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Canada. E-mail: Jean-Francois.Morin@chm
cMultiverse Computing, 20014 Donostia, E

gmail.com
dDonostia International Physics Center (DIP
eIKERBASQUE – Basque Foundation for Scie

† Electronic supplementary informatio
Analytical data; Results of electrochem
Transient absorption spectroscopy and
https://doi.org/10.1039/d4sc06442a

‡ These authors contribute equally to the

Cite this: Chem. Sci., 2025, 16, 1925

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 23rd September 2024
Accepted 15th December 2024

DOI: 10.1039/d4sc06442a

rsc.li/chemical-science

© 2025 The Author(s). Published by
echanisms control dynamic
redox properties, photophysics and electron
transfer of anthanthrene-quinodimethanes†

Abel Cárdenas Valdivia,‡a Frédéric Lirette,‡b José M. Maŕın-Beloqui, *a

Abel Carreras,*c David Casanova, de Joël Boismenu-Lavoie,b

Jean-François Morin *b and Juan Casado *a

The synthesis, electrochemical, spectroelectrochemical, photophysical and light induced electron transfer

reactions in two new anthanthrene quinodimethanes have been studied and analyzed in the context of

dynamic electrochemistry. Their properties are dependent on the interconversion between folded and

twisted forms, which are separated by a relatively small energy range, thus allowing to explore their

interconversion by variable temperature measurements. The photophysics of these molecules is

mediated by a diradical excited state with a twisted structure that habilitates rapid intersystem crossing.

Moreover, when codissolved with an electron acceptor compound such as PCBM, direct anthanthrene

to PCBM electron transfer and back-electron transfer are also observed, resulting in the formation of

charged states and, then, a raise in the population of the excited state triplet manifold upon charge

recombination. Some of these properties have been interpreted with the help of quantum chemical

calculations. The existence of an equilibrium between folded and twisted states upon electrochemical

and photoexcitation stimuli represents a novelty in comparison with existing literature on compounds

also showing dynamic electrochemical properties.
1 Introduction

In the conventional reversible electrochemistry of p-conjugated
molecules, the molecule that is oxidized smoothly changes its
molecular structure upon electron extraction in such a way that
its associated reduction back to the neutral compound occurs in
a slightly altered conformation implying small structural
changes (Scheme 1a).1–3 This mechanism displays separated
anodic and cathodic electrochemical waves with potentials
slightly differing in between.

Dynamic redox electrochemistry4,5 introduces a change in
this mechanism consisting in an equilibrium between
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distinctive conformations of the neutral and of charged species
(for instance, the processes seen in Scheme 1b between AF and
AT). This equilibrium causes a difference in the oxidation and
reduction waves of the same redox process depending on the
temperature. In the literature, most of the studied cases of
polycyclic dynamic redox electrochemistry behaviour are
focused in anthraquinodimethane derivatives6–9 and in their
dimers10–12 (see Scheme 2). The mechanism that explains this
dynamic redox electrochemistry in this family of compounds is
the coupling of the electron transfer process in the electrode
with an intramolecular conformational reorganization in the
organic redox active molecule. This means that the most stable
conformation of the neutral compound (a folded structure) is
not the most stable conformation upon oxidation (typically
a twisted structure). This overall results in rather different
Scheme 1 (a) Typical reversible behavior of the electrochemical
process of p-conjugated organic molecules; (b) dynamic redox
electrochemistry mechanism (F = folded, T = twisted).
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Scheme 2 Chemical structures of anthraquinodimethane derivatives (a and b) displaying dynamic electrochemical redox behaviors as well as the
anthanthrone diradical reported by us (c). Chemical structures of the anthantrone A(m-OMe) and A(p-F) derivatives in this work (d).
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voltage peaks with redox gaps (difference between the oxidation
and reduction peaks for the same electron transfer process) as
high as z1 V between the forward oxidation and the backward
reduction.

