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Introduction

Oxidation of sp- and sp?-hybridised molecular
semiconductors with iron(i) chloride in
organic media

*¢ Stefano Pecorario,®
b
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Pietro Marabotti,® Ivan K. llic, Valerio Galli," Simone Melesi,
Pierfrancesco Sanso,?® Andrea Tuarivoli,®® Carlo S. Casari,
Rik R. Tykwinski” and Mario Caironi () *®

® Daniele Fazzi, (9

Access to the charged states of emerging organic molecular semiconductors is crucial to understand their
electronic properties. In the case of materials optimised for hole transport, oxidation can be challenging for
molecules with deep HOMO levels. Beyond some of the more common sp?-molecules, such as acenes and
nanographenes, molecules based on sp-hybridised carbon, namely cumulenes, are emerging as materials
with unique electronic properties, and good hole transport in field-effect devices based on polycrystalline
thin-films. Very little is known, however, about the nature of the charged states contributing to charge
transport in cumulenes. In this study, we demonstrate a successful chemical oxidation strategy of two model
systems using sp- and sp>-hybridised molecular semiconductors with deep HOMO levels using iron(i)
chloride in optimised organic solvent mixtures. The optimisation process relies on controlling the solvent
environment. In the case of the model cumulene tetraphenylbutatriene ([3]Ph), the formation of the oxidised
species [3]Ph* exploits the sp-carbon backbone to accommodate the excess positive charge, and the charge
delocalisation dramatically increases the bond length alternation leading to a polyynic structure. We extend
this approach to the sp? semiconductor C8-BTBT, validating its general applicability. Our findings offer
insights into the redox behavior of sp-carbon systems and provide a robust chemical route to access
charged states in sp- and spz—hybridised small molecules.

Recently, cumulenic carbon atom wires, also referred to as
[7]cumulenes, have been introduced as an intriguing class of

The interest in organic electronics and emerging optoelectronic
and bioelectronic applications has driven the investigation of
organic semiconductors, aiming to discover new materials and
enhance the performance of existing ones. Conjugated small
molecules are typically the best-performing structures among
organic semiconductors when employed in field-effect transis-
tors due to their ability to form highly crystalline films."?
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conjugated organic molecules and have offered a new paradigm
for organic electronics.® Unlike the majority of conjugated
organic materials, which rely on sp>-hybridised carbon, cumu-
lenes are based on sp-hybridisation, and they feature a contig-
uous series of quasi-double bonds as their backbone.**°

Like polyynes, which are sp-carbon systems constructed from a
chain of alternating single and triple bonds,* ® cumulenes can be
considered finite segments of the elusive sp-carbon allotrope,
carbyne.*'*™** Carbyne is the ideal, infinitely long carbon chain
with one-atom cross section, a truly 1D system,*®'%'" with
impressive predicted materials performance,>*'® including a
Young modulus as high as 32 TPa'® and thermal conductivity
between 80 and 200 kW m~* K~ *.'* From an electronic point of
view, carbyne has two degenerate and orthogonal n-systems with
no fixed nodal plane that spans along the entire carbon wire and
affords extended charge delocalisation.*””*%*>! yet, long sp-
hybridised carbon chains are highly reactive, and as a conse-
quence, carbyne systems have not yet been isolated.*>”**"">?? To
date, only finite-length isolated sp-carbon chains, cumulenes and

Mater. Adv.


https://orcid.org/0009-0001-8787-1540
https://orcid.org/0000-0002-3082-5869
https://orcid.org/0009-0009-8268-6926
https://orcid.org/0000-0001-9144-6822
https://orcid.org/0000-0002-8515-4214
https://orcid.org/0000-0002-0442-4439
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma01506e&domain=pdf&date_stamp=2026-03-03
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01506e
https://pubs.rsc.org/en/journals/journal/MA

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:07:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

polyynes, could be synthesised, thanks to the increased stability,
typically favored by bulky end-groups. Such terminations shield
the molecule backbone with their steric hindrance, effectively
protecting the reactive sp-hybridized framework.*”***> Through
appropriate selection of the end-groups, in combination with
the modulation of the sp-carbon chain length, it is possible to
regulate the energy gap and, generally, the electronic energy levels
of the molecule, allowing a high degree of electronic
tunability.*>7*'%*372> On the one hand, studies on these finite
molecules can provide knowledge that may be useful in the effort
to isolate the ideal allotrope.>'®'" On the other hand, they offer a
novel set of versatile conjugated molecules and 1-D nanostruc-
tures with tunable optoelectronic properties that can be exploited
for organic electronics.

