Volume 9
Number 9

7 May 2025
Pages 2251-2582

Sustainable
Energy & Fuels

Interdisciplinary research for the development of sustainable energy technologies

rsc.li/sustainable-energy

ISSN 2398-4902

ROYAL SOCIETY PAPER

Rainer F. Winter, Andrea Pannwitz et al.

OF CH EMISTRY Light-driven electron transfer in a lipid bilayer with mixed

valence molecular wires




#® ROYAL SOCIETY

Sustainable
P OF CHEMISTRY

Energy & Fuels

View Article Online

View Journal | View Issue,

Light-driven electron transfer in a lipid bilayer with

i") Check for updates‘
mixed valence molecular wires¥}

Cite this: Sustainable Energy Fuels,
2025, 9, 2302 . . a ; b b Mi inseis P
Novitasari Smambela,@i Moritz Nau,1” Gernot Haug,” Michael Linseis,

Philip Koblischek,? Rainer F. Winter @ *° and Andrea Pannwitz (& *acde

Triarylamines (TAAs) are one of the most important classes of redox-active organic compounds, which are
readily available from modular synthesis, thereby offering the possibility to easily adjust their intrinsic redox
potentials. We present herein two bis(triarylamines) (BTAAs) with t-extended 2,7-diethynylfluorene or 2,2’-
(1,3-butadiyne-1,4-diyl)-bis(7-ethynylfluorene) bridges and two benzoic acid headgroups per TAA and their
(formally) mixed-valent radical cations. Owing to their amphiphilic character and favorable redox

properties, these BTAAs are designed to serve as charge conduits through membranes. The lipid bilayer/
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Introduction

Light-driven long-range electron transfer is relevant for solar
energy conversion in the natural photosynthesis of plants and
photosynthetic bacteria, where photons drive the movement of
electrons across biological membranes. Nature uses sophisti-
cated assemblies of transmembrane protein complexes such as
photosystem I and II (PSI and PSII) to convert NADP' into
NADPH on one side of the membrane and water into O, on the
other side of the membrane, as shown in Fig. 1. Previous arti-
ficial systems attempting to mimic light-driven transmembrane
electron transfer across lipid bilayers employed embedded
photosensitizers,” along with electron carriers, to transfer
electrons across membranes via diffusion of the photoreduced
electron carrier.’>”® Additionally, there are some studies of light-
driven transmembrane electron transfer using either sophisti-
cated and synthetically challenging supramolecular barrels® or
rigid oligoaromatic molecular wires with varying levels of
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synthetic complexity.>® In the present study, we explore the
concept of mixed valency, i.e. electron delocalization over two
covalently connected redox centers,” in a 7-extended molecular
wire for transmembrane electron transfer in lipid bilayers.
These are multielectron processes that resemble the complexity
of multielectron transfer in the photosynthesis system, which
later on can be a future model for performing water-splitting
and CO, reduction.

Triarylamines (TAAs) are one of the most important classes
of redox-active organic compounds. One of their key advantages
is their ready accessibility vie modular synthesis, thereby
offering the opportunity to attach one aryl substituent at a time
and to generate derivatives with two or three different aryl
substituents. This allows fine-tuning of their intrinsic redox
potentials®*® and the deliberate introduction of a broad range
of chemical functionalities, e.g. for the construction of hybrids
with two or more chemically different redox-active
constituents'** or for rendering them water soluble.>”* Once
protected by substituents to prevent oxidatively induced
coupling to benzidines**>® or cyclization to carbazoles,* one-
electron oxidized triarylaminium ions are rather stable, even
towards water and air.>”>** Bridged bis(triarylamines) (BTAAs),
Ar'Ar’N-arylene-NAr'Ar?, typically undergo two or even more
redox processes. Their associated mixed-valent radical cations
generated by one-electron oxidation, i.e. the removal of an
electron from only one of the available redox sites, are
outstanding testbeds for probing the effects of the length, the
chemical constitution and the conformation of the intervening
m-conjugated (poly)arylene bridge and the chemical environ-
ment (solvent and counterions)'*** on the extent of electronic
coupling between the terminally appended redox sites.***>

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d4se01752h&domain=pdf&date_stamp=2025-04-25
http://orcid.org/0000-0003-3568-250X
http://orcid.org/0000-0001-8381-0647
http://orcid.org/0000-0001-9633-0730
https://doi.org/10.1039/d4se01752h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4se01752h
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE009009

Open Access Article. Published on 18 de febrer 2025. Downloaded on 29/1/2026 19:06:17.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Sustainable Energy & Fuels

Light-driven membrane-mediated
electron transfer

Natural _ Artificial
photosynthesis — photosynthesis
ADP ! .
i bl .
J ok ,
0 N 2
! i
I x’v
l o,
' =1
: Electron S Electron
' donor % acceptor
| _ &
i oo :E‘
: ‘o Reduced electron
] Oxidized acceptor
' electron donor }
1 O
! 3
I =
1 L 8
| & g
I 3
| oF Bulk
: Al &
! )
\ o
.

