent of ground state (S,)
antiaromaticity, whereby Baird-aromatic character and the
energy levels of their lowest excited states, E(S,) and E(T,), could
be tuned systematically.

In the above mentioned computational analysis of potential
singlet fission chromophores with ground state antiaromatic
character, pentalene derivatives, primarily dibenzo[a,flpentalene
and monoarenopentalenes, were proposed to be suitable
materials for this purpose.®™ Although both structures fulfill the
energetic requirements for singlet fission (E(S;)/E(T;)>2)
dibenzola,flpentalenes are difficult synthetic targets due to
their low stability,***" while stable monoarenopentalene deriv-
atives are well-documented.">*” For the monobenzopentalene
framework the calculated E(S,)/E(T,) ratio was above the desired
2, however, E(S,)~E(T,) was obtained® that could be a
favorable energetic scenario for unwanted intersystem crossing,
which interferes with the singlet fission process.”® This latter
suboptimal situation could potentially be overcome by the
involvement of the S,—S, excitation, which is optically allowed
in pentalenes, in contrast to the symmetry-forbidden S,—§,
transition. As monobenzopentalene itself is unstable at ambient
conditions,”? its functionalization is necessary to access stable
materials, which in turn may allow for further fine tuning of the
energy levels. Furthermore, if the stability is high enough, with
the energetic splitting designed with singlet fission in mind,
emission from higher excited states is possible. Notably, singlet
fission was demonstrated in a structurally somewhat related
dibenzola,elpentalene derivative,***" however, that molecule
with its two styryl substituents is likely better described as a
1,8-diphenyloctatetraene-type chromophore.®

The predictions from the Hickel/Baird SF chromophore
design approach that monobenzopentalenes are expected to
be suitable chromophores for singlet fission prompted us to
systematically investigate computationally and experimentally
the properties of a range of stable monobenzopentalene
structures to address a few key questions. Which functional
groups are tolerated by the synthetic methodology? Do these
molecules with different functional groups as substituents
satisfy the electronic criteria for SF? Is there a particular effect of
the nature of the substituents (electron donor or acceptor) on
the ground- and excited-state properties? Through an explor-
atory study of monobenzopentalene derivatives bearing elec-
tronically different substituents involving donor and acceptors
groups or both in a readily available position, we aimed at
answering these questions, which would provide the funda-
mental basis of the further development of this class of
materials for molecular photonics applications in general and
for SF photovoltaics in particular.
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Results and Discussion

In the following, we first provide the synthesis and experimental
characterization of a series of stable C6 substituted benzopenta-
lenes, including "H NMR spectroscopy and X-ray crystallography.
Next, we analyze the trends in their relevant energy levels with
UV-vis spectroscopy, electrochemistry, photophysical investiga-
tions, and quantum chemical calculations. Towards the end, we
explore by computational means how the position of the
substitution impacts on the excited state energy levels.

Synthesis

For the synthesis of monobenzopentalenes (for detailed
synthetic procedures see section S2, Supporting Information)
we used the methodology based on the carbopalladation
cascade between gem-dibromoolefins and acetylenes.*? These
compounds are characterized by better preserved antiaroma-
ticity compared to dibenzol[a,e]pentalenes as they are stabilized
only by a single fused benzene ring and three pendant phenyl
groups. To facilitate the systematic comparison of a range of
structures we chose to introduce substituents to the fused
benzene ring at the C6 position, which has the most readily
available starting materials (Figure 1). Twelve substituted mono-
benzopentalenes were prepared in moderate to good yields
considering the formation of three new C—C bonds during the
cascade reaction. Molecules with electron-donating and -with-
drawing functional groups directly attached to the benzopenta-
lene core (3b-3f) were synthesized, while substituents were
also introduced to the pendant phenyl groups to probe
potential donor-acceptor interactions within the molecules (3 g,
3h). Furthermore, structures that are extended with an
acetylene spacer were also prepared (3i-3m). Notably, these
acetylenic substituents (R') that were present in the starting
dibromoolefins (1) were not involved in the cascade reaction
showing that the intramolecular carbopalladation within 1
followed by the intermolecular reaction with the excess diary-
lacetylene reagent (2) is the dominating reaction pathway."**”!
The unsubstituted derivative 3a was used for comparison.
Overall, most of the compounds were found to be stable,
except for 3¢ bearing the strongly donating dimethylamino
substituent, which was found to decompose under ambient
conditions. The nitro-group containing donor-acceptor substi-
tuted pentalene 3 h was found to degrade at aerobic conditions
at elevated temperatures. Notably, by changing the nitro-group
of 3 h to nitrile-group in 3g led to increased stability.