Aside from single-molecule junctions, polyynic segments
have been tested in white organic light emitting diodes.*® Mean-
while, cumulenes, especially tetraphenylbutatriene ([3]Ph), are
being employed in devices such as supercapacitors®® and organic
field effect transistors (OFETs).>*! Notably, [3]JPh-based OFETs
exhibited a hole field effect mobility of 0.2 cm®* V™" s, as well as
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ideal transfer characteristics and mobility behavior, and good
operational stability.® Such promising performance in solid-state
devices is not yet fully understood in terms of charge transport
mechanisms and the nature of the charged states involved in the
transfer processes. To fully exploit the potential of these materials,
it is crucial to understand how charges behave when (de)localised
around the sp-carbon-based molecules. Accessing the charged
states by chemical means is a common approach to studying
organic semiconductors, but the oxidation of organic small mole-
cules such as cumulenes can be challenging under typical experi-
mental conditions. Their HOMO (highest occupied molecular
orbital) energy level is typically below —5.4 V,>*> deeper with
respect to common molecular p-dopants. An energy level mis-
match between the semiconducting molecule and the oxidant can
hinder charge transfer,® so a strategy to increase oxidation
efficiency is needed.

In this study, we achieve chemical oxidation of cumulene
[3]Ph (Fig. 1(a)). To be able to isolate the single molecules, we
opted to work on solutions, and detail the conditions that
enable this oxidative process, through a combination of
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Fig. 1 (a) Molecular structure of the cumulene tetraphenylbutatriene, [31Ph. (b) UV-Vis-NIR spectra of [3]Ph (0.01 g L™Y), FeCls (0.05 g L™Y), and of [3]Ph
and FeCls (0.025 g L~%/0.075 g L™, respectively) in chloroform (CF). (c) UV-Vis-NIR spectra of mixtures of [3]Ph and FeCls (0.25 g L™*and 0.75 g L%,
respectively) in CF, CF and tetrahydrofuran (CF—-THF), CF and acetonitrile (CF-ACN), and CF and nitromethane (CF—NM), all solvents 1:1 volume ratio. A
4 mm optical-path, quartz cuvette was employed to record these spectra. The abrupt step at 860 nm is due to a detector change. (d) Raman spectra of
pristine [3]Ph (0.75 g LY in CF; [3]Ph and FeCls (0.75 g L™/2.25 g L%, respectively) in CF~ACN; and [3]Ph and FeCls (0.25 g L=*/0.75 g L™, respectively) in
CF-NM. Solvents are mixed in a 1:1 volume ratio. Raman intensities are normalised to the peaks around 1600 cm™! for each curve.

Mater. Adv.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01506e

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:07:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

spectroscopic, electrochemical, and quantum-chemical techni-
ques. In particular, we describe how the careful choice of the
solvent and concentration leads to optimisation of the oxidis-
ing mixture to achieve effective oxidation of [3]Ph using FeCls.
Importantly, Raman spectroscopy provides evidence that the
charge formed on [3]Ph is hosted by the sp-carbon backbone, a
critical step to further understand charge transport properties
in this class of materials. Finally, this new oxidation approach
is extended to an sp’-conjugated molecular semiconductor,
dioctyl[1]benzothieno[3,2-b][1]benzothiophene (known as C8-
BTBT), toward establishing a useful and broad strategy for
chemical oxidation of conjugated molecules with deep lying
HOMO energy levels.