Fig. 1 Comparison of natural and artificial photosynthesis pathways
nicotinamide adenine dinucleotide phosphate, PSIl = photosystem II,
diphosphate, and e~ = electron.

Their proven ability to facilitate efficient through-bond charge
delocalization over long distances*®***¢ has also made them
attractive for applications as single molecule wires in metal-
molecule-metal nanojunctions. Recent studies on anchor
group-modified bis(diarylamine)-capped oligophenylenes even
revealed negative values of the attenuation factor § up to the
terphenylene limit, implying that the electron transfer rate
increases with increasing molecular length.*” The advantageous
properties of BTAAs, i.e. their redox activity, modularity, and
abundance, thus prompted us to utilize them as charge
conduits through membranes. We here convey the results of our
work on using BTAAs with polar head groups for this purpose.

Results and discussion
Design and synthesis

The molecular wires designed here have hydrophobic cores
based on fluorene and alkyne units bridging the BTAA redox
centers, which are functionalized with carboxylic acids or esters.
The carboxylic acids serve as hydrophilic head groups to anchor
the molecular wire on both sides of the lipid bilayer so that they
span across the lipid bilayer (Fig. 2a).

Fig. 2b summarizes the synthesis and chemical structures of
the target BTAAs. Our synthetic routes afford the methyl esters
of the envisioned tetracarboxylic acids and involve cascades of
different C-N and C-C cross-coupling reactions, including
a Glaser-Hey-Eglinton coupling in the case of 2M.*® Ester
cleavage subsequently provided free tetracarboxylic acids.
Detailed synthetic protocols and methods are provided in the
ESI (Schemes S1 and S21), along with "H, "*C{"H}, mass spectra,
and the absorption spectra and molar extinction coefficients ¢

This journal is © The Royal Society of Chemistry 2025

. NADPH = nicotinamide adenine dinucleotide diphosphate, NADP* =
PSI = photosystem |, ATP = adenosine triphosphate, ADP = adenosine

of the target BTAAs (ESI, Fig. S16 and S171). The molecular
design with two polar benzoic acid headgroups at each
terminus and nonpolar aliphatic hexyl tails at the core
segments was conceived to mimic classical lipid bilayer prop-
erties. The carboxylic functionalities render BTAAs 17 and 2"
slightly soluble in aqueous media.

Electrochemistry and spectroscopy

The intended utilization of BTAAs 1" and 2" as transmembrane
redox mediators puts their redox properties into focus.
However, voltammetric characterization of free acids 1" and 2"
was hindered by the limited solubility of the protonated 1™ and
2" in aqueous media, while an increase in pH led to poorly
reproducible voltammograms with ill-defined redox waves at Pt,
Au and glassy carbon electrodes. We therefore resorted to esters
1™¢ and 2™¢ in the CH,Cl,/NBu," [BAr*™**]™ (0.1 M) electrolyte.
Fig. 3 displays cyclic voltammograms of 1™¢ (panel A) and 2™¢
(panel B). The very weakly coordinating [BAr*>*]” anion
([BAr™**]” = [B{CcH;(CF;),-3,5}4] ) is known for maximizing
electrostatic repulsion, thereby maximizing the redox splitting
AE;;, between the individual redox couples and hence
increasing the thermodynamic stability of the intermediate,
mixed-valent radical cation with respect to
disproportionation.**>* The expected two oxidations of the TAA
constituents nevertheless merge into a single composite wave
with (average) half-wave potentials of Ey,,(1™€) = 675 mV and
E1,(2M€) = 670 mV on the ferrocene/ferrocenium scale. Only in
the case of the shorter 1™ can a small splitting into two sepa-
rate waves be discerned. Computational simulation of the
experimental voltammograms yielded a redox splitting of 80 mV
in the case of 1™ and an even smaller value of only 45 mV for

Sustainable Energy Fuels, 2025, 9, 2302-2315 | 2303
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(a) The structure of a bilayer membrane, built from an amphiphilic phospholipid. (b) Chemical structures and schematic syntheses of

target bis(triarylamine) tetracarboxylic acids/methyl esters 17/Me and 2H/Me_(j) PdCl,(PPhs),, NEts, Cul, THF, 70 °C, and overnight; 1M — 17: THF/
H,0O (2:1), LIOH, r.t,, and overnight; (ii) PAClx(PPhs),, NEts, Cul, THF, 70 °C, and two days; 2Me — 2 THF/H,O (2:1), LIOH, r.t., and overnight.

