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Role of structural isomerism in the properties of
imine-based organic hole-transporting materials
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Organic hole-transporting materials (HTMs) play a key role in enhancing both the efficiency and

endurance of photovoltaic devices and for optoelectronic applications. In contrast to their inorganic

counterparts, they offer distinct advantages such as solution processability, tunable properties, and low-

cost fabrication. However, their electrical conductivity in most cases is intrinsically low and can be

enhanced through doping using chemical oxidants. Doping typically involves the partial oxidation of the

HTM, generating additional free charges and improved film conductivity. In this work, we investigate

the effect of molecular design on the doping mechanism, with a specific focus on imine-linked,

triarylamine-based compounds. Our research indicates that the effectiveness of doping and resulting

conductivity are determined by the energy of the dopant–HTM complex. Through a combined approach

including density functional theory (DFT) modelling, spectroscopy, and conductivity measurements, we

observe that oxidation of the HTM does not guarantee doping if the generated charges are not free. This

highlights the importance of imine bond orientation in the stabilisation of generated holes. Interestingly,

a seemingly trivial chemical change, such as the inversion of an imine bond affects the doping of the

material. Our findings show that such isomerisation can result in charge transfer complexes with stabi-

lised holes that do not improve conductivity. This challenges many common approaches to chemical

doping, where standard additives are added to newly developed HTMs without prior investigation of their

efficacy for the chemical system being studied. We advocate for a tailored understanding of the doping

mechanism and the use of spectroscopic techniques to enhance HTM design and characterisation.

Introduction

Hole-transporting materials (HTMs) play an essential role in
various optoelectronic devices, particularly in perovskite solar
cells (PSCs), solid-state dye-sensitised solar cells (ss-DSSC), and
organic light-emitting diodes (OLEDs). These materials are
responsible for the effective transfer of positive charge carriers,
known as holes, from the active layer to the electrodes, which
significantly improves both the efficiency and stability of the
devices.1,2 The use of HTMs composed of semiconducting small
organic molecules and polymers has become a prominent area of
research in the field of optoelectronic devices. This is attributed
to the advantages that organic HTMs offer compared to their
inorganic counterparts, including the abundance of raw materi-
als, low-cost, flexibility of molecular design, excellent solubility,
environmental sustainability, solution-processability, mechanical
flexibility, tunability of electronic properties, good film-forming
characteristics, and ease of fabrication.2–4

Since the main functions of HTMs are to transport holes
to electrodes for collection and block the opposite charges

a School of Chemistry, University of Glasgow, University Avenue, Glasgow,

G12 8QQ, UK. E-mail: Graeme.Cooke@glasgow.ac.uk,

pablo.docampo@bcmaterials.net
b BCMaterials, Basque Center for Materials, Applications, and Nanostructures,

UPV/EHU Science Park, 48940 Leioa, Spain
c Department of Chemistry, College of Science, Imam Mohammad Ibn Saud Islamic

University (IMSIU), Riyadh 11623, Saudi Arabia.

E-mail: salmahmoud@imamu.edu.sa
d IKERBASQUE, Basque Foundation for Science, Bilbao 48009, Spain
e New Energy & Optical Materials Lab., Departament de Quı́mica Inorgànica i
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(electrons), HTMs need to exhibit certain advantageous
characteristics. These include high hole mobility, the ability
to form morphologically stable thin films, a highest occupied
molecular orbital (HOMO) level with optimal energy align-
ment that facilitates a low energy barrier for hole injection
from the active layer into the anode, and a well-defined lowest
unoccupied molecular orbital (LUMO) level that prevents electron
injection from the active layer into the hole transport layer.2,4,5

A high glass transition temperature (Tg) is also a critical parameter
in the development of reliable HTMs to prevent their crystal-
lisation after heating above their Tg, thus providing thermal and
morphological stability.6 For organic HTM synthesis, specific
molecular design needs to be considered, commonly, it incorpo-
rates aromatic conjugated systems with electron-donating moi-
eties such as triphenylamine (TPA) and carbazole, due to their
desirable characteristics of high charge carrier mobility and
reduced ionisation potential (IP).2