Results and discussion

Since the HOMO level of [3]Ph has been estimated at —5.48 eV,’
FeCl; was employed as an oxidant, since in its anhydrous form>* it
is established as a strong and efficient electron acceptor for the
oxidation of organic semiconductors.***>~*> Chloroform (CF) was
the starting solvent of choice, as it is a very good solvent for [3]Ph
and there is extensive literature regarding organic molecules
oxidised by FeCl; in chloroform.**?7384%%74% The UV-vis-NIR
absorption spectra of chloroform solutions of [3]Ph (0.01 g L™,
FeCl; (0.05 g L"), and a mixture of [3]Ph and FeCl; (0.025 g L™
and 0.075 g L™, respectively, 1:6.6 molar ratio) are shown in
Fig. 1(b). [3]JPh shows an intense absorption peak with a
maximum at about 423 nm, referred to its HOMO-LUMO (lowest
unoccupied molecular orbital) transition (with contributions
from HOMO—1 — LUMO and HOMO — LUMO+1) and another
absorption at 274 nm assigned to the HOMO—1 — LUMO+1.>””7
The spectrum of FeCl; in CF presents a band at 341 nm associated
with the solubilised monomeric species. This value is close to that
reported in the literature (336 nm)** and attributed to a ligand-to-
metal charge transfer excitation. Neither FeCl; nor [3]Ph has
absorption bands above 500 nm. The mixture of [3]Ph and FeCl;
(0.025 g L' and 0.075 g L™ ", respectively) shows absorption
features that are best described as a linear combination of the
two pristine compounds, leading to the conclusion that a reaction
between [3]Ph and the oxidant FeCl; has not occurred.

To force oxidation, the concentration of both [3]Ph and
FeCl; was increased. Fig. S1 shows the UV-vis-NIR absorption
spectra of the mixtures of the two reagents in CF at different
concentrations, keeping the molar ratio of [3]Ph: FeCl; fixed at
1:6.6, with an excess of oxidant. Concentration values up to
0.5 g L™'/1.5 g L™" ([3]Ph/FeCl;) did not produce new optical
features. A mixture at 1 g L™ '/3 g L™ displayed weak new bands
at 573, 615, 697, and 786 nm, partially covered by scattering,
consistent with the formation of an oxidised product, as neither
the cumulene nor the solvent is expected to act as a ligand for
iron(m).*>*” The amount of FeCl; can be reduced, and the new
optical features can be made cleaner if the oxidation of [3]Ph is
stabilised by favorable intermolecular interactions, which shifts
the equilibrium towards the oxidised product. A more polar
solvent provides strong intermolecular interactions, favoring

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the formation of polar/ionic species both kinetically and
thermodynamically.*® On this basis, the oxidation of [3]Ph
(0.25 g L™ ) was explored using reduced concentrations of FeCl,
(0.75 g L™') while adding an aprotic, polar solvent along with
CF in a 1:1 volume ratio, including acetonitrile (ACN), nitro-
methane (NM), and tetrahydrofuran (THF). The UV-vis-NIR
spectra of these mixtures above 450 nm are presented in
Fig. 1(c). In pure CF at this concentration, as expected, there
is no change in the spectrum. Likewise, attempted oxidation in
the mixture of CF and THF does not present any new features.
On the other hand, the system containing ACN shows the
emergence of a new band in the visible region, at about
634 nm, indicating a reaction between [3]Ph and FeCl;. The
sample containing NM shows two pronounced new bands at
574 and 831 nm, in addition to the feature at 634 nm. This
confirms that a reaction, presumed to be the oxidation of [3]Ph,
took place. Time-dependent density functional theory (TD-DFT)
calculations (@B97X-D/cc-pVTZ level of theory, see Fig. S2 and
S3) performed on the mono-oxidised product [3]Ph*, compute
the first dipole-allowed transition at 1.94 eV (638.6 nm,
unscaled energy value), with an oscillator strength (f) of
0.253. The character of such Dy-D; transition (i.e., ground to
first excited state transition of positively charged, Doublet,
species, D) is represented by a SOMOa to SUMOu excitation
(Single (Un)Occupied Molecular Orbitals), thus involving the
frontier n-n* MOs of the oxidised species and showing electron
density contributions from both the carbon chain atoms and
the aryl groups (Fig. S2). Due to the well-known overestimation
of the transition energies as computed with the range-
separated DFT functional,"®”° we can safely assign this transi-
tion to that observed experimentally at around 831 nm. The
computed spectrum of the oxidised species also shows two
additional transitions, centered at around 500 nm (see Fig. S2),
which are red shifted with respect to the absorption of the
neutral species (computed at 384 nm, f = 0.93). These transi-
tions can be assigned to the experimental absorption bands at
around 600 nm (Fig. 1(c), CF-NM spectrum).