2M¢ with roughly twice the spacer length. Simulated cyclic vol-
tammograms are shown as blue circles in panels A (1) and B
(2M) of Fig. 3, superimposed with the experimental data.
Details of the used software and the fitting procedures are given
in the ESI,T and the parameters obtained by the simulations are
provided in Table S4 of the ESI.T The half-wave potential split-
ting of 2 is barely larger than the statistical contribution of 2
In(2RT/F) = 36 mV to the free energy change for the stepwise
oxidations of two non-interacting redox sites.>* Similar small
half-wave potential separations were also reported for other
BTAAs with large spatial extensions of the connecting linker
(Table 1)'39,44,53—55

The close proximity of the two redox waves makes it difficult
to access and spectroscopically characterize and discriminate

2304 | Sustainable Energy Fuels, 2025, 9, 2302-2315

between the one- and two-electron-oxidized radical cations and
dications as individual species, which is important in order to
elucidate the effective oxidation state when using the present
BTAAs as transmembrane redox mediators.

The half-wave potentials of 1™ and 2™¢ are appreciably more
positive than that of the triarylamine-derived mono- and
dicarboxylic acids (4-MeO-CgH,),N(CsH,-COOH-4) (Ey, = 170
mvV) and (4-MeOCgH,),N(CsH;3(COOH),-3,5) (E;/, = 90 mV) re-
ported by Lahti et al,” which we ascrlbe to the absence of
methoxy donor substituents (literature values were recalculated
to the ferrocene/ferrocenium scale using the reported half-wave
potential of the Cp,Fe”* redox couple of 553 mV in CHCl; on
the Ag/AgCl scale,” i.e. the conditions used by these authors).
They are nevertheless ca. 150 mV lower than that of the 4-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Overlaid cyclic voltammogram of 1M® in CH,Clo/NBu,* [BArF24~ (0.1 M, T = 293 K (£3 K), v = 600 mV s~%, black solid line) and
corresponding simulation (blue circles). (B) Overlaid cyclic voltammogram of 2M€in CH,ClL/NBu4* [BArT24~ (0.1 M, T =293 K (+£3 K), v = 600 mV

s7%, black solid line) and corresponding simulation (blue circles).

1Me 2Me

Table 1 Electrochemical potentials of the oxidations of and
obtained from the cyclic voltammograms in CH,Clo/NBu4* [BAr™241~
(0.1 M, T =293 K (+3 K)) as well as by digital simulation

E1jp avg””" (exp.) Eyp"" (simulated) E;,"*" (simulated) AE,
1M 675 mv 635 mV 715 mV 80 mV
2Me 670 mv 640 mV 685 mV 45 mV

ethynylphenyl precursor (E,,, = 820 mV in CH,Cl, vs. Cp,Fe®"),
indicating the extent of electron donation from the dihexyl-
substituted fluorenyl core unit.

We next turn to the spectroscopic characterization of the
oxidized forms of 1™ and 2™ as models of the oxidized BTAA
tetracarboxylic acids that one expects to be the active species in
transmembrane hole transfer. To generate these species, we
applied UV-Vis/NIR spectroelectrochemistry (SEC), i.e. spectro-
scopic monitoring during in situ electrochemical oxidation
upon incrementally increasing the applied potential to a value
250 mV positive of the convoluted overall two-electron wave.
The latter experiments were conducted inside an optically
transparent thin-layer electrolysis cell®> with 1,2-dichloroethane
(DCE) as the solvent, using again the NBu," [BAr">*]” (0.1 M)
supporting electrolyte. The higher boiling point of the DCE
solvent as compared to CH,Cl, counteracts solvent evaporation
in the vicinity of the working electrode during the experiments.
Fig. 4 displays the evolution of the UV-Vis/NIR spectra alongside
NIR spectra recorded with an IR/NIR spectrometer (for details,
see the ESI, Section S371) as insets; the latter has a superior
sensitivity in the low-energy part of the NIR regime. Panels A
and B of Fig. 4 show the results on 1™¢, while those for 2™ are
given in panels C and D.

In both cases, the overall two-electron oxidation proceeds in
separate steps via an intermediate species (orange lines), which
has a characteristic broad NIR band at 1405 nm (1™ or
1400 nm respectively (2M°"*, see panels A and C of Fig. 4 and the
corresponding insets). As the oxidation progresses further, the
NIR band intensifies and shifts to higher energies (i.e. lower

This journal is © The Royal Society of Chemistry 2025

wavelengths) of 1250 nm for both 1™*** and 2™***. These
observations are indicative of the stepwise formation of first the
mixed-valent radical cations and then the dications of BTAAs
with large, m-extended linkers.'*****%” Other spectroscopic
changes are the gradual and continuous growth of a Vis/NIR
band, which is located at 715 nm for 1™¢ and at 705 nm for
2M¢. This band corresponds to a m-m* transition of a tri-
arylaminium radical cation and is characteristic of the TAA"™"
motif. This assignment agrees with the observed rough
doubling in intensity upon the second oxidation, which gener-
ates an additional triarylaminium chromophore. Also, both
oxidized compounds feature one additional band of similar
intensity at 550 nm each.