Many highly efficient HTMs have been developed, including
the state-of-the-art 2,20,7,70-tetrakis(N,N-di-4-methoxyphenyl)amino-
9,90-spirobifluorene (Spiro-OMeTAD). Spiro-OMeTAD is by far
the most studied example, which displays a HOMO of B4.9 eV
and a hole mobility of B2 � 10�4 cm2 V�1 s�1.7–10 The spiro-
linked compounds, exhibit a high Tg value, ensuring morpho-
logical stability and facilitating ease of processing, while
maintaining favourable electronic properties.6 Although spiro-
OMeTAD is the most widely explored HTM and allows for high
power conversion efficiencies (PCEs) in devices, several draw-
backs spurred researchers to develop different HTMs. Spiro-like
HTMs require a complex and multi-step synthesis process,
coupled with challenges in purification which significantly
limit their feasibility for large-scale application as HTMs in
optoelectronic devices.10

Moreover, Spiro-OMeTAD not only suffers from high pro-
duction costs due to its complex synthesis and purification
requirements but also exhibits poor hole mobility (mh B
10�4 cm2 V�1 s�1). This low mobility leads to increased recom-
bination losses, which is a major drawback for its use in various
applications, particularly in PSCs.10 This led the attention
towards developing alternative HTMs to spiro-OMeTAD with
low cost and high efficiency.11–14 Although a wide range of
HTMs has been proposed as alternatives to spiro-OMeTAD,
only very few examples have resulted in mh values that are
comparable to those exhibited by spiro-OMeTAD.12,13,15

High-performing HTMs are generally synthesised via cross-
coupling reactions.16–21 Specific conditions such as inert atmo-
sphere, expensive catalysts, and extensive product purification
are necessary for these reactions, which ultimately lead to high
costs and limit large-scale commercialisation. Consequently,
derivatives of triphenylamine-based HTMs were synthesised
through catalyst-free methods, employing aryl halides and
aldehydes as precursors. This approach facilitated the intro-
duction of diverse HTMs featuring olefin, amide, or imine
linkages that connect the electron-donating units.14,22–27

A series of HTMs have previously been synthesised via simple
and clean Schiff-base condensation chemistry with an esti-
mated material cost in the range of 4–54 $ per g.27 The
Schiff-base condensation reaction offers several advantages,
as it can be performed under mild conditions without the need
for expensive catalysts. This results in a straightforward pro-
duct purification process involving only water as a byproduct,
which can be easily removed, avoiding the formation of
side products that can result from the use of transition metal
catalysts.27,28

We have recently introduced a range of HTMs for PSCs that
are synthesised using Schiff-base condensation chemistry.
These compounds predominantly contain the imine group
(CQN), which is typically formed through a simple condensa-
tion reaction between an active carbonyl compound and a
primary amine. The materials showed increased conductivity
of up to 10�3 S cm�1 after doping with LiTFSI, and hole
mobilities of up to 10�5 cm2 V�1 s�1, comparable to those of
well-known state-of-the-art HTMs such as Spiro-OMeTAD.27

The effects of inverting the imine bond orientation was also
performed in order to examine the impact of the nitrogen
position in the p-bridged linker moiety.27

Devices using isomeric imine HTMs showed significant
differences in the bandgap of the materials and a significant
decrease in PCE when the imine nitrogen is oriented towards
the core as opposed to the TPA arms. This was attributed to a
significantly reduced HOMO energy for this HTM. The differ-
ence in HOMO energy levels was thought to introduce a hole
injection barrier at the perovskite interface, resulting in high
series resistance that restricted the short-circuit current ( Jsc) of
the device. Nevertheless, the largest reported changes in HOMO
energies calculated from DFT or estimated as IPs from cyclic
voltammetry (CV) between the two HTMs in Fig. 1 were only

Fig. 1 Two isomeric imine structures studied in Petrus, et al. (2017). The two symmetrical imine bond orientations are illustrated, along with the
drastically reduced PCE for the N-to-core orientation compared to N-to-TPA.27
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around 0.1 eV. A significant decrease in conductivity between
the two HTMs was noted after doping, with a tenfold decrease
in conductivity for the N-to-core (1 � 10�7 S cm�1) orientation
compared to N-to-TPA (5 � 10�6 S cm�1) at the same doping
level (Fig. 1).27 This indicates that variations in the oxidation
and doping processes of the two HTMs are likely responsible
for the observed difference in PCE, emphasising that a small
change in the molecular design can significantly affect the
overall performance.