Beyond UV-vis spectroscopic analysis, the oxidation of [3]Ph
to [3]Ph" was also corroborated by the Raman spectra
(Fig. 1(d)), as Raman is an unambiguous technique to detect
sp-carbon species.”***"*> The Raman spectrum of pure [3]Ph
(0.75 g L™ in CF) shows a peak at 2030 cm ™' in the spectral
region of the characteristic vibration of cumulenes and other sp-
carbon-based materials (i.e., from 1800 to 2200 cm ™ *).*%?3243753
This vibration is assigned to the so-called ECC mode, from the
effective conjugation coordinate theory,”** and refers to a
collective in-phase stretching and shrinking of the sp-carbon
bonds. The Raman spectrum of the mixture of [3]Ph and FeCl;
(0.75 g L™ " and 2.25 g L™ ', respectively; the concentrations were
increased with respect to UV-vis absorption measurements to
ensure a strong Raman signal) in CF-ACN (1:1 volume ratio)
exhibits an additional blue-shifted peak centered at 2100 cm ™,
consistent with the oxidation of [3]Ph to [3]Ph’. A comparison
of the DFT computed Raman spectra of [3]JPh and [3]Ph"
(see Fig. S2) shows a blue shift of the ECC Raman active mode
upon oxidation, from 2202 cm™" to 2235 em™', respectively

Mater. Adv.
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(®B97X-D/cc-pVTZ, unscaled value). The blue shift is correlated
to an increase in the bond length alternation (BLA) of the sp
carbon-carbon bonds, from 0.07 A to 0.14 A, upon oxidation
(Fig. S3), i.e., increased polyynic-like character of the chain in
the charged state.”*”"*>*3¢ The combined experimental and
computational Raman results support the formation of a sp-
carbon system for the oxidised species, as this vibrational mode
still falls into the ECC mode region. As further proof, Raman
spectra were acquired for a mixture of FeCl; in CF-ACN, and in
CF-NM (1:1 by volume), neither of which displays a signal in
the sp-carbon region (Fig. S4). Thus, we conclude that [3]Ph is
oxidised by FeClj; to give [3]Ph", which features a structure with
the positive charge localised mainly on the sp-carbon
backbone.”® In the case of [3]Ph and FeCl; (0.25 ¢ L™ and
0.75 g L', respectively) in CF-NM (1:1 by volume), the new
feature at 2100 cm ™' is much more pronounced compared to
that of [3]Ph at 2030 cm™", despite the lower concentrations
used, consistent with an increased oxidation efficiency pro-
moted by NM, as observed in the UV-vis-NIR spectra (Fig. 1(c)).