The 'H NMR chemical shifts of the protons attached to the
pentalene cores were found below 6.5 ppm (500 MHz, CD,Cl,,
30°C) for all compounds, consistent with antiaromatic
character,*>**4¢4" however, the actual values showed variation
with the substituents on the fused benzene ring. The proton
signal of compound 3a with no substituents appeared at
6.35 ppm. Compared to 3a, the proton signals of compounds
with donor substituents shifted more upfield (3b, 3¢), while
acceptor substituents (3d-3f) led to a relative downfield shift.
The signals of the donor-acceptor systems 3g and 3 h appeared

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 1. Monobenzopentalene derivatives synthesized for this study. The 'H NMR shifts (500 MHz, CD,Cl,, 30°C) of the pentalene protons are given in italics

in ppm value (Isolated yields are given in parenthesis).

more upfield compared to the respective acceptor substituted
compounds 3e and 3f, while comparably downfield relative to
the compound containing only the methoxyphenyl substituents
(compound S35, 8=6.30 ppm, Figure S1, Supporting Informa-
tion). Functional groups within the alkynylated molecules 3i-31
had little influence on the chemical shifts, except for the
anthracene containing system 3m where the pentalene proton

ChemPhysChem 2024, e202300737 (3 of 11)

shift was the same as for the nitro-group containing derivative
3f.

A single crystal of compound 3m suitable for X-ray
diffraction measurement could be obtained (Figure 2) (for
further details see section S3, Supporting Information). Consid-
erable bond length alternation was found around the perimeter
of the planar benzopentalene core that is characteristic to
antiaromatic molecules, while the phenyl substituents were

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 2. X-ray structure of 3m and the corresponding bond lengths (A)
(ORTEP style representation is drawn at the 50% probability level. Hydrogen
atoms are omitted for clarity).

found non-coplanar, similarly as in previously reported related
examples 2

Opto-electronic properties

The Sy-S; excitation energies for the prepared compounds were
measured via UV-Vis spectroscopy, and also derived from cyclic
voltammetry. The corresponding TD-DFT calculations were
performed in a similar manner as utilized earlier (Table 1) (for
details on computations see section S5, Supporting Informa-
tion). The UV-Vis spectra of the compounds that were directly
substituted with donor or acceptor groups (3b-3f) showed
little variation with the substituents (Figure 3a and Table 1).
Notably, a bathochromic shift of the highest intensity absorp-
tion band was observed for the nitro-substituted compound 3f.
Among the low-intensity, long-wavelength absorptions, which

is characteristic to pentalenes due to their symmetry-forbidden
HOMO-LUMO transitions, 3¢ with a dimethylamino substituent
had a peak maximum at the highest wavelength (680 nm)
within the whole series. Interestingly, the low-wavelength
maxima were shifted bathochromically also in the case of the
donor-acceptor substituted molecules 3g (A,,,=649 nm) and
3h (Anax=670 Nm) compared to the corresponding derivatives
having only the acceptor substituents (3e, A,,,=613 nm; 3f,
Amax =618 nm) (Figure 3b). Furthermore, the compound bearing
only the 4-methoxyphenyl groups (S35) exhibited a maximum
at 609 nm (Figure S1, Supporting Information), which is close to
the maximum of 3a (A,,,=600nm). This suggests that
although the pendant phenyl groups are not co-planar with the
conjugated benzopentalene core, the joint presence of donor
and acceptor groups affect the electronic structure of the
molecules. For the acetylenic compounds 3i-3m similar trends
were observed as for the directly substituted compounds 3 b-
3f, however, the molar absorption coefficients were generally
higher due to the more extended n-systems (Figure 3c). This
finding is also supported by the calculated oscillator strength
for those molecules (Table S5, Supporting Information).