Huang and co-workers found that reversing imine bond
orientations in covalent organic frameworks (COFs) featuring
bipyridine cores results in significant disparities in their phy-
sical properties, photophysical characteristics, and photocata-
lytic efficiency for CO2 reduction. This stems from the
polarisation characteristics of the imine bond facilitating a
preferential orientation for intramolecular charge transfer
(ICT) upon photoexcitation.29 It was also found that when the
imine nitrogen is not bonded directly to the core, the bipyridine
functioned as an electron acceptor, generating a delocalised
hole with a localised electron. When the imine orientation was
reversed, the bipyridine functioned as an electron donor and
displayed the opposite functionality, generating a delocalised
electron with a localised hole.29 Nevertheless, there is still a
lack of essential research on how the orientation of the imine
bond impacts the reaction between the HTM and the chemical
additives used in the fabrication of optoelectronic devices.
Here, we investigate the effect of the orientation of the imine
bond on oxidation mechanisms and conductivity of imine-
based HTMs.

This investigation is conducted on two novel imine mate-
rials, BiPh-inv-OMeTPA (10) and BiPh-OMeTPA (12) (Scheme 1),
comprised of biphenyl cores with TPA sidearms. The biphenyl
moiety represents another simple and readily available build-
ing block that appears in many HTM structures found in the
literature, where it is often attached to the rest of the HTM
molecule through C–C bonds formed by cross-coupling reac-
tions such as the Suzuki couplings.21,30,31 This results in the
same drawbacks inherent in the synthesis of Spiro-OMeTAD.
We introduce the imine bond as a linker between the biphenyl
core and the TPA moieties, which greatly simplifies the
synthesis of the target compounds due to the abundance
of commercially available functionalised biphenyls and easy
synthesis of functionalised triphenylamines. The all-aromatic
nature of the compounds allows for conjugation of the imine
bonds, improving their resistance to aqueous hydrolysis
which commonly affects the stability of imine groups.
Furthermore, the large number of phenyl rings in the struc-
ture can present additional opportunities for p–p stacking,
which can improve the lifetime of a charge-separated excited
state, leading to enhanced electrical properties.32,33 The
orientation of the nitrogen atom in the imine bond was found
to have a significant effect on the resulting film conductivity
and photovoltaic performance. Significant differences in elec-
tron density distribution and oxidation behaviour between
the two orientations are revealed from DFT and spectroscopic
studies.

Results and discussion
Synthesis

The two imine-based HTMs were synthesised as shown in
Scheme 1. The materials involved functionalised TPA sidearms
coupled to a conjugated biphenyl core, with the imine bond
attached in two opposing orientations. In compound 12, the
nitrogen is bonded to the TPA donor arms, while for compound
10 the nitrogen is bonded to the biphenyl core. All target HTMs
were synthesised through Schiff-base condensation reactions,
involving simple and cheap building blocks that were either
easy to prepare (3, 4, 6, 7, 9) or commercially available (1, 2, 5, 8,
11). Imine-based HTMs are obtained in 43% and 49% yield for
compounds 10 and 12, respectively. To study the influence of
the imine bond orientation on the doping mechanism and
redox properties of imine-based HTMs, four additional model
compounds (14, 15, 17, 18) were also synthesised using con-
densation chemistry with similarly mild conditions (Scheme 2).
Target compounds were characterised by 1H NMR, 13C NMR
and mass spectrometry. The 1H NMR spectra recorded for
intermediates 3, 4, 6, 7, and 9 agree with previous reports in the
literature.24,36–38