In interpreting the results, one should notice that the close
proximity of the individual E;j, values of 1€ and 2™¢ implies
that the intermediate mixed-valent radical cations have only
limited stability with respect to disproportionation to the
neutral starting compounds and the dioxidized forms, both
with isovalent TAA redox sites. This is expressed by the only
modest values for the comproportionation equilibrium
constant K. for the comproportionation (¢f eqn (1)) of ca. 23
(1™) or only 6 (2™°).

K. = exp (% (AE, /2)) 1)

In eqn (1), R is the universal gas constant, F Faraday's
constant, and AE;,, the half-wave potential separation between
the two consecutive redox processes. The individual K. values
indicate that a maximum of 70% or 55% of the mixed-valent
radical cations are formed as such after the passage of one
equivalent of charge, with the remaining 30% or 45% present as
equimolar mixtures of the neutral and dioxidized forms. The
overlapping NIR bands of the radical cations and the dications
in the NIR unfortunately preclude us from deconstructing the
spectra and calculating the spectra of the pristine, intermediate
radical cations, but it is nevertheless clear that both species

Sustainable Energy Fuels, 2025, 9, 2302-2315 | 2305
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Fig. 4 UV-Vis/NIR spectroelectrochemistry of 1€ (left, panels A and B) and 2M¢ (right, panels C and D) with the first oxidation shown as blue to
orange curves (top, panels A and C) and the second oxidation shown as orange to green curves (bottom, panels B and D), respectively, in CH,Cl,
with 0.1 M NBu4* [BAr™24]~ as the supporting electrolyte. IR/NIR spectra are provided in insets in panels A to D. An artifact due to the experimental

setup is marked with an asterisk.

have distinct absorptions in the NIR region. The high intensity
of the NIR absorption of the radical cations is at first surprising
when considering the small half-wave potential splittings and
the large N---N distances of 23.15 A in 1™*"* or 36.65 A in 2™¢"*
as obtained from quantum chemical calculations (see below).
The intensity gain and the blue-shift upon the second oxidation
let us assign the prominent NIR band to charge-transfer (CT)
excitation from the respective fluorene linker to the TAA™
acceptor(s) rather than to a pure TAA — TAA"" intervalence
charge-transfer (IVCT) excitation, as the latter would be ex-
pected to be specific for the mixed-valent radical cations and to
vanish as the oxidation proceeds further to the dications.

To shed more light on the electronic structures of one- and
two-electron oxidized 1™*?* and 2M*"?*, we resorted to density
functional quantum-chemical calculations at the B3LYP+35%
exact Hartree-Fock exchange def2SVP level of theory. The latter
has proven to provide adequate descriptions of the electronic
structures of mixed-valent BTAAs by compensating for the
inherent tendency of the DFT method to delocalize charges in
extended m-conjugated systems.*”***® Our calculations employed
slightly truncated models with methyl instead of hexyl substitu-
ents, which are henceforth denoted as 1M and 2M¢. Solvent
effects were considered within the framework of the polarizable
continuum model, applying the standard parameters for CH,Cl,.
Further details as well as coordinates of the geometry-optimized
structures are provided in Section S11 of the ESL.f

Our calculations indeed provided intense transitions in the
NIR for both the one- and the two-electron oxidized forms

2306 | Sustainable Energy Fuels, 2025, 9, 2302-2315

/. /e . .
1M€2 and 2M2* ) at energies close to the experimental

values. Charge density losses on the individual TAA" sites and
the fluorenyl segments of the linkers were evaluated by natural
bond orbital (NBO) analysis (see Fig. 5).* According to these
results, both radical cations possess localized electronic struc-
tures where the unipositive charge is confined to one specific
TAA™" entity. In contrast to other BTAAs with electron-rich para-
anisyl (An) substituents NAn,, the most electron-rich phenyl
group of 1™€ and 2™¢ is the one bonded to the fluorenyl linker.
This causes the occupied frontier MOs to spread onto the linker
rather than being strictly confined to the periphery.