The conformational requirements for the existence of
dynamic redox electrochemistry in anthraquinodimethane
derivatives are imposed by the aromatic groups attached to the
exocyclic double bonds and the steric hindrance with the
central anthracene-like moiety, resulting in the twisted–folded
equilibrium. The anthraquinodimethane represents the small-
est moiety able to have a central quinodimethane ring at the
origin of the folded–twisted conformational equilibrium.
Therefore, the almost exclusive use of the anthracene as the p-
bridge limits the understanding of structure–properties rela-
tionships needed to tune the electrochemical responses and,
hence, other central quinodimethane units are welcome to
broaden the space of chemical compounds with these dynamic
redox properties.

We recently reported a new quinodimethane unit based on
the anthanthrene quinodimethane13–15 moiety, where the
twisted–folded equilibrium caused the formation of a diradical
in the neutral state upon application of external pressure. This
behavior motivated us to explore this polycyclic core, the
anthanthrenequinodimethane group, to search for new elec-
trophores with dynamic redox properties. With these studies,
we hope to nd new structure–function connections that could
help to understand the intricated mechanisms relating
conformational equilibria and redox processes. In this article,
the anthanthrene polycyclic aromatic core is doubly anked by
bis(phenyl substituted)methylene groups (Scheme 2d), which
impart the required steric congestion to promote the folded–
twisted conformational effect. Furthermore, the outer phenyl
rings are substituted with methoxy groups in the meta position
(i.e., A(m-OMe)) and uorine in the para position (i.e., A(p-F)). A
complete electrochemical and UV-vis-NIR
1926 | Chem. Sci., 2025, 16, 1925–1931
spectroelectrochemical study as a function of the temperature,
as well as femtosecond, picosecond and microsecond transient
absorption spectroscopic analysis in conjunction with quantum
chemical calculations are conducted.

Interestingly, the folded(neutral)–twisted(dication) redox
process occurs in a rather unusually small redox gap in A(m-
OMe), which permits to tune such equilibrium by thermal
energy. Moreover, the folded–twisted interconversion also plays
an important role in the photophysical process through the
appearance of a diradicaloid excited state able to promote effi-
cient intersystem crossing. The convergence of these
phenomena not only showcases the novelty of this research, but
also paves the way for new molecules capable of dynamic redox
electrochemistry.

2 Results and discussion
2.1. Synthesis

The synthesis of A(m-OMe) and A(p-F) is shown in Scheme 3, for
further details and NMR spectra, see ESI.† Starting from
compound 1,14 a four-fold Suzuki coupling with either 3-
methoxyphenylboronic acid or 4-uorophenylboronic acid
provided A(m-OMe) and A(p-F) in 81% and 85% yield,
respectively.

2.2. Electrochemical study

The cyclic voltammograms of the two compounds in Fig. 1, A(m-
OMe) and A(p-F), are signicantly different: both compounds
show very similar CV shapes in the oxidation process. In both
cases a single oxidation band is present, indicating the presence
of a single oxidation step. As seen in similar molecules in
literature,13–15 this oxidation process corresponds to the two-
electron oxidation to form the A(m-OMe)2+ and A(p-F)2+ dica-
tions. The origin for this two-electron oxidation is the large
distortion (folded) of the neutral molecule which originates
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthetic route for A(m-OMe) and A(p-F).

Fig. 1 Cyclic voltammograms of (A(m-OMe), blue line) and (A(p-F),
green line) at 298 K at a scan rate of 100 mV s−1 in 0.1 M TBAPF6 in
CH2Cl2. Potentials have been corrected using ferrocene as reference.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 3
:3

3:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a decoupling between the two donor moieties. Therefore, the
oxidation of a terminal bis(phenyl substituted)methylene
moiety occurs independently of the other unit. However, their
corresponding reduction processes are completely different,
with A(p-F) disclosing the typical aspect of a redox reversible
step. Conversely, A(m-OMe) displays the features related with
the existence of dynamic redox electrochemistry, such as the
appearance of two peaks (instead of one) separated by a 0.17 V
redox gap. The similar oxidation process for both molecules is
in line with the calculated HOMO energy level (see Fig. S1–S3
and Table S1†) for both molecules.