The oxidation of [3]Ph by FeCl; is further supported by the
Raman peaks between 1500 and 1650 cm™'. When oxidised, the
symmetric aryl stretching modes of neutral [3]Ph at 1596 cm™"
split into two Raman active modes at 1581 and 1614 cm ™",
respectively (Fig. 1(d)). Such normal modes represent a
quinoidal-like oscillation of the aryl units, with frequencies
red-shifted with respect to the neutral species. Such observa-
tion is supported by DFT calculations (see Fig. S2 and S3),
which reveal slight variations in the aryl carbon-carbon bond-
lengths and dihedral angles upon oxidation, thus leading to a
change in the force constants that justifies the frequency red-
shift. Interestingly, the low-frequency peak does not present
particular solvent-dependent intensity modulation, the high-
frequency one presents a remarkable intensity in CF-ACN
compared to the CF-NM solution. These observations point
toward the assignment of the peak at 1614 cm ' to Fe®'-
mediated complexes with the aryl rings of [3]Ph. Indeed, given
the lower oxidation efficiency of [3]Ph in CF-ACN, a greater
fraction of [3]Ph might be engaged in FeCl;-ACN coordination
complexes than in direct FeCl;-[3]Ph ones, resulting in a higher
intensity of the high-frequency Raman peak compared to CF-
NM solution (vide infra). Regarding the other Raman signals
observed in the spectra in Fig. 1(d), the peak at about
1492 cm ™" in [3]Ph, related to a combined vibration of C=C,
C-C, and C-H bonds of the aryl rings,*" remains approximately
unchanged when [3]Ph" is oxidised to [3]Ph" in the CF-ACN,
while the same signal broadens and weakens in CF-NM,
following the same trend observed for the fingerprint Raman
peak of neutral [3]Ph (2030 cm ). The remaining Raman
signals below 1450 cm™ " can be assigned to vibrational features
of the respective solvents.

To support the chemical oxidation of [3]Ph to [3]Ph", we
explored electrochemical methods. Cyclic voltammetry (CV)
was performed with [3]Ph dissolved in dichloromethane
(DCM) at a concentration of 0.56 mmol L™" (ca. 0.20 g L™Y),
tetrabutylammonium tetrafluoroborate [(TBA)(TFB)] as a sup-
porting electrolyte (0.1 mol L"), Pt gauze as the working
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electrode, and ferrocene as a reference (2 mmol L™'); all
potentials are reported vs. the F¢/Fc' couple, unless otherwise
stated. The voltammogram of [3]Ph (Fig. 2(a)) shows a redox
pair centered at +0.11 V, related to the oxidation of ferrocene
(Fc/Fc'), and another pair with E,, at +0.80 V assigned to
reversible oxidation [3]Ph, as this signal does not appear in
the absence of [3]Ph (Fig. S5). Above +1.2 V, DCM starts to
degrade and generates the observed current increase. FeCl; in
ACN has a reduction potential of about +2.0 V vs. SCE (satu-
rated calomel electrode),””>° which is ca. +1.6 V vs. Fc/Fc'.
Thus, the reduction potential of FeCl; is clearly sufficient to
oxidise [3]Ph in weakly coordinating organic liquids, such as
ACN or NM.

Chronoamperometry was then performed by fixing the
electrical potential at +1.05 V for 300 s. The solution of [3]Ph
near the working electrode (Pt) gradually turns from yellow to
blue, which can be related to the oxidation of both [3]Ph and
ferrocene. A solid precipitate appears after applying the voltage
for a prolonged time (> ca. 3 min). This indicates the low
solubility of the blue reaction product in DCM. The precipitat-
ing product is consistent with the formation of [3]Ph', a
charged product that has limited solubility in weakly polar
solvents, such as DCM. Raman spectra were collected by
focusing the laser onto the Pt electrode, before and during
the chronoamperometry, to compare the spectra acquired from
the chemical and electrochemical oxidation (Fig. 2(b)). The
spectrum collected from electrochemical oxidation presents
two peaks in the sp-carbon stretching frequency region, at
2032 cm ' related to [3]Ph, and the other at 2108 cm™" as
previously assigned to [3]Ph" in the chemical oxidation in
solutions of CF-ACN and CF-NM (Fig. 1(d)). As observed in
the case of chemical oxidation, the peak associated with the
C=C stretching mode of [3]Ph (1596 cm™') is redshifted in
[3]Ph* (1582 em ™), corroborating the change in the electronic
structure upon formation of [3]JPh". The absence of the peak at
1613 cm ! from the chronoamperometry experiment confirms
its origin from a FeCl;-mediated coordination complex during
chemical oxidation, since FeCl; was not introduced in the
former. The comparison between the two Raman spectra col-
lected during the electrochemical and chemical oxidation
experiments (middle and top curves in Fig. 2(b), respectively)
confirm that [3]Ph" is formed in both cases. This assignment is
corroborated by the corresponding UV-vis-NIR bands produced
by [3]Ph" formed by chemical and electrochemical oxidation
(Fig. 2(c)). The UV-vis-NIR absorption experiment during the
electrochemical oxidation was carried out in the absence of
ferrocene to avoid ambiguity between the two oxidation pro-
ducts, ferrocenium® and [3]Ph", since both absorb in the same
wavelength range.