The calculated NIR transitions in radical cation are
depicted in panel A of Fig. 6, along with graphical representa-
tions of the involved molecular orbitals and the corresponding
electron density difference maps (EDDMs; blue color = electron
density loss and red color = electron density gain). Computa-
tional results for its shorter homolog 1™¢™* can be found in
Fig. S18 of the ESL{ For both compounds, our calculations
predict two separate transitions at low energies as highly
intense bands (1™¢"*: J ., = 1036 nm/1675 nm, f = 0.28/1.07;
2Me*: Jeale = 1212 nm/1550 nm, f = 0.46/0.84). They both
target B-LUSO, which is localized on the oxidized TAA unit, and
emanate from the first three occupied orbitals of the -mani-
fold, i.e. B-HOSO to B-HOSO-2. The latter donor MOs are either
localized on the other TAA unit or spread over the entire -
conjugated backbone, including the ester-functionalized dia-
rylamine entities. Both NIR excitations therefore assume
bridge-to-TAA" CT, augmented with IVCT contributions. The

2Me’ +

This journal is © The Royal Society of Chemistry 2025
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absorption bands of one-electron oxidized 1™** and 2™¢*
generally agree well with the results of investigations on other
BTAAs with similarly m-extended linkers.3**+5%%

In contrast to the plethora of BTAAs with shorter linkers, but
in line with important bridge-to-TAA™" contributions,*»**% the
NIR transitions of 1™¢* and 2™** intensify during further
oxidation to the dications while experiencing a shift to higher
energies and shorter wavelengths respectively, from 1405 nm to
1250 nm for 1™"*?* (A = 1183 nm, f = 1.82), and from
1400 nm to 1220 nm for 2M¢"*/2* () . = 1345 nm, f = 2.39); see
panels A and B of Fig. 6. The dications were computed to prefer
the triplet state by 54.0 k] mol " (1™>") or 42.5 kJ mol * (2M¢?")
over the closed and open-shell singlet states, which were
calculated to be energetically degenerate. Panels A, B in Fig. 6
and S18 of the ESIT demonstrate the excellent agreement
between computed and experimental spectra. A complete
collection of all computed electronic absorption bands of 1™¢™*
and 2M¢™ (n = 0, 1, 2, the latter in their triplet ground and
excited singlet states) along with the corresponding TD-DFT
calculated transitions on their methyl-substituted models,
contour plots of the contributing orbitals, and computed

This journal is © The Royal Society of Chemistry 2025
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oscillator strengths are provided in the ESI (see Table S51). On
oxidation of the second TAA entity, the character of the NIR
electronic excitation assumes pure bridge-to-TAA™® CT
character.

In summary, the highly intense NIR absorptions of one- and
two-electron oxidized BTAAs 1M¢"*/>* and 2™¢*/>* can be traced
to bridge-to-TAA'" CT augmented by TAA-to-TAA"* IVCT excita-
tions in the radical cations. The energetically low-lying bridge-
to-TAA"" excitations and the bridge participation in the frontier
MOs make 1™ and 2™°"* (and by inference the one-electron
oxidized free carboxylic acids 1™** and 2™*) interesting candi-
dates for transmembrane electron transfer when incorporated
into a lipid bilayer.

Membrane integration

Incorporation of BTAAs in the lipid membrane bilayers was
performed with 1% or 2. At neutral pH, their molecular struc-
tures mimic the amphiphilicity of the phospholipid bilayer best
by having charged carboxylates at each end of the linear and
rigid molecular wire. The charged ends interact with the polar
part of the membrane at the water interface, while the entire
linker, including the inner phenyl rings, stays inside the
hydrophobic part of the membrane. This secures the integra-
tion of 1" or 2™ into the membrane (Fig. 7) of vesicles. In this
study, we used sub-micrometer-sized liposome vesicles for all
spectroscopy and electron transfer studies. We also prepared
micrometer-sized giant vesicles for microscopic visualization.
All vesicles were prepared with lipid bilayers based on 2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) because DPPC
bilayers are known to be impermeable to larger water-soluble
molecules at room temperature.®** Along with the main
phospholipid DPPC, we added 1 mol% of 14:0 PEG2000 PE to
the lipid bilayer membranes to increase the stability of the
liposome, as this lipid creates steric bulk and thereby prevents
aggregation of the vesicles (see Fig. 7 for the structures of DPPC
and 14:0 PEG2000 PE).>*%%

Molecular dynamics (MD) simulations of both molecular
wires after 100 ns simulation time are shown in Fig. 7a and b.
The MD simulations were done using YASARA and the AMBER
force field;*** the details can be found in ESI S4, Fig. S19 and
S20.7 These MD simulations suggest that both molecular wires
1" and 2" assemble with the lipid bilayer, but 1" assembles at
the membrane-water interface, while 2 can align in a trans-
membrane fashion. We explain these results as follows: in 2%,
the N---N distance is 33.66 A in the phospholipid bilayer
(similar to the N---N distance of 36.65 A in 2M*"* determined by
DFT, see above). The hydrophilic carboxylate groups are even
further apart from each other and can therefore easily span
a lipid bilayer membrane, being exposed to the membrane's
water interfaces, as can be seen in Fig. 7b. Lipid bilayer
membranes typically have a thickness of 30 to 50 A.%*% For the
shorter BTAA 1", the N---N distance is 23.48 A (similar to the
N--N distance of 23.15 A in 1™** determined by DFT, see
above). The distance of the hydrophilic carboxylic groups in 1"
is 28.51 A, which is too short to span across the membrane and
which can lead to the disruption of the membrane by 1",
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as +0.02.