Cyclic voltammetry was used to evaluate the basic electro-
chemical properties of the prepared molecules (for further
details see section S4, Supporting Information). The results are
summarized in Table 1. Compound 3 ¢ was found to be unstable
under the measurement conditions. Substituents within the
series 3b-3f led to a change in both the oxidation and
reduction potentials compared to the unsubstituted compound
3a. The introduction of an electron-donating methoxy group
(3b) led to lower oxidation potential (0.48 V vs. 0.64 V for 3a),
while the reduction potential somewhat increased (—1.61V vs.
—1.59V for 3a). For the electron-withdrawing substituents the
trend was the opposite with the largest changes in the case of
the nitro-substituted molecule 3f (0.90V, —1.22V vs. 0.64V,
—1.59V for 3a). Notably, the donor-acceptor substituted

Table 1. Summary of optical, electrochemical, and computation data on the HOMO, LUMO and Sy-S, transition.

Entry Compound Aabs [N Epan V1Y Epeq VI AE gox [V]Y AE, [eV] AE, [ [eV]
1 3a 600 0.64 —~1.59 1.95 2.09 2.09
2 3b 603 0.484 —1.61 1.85 2.05 1.96
3 3¢ 680 n.d.® n.d.® n.d.® 1.82 1.91
4 3d 595 0.81 —-1.39 1.92 2.08 2.10
5 3e 613 0.79 -1.33 1.86 2.02 2.06
6 3f 618 0.90 —1.22 1.8 2.01 2.06
7 3g 649 0.59 -1.38 1.71 1.91 1.98
8 3h 670 0.65 —1.26 1.63 1.85 1.97
9 3i 614 0.65 —1.50 1.84 2.02 2.04
10 3j 618 0.64 —~1.50 1.83 2.01 2.02
11 3k 618 0.66 —1.47 1.82 2.01 2.01
12 k]| 618 0.68 —1.37 1.79 2.01 2.02
13 3m 618 0.61 —147 1.80 2.01 2.00

[ Measured in CHCl; at rt. ® Electrochemical measurements were carried out in 0.1 M Bu,NPF; in dichloromethane at a scan rate of 0.1 Vs
carbon working electrode. ¥ Estimated from the differences between onset potentials.  Quasi-reversible first oxidation wave. © Compound 3¢
decomposed under the measurement conditions. * Calculated at the TD-M06-2X/def2-TZVPD//M06-2X/6-311 4+ G(d,p) level.

' on a glassy
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Figure 3. UV-Vis spectra of monobenzopentalenes 3a-3m (CHCl;, rt). (a)
Spectra of directly substituted pentalenes 3b-3f; (b) spectra of donor-
acceptor substituted pentalenes 3g and 3 h in comparison with the acceptor

substituted molecules 3 e and 3f; (c) spectra of acetylene containing
pentalenes 3i-3m (Spectrum of 3a is used for comparison in all cases).

molecules 3g and 3 h showed the highest redox-amphotericity
as reflected in the smallest AE, .qox =Eona-Eonc Values in their case
(Table 1). Within the series of the acetylene-containing mole-
cules the oxidation potentials were not strongly affected and
found comparable to 3a in each case, while the reduction
potentials comparably decreased. In most cases the substitu-
ent-induced increase or decrease in the oxidation and reduction
potentials changed in a concerted manner that did not strongly

ChemPhysChem 2024, e202300737 (5 of 11)

affect the HOMO-LUMO gaps. The electrochemically obtained
HOMO-LUMO gaps, although following the same trend, were
found consistently lower compared to the optical gap. The
electrochemical gaps are rather approximative due to the
irreversible electrochemical processes and the determination of
the onset-potentials that were used for the calculation.

The HOMO-LUMO gaps for the molecules were also
calculated at the TD—MO06-2X/def2-TZVPD level, which per-
formed best when the vertical excitation energies were
compared to the UV-Vis spectra (for functional selection see
section S5.2, in the Supporting Information),*~* This functional
was also used in the earlier study by El Bakouri et al.®® One can
rationalize the small HOMO-LUMO gap by the ground and
excited state (anti)aromatic nature of the substituted mono-
benzopentalanes as determined via the calculation of various
aromaticity indices (section S54 in the Supporting
Information).®** Based on these indices, they showed signifi-
cant ground state antiaromatic characters in line with the
experimentally determined olefinic 'H NMR chemical shifts,
bond length alternation, and long wavelength, low intensity
UV-vis spectral features. Notably, the level of antiaromaticity
varied somewhat, however, it was not substantially affected by
the nature of the substituent on the benzene ring.