For A(p-F), the decoupling of the oxidation and reduction
peak of 0.10 V involving the same species is characteristic of
reversible processes in organic molecules.1–3 On the other hand,
the CV of A(m-OMe) displays two peaks in the reduction process,
spaced by 0.16 and 0.33 V from the voltage of the oxidation
peak. In the reported cases of dynamic redox electrochemistry
involving anthracene derivatives,6–10 only a reduction peak is
observed, with redox gaps of 0.60–0.90 V from the oxidation
peak. Hence, the features of A(m-OMe) reveal an interesting
distinctive case in which: (i) two peaks appear, one likely due to
the reversible process spaced by 0.16 V similar to 0.10 V in the
reversible case of A(p-F), and another separated by 0.33 V, which
© 2025 The Author(s). Published by the Royal Society of Chemistry
we tentatively associate to the dynamic redox electrochemical
behavior; and (ii) this latter peak appears at signicantly
smaller redox gaps, or voltages differences, compared to those
typically described in anthracene derivatives. These differences
in the behavior from anthracene to anthanthrene quinodi-
methanes highlight the important role of the polycyclic
aromatic group.

Oxidation of the A(m-OMe) and A(p-F) compounds in the
folded structure involves two electrons extraction leading to the
formation of the dicationic species (see below for the spectro-
scopic characterization of the divalent species). The presence of
single peak two-electron process indicates a decoupling of the
external methylene carbons in the neutral state as a result of the
folded conformation, where the positive charges are going to be
localized upon oxidation.
2.3. Spectroelectrochemical analysis

In situ UV-vis-NIR spectroelectrochemical experiments have
been carried out for both compounds at room temperature
(Fig. S4†). Oxidation of A(m-OMe) to A(m-OMe)2+ in CH2Cl2
solution at 300 K gives way to the appearance of only one
distinctive electronic absorption spectrum with NIR absorption
bands at 1110 nm (shoulder) and 1365 nm accompanied by
a weaker and narrow band at 703 nm. The position of the A(m-
OMe)2+ absorption band is in line with other anthanthrene
derivative dications previously published, conrming this
assignment.16 Cooling this solution to 200 K produces the
regression of the 1365 nm bands in favor of the 1110 nm (owing
to the 1110 nm shoulder seen at 298 K) through a well-dened
isosbestic point (see Fig. S2†). This isosbestic point is in line
with the 1110/1365 nm pair of bands merging from two species
in thermal equilibrium.

Similarly, oxidation of A(p-F) at 300 K exhibits behavior akin
to A(m-OMe). The oxidation of A(p-F) produces a spectrum
featuring a near-infrared absorption band at 952 nm, compa-
rable to the 1110 nm band of A(m-OMe) and likewise associated
with the dication species. Cooling the solution of the dication of
A(p-F) does not produce any signicant changes (the band at
952 nm shis to 934 nm, see Fig. S4†), highlighting the exis-
tence of only one form of the dication. In addition, the inversion
Chem. Sci., 2025, 16, 1925–1931 | 1927
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Fig. 3 Cyclic voltammetries of A(m-OMe) and A(p-F) in 0.1 M TBAPF6
in CH2Cl2 at room (300 K, darker lines) and at low (190 K, lighter lines)
temperatures. Potentials have been corrected using ferrocene as
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of the voltage polarity aer formation of the dications of A(m-
OMe) and A(p-F) completely recovers the total absorbance and
spectrum of the initial neutral species, in agreement with the
absence of irreversible processes in the two cases.