DFT modelling

The target HTMs 10 and 12, as well as the model compounds
14, 15, 17, and 18 were investigated using DFT calculations
using Gaussian 09 software to study the influence of the imine
bond orientation on the structural and electronic properties of
the compounds (Fig. 2). All molecular structures were geome-
trically optimised using the hybrid B3LYP functional and a
6-311G** basis set. HOMO and LUMO energies were calculated
from the optimised structures. Frequency calculations were
performed, to confirm the absence of a transition state. The
HOMO for compound 10 is found to be localised over the entire
molecule, while for compound 12 the HOMO is mainly loca-
lised on the TPA moiety. In the case of LUMO levels, the
electron density distribution is mainly localised over the central
core (i.e., biphenyl) for both HTMs. Therefore, the extent of
overlap between HOMO and LUMO is lower for compound 12
compared to the inverted imine derivative compound 10.
Compound 10 has a wider band gap (Eg) of 3.25 eV compared
to 2.65 eV for compound 12. This can be attributed to the
significant change in both HOMO and LUMO levels of com-
pound 10 upon inversion of the imine group. The TPA model
compounds 14 and 17 both have the HOMO located on the TPA
moiety with the LUMO centred around the imine bond, delo-
calised over the phenyl rings on either side. The biphenyl
model compounds 15 and 18 both possess HOMO and
LUMO delocalisation over the whole molecule. The effect of
imine bond isomerisation is less pronounced on the model
compounds and affects the target molecules 10 and 12 to a
greater extent.

The impact of the electronegative nitrogen atoms and their
orientation in the imine bond affects the electron density
distribution throughout the molecule. This was visualised
using electrostatic potential (ESP) maps, which were computed
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for compounds 10, 12, 14, 15, 17, and 18 (Fig. 3). In compound
10, the biphenyl core is much more electron-rich compared
to compound 12 since it is directly bonded to the nitrogen
atom of the imine bond. The nitrogen atoms in the imine
bond facilitate the movement of electron density towards
the respective moieties they are connected to, directing elec-
tron density towards the core in compound 10 and towards the
TPA arms in compound 12. A similar effect is seen for all
model compounds as well, where electron density is con-
centrated on the phenyl rings directly bonded to the imine
nitrogen atom.

Optical and electrochemical properties

Since HTMs need to transport charges effectively to their
respective electrodes, appropriate alignment of energy levels
is required. Therefore, optical and electrochemical studies of
the HTMs were performed to gain insights into these para-
meters. UV-Visible absorption and emission spectra of com-
pounds 10 and 12 are summarised in Fig. 4 and Table 1.
Compound 10 showed a maximum absorption lmax at 402 nm,
while compound 12 showed a 20 nm bathochromic shift with lmax

at 422 nm. The bathochromic shift associated with switching
between the two imine bond orientations results in a reduced

Scheme 1 Synthesis of imine HTMs. Conditions: (i) K2CO3, copper powder, 18-crown-6, DMF, reflux (150 1C, 16 hours), yield 67%; (ii) 10% palladium on
carbon, hydrazine hydrate, dry THF, reflux (66 1C, 16 hours); (iii) sodium metal, methanol, 0 1C then copper(I) iodide, DMF, 90 1C, 12 hours; (iv) POCl3,
DMF, 0 1C, then 90 1C for 12 hours; (v) MgSO4, p-TsOH, EtOH, 80 1C, 16 hours, (vi) MgSO4, p-TsOH, EtOH, 25 1C, 16 hours.
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optical gap (Eopt) for compound 12, which might indicate
potential variations in planarity and, hence, conjugation across
the entire molecule.

We estimated the Eopt for both HTMs 10 and 12 using Tauc
plots (Fig. 4b and c). Compound 12 showed a reduced Eopt

of 2.63 eV compared to compound 10, which gave an Eopt

of 2.79 eV. These findings are consistent with previously
reported studies.27,39 The emission spectra show that com-
pound 10 fluoresces at a longer wavelength (544 nm) com-
pared to compound 12 (481 nm), with Stokes shifts of 142 nm
(70 423 cm�1) and 57 nm (175 439 cm�1) for 10 and 12,
respectively. This indicates a greater degree of flexibility in

Scheme 2 Synthesis of four imine model compounds. Conditions: (vi) MgSO4, p-TsOH, EtOH, 25 1C, 16 hours.
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the molecule and more significant structural changes upon
light excitation.16,40