The successful oxidation of [3]Ph based on the regulation of
concentration and solvent was the motivation to assess the
extension of this strategy to sp>-carbon-based molecular semi-
conductors with low lying HOMO energy levels. The heteroaro-
matic C8-BTBT (Fig. 3(a)) is a well-established, high-performing
sp’-based semiconductor. It has been widely employed in p-
type OFETs both as a standalone active material and in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Cyclic voltammogram of [3]Ph (0.56 mmol L™ in DCM) using
ferrocene (FC) (2 mmol L™, as an internal reference, and [(TBA)(TFB)]
(0.1 mol L™ as supporting electrolyte. Analyses were conducted between
—1.0and +1.25 V (50 mV s7%), subsequently fixing the potential at 1.05 V for
the chronoamperometry. (b) Raman spectra of a [3]Ph (1.8 mmol L™
solution in DCM acquired before electrochemical oxidation (neutral [3]Ph,
pink curve at the bottom) and during a chronoamperometry experiment
with fixed potential at +1.05 V for 300 s (red curve in the middle). The blue
line shows the Raman spectrum acquired on a solution of [3]Ph:FeCls
(0.25 g L71/0.75 g L™Y in CF=NM. (c) Comparison of UV-vis-NIR spectra,
with normalised absorbances, of chemically oxidised [3]Ph (with FeCls,
0.25 g L7Y0.75 g L' in CF=NM), and electrochemically oxidised [3]Ph
(1.0 g L™ in DCM without ferrocene, with [(TBA)(TFB)] 0.25 mol L~* and
after applying +1.1 V for about 15 s).
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Fig. 3 (a) Molecular structure of C8-BTBT. (b) UV-Vis-NIR spectra, with a

focus on the visible range, of C8-BTBT (final concentration: 0.13 g L™
mixed with FeCls (5.4 g L™ in CF or solvent mixtures 1:1 by volume. The
solvents added to CF are ACN, THF, and NM. In black, the spectrum of a
diluted solution of C8-BTBT (0.052 g L% in CF. All spectra were acquired
with 4 mm quartz cuvettes.

combination with polymers, reaching field effect mobilities in
excess 20 cm” V™! s71.517%% The UV-vis-NIR spectra of solutions
of C8-BTBT and FeCl; in the same solvent combinations used
for [3]Ph (CF-ACN, CF-THF, CF-NM) are presented in Fig. 3(b).
While all samples present strong absorptions in the UV region
(Fig. S6 and Fig. 1(b)), only the mixture of C8-BTBT and FeCl; in
CF-ACN can absorb in the visible region of the spectrum. The
absorption band in this mixture has the same profile as
reported for doped C8-BTBT.®® The spectrum (Fig. 3(b)) thus
suggests that C8-BTBT is oxidised by FeCl; in the solvent
mixture CF-ACN. It is interesting to note that, unlike [3]Ph,
C8-BTBT is not oxidised in the solvent mixture of CF-NM,
confirming that the conditions necessary to force chemical
oxidation of molecules with a deep HOMO necessitate tuning
of the polar aprotic solvent mixture.

The reduction potential of FeCl; in organic media is affected
by the solvent in terms of solvation, as expected for any
compound,®” but also by the possible presence of solid parti-
cles of FeCl; due to the incomplete dissolution. In fact, it is
known that solid particles of FeCl; offer vacant sites on the
surface of Fe(m) that can effectively initiate the oxidation
process.*® In contrast, in good solvents FeCl; tends to form
dimers and/or coordination compounds with solvent mole-
cules, which has the effect of passivating the vacant site of
Fe(m).°® The presence of solid FeCl, particles in the solvents has
been assessed by the Tyndall effect.®® Fig. S7 presents pictures
of solutions of FeCl; (0.75 g L™") in CF, CF-ACN, CF-NM and
CF-THF irradiated with a green laser. Light scattering from
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Fig. 4 Schematic representation of solid FeCls (centre) and two possible mixtures in different liquid media: containing strongly coordinating solvents
(orange diamonds), with blocked and inactive sites (left), or weakly coordinating solvents, with free and active sites towards oxidation (right).