Properties of the Excited States

Above we described the variation of the HOMO-LUMO gaps
and the S,—S, transition energies, yet, singlet fission, photo-
redox chemistry and many other molecular photonic phenom-
ena rely also on other processes in the molecules. Below, we
present results from computations and emission spectra of the
monobenzopentalene derivatives.

From the singlet fission perspective the S,, T;, and T, excited
states and their relative energies are important, however, for
pentalene derivatives the inclusion of the S, state is also
important since it has been shown that singlet fission occurs
following S,—S, excitation in a styryl-substituted dibenzopenta-
lene derivative.®” The energetic criteria (2E(T,) <E(S;) < E(T,))
was evaluated within the prepared series of molecules with the
computational scheme developed by Zeng, Hoffmann, and
Ananth® and previously used by El Bakouri et al.®” (see also
section S5 in the Supporting Information). This approach uses
adiabatic excitation to the T, state and vertical excitation to the
S, and T, states from the optimized S, and T, structures,
respectively. In addition, the vertical excitation to the S, state
was included. During the evaluation, we also added data from
ref. [35] on monobenzopentalene (3a’).

The data derived from the computations are visualized in
Figure 4 (see also Table S5 in the Supporting Information).
Overall, all synthesized structures fulfilled the basic energetic
requirement regarding the relationship between E(S,) and E(T,).
Furthermore, compared to the unsubstituted benzopentalene
framework 3a’,*" where E(S,)~E(T,), the introduction of the
phenyl substituents, as in 3a, increased the T, energy levels
considerably above E(S,). The introduction of further substitu-
ents did not affect the E(S,;) <E(T,) arrangement, although the

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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40 - molecule enough for emission. Small solvatochromism was
observed due to the solvent polarity change, which is reflected

354 in minor spectral shifts in different solvents (section S6,
3.0 Supporting Information). Compound 3¢ was not reported as it
was found to be unstable under experimental conditions.

s H Although potentially expected, due to the symmetry forbidden
E_ 2.0 4 nature, relatively low energy gap, and low extinction coeffi-
= 15 cients of the HOMO-LUMO gap within these pentalenes, no
discernible emission from the S, state could be identified. This

1.04 could simply be due to weak emission coupled with the
05 formally forbidden absorbance, rapid crossing into the triplet
manifold, or other excited state processes such as singlet

3a" 3a 3b 3c 3d 3e 3f 3g 3h 3i 3j 3k 313m
Molecule
—a— E(S,), —m—E(S;), ——E(T,), —&— E(T;), —0— 2E(T,),

Figure 4. Variation of the calculated E(S,),, E(S,),, E(T,), and E(T,), within
benzopentalenes 3a-3m. 2E(T,), is also shown to facilitate comparison with
E(S,), and E(T,),. 3a’ refers to the unsubstituted monobenzopentalene
framework; data taken from ref. [35].

relative values varied slightly. These findings showed that E(T,)
of benzopentalenes is affected more substantially by substitu-
ents than by increasing the size of the fused arene, a strategy
that has been explored previously and led to various relation-
ships between E(S,) and E(T,).® On the other hand, substituents
affected E(T,) oppositely, because in all cases this energy
decreased slightly when compared to the unsubstituted =-
framework 3a’. The relative tuning of E(T;) and E(T,) is crucial as
T,+ T,—T, could be detrimental for harvesting SF-generated
triplets unless 2E(T,) <E(T,) is fulfilled. Importantly, this latter
requirement is satisfied by all substituted benzopentalene
derivatives. Among the excited state energy levels studied E(S,),
E(T,), and E(T,) were affected more by the presence of electron
donating substituents (3b, 3¢), which decreased these energy
values compared to the corresponding ones of 3a, while
electron withdrawing groups on the benzene rings had
negligible effects. These differences reflect the extents of
ground state antiaromatic character within the series. Specifi-
cally, 3b and 3c having electron donating groups are slightly
more antiaromatic (Sy), which is also supported by various
antiaromaticity indices (see section S5.4 in the Supporting
Information). The substituents, however, influence E(S,) and
E(T,) equally, as these energies change synchronously across
the series. The E(S,) was consistent among the series, and the
biggest difference was observed in 3m which might be due to
the anthracene subunit contribution to the transition from the
S, state to the S, state (for further details see section S5.3 in the
Supporting Information).