In order to study how the respective molecular wire affects
the membrane, we conducted a calcein leakage test using
liposomes. In this test, we quantified the amount of calcein,
a fluorescent dye, leaked out of the liposomes into the
surrounding solution. For detailed information, please refer to
ESI S5, Fig. S21.** We tested both the modified and
unmodified DPPC liposomes for three days with and without
irradiation using a 470 nm LED. The measurements with irra-
diation revealed that the modified DPPC liposome with 1%
released 93% of calcein, while the modified DPPC liposome
with 2" only released 4.5% of calcein. These observations align
with our MD simulations, which predicted that the modified
liposome with 1" would disrupt the membrane more effectively
than 2"; as 2" is longer in size, it has a higher possibility of
aligning in the transmembrane position in the membrane and
would not disrupt the membrane.

UV-Vis absorption and emission spectroscopy were used to
characterize the photophysical properties of 1" and 2" before
and after membrane integration (Fig. 8a and b and Table 2).
When measured in a mixture of DCM and MeOH (1: 1) (Fig. 8a
and b, solid black line), 1" and 2" showed absorption bands at
366 nm and 385 nm, respectively. This indicates that the
respective LUMO of 2™ is lower in energy than that of 1" due to
its extended m-system. The absorption spectra shift to the blue
for both structures in the membrane environment as can be
seen in Fig. 8a and b and in Table 2. While 1" experienced only
a 4 nm blue shift, the absorbance of 2" experienced
a pronounced blue-shift by ~20 nm. The very minor blue-shift

2308 | Sustainable Energy Fuels, 2025, 9, 2302-2315

for 1" might be explained by Tyndall scattering of the lipo-
some suspension, similar to other chromophores in liposomes
with minor solvent-dependent absorbance.” The very
pronounced blue-shift of 2 is likely due to the lower polarity
and rigidity around the compound in a lipid bilayer
environment.”””* This observation is in line with the MD
simulation, which showed that the entire extended 7-system of
2" is located in the lipophilic part of the membrane, which
leads to destabilizing the LUMO of 2", resulting in a more
pronounced blue shift in the UV-Vis absorption.

The emission spectra of 1" and 2" have their maximum at
422 nm and 430 nm respectively in DCM : CH,Cl, (1:1), as
indicated by the solid green line in Fig. 8a and b. Both
compounds have a shoulder at a higher wavelength in their
emission spectra, suggesting the existence of unresolved
vibrational energy levels in both compounds. Upon incorpora-
tion into the membrane, the maximum is slightly red-shifted by
13 nm and 15 nm for 1 and 2" respectively. However, this
apparent red shift might also be partly induced by the broad-
ened absorption and respective inner filter effects (Fig. 8a and b,
dashed green line).

Furthermore, to show that 2" is successfully integrated into
the lipid membrane, we prepared a giant multilamellar vesicle
of 2" with the same methodology as that used for preparing the
liposomes and performed confocal microscopy. We excited the
giant multilamellar vesicle with a laser at A = 405 nm and
detected the fluorescence of the vesicle in the region of 420-
650 nm. A double half-moon-shaped emission profile was

This journal is © The Royal Society of Chemistry 2025
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snapshot of (a) 1" and (b) 2" in DPPC after 100 ns simulation time. The lipid bilayer membrane is omitted for clarity.

observed in the microscopic image (Fig. 8c), typical for mole- Electron transfer at the membrane
cules with a preferred alignment in the lipid membrane.®*”>7> It
shall also be noted that, apart from the half-moon effect, the
molecules are overall evenly distributed within the membrane
and no larger macroscopic phase separation can be observed.”

