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Redox Chemistry Hot Paper

Phosphine Oxide-Functionalized Terthiophene Redox Systems
Daniel Käch, Aurelio C. Gasser, Lionel Wettstein, Clara Schweinzer, and Máté J. Bezdek*

Abstract: Main group systems capable of undergoing
controlled redox events at extreme potentials are elusive
yet highly desirable for a range of organic electronics
applications including use as energy storage media.
Herein we describe phosphine oxide-functionalized
terthiophenes that exhibit two reversible 1e� reductions
at potentials below � 2 V vs Fc/Fc+ (Fc= ferrocene)
while retaining high degrees of stability. A phosphine
oxide-functionalized terthiophene radical anion was
synthesized in which the redox-responsive nature of the
platform was established using combined structural,
spectroscopic, and computational characterization.
Straightforward structural modification led to the identi-
fication of a derivative that exhibits exceptional stability
during bulk 2e� galvanostatic charge–discharge cycling
and enabled characterization of a 2e� redox series. A
new multi-electron redox system class is hence disclosed
that expands the electrochemical cell potential range
achievable with main group electrolytes without com-
promising stability.

Redox systems based on main group elements are emerging
as next-generation building blocks for organic batteries,
electrochromic materials, magnets, photovoltaics, and
sensors.[1,2] Although they are attractive from economic and
sustainability perspectives,[3] main group elements typically
feature a lower density of redox states compared to
transition metals and consequently yield difficult-to-control,
highly reactive radical species upon electron transfer.[4] The
discovery of new main group systems capable of undergoing
controlled redox processes therefore continues to be of both
fundamental and applied interest, and research on persistent
main group radicals continues apace.[5]

Main group redox systems could prove especially
valuable in energy storage devices, particularly as charge-
able electrolytes for redox flow batteries (RFBs).[6, 7] Owing
to their relatively high-lying unoccupied molecular orbitals,
main group electrolytes could maximize theoretical cell

voltages by virtue of charge/discharge processes that take
place at extreme potentials near the edge of organic
solvents’ electrochemical windows (e.g. 6.1 V in MeCN vs
1.2 V in water).[8] For instance, organic redox systems such
as viologens (I2+),[9] quinones (II),[10] 2,2’-bipyrimidines
(III)[11] and their functionalized variants[12–16] can undergo
multi-electron, reversible reduction at low potentials of � 1
to � 2 V in MeCN and could unlock cell voltages that are
inaccessible under aqueous conditions (Scheme 1A). How-
ever, the intrinsically high reactivity of organic radicals
means that there exists a tradeoff in such systems between
stored electrochemical energy and stability, wherein redox
processes at more negative potentials are typically achieved
at the expense of electrolyte lifetime. While systematic
studies are emerging that aim to identify and rationally
mitigate organic electrolyte decomposition,[11] it remains
challenging to design new structural motifs that are capable
of multi-electron storage at extreme electrochemical poten-
tials (< � 2 V) yet are sufficiently stable to withstand
continuous redox cycling.

Oligothiophenes such as terthiophene (TTH) are among
the most well-studied structural motifs in organic
electronics[17] yet are surprisingly underexplored as molec-
ular redox systems.[18,19] Although they offer the possibility
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Scheme 1. A) Selected examples of organic redox systems capable of
2e� storage together with corresponding redox couple ranges. B) The
opportunity and challenge of 2e� storage in terthiophene (TTH).
C) Phosphine oxides as redox stabilizers. D) The strategy reported in
this work.
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of multi-electron storage at extreme negative potentials and
could therefore exhibit very high theoretical cell voltages in
the context of RFB applications,[20] studies on the electro-
chemical reduction of oligothiophenes have established the
instability of formed anions.[21] To enable redox cycling over
extended time periods and hence application in device
settings, introduction of functionalities would be necessary
that can stabilize the quinoidal anionic form of oligothio-
phenes (Scheme 1B). In contrast to conventional electron
withdrawing groups such as nitro and cyano substituents
that tend to compromise the negative redox potentials of
oligothiophenes,[22–24] we hypothesized that diaryl phosphine
oxides should be well-suited for this purpose. Widely studied
electron acceptors in the field of organic electronics,[25]