Next, we turn to the emissive properties of the molecules
from the S; and S, states. The emission data presented was
obtained in CH;CN instead of CHCl; (which was used for the
absorption measurements) due to increased quantum yield and
in turn a better observed signal-to-noise ratio resulting in a
more robust analysis. This solvent dependence points towards a
polar excited state, as the more polar solvent stabilizes the
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fission.

Interestingly, excitation at higher energies results in photo-
luminescence. Typically, as Kasha’s rule would dictate, excitation
at higher energy would result in rapid deactivation to the
lowest excited state,®? which here is non-emissive. The
presence of emission at energies above the HOMO-LUMO gap
provides an unusual property that is often sought after for
molecular photonics,®**" particularly for OLEDs. This high-
energy emission was influenced substantially by the substitu-
ents (Figure 5, Table 2).

Unlike the absorption profiles, the emission of the 3b-3f
compounds that were directly substituted with donor and
acceptor groups showed large variations (Figure 5a). Compound
3b, containing a w-electron donating methoxy group resulted
in a hypsochromic shift (A,,,, =435 nm) in emission peak relative
to 3a (A,.,=448 nm). The strong acceptor groups resulted in
bathochromic shifts with the largest shift observed from 3e.
This shift was further increased in the donor-acceptor sub-
stituted molecules of 3g (A,..,,=512 nm) and 3h (\,,,=481 nm)
compared to their acceptor only derivatives (3 e, ., =483 nm;
3f, Anax =469 nm) (Figure 5b). These results further confirm the
hypothesis that the addition of substituents on the pendant
phenyls, while not co-planar, directly effects the excited states.
The acetylenic compounds add unusual complexities to the
trends seen in 3b-3f. Compounds 3i and 3j behave similarly to
the absorption in that they are slightly bathochromically
shifted. However, 3k (A,.,,=440nm) and 31 (A, =434 nm)
have hypsochromic shifts that are relatively unaffected by the
donating or withdrawing nature of the attached functional
group. This hypsochromic shift is also observed in 3m (A=
441 nm). Furthermore, more vibrational character can be
observed in all acetylenic species, with 3m being the most
pronounced. These trends point towards an alternative excited
state being populated for the acetylenic compounds that has a
higher degree of rigidity in the unit associated with the excited
state.

Even with the symmetry-forbidden S,, emission from a
higher energy state is not particularly common. Indeed, the
early reports of emission from an S, state come from azulene
and azulene derivatives, in which the S;-S, gap is of similar
energy to the S;-S, gap or the S, state can be thermally
repopulated.®” However, neither of these circumstances are
applicable here and beyond that we see no S, emission. In fact,
most examples of solution based S, emission results in emission
from both the S, and S; and the S, is substantially higher in

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

85UBD17 SUoWWOD aAEe1D 3|gedljdde ayy Aq pausenob afe s YO ‘8sh Jo sajn 1o} Akeiqi]auljuQ 8|1\ UO (SUOIIPUCD-pUe-SWLB)W0D A |IM AReiqBul|uo//Ssdny) SUonIpuoD pue swie | 8yl 8es *[720z/c0/T0] uo Arelqiauluo A8|im ‘ABojouyds | JO Aisienlun siew ey Aq L£200€202 2Udo/200T 0T/10p/wod A8 1M Aelq 1 puljuo-adoine-Ans iweydy//sdny woJy pepeojumod ‘0 ‘T#9.L6EPT



Chemistry
Research Article Europe

European Chemical

ChemPhysChem doi.org/10.1002/cphc.202300737 Socteties Publishing
a emission rates on that timescale, however, this explanation
— e could be possible if the internal conversion was slow enough.
:: 1.0 ——3b Notably, the cause of the anti-Kasha behavior among azulenes
S _gg was recently described in terms of excited state
@ 3f (anti)aromaticity.®”
42 One important clue to identify what is happening is that the
- emission quantum yields are estimated to be < 1%. While low
ﬁ 0.6 emission yields may suggest impurities, beyond synthetic purity
£ confirmation, the observed trends across the series of com-
225 pounds synthesized follow expected interactions with the
substituents, the emission shifts mimic S, absorbance shifts, and
0.0 ——— the excitation spectra follow the UV-vis spectra reasonably well.
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Figure 5. Normalized steady-state emission spectra of monobenzopenta-
lenes 3a-3m (CH;CN, A.,: 377 nm, rt, air). () Spectra of directly substituted
pentalenes 3b-3f; (b) spectra of donor-acceptor substituted pentalenes 3g
and 3 h in comparison with the acceptor substituted molecules 3 e and 3f;
(c) spectra of acetylene containing pentalenes 3i-3 m (Note that the
spectrum of 3a which is used for comparison in all cases also show Raman
scattering from the solvent).