Quantum chemical calculations within the density func-
tional theory (DFT), the B3LYP exchange–correlation func-
tional17,18 and the 6-31G(d,p) basis set (see ESI for further
details†) for the dication state of A(m-OMe) have been carried
out for the twisted and folded structures (Fig. 2b). In the twisted
conformation, time-dependent DFT (TD-DFT)19 calculations
predict two transitions with similar oscillator strength (i.e.,
intensity) at 700 and at 1200 nm. In the folded dication of A(m-
OMe), TD-DFT excited state calculations estimate a single main
transition band at 1000 nm with larger oscillator strength than
the two bands of the twisted form. These three calculated
excitations in the NIR region of the two dication conformations
of A(m-OMe) can be correlated with the experimental absorp-
tion bands at 703 and 1365 (twisted dication), and 1110 nm
(folded dication), respectively. Therefore, the theoretical spectra
help to rationalize that at 300 K we have a mixture of folded and
twisted dications, whereas the folded conformation is the
dominant one at 200 K.

A van't Hoff plot (Fig. S5†) assuming an intramolecular
conformational reaction (see Scheme 1 for the folded–twisted
interconversion equilibrium of the dication, AT

2+ 4 AF
2+) has

been done from the spectra taken at different temperatures.
From the slope of the van't Hoff plot, we estimated a total
variation of the standard enthalpy of −8.0 kcal mol−1, that is,
the enthalpy required to transform the dication from the
twisted structure to the folded one. From the cyclic voltammetry
at room temperature (Fig. 1), we measure a voltage difference
between the oxidation peak and the two peaks of the reduction
(due to the two conformations of the dication) of 0.16 V and
0.33 V, which correspond to a free energy variation20 of −7.4/
−15.2 kcal mol−1, within the range of the thermodynamic data
deduced from the spectroscopic results, and in agreement with
the computed folded–twisted energy difference
(−10.1 kcal mol−1).
Fig. 2 (a) UV-vis-NIR absorption spectroelectrochemistry in 0.1 M TBAF
spectra of the chemically oxidized A(m-OMe) and A(p-F) at 300 K and
twisted (orange) forms of A(m-OMe) dication obtained at the B3LYP/6-3

1928 | Chem. Sci., 2025, 16, 1925–1931
The inuence of temperature on the absorption spectra,
driven by the conformational equilibrium, leads us to test how
the electrochemical process is affected by temperature as well.
For that, we design the CV experiment in low temperature
conditions by cooling overnight the whole electrochemical
setup (except the reference electrode) and then carrying out CV
experiments until recovery of the room temperature. This CV
experiment at low temperature was carried out for A(m-OMe)
and A(p-F) (Fig. 3). We observe that by lowering the tempera-
ture, the CV of A(m-OMe) recovers almost full reversibility
shape: the two peaks of the reduction backward process coa-
lesce into one peak at similar voltage of the rst reduction. This
behavior evidences the dynamic redox electrochemical proper-
ties of A(m-OMe) and corroborates the conversion in the UV-vis-
NIR spectra between the two conformations of the same dica-
tion. At low temperatures, the most stable folded conformer is
increasingly populated at the expenses of the twisted form.
Conversely for A(p-F), the lowering of the temperature does not
CH2Cl2 of the neutral A(m-OMe) and A(p-F) together with absorption
at 200 K. (b) Simulated absorption spectrum for the folded (blue) and
1G(d,p) level.

internal reference.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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produce any signicant change in the recorded CVs. In fact,
both CVs of A(m-OMe) and A(p-F) disclose very similar proles
at low temperature.
2.4. Transient absorption measurements

Pump-probe time resolved femtosecond excited state absorp-
tion measurements have been carried out for the two A(m-OMe)
and A(p-F) compounds in an attempt to correlate the excited
state neutral species with the folded and twisted conformations
of the dications. In our previous publication of an anthantrene
derivative15 (Fig. 1), the transition from a closed-shell neutral
ground state to an open-shell state drives the formation of the
twisted structure upon application of pressure.