phosphine oxides feature a unique P� O bonding scenario
wherein negative hyperconjugation gives rise to an increased
relative electronegativity at P and hence the overall
electron-accepting character of the phosphine oxide moiety
(Scheme 1C).[26,27] Herein we leverage this attribute and
demonstrate that phosphine oxide-functionalized terthio-
phenes undergo fully reversible net 2e� reduction at
extreme negative potentials (Scheme 1D). We detail the
solid-state and electronic structure of a crystalline phosphine
oxide-functionalized terthiophene radical anion and present
the tuning of its redox properties via structural variation at
the terthiophene backbone. Finally, we show that this
fundamentally new class of electrolytes can undergo remark-
ably robust 2e� charge–discharge cycling for extended
periods at low potentials.

Straightforward oxidation of 3,3’’-(PPh2)2-TTH (1)[28,29]

with excess H2O2 afforded the corresponding phosphine
oxide-functionalized terthiophene 3,3’’-(P(O)Ph2)2-TTH (2)
as a crystalline yellow solid in 90% yield (Scheme 2A). The
1H and 31P{1H} NMR spectra of 2 in CDCl3 exhibit the
number of resonances consistent with an overall C2v

molecular symmetry in solution, establishing free rotation
about the inter-thiophene C� C bonds. The electrochemical
properties of 2 were probed by cyclic voltammetry (CV) to
experimentally assess its suitability for electron storage. The
cyclic voltammogram of 2 was recorded in DME solution at
room temperature and exhibits an irreversible anodic wave
at +0.93 V vs Fc/Fc+ (Fc= ferrocene) as well as two
reversible cathodic waves with half-wave potentials (E1/2) of
� 2.14 and � 2.40 V vs Fc/Fc+ (Scheme 2B). While the wave
at +0.93 V is assigned to a one-electron oxidation, the waves
at � 2.14 and � 2.40 V are relevant to the ability of 2 to store
electrons and correspond to reduction events. The fully
reversible nature of these cathodic features is retained even
after extended cycling as shown in Scheme 2C and is a
notable attribute of 2. By contrast, compound 1, unfunction-
alized TTH and 3,3’’-Br2-TTH all exhibit either irreversible
or quasi-reversible cathodic features while the cyano analog
3,3’’-CN2-TTH degrades upon repeated cycling despite
showing reversible waves at � 1.94 and � 2.25 V (Figur-
es S34–S37). Changing the supporting electrolyte from [(n-
Bu)4N][PF6] to [Li][PF6] or [K][PF6] resulted in a small
anodic E1/2 shift for 2, implying that Lewis acidic ions
reversibly interact with its reduced states (Figure S28).
Taken together, these observations establish the importance

of phosphine oxide functionalization for the well-defined
redox chemistry in 2.

The electronic structure of 2 as well as its one- and two
electron reduced analogs (2*� and 22� ) were examined by
density functional theory (DFT) calculations at the BP86
level of theory to gain insight into the nature of the 2e�

reduction. Consistent with the established influence of
reductive (n-type) doping on the electronic structure of
oligothiophenes,[30] the highest occupied molecular orbital
(HOMO) of 2 suggests aromatic “benzenoidal” character.
By contrast, the singly occupied molecular orbital (SOMO)
of 2*� and the HOMO of 22� show a shift towards a
“quinoidal” form (Scheme 2D).[31] Unlike 2, reduced prod-
ucts 2*� and 22� adopt a planar terthiophene configuration
with an increased bond order between thiophene subunits,
in line with their quinoidal character. Additionally, an
increased P� C bond order was observed between the
terthiophene and the diphenylphosphine oxide substituents,
supporting their role in the stabilization of reduced
terthiophene.