emissive intensity with few notable exceptions. For thiones and
triphenylmethane dyes, the S, absorption band also has a weak
extinction coefficient. However, the S, state has an emission
rate that is competitive with internal conversion, or relaxation
process, with fluorescence lifetimes on the order of <1 ns.[°¢®
This allows strong emission from the S, state due to reduced
relaxation. The compounds presented here do not have
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This means that most of the generated excited-states undergo
the anticipated non-radiative relaxation pathways. In fact, with
quantum vyields and lifetimes of this magnitude, the non-
radiative rate constants are on the order of 10°s™', rates on the
same order of magnitude of previously reported S,—S, internal
conversion rates of magnesium porphyrin complexes with
similar E(S,)-E(S;) energy gap of ~8000 cm """ The appearance
of the S, emission can be attributed in part to slowed non-
radiative pathways but also to the lack of any overbearing S,
emission. While the explanation may be as straightforward as
strong oscillator strength and slow internal conversion due to a
large energy gap, further investigation into this emissive S,
state is warranted.

Outside of the unusual excited-state mechanics, lifetimes
were also taken in diffuse conditions to determine if the excited
states were long-lived enough to interact for singlet fission.
Time-correlated single photon counting results used to deter-
mine lifetime are included in the Supporting Information
(section S6). As shown in Table2, the lifetimes of the
compounds varied but all were on the ns timescale. Similar
trends to the observed results in steady state emission spectra
demonstrate a longer lifetime for the donating group in 3b (1=
8.4 ns), and the shortest lifetime for 3e (t=3.2 ns). Unlike those
steady state trends, the donor-acceptor compounds saw a large
change for 3g (1=10.3 ns) while from 3f (t=5.2ns) to 3h (1=
5.3 ns) almost no noticeable change is observed. The acetylenic
compounds had much shorter lifetimes on average, supporting
the steady state results that seem to indicate a change in
excited state nature.

Several compounds, 3a, 3b, 3f, 3i, and 3k provided
unusual results as they showed non-mono-exponential decay
dynamics. It was found that the <1 ns decay for 3a, 3b, and 3f
was only present in CHCl; and not in CH,CN, providing a
possible explanation for why the quantum yield in CH;CN was
substantially higher. While this warrants further investigation,
the breadth of this paper does not allow for in-depth analysis
into sub-nanosecond timescale mechanisms. Compounds 3i
and 3k also have this unusual feature, however, the rate can be
resolved. This may be indicative of a different decay pathway;
the “short” lifetime present is on the order of the longer
timescale for most other species and is the dominant decay. At
this time both lifetimes are reported, and the assumption is
held that the dominant lifetime is representative of
fluorescence from the S, state. Provided high concentrations or
increased intermolecular interaction, lifetimes observed here
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Table 2. Summary of emissive data.

Entry Compound Aabsy [NMI Aemt [NM]Y! 7 [ns]? QY (%) ke - E(S,),
(x10° s (x10% 7" [eV]

1 3a 413 448 4.7 0.12 255 2.1 3.29

2 3b 401 435 8.6 0.16 186 1.2 333

3 3c 405 n.d9 n.d9 n.d? n.d? n.d“ 3.35

4 3d 412 463 3.8 0.02 52.6 2.6 3.31

5 3e 414 483 3.2 0.03 93.8 3.1 3.29

6 3f 379 469 5.2 0.003 5.77 1.9 3.25

7 39 411 512 10.3 0.08 77.7 1.0 3.26

8 3h 392 481 53 0.003 5.67 19 3.22

9 3i 41 467 2.6, 16.67 0.06 2314 3.9 3.28

10 3j 414 479 24 0.11 458 4.2 3.28

11 3k 414 440 2.6,33.29 0.04 154 3.9 3.28

12 31 391 434 <1 0.0041 40.0¢ 0.1@ 3.27

13 3m 438 441 35 0.01 28.6 29 3.08

[ Measured in CHCl; at rt.  Measured in CH;CN at rt with 377 nm excitation. Y Compound 3 ¢ decomposed under the measurement conditions.  Non-

first-order decay. © Lifetime was less than observable with a ns laser diode. ? See Sl for details on calculation. ¥ Calculated at the TD-M06-2X/def2-TZVPD//

MO06-2X/6-311 4 G(d,p) level.

would suffice for singlet fission or other photoreactions to occur
should they be allowed.