To this end, picosecond transient absorption spectra (ps-
TAS) of A(m-OMe) in methyl cyclohexane solution at 298 K
were obtained, as shown in Fig. 4a. Additionally, a tentative
Jablonski photophysical scheme is proposed in Fig. 5 to explain
the formation of the transient species. Results of A(p-F) were
almost identical and are shown in Fig. S6,† indicating a very
similar behaviour for both molecules upon photoexcitation. In
addition, global analysis has been performed to help with the
TAS signal assignment (Fig. S7†). At early times in the ps-TAS
experiment of A(m-OMe), the spectrum presents two positive
TAS bands, at 730 and 1115 nm. This prole with two different
bands is very similar to the absorption spectra of the twisted
dication with bands centered at ca. 700 and 1350 nm. Therefore,
we assign the initially formed species to the relaxed S1 state of
A(m-OMe) with a twisted structure. The planarization of the
central anthanthrene core in the twisted form aer excited state
relaxation causes the common NIR absorption prole of the
photo-generated species and the twisted dication A(m-OMe)
species. Moreover, we argue that the S1 state must hold a large
diradical character in order to stabilize the twisted conforma-
tion, [S1(twisted)] in Fig. 5. This description is in agreement to
the diradical state formed upon pressure in the anthanthrene
analogue15 in Fig. 1. Aer 5 ps, the spectrum evolves to a nar-
rower shape with wavelengths changes and two additional
positive TAS bands appearing at 1311 and 580 nm.

Electronic structure calculations at the twisted geometry of
A(m-OMe) predicts near degeneracy of the S1 state with a triplet
state (T3) with almost identical spatial distribution of the two
Fig. 4 Femtosecond transient absorption measurements of pristine A(m
a A(m-OMe):PCBM solution excited at 532 nm (middle) and at 470 nm (

© 2025 The Author(s). Published by the Royal Society of Chemistry
unpaired electrons (Table S2 and Fig. S8†). The small singlet–
triplet gap (amounting to 0.3 kcal mol−1), and the non-
negligible spin–orbit coupling (Table S1†) suggests the exis-
tence of fast S1 / T3 intersystem crossing, in agreement with
the quick appearance (5 ps) of the two-bands feature. Subse-
quently, the two-bands pattern converts to a single band at
715 nm which we associate as resulting from optical excitations
from the lowest energy triplet excited state aer T3 / T1

internal conversion. Finally, aer 80 ps, the TA spectrum
displays a single band at 580 nm. This single band spectrum of
the T1 state is similar to the single band ground folded elec-
tronic state of A(m-OMe), which suggests that the triplet created
upon photoexcitation might adopt a folded or pseudo-folded
conformation. This triplet species in folded conformation is
in line with the folded conformation of the naphthalene dimer
published elsewhere.21

To further enrich the discussion, a solution of A(m-OMe)
with PCBM acceptor was also analyzed upon photo-excitation.
Fig. 5 shows the paths to account for the experiments in
binary solutions, which were carried out in two conditions:

(i) by exciting the PCBM at 532 nm, where A(m-OMe) lacks of
absorbance (Fig. 4b), a clear band at 1030 nm due to the PCBM
radical anion [PCBMc−]22 arises at early times accompanied by
another band at 710 nm and a shoulder at 1100 nm that
resemble very much the 715/1115 nm pair of bands of the A(m-
OMe) recorded in the absence of the acceptor. This species
might consist of a positively charged species of A(m-OMe),
which keeps the twisted structure of its precursor S1 (relaxed)
and that is in agreement with the similar spectral pattern of
twisted structures in the dication of A(m-OMe) observed in the
spectroelectrochemical experiments. The formation of the
dication species in solution is likely due to the PCBM ability to
accommodate up to six negative charges and also to the excess
of PCBM in the experiment allowing the twisted dication state to
be compensated by two radical anions.23 This 710/1150 nm
band of the charged state formed by electron transfer decays
very slowly, in the order of nanoseconds, until it is transformed
to a band at 700 nm at 5 ns, which corresponds with the
absorption of the PCBM triplet, T1(PCBM).24 Aer prompt
formation of the PCBM:A(m-OMe) charged state, this radical
pair might undergo back-electron transfer by charge
-OMe) in methylcyclohexane after pumping at 480 nm left) and of the
right). Excitation densities were maintained at 0.25 mW.