The reversible cathodic electrochemical features ob-
served for 2 also prompted investigation of its chemical
reduction. Treatment of 2 with one equivalent of sodium
naphthalenide in THF solution at � 34 °C resulted in a color
change from light yellow to dark blue. The product of the

Scheme 2. A) Synthesis of 2 and its solid-state structure with 50%
probability ellipsoids (hydrogen atoms omitted for clarity). B) CV of 2
at various scan rates and C) after extended cycling at 100 mVs� 1 (r.t.,
1.0 mM 2, 0.10 M [(n-Bu)4N][PF6] in DME, glassy carbon working
electrode). D) DFT-computed sequential one-electron reduction of 2 to
generate 2*� and 22� together with frontier orbital illustrations for each
redox state. For 2*� , one of several possible radical resonance forms
was drawn. Analogous frontier orbitals were computed for possible
conformers of 2, 2*� and 22� (see Supporting Information for details).
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reaction was identified as the sodium complex [Na(2)-
(THF)]2 isolated in 57% yield after recrystallization (Sche-
me 3A). The structure of [Na(2)(THF)]2 was determined by
single crystal X-ray diffraction which established a dimeric
arrangement in the solid-state. Shown in Scheme 3B, each
sodium atom in [Na(2)(THF)]2 is coordinated by one
terminal and one bridging phosphine oxide moiety as well as
a molecule of THF. As indicated by the DFT-computed
structure of 2*� , planarization of the terthiophene backbone
was observed for [Na(2)(THF)]2 alongside several key bond
length changes that accompany the reduction. Summarized
in Scheme 3B, the observed structural changes include
shortening of the CTTH� P bonds in [Na(2)(THF)]2 (C3� P1,
C10� P2) as well as shortening of inter-thiophene C� C bonds
(C4� C5, C8� C9).[32] Concomitantly, an alternating elonga-
tion/contraction pattern is observed for intra-thiophene C� C
bonds in [Na(2)(THF)]2 compared to 2. These observations

suggest that the electronic structure of [Na(2)(THF)]2 is
likely best described as approaching a quinoidal bonding
scenario (2*� in Scheme 2D). [Na(2)(THF)]2 can therefore
be viewed as a structurally characterized model for reduc-
tively-doped (n-type) oligothiophenes.[21]

Magnetic and spectroscopic measurements were carried
out on [Na(2)(THF)]2 to gain additional insight into its
electronic structure. A magnetic moment of 2.31�0.03 μB

was measured at room temperature in THF solution (Evans
method) that is consistent with an S=1 ground state and
implies that the dimeric structure observed in the solid-state
for [Na(2)(THF)]2 persists in solution. The X-band electron
paramagnetic resonance (EPR) spectrum of [Na(2)(THF)]2

was collected in 2-Me-THF glass at 113 K and exhibits an
isotropic signal (giso =2.0061) in the jΔms j =1 region (Fig-
ure 1A). The formally forbidden half-field transition (jΔms j

=2) is significantly less intense but was also observable at
113 K (Figure 1A, inset). Taken together, these data support
the formulation of [Na(2)(THF)]2 as an open-shell
diradical[33] species with SOMOs delocalized across both
terthiophene π-systems, a view that is also supported by the
DFT-computed spin density plot of its geometry-optimized
structure (Figure 1B). The observed structural, magnetic
and spectroscopic features of [Na(2)(THF)]2 thus establish
the redox-responsive nature of phosphine oxide-functional-
ized TTH.