To study the photoactive properties of 1™ and 2" toward elec-
tron transfer across the lipid bilayer, we started our studies on
photoinduced transmembrane electron transfer by preparing
a DPPC liposome solution containing 1 mol% of 1" or 2" in the

1.0 1.0
H H e DPPC c) Confocal image
a1 "™ ... DPPC L h % —bem:MeoH] 0 ) o
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Fig. 8 (a) UV-Vis and emission spectra of 1™ and (b) UV-Vis and emission spectra of 2" in a mixture of dichloromethane (DCM) : methanol
(MeOH) (1:1) and in DPPC liposomes with a composition of DPPC : (14:0 PEG2000 PE) : 1" or 2" =100 : 1: 1, in phosphate buffer at pH = 7.0; (c)
confocal microscopy image of 2" in a giant vesicle with a composition of 100 : 1: 1 of DPPC : 14:0 PEG2000PE : 2" in phosphate buffer at pH =
7.0 after size exclusion chromatography, upon fixation in agarose hydrogel.
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Table 2 Spectroscopic data of 1" and 2"

Condition Aabs (Nm) Agm (nm)
1M DCM:MeOH 366 422

DPPC® 362 435, 446
oM DCM:MeOH 385 430

DPPC* 365 445, 467

4 UV-Vis and emission spectra of 1" and 2" in DPPC liposomes with
a composition of DPPC: (14:0 PEG2000 PE):1" or 2% = 100:1:1, in
phosphate buffer at pH = 7.0.
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membrane. The water-soluble electron donor NADH was
encapsulated, and the water-soluble electron acceptor (2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetrazolium-5-

carboxanilide) (XTT) was added to the bulk solution of the
liposome, yielding a composition of NADH/1"/XTT or NADH/
2M/XTT (Fig. 9a). A similar system was also prepared with
encapsulated XTT and NADH at the bulk solution of liposomes,
yielding a composition of XTT/2"/NADH. NADH was chosen
due to its water solubility and favorable absorption and emis-
sion properties.”” XTT was selected because it is a well-known
compound to quantify intracellular reducing agents in biolog-
ical assays.” The details of sample preparation can be found in
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(a) Schematic illustration of the targeted photoinduced electron transfer at the lipid bilayer with encapsulation of NADH, integration of the

chromophore, and presence of XTT in the bulk solution, (b) subtracted temporal evolution of UV-Vis spectra from t = 0 min with sample
composition NADH/2/XTT, (c) number of Fz molecules formed under irradiation with 460 nm and 370 nm light sources over time for NADH/1"/
XTT, NADH/2H/XTT, and XTT/2"/NADH, (d) Stern—Volmer plots of liposome samples with a composition of 100 :1: 1 of DPPC : 14:0 PEG2000
PE : 2 with different concentrations of encapsulated NADH, and (e) Stern—Volmer plots of liposome samples with a composition of 100 :1: 1 of
DPPC : 14:0 PEG2000 PE : 2" with different concentrations of XTT in bulk solution. All samples were prepared with 10 mM phosphate buffer at pH
7.0 under ambient conditions. The grey bar corresponds to the used concentration in photoinduced electron transfer experiments.
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the ESI Section S6 and Fig. S22.1 Based on dynamic light scat-
tering, the liposomes measure 130-140 nm in diameter for all
types of samples (the empty liposome with only 1" or 2" inte-
grated and with the encapsulated NADH or XTT; see ESI Section
S7 and Fig. S237).

Upon light irradiation, we observed a gradual increase of the
absorption band at A,.x = 470 nm, corresponding to the
formation of formazan (Fz), the reduced form of XTT. At the
same time, the NAD" absorption band at 260 nm increased, the
latter corresponding to the oxidized form of NADH and indi-
cating that photoinduced electron transfer had occurred
(Fig. 9b). The extent of electron transfer was quantified via the
intensity of the Fz absorption band (Fig. 9c).

We chose 370 nm and 470 nm LED light sources to irradiate
the assembled liposome systems NADH/1"/XTT and NADH/2"/
XTT. The applied LED light sources have a full-width at half
maximum (FWHM) of +24 nm at Ay, = 373 nm for the 370 nm
LED and FWHM =22 nm at A,,,x = 464 nm for the 470 nm LED
light source. This leads to the excitation of 1" and 2" at either
the absorption maximum or in the tail of the absorption (see
ESI S8, Fig. S257). Photoexcitation with the 470 nm LED excited
the molecular wire only and excluded the simultaneous excita-
tion of NADH, which has an absorption maximum at
340 nm.””” In the case of the 370 nm LED, both the molecular
wire and NADH are simultaneously excited.