Chem. Sci., 2025, 16, 1925–1931 | 1929
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Fig. 5 Photophysical Jablonski diagram for the excitation/de-excitation of A(m-OMe) in the presence and absence of PCBM acceptor. In the
box, the redox processes are described.
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recombination that largely populates the PCBM triplet manifold
responsible of the 700 nm band surviving in nanoseconds.

(ii) Furthermore, ms-TAS experiments were carried out in the
PCBM:A(m-OMe) solution (Fig. S9†) with excitation at 532 nm
with the objective to form PCBM triplets able to be transferred
to A(m-OMe). At early ms-timescales, a band at 700 nm is formed
that matches with the PCBM triplets, which posteriorly decays
in favor of a new band at 600 nm. This 600 nm band surviving in
ms-timescales was reversibly sensitive to oxygen and was there-
fore assigned to anthanthrene triplet excited state species. This
is in agreement with the assignment of the 580 nm band in the
picosecond experiments also to the triplet states of A(m-OMe).

(iii) By performing ps-TAS experiments exciting on the A(m-
OMe) absorption band at 475 nm (Fig. 4c) of the binary solution,
the same band at 710 nm PCBM triplet at early timescales was
detected as well as the double band feature at 560 and 680 nm
also assigned to the triplet species of A(m-OMe). These triplet
bands nally transform into the band at 600 nm formed upon
100 ps that can be related with the presence of pseudo-folded
triplet excited states of A(m-OMe), such as observed in ps-TAS
experiments of pristine A(m-OMe).

The change on conformation of A(m-OMe) upon photoexci-
tation was further conrmed by the use of steady-state emission
spectra (Fig. S10†). A(m-OMe) emission results show mirror-like
spectra relative to the 0–0 absorption transition with a consid-
erable Stokes shi and vibronic progressions with signicant
spacing. These Stokes shi and vibronic progressions are in line
with the large change of conformation upon photoexcitation,
between the absorbing (folded) and the uorescent emitting
(twisted) states. In addition, the similarity between the PL
results of A(m-OMe) and A(p-F) further veries the resemblance
between photoexcitation dynamics of A(m-OMe) and A(p-F).
3 Conclusions

In this article, anthraquinodimethane, the general example of
molecules displaying dynamic electrochemical redox properties
has been extended with an anthanthrene core with a quinodi-
methane naphthalene moiety. This singular molecule is able to
show dynamic electrochemical redox properties with redox gaps
1930 | Chem. Sci., 2025, 16, 1925–1931
between the oxidation and reduction much smaller than the
typical ones found in anthracene and bisanthracene derivatives.
The conversion between the folded (neutral) and the twisted
(dications) forms thus discloses suitable small redox gaps that
allow to explore their interconversion by temperature variable
measurements further permitting to obtain the thermody-
namics properties of the reaction interconversion. The photo-
physics of the given compounds has been studied by transient
absorption spectroscopy from picoseconds to microsecond
time-resolved spectra. The main photophysical properties can
be interpreted in the folded–twisted interconversion leading to
a diradical excited state that promotes intersystem crossing.
These excited states can also act as electron-donor in the pres-
ence of PCBM fullerene acceptor, allowing the formation of
photo-produced radical cations likely stabilized in a twisted
structure. This study highlights the crucial role of anthanthrene
derivatives in triplet formation, particularly due to their recent
use as singlet ssion sensitizers. Our ndings unequivocally
demonstrate these derivatives remarkable ability to produce
triplets.
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