The identification of terthiophene-based reduction
events in 2 prompted exploration of substituent effects for
modulation of its electrochemical properties. Specifically,
the installation of substituents at the TTH 5- and 5’’-
positions were pursued due to the influence of these
activated sites on the terthiophene π-system electronics.
Shown in Scheme 4A, di-lithiation of 2 followed by reaction
with 2.0 equivalents of MeI afforded 5,5’’-Me2-3,3’’-(P-
(O)Ph2)2-TTH (3) in 39% yield. Bromination of 2 with NBS
yielded the 5,5’’-dibromo analog 4 in 92% yield which was
subsequently subjected to Pd-catalyzed Suzuki–Miyaura
cross-coupling conditions to furnish the corresponding 5,5’’-
Ph2-3,3’’-(P(O)Ph2)2-TTH (5) in 45% yield. Compounds 3
and 5 are yellow-orange solids that are luminescent in
solution, generating emission maxima in the range 470–
520 nm upon excitation at wavelengths corresponding to
their main electronic absorptions (λmax =365–395 nm; Fig-
ure S42). As in the case of 2, two closely-matched cathodic
redox couples were observed for both 3 and 5 that retain
reversible character after 100 CV cycles at room temper-
ature in DME (Figures S30, S32). While the E1/2 values shift
cathodically to � 2.19 and � 2.45 V vs Fc/Fc+ for 3 relative to
2, extension of the terthiophene π-system via the phenyl
substituents in 5 resulted in an anodic shift of the potentials
to � 1.97 and � 2.17 V. As summarized in Scheme 4A, the
electrochemical properties of the compound series were
hence tunable by straightforward structural derivatization.

Isolation of a doubly-reduced phosphine oxide-function-
alized terthiophene was targeted to complete the 2e� redox
series. Although chemical reductions using Na[C10H8], KC8

or Mg[C14H10] did not yield isolable dianionic species,
controlled-potential electrolysis of 5 at � 2.08 and � 2.32 V
enabled structural characterization of its singly- and doubly-

Scheme 3. A) Synthesis of [Na(2)(THF)]2. B) Solid-state structure of
[Na(2)(THF)]2 with 50% probability ellipsoids (hydrogen atoms
omitted, phenyl substituents and THF solvent molecules represented
without probability ellipsoids for clarity). Key bond length changes in
comparison to 2 are shown, wherein bond elongation is highlighted in
bold.

Figure 1. A) X-band EPR spectrum of [Na(2)(THF)]2 recorded in 2-Me-
THF glass at 113 K. B) Spin density plot of [Na(2)]2 from a gas-phase
DFT calculation at the BP86 level of theory. See Supporting Information
for full spin population analysis.
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reduced analogs 5*� and 52� , respectively, as [(n-Bu)4N]+

salts (Scheme 4B). The radical species [(n-Bu)4N][5] exhibits
a monomeric solid-state structure and consequently an
isotropic EPR signal in 2-Me-THF glass without a half-field
transition (giso =2.0039, Figure S47). The terthiophene bond
lengths in the solid-state structure of [(n-Bu)4N][5] were
found to be comparable to those in [Na(2)(THF)]2 as a
consequence of one-electron reduction. By contrast, [(n-
Bu)4N]2[5] was found to distort towards a fully quinoidal
form and its solid-state structural metrics were best repro-
duced in a DFT-optimized geometry of 52� having a closed-
shell (S=0) ground state (Table S3). Both [(n-Bu)4N][5] and
[(n-Bu)4N]2[5] were found to be stable in solution at room
temperature in an Ar-filled glovebox as evidenced by minor
attenuation of their characteristic CV features over the
course of 2 days (Figures S39, S40). These results underscore
the remarkable robustness of charged phosphine oxide-
functionalized terthiophenes and provide insight into the
structural features of a 2e� redox series.

Galvanostatic charge–discharge cycling experiments
were conducted to test the bulk redox stability of the
phosphine oxide-functionalized terthiophenes. We em-
ployed an H-cell setup for this purpose, which is an
established method for evaluating the suitability of redox
systems for bulk energy storage as RFB
electrolytes.[11,12,15,34,35] In contrast to 1e� cycling, achieving
robust 2e� cycling in H-cells is challenging due to the co-
existence of several highly reactive redox species that can

participate in side-reactions during the long timescale of the
cycling experiment.[13] This problem is further exacerbated
at extreme negative potentials and also by any separation of
the redox couples wherein large E1/2 differences can result in
significant voltaic efficiency losses.[36] Although compounds
3–5 all feature closely-matched cathodic redox couples, 5
was selected for H-cell experiments as it exhibits the
smallest potential difference between its first and second
reductions (ΔE1/2 =0.20 V) as well as the most favorable
solubility properties.[37]