Typically, in solution-based singlet fission experiments, high
concentrations are utilized to encourage the chance of an
excited state interacting with a ground state molecule.”® To
check on the possibility of singlet fission or any photoreactivity,
the singlet lifetime was monitored with increasing
concentrations®" It was found that increasing the concen-
tration of the monobenzopentalene reduced the lifetime of the
excited state, from 8.6 ns to 3.4 ns, a clear indication of excited
state photoreactivity (Figure 6). It should be noted however
that quenching via singlet fission typically occurs when varying
concentration on significantly higher scales (mM), and as such
the degree of quenching is likely either supplemented by
another process or enhanced due to the larger driving forces

10000
1000
3
8
g 100 -
=
[e]
(3}
104
1

Time (ns)

Figure 6. Time-correlated single photon counting (TCSPC) lifetime measure-
ments of 3b in CH,CN following excitation with a 377 nm pulsed laser diode
at increasing concentrations.
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present from interaction with the S, state. Ultrafast transient
absorption experiments can be utilized to ensure whether the
quenching of this excited state is due to singlet fission or some
other process, however, this kind of ultrafast analysis is beyond
the scope of this work.

Expanded analysis of substituent effects

We found that even with diverse substituents at the C6 position
of the benzene ring, the photo-physical properties of the
molecules were affected only to a minor extent (Table 1,
Figure 4). The largest differences were observed in their
emission properties from the S, states (Table2). As the
substitution pattern used in this study was guided by synthetic
accessibility, it is instructive to compute alternative patterns
that might have a greater impact on energetics and hence
could be interesting further synthetic targets. For such
predictions we calculated the excited state properties of
molecules having electron donor or acceptor groups in different
positions along the monobenzopentalene framework (Figure 7).
Furthermore, as functional groups directly attached to the
pentalene unit could strongly impact molecular properties, as
exemplified recently for 1,3-bis(dimethylamino)pentalene,” we
studied the effect of substituents on the available pentalene
C—H position in benzopentalene.

Independent of the position of the substituents, the basic
criteria for SF is theoretically satisfied by all molecules (Figure 7).
The energetics of the T;, S;, and T, states depended modestly
on the substituent position along the benzene ring. This could
be due to excited state aromaticity in monobenzopentalene
moieties (for further details see section S5.4 in the Supporting
Information) whereby the substituents affect the delocalization
only to a minor extent. However, it is interesting that in 3b5
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Figure 7. Substituent effects on energetics in monobenzopentalene derivatives with methoxy and nitro groups at different positions. Triangles correspond to
adiabatic T, energies. Circles, squares, and diamonds correspond to the energies of the vertical excitation to the S;, S,, and T, states, respectively.

and 3b7 the order of the energetics changes so that E(T,) >
E(S,), which could be of use in the future. The largest
substituent effects were obtained upon direct substitution of
the pentalene unit. The E(T,) of the methoxy substituted
molecule (3b8) is around 1.1 eV, which is desirable as it is close
the band gap of silicon.”® However, we must note that
although these compounds have interesting properties based
on the calculations for their preparation, the development of a
new synthetic methodology is necessary.

Conclusions

A novel set of monobenzopentalenes have been synthesized
and characterized. The synthetic methodology tolerated a wide
range of functional groups on the C6 position of the benzene
ring including donor and acceptor substituents providing
access to electronically tuned structures.

Computational efforts indicated an energetic possibility of
singlet fission with expected S, energy levels being greater than
or equal to twice the T, energy levels for all synthesized
molecules, independent of their functional groups. Beyond that
the T, states are too high in energy to be accessed from
unwanted processes. Ground state absorption and electro-
chemistry measurements helped to confirm the expected
trends and values obtained through computational work.