Based on the extinction coefficient of Fz, it was calculated in
the case of NADH/2"/XTT that 1.00 nmol of Fz formed after three
hours with the 470 nm LED irradiation. This corresponds to 4.4
electron transfers per molecule of 2™. In the case of 2" with
a 370 nm LED, 0.71 nmol of Fz was formed, which is equal to 1.4
nmol of electrons and 3.1 electron transfers per 2" molecule. This
lower performance by the 370 nm light source may be due to the
simultaneous absorption of light by both the molecular wire and
NADH, as the NADH also absorbs some of the light at 370 nm (see
ESI S8, Fig. $257). In the case of NADH/1"/XTT and after three
hours of irradiation with a 470 nm or 370 nm LED, the Fz yield is
0.77 nmol and 0.78 nmol, respectively. The number of Fz is
similarly low with both light sources for 1%, probably due to the
lower spectral overlaps of the absorbance of 1 with the 470 nm
LED compared to 2" (see ESI S8, Fig. $251). In a previous study, we
demonstrated that the light-driven conversion of the water-soluble
substrate can be significantly accelerated within the inner aqueous
liposome compartment compared to the aqueous bulk.”” We
therefore tested the reverse location of the XTT and NADH and
generated XTT/2"/NADH liposomes. In this system, we observed
that by compartmentalization of XTT instead of NADH, we could
almost double the production of Fz within three hours, yielding
1.80 nmol, which corresponds to 3.6 nmol electron transfer and 8
electrons transferred per molecule of 2™. This observation indi-
cates that electron transfer from XTT is a limitation that can be
minimized through encapsulation of XTT within the inner
aqueous compartment (see ESI S9t for absorption growth of Fz
over time, Fig. S26-S287).

To better understand the photoinduced electron transfer
dynamics in NADH/2"/XTT liposomes, we performed a Stern-
Volmer luminescence quenching study of 2" liposomes in the
presence of various concentrations of NADH in the inner

This journal is © The Royal Society of Chemistry 2025
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Table 3 Stern—Volmer quenching constants of 2" in DPPC
membranes with NADH and XTT as quenchers

Quencher Ky, fromI,/I(M ") kgM ‘s 7o (ns) Mechanism
NADH/2"  70.8 + 6.2 (8.2 +0.7)10"° 0.86  Static
2"/XTT (14.7 + 0.7)10° (1.7 £ 0.1)10® 0.86  Static

compartment and XTT in the bulk, respectively. In the Stern-
Volmer experiment, the excited state reaction dynamics of 2¥
can be resolved by using steady-state and time-resolved emis-
sion spectroscopy, by plotting the intensities and the lifetimes

I T .
as 70 and -2 vs. quencher concentrations [Q],* where I, and I are
T

the emission intensities in the absence and presence of the
quencher, and 7, and 7 are the excited state lifetimes in the
absence and presence of the quencher, respectively.

?: 1+ K [Q] =1+ kqto[Q] (2)

I
The slope from the linear regression of 70 vs. [Q] is the Stern-

Volmer constant K. By applying eqn (2), the quenching
constant k, can be derived. After the linear fitting of both plots,
NADH and XTT showed characteristic static quenching
behavior with the lifetime remaining independent of the
quencher concentration. Quenching by encapsulated NADH
takes place with k, = (8.2 £ 0.7)10'* M ' s~ . This value is one
order of magnitude faster than that in a related study with
encapsulated NADH and a positively charged transmembrane
molecular wire® and might indicate that a stronger ground state
encounter complex is formed between the here investigated 2™
and NADH. Similarly, the quenching by XTT from the bulk takes
place with kq = (1.71 £ 0.1)10"> M~ " s~ (Table 3). This value is
three orders of magnitudes higher than typical collision-based
quenching constants, which are on the order of 10" and it is
two orders of magnitude higher than in a similar case between
XXT and a positively charged chromophore within the DPPC
lipid bilayer.® Therefore, the k, values obtained for both
quenchers indicate the quenching of 2™ due to a strong asso-
ciation with the quencher already in the ground state.”*** We
hypothesize that such strong complex formation is partly due to
additional hydrogen bond formation by the carboxylate func-
tionality of 2" with the quencher. The concentrations of NADH
and XTT that were applied during the full electron transfer
reaction with NADH/2"/XTT are shown in the highlighted
region in the Stern-Volmer quenching plot in Fig. 9d and e. The
luminescence and kinetic traces can be found in ESI Section S10
and Fig. S30-S33.7

Conclusion

In summary, we demonstrate that the molecular BTAAs 1" and
2M can form mixed-valence species upon one-electron oxidation
and that the amphiphilic BTAAs 1 and 2" can be integrated
into the lipid bilayer of liposomes for light-driven electron
transfer from NADH to the acceptor XTT or vice versa. While the

Sustainable Energy Fuels, 2025, 9, 2302-2315 | 2311
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shorter version 1™ disrupts the lipid bilayer significantly, the
long molecule 2" integrates well into the bilayer structure,
spanning the membrane. Both compounds are redox-active and
generate stable one- and two-electron oxidized cations, thereby
enabling transmembrane electron transfer. The mechanism of
membrane-mediated electron transfer is likely promoted via
a mixed valence radical cation state of the one-electron oxidized
molecular wire, delocalizing an unpaired electron across the
entire molecule. The findings of this study provide a design
principle for artificial nanoreactors and are highly relevant for
the construction of light-driven redox chemistry systems in
water with applications in solar light energy conversion.
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