In a symmetric H-cell with in situ generated 52� (1.0 mM,
0.20 M [(n-Bu)4N][PF6] in DME), a constant current of
�0.5 mA (2 C) was applied using reticulated vitreous carbon
(RVC) working- and counter-electrodes. To access the
cathodic redox couples of 5 (Figure 2A, inset), the voltaic
cutoffs during H-cell cycling were set to � 2.47 V and
� 1.37 V vs Fc/Fc+ for charging and discharging, respec-
tively. Shown in Figure 2A, starting from an initial state of
charge (SOC) of 73.7%, over the course of 46 hours
(50 cycles), >98% Coulombic efficiency was maintained
and 91% of the initial capacity of 5 was preserved. These
metrics translate to a remarkably low capacity fade of
0.15% per hour for 5.[38] The profile of the cell voltage
during cycling was found to be consistent with the CV data,
further supporting stable 2e� cycling at the expected
potentials (Figure 2B). Given the strongly reducing nature
of both redox couples cycled, 5 offers improved theoretical

Scheme 4. A) Synthesis and cathodic redox couples of 3 and 5 observed
by CV recorded at 100 mVs� 1 (r.t., 1.0 mM compound, 0.10 M [(n-
Bu)4N][PF6] in DME, glassy carbon working electrode) together with the
solid-state structure of 3 with 50% probability ellipsoids (hydrogen
atoms omitted). B) Controlled-potential electrolysis of 5 to generate
[(n-Bu)4N][5] and [(n-Bu)4N]2[5] (see Supporting Information for details)
together with the solid-state structure of [(n-Bu)4N]2[5] with 50%
probability ellipsoids (hydrogen atoms omitted, phenyl substituents
represented without probability ellipsoids for clarity).

Figure 2. A) Normalized cell capacity and Coulombic efficiency vs cycle
number for the 2e� charge/discharge cycling of 52� /5 in a symmetric
H-cell. Inset: CV of 5. B) Cell voltage profile of the 52� /5 charge/
discharge process (see Supporting Information for details).

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2023, 62, e202304600 (4 of 6) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202304600 by E

th Z
ürich E

th-B
ibliothek, W

iley O
nline L

ibrary on [12/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



cell voltage over state-of-the-art organic redox systems
together with ca. 5× lower capacity fade (Figure S41). This
exceptional combination of stored electrochemical energy
and stability thus serves as a key proof-of-concept and
suggests that phosphine oxide-functionalized terthiophenes
are a promising new class of main group electrolytes for
RFB applications.

In summary, we have demonstrated that ubiquitous
terthiophenes can be applied as robust 2e� storage media by
straightforward functionalization with phosphine oxides. An
unusual phosphine oxide-functionalized terthiophene radical
anion was isolated and its electronic structure was inves-
tigated by spectroscopic, computational, and single crystal
X-ray diffraction methods. Modification of the terthiophene
backbone led to the identification of a diphenyl-substituted
derivative that exhibited exceptional stability at extreme
negative potentials during bulk charge–discharge cycling
and allowed structural characterization of a 2e� redox series.
We thus disclose a robust and modular 2e� redox platform
that expands the theoretical RFB cell potential window
achievable with main group electrolytes and offers new
parameter space for further exploration. Namely, the
R2P(O) functionality is highly modular and can be leveraged
to tune the molecular weights and solubilities of the redox
systems in order to optimize their weight-to-charge ratios
and energy densities.[39] Besides implementation as RFB
electrolytes, phosphine oxide-functionalized terthiophenes
may also be applied to advance main group electronics as
conducting polymer precursors[40] and spin systems.[41]
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