particles is more evident in the system containing only CF and
mixtures CF-ACN and CF-NM. While the Tyndall effect con-
firms that all systems contain dispersed solid particles, the
mixture with CF-THF presents the weakest scattering, confirm-
ing a lower concentration and/or smaller size of dispersed FeCl;
particles. Indeed, FeCl; was reported as soluble in diethyl
ether,®® which has acid-base behavior similar to THF and acts
as a hard Lewis base.”” Thus, the hard acid FeCl; is probably
more soluble in THF than in the other liquids tested, which
explains the lower number of solid particles and the corres-
ponding weaker light scattering. Concerning the formation of
lyophilic-like systems, this process can occur in the mixture
containing THF, because it is a highly coordinating solvent and
interacts strongly with iron(u) due to their common Lewis
acid-base behavior.

The solubility and colloidal behavior of FeCl; in different
solvents were further evaluated to understand its role as an
oxidant. DLS measurements (Fig. S8) confirmed the presence of
solid particles in all mixtures, with larger particle sizes in NM
and more signal variation in THF, which is consistent with
different degrees of dissolution. UV-vis and Raman spectro-
scopy (Fig. S9) showed that ACN and NM preserve FeCls
oxidative activity, while THF suppresses it. The results of
homocoagulation experiments, shown in Fig. S10, demon-
strated that FeCl; behaves as a lyophobic colloid in CF-ACN,
stabilised by electrostatic interactions rather than solvation.
Overall, weakly coordinating solvents (ACN and NM) favor more
reactive colloidal dispersions, while strongly coordinating

Mater. Adv.

solvents (THF) passivate FeCl; surfaces and suppress oxidation
(Fig. 4). These findings confirmed that the solvent choice is
affecting not only the thermodynamic and kinetics of the
oxidation process via solvation interactions between substrate
and solvent molecules, but also the colloidal nature and the
oxidative strength of FeCl,.

Conclusions

In this work, an effective strategy for the oxidation of a
cumulenic (sp-carbon) and heteroaromatic (sp*-carbon) semi-
conductors with deep HOMO energy levels is achieved by
leveraging the oxidative strength of FeCl; through optimisation
of the solvent systems. This approach readily enables the
oxidation of the model cumulene tetraphenylbutatriene,
[3]Ph. A positive charge was successfully induced on [3]Ph
through mixing with FeCl; in solution under optimised solvent
conditions. The appearance of new UV-vis-NIR absorption
bands in the visible region and a new Raman active mode
(ECC) near 2100 cm ™" confirmed the formation of oxidised
species, [3]Ph" (i.e., the radical-cation). The observed blue-shift
of the ECC mode upon oxidation is consistent with increased
BLA and a more pronounced polyynic character of the cumu-
lenic chain in the charged state. Electrochemical measure-
ments combined with in operando Raman further validated
these findings. The oxidation of [3]Ph by the FeCl; process is
clearly related to the use of a mixture of chloroform with polar,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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aprotic solvents, namely acetonitrile and nitromethane. The
enhanced oxidation efficiency observed in optimised mixtures
suggests that favorable intermolecular interactions of FeCl;
with weakly coordinating solvents increase reactivity and stabi-
lise the oxidised products. This approach to oxidation was
successfully extended to the well-known heteroaromatic semi-
conductor C8-BTBT.

On the one hand, the successful oxidation of both [3]Ph and
C8-BTBT (constructed from sp- and sp>-hybridised carbon,
respectively) demonstrates a versatile strategy to access the
oxidised state of conjugated materials with deep HOMO energy
levels with enhanced environmental stability. On the other
hand, by identifying the charged state of [3]Ph, this work
contributes to the fundamental understanding of cumulenes
and offers ground for their effective exploitation in optoelec-
tronic applications.
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