Hence, these monobenzopentalenes provide a new possible
molecular set for applications in singlet fission photovoltaics,
where electronically different substituents do not disturb the
energetics. This feature will facilitate the tuning of monobenzo-
pentalenes for solution processability and solid-state assembly,
which are important in device applications, through substitu-
tion without the risk of affecting the energetic criteria of SF.

Regarding their photophysical properties, spectroscopic
measurements revealed that while no emissive S, state was
observed, the S, state could be populated and emit. This
unusual feature is attributed in part to the symmetry-forbidden
electronic nature of the S, state that likely also prevents strong
emission from the S, state if it were to be populated. Excited-
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state lifetimes were also determined to be between <1 and
33.2 ns for the S, state, timeframes that could allow for singlet
fission to occur in concentrated solution.

Expanded computation analysis on the effect of the func-
tional group position around the benzopentalene framework
revealed that SF criteria is satisfied independent of the position
and electronic nature of the substituents. This further strength-
ens the advantage of this scaffold in SF photovoltaics
applications through its structural tunability for e.g. environ-
mental stability, solubility, solid-state assembly, while keeping
the energetic criteria essentially unaffected.

Overall, these novel monobenzopentalenes provide a
unique opportunity to advance molecular photonics and as
such sub-nanosecond studies are due to be performed. Early
indications of concentration dependent reduction of lifetime
suggest excited state photoreactivity indicative of intermolecu-
lar interactions needed in both photoredox catalysis and singlet
fission.

Experimental Section

General Information

Commercial reagents, solvents and catalysts (Aldrich, Fluorochem,
VWR) were purchased as reagent-grade and used without further
purification. Solvents for extraction or column chromatography
were of technical quality. For spectroscopy and sample treatment
opti-grade quality solvents were used. Organic solutions were
concentrated by rotary evaporation at 25-40°C. Thin layer
chromatography was carried out on SiO,-layered aluminium plates
(60778-25EA, Fluka). Column chromatography was performed using
Si0,-60 (230-400 mesh ASTM, 0.040-0.063 mm from Merck) at 25°C
or using a Teledyne Isco CombiFlash® Rf+ automated flash
chromatographer with silica gel (25-40 um, Redisep Gold®). Room
temperature refers to 25-20 °C depending on the time of day.

NMR spectra were acquired on a Varian 500 NMR spectrometer,
running at 500 and 126 MHz for 'H and "C. The residual solvent
peaks were used as the internal reference. Chemical shifts (3) are
reported in ppm. The following abbreviations are used to indicate
the multiplicity in 'H NMR spectra: s, singlet; d, doublet; t, triplet; q,
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quartet; p, pentett; m, multiplet. *C NMR spectra were acquired on
a broad band decoupled mode.

UV-Vis spectrophotometry was executed on a Jasco V-750 or a
Perkin-Elmer Lambda 465 spectrophotometer. Hellma Analytics
High Precision quartz cuvettes were used with optical path length
of 1.0 cm.

Steady State Emission spectra were collected on a Fluorolog at a
right angle using a R928 Hamamatsu detector.

Time-resolved single photon counting measurements were per-
formed in a LifeSpec Il collection apparatus, using a pulsed laser
diode, picoquant ll, whose repetition rate was adjusted based on
the measured lifetime to ensure the system returned to equilibrium
after pulse.

General Procedure for the Carbopalladation Cascade Reaction

Dibromoolefin  (0.22 mmol, 1eq), diphenylacetylene (200 mg,
1.10 mmol, 5eq), K,CO; (61 mg, 0.44 mmol, 2eq), Pd(PPh;),Cl,
(16 mg, 10 mol % Pd), Zn powder (20 mg, 0.3 mmol, 1.4 eq) and dry
toluene (4 mL) was stirred in a sealed vial under inert atmosphere
(N,) for 1 h at 110°C in an aluminum heating block. The reaction
was cooled to room temperature, and subsequently hydroquinone
(30 mg, 0.27 mmol, 1.2 eq) was added to the reaction mixture and
it was stirred at 110°C for additional 16 h. After the reaction was
completed, the mixture was diluted with EtOAc and washed with
water (2x) and brine (1x). The organic phase was dried over MgSO,.
The solvent was evaporated under reduced pressure and the
products was purified by column chromatography (SiO, n-
hexane—n-hexane/EtOAc (12:1)).

Supporting Information

The authors have cited additional references within the
Supporting Information (Ref. [74-94]).
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