To gain insight into the IP and electron affinity (EA) of the
target HTMs, cyclic voltammetry (CV) and square wave voltam-
metry (SWV) measurements were performed using 10�4 M
solutions of the target compound in dimethylformamide
(DMF) as solvent. All voltammograms were referenced to the
Fc/Fc+ redox couple (Fig. 5 and Table 1). The results show that
changing the imine bond orientation results in differences in the
oxidation profile of the HTMs. Compound 10 shows a higher IP
of 5.27 eV compared to that of compound 12 (5.04 eV). Further-
more, an irreversible oxidation was observed at approximately
0.05 V for compound 10, which was not seen in the square-wave
voltammogram (Fig. 5b). This irreversible oxidation may indicate

an irreversible side reaction taking place during the oxidation
process. It may also result from the precipitation of the oxidised
product, which may contribute to the irreversible wave. In order
for the HTM to perform effectively, the oxidation process must
be reversible to facilitate the conductivity that is dependent
on redox reactions occurring between radical cations and neutral
molecules to transfer charge through the HTM layer.41

In compound 10, the imine bond orientation may result in
electron density being localised on the biphenyl moiety, increas-
ing the likelihood of removing an electron from the core rather
than from the TPA sidearm. Hence, the irreversible oxidation
might result in a permanent chemical change within the mole-
cule which, in turn, prevents the generation of a mobile hole.
This aligns with the findings from the DFT studies (Fig. 2).

Fig. 3 Optimised geometries and ESP maps of HTMs 10 and 12 and model compounds 14, 15, 16, and 17 at the B3LYP 6-311G** level.

Fig. 2 Molecular orbital distribution of HTMs 10 and 12, as well as model compounds 14, 15, 17, and 18 calculated at B3LYP 6-311G** level.
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To further investigate whether the imine orientation is res-
ponsible for the observed irreversible oxidation of compound
10 and further understand the redox properties of compounds
10 and 12, CV and SWV experiments were also performed on
the four model compounds. The voltammograms are depicted
in Fig. 7, and all estimated IPs are summarised in Table 1.
In Fig. 6a, models 18 and 15 based on biphenyl core show IPs of
4.69 eV and 4.62 eV, respectively. They also exhibit comparable
irreversible characteristics at 0.25 V to those in the parent HTM
10. This implies that the irreversibility oxidation is due to the
biphenyl core of the HTM, rather than the TPA sidearms.
Furthermore, the inversion of the imine bond orientation in
compound 12 enhances the electrochemical reversibility of the

system. In compound 12, the TPA sidearm undergoes reversible
oxidation, while in compound 10, the biphenyl core is the first
to undergo irreversible oxidation. The DFT studies suggest that
the HOMO of compound 10 can potentially delocalise across
the whole molecule, causing the biphenyl core to oxidise when
exposed to a chemical oxidant.

Similar behaviour to compound 10 was observed for com-
pounds 17 and 18, while compounds 14 and 15 show reversible
oxidation to the TPA sidearm. One can conclude that the IPs of
these HTMs appear to be influenced by both their molecular
structure and the orientation of their imine bonds. Compounds
10, 17, and 18 generally exhibit higher IPs, while compounds
12, 14, and 15 tend to have lower IPs.

This trend suggests that imine bonds oriented towards
the biphenyl core may contribute to higher stability against
oxidation, potentially attributable to increased electron delo-
calisation or variations in the electronic distribution within
the molecule, which is in agreement with the DFT studies.
On the other hand, the opposite imine orientation appears
to promote more efficient oxidation, potentially offering
advantages for hole injection or extraction in certain device
architectures. This orientation-specific behaviour presents
a crucial design principle for modifying the electronic

Fig. 4 (a) UV-Visible absorption and emission properties of HTMs 10 and 12, measured in dichloromethane from 10�5 M solutions. (b) and (c) Tauc plots
prepared from their UV-visible absorption spectrum.

Table 1 Optical and electrochemical properties of HTMs 10 and 12, as
well as model compounds 14, 15, 17, 18

Compound lmax (nm) Eopt (eV) E1/2 vs. Fc+/Fc (V) IP (eV)

10 402 2.79 0.47 5.27
12 422 2.63 0.24 5.04
14 461 2.81 0.25 5.05
15 342 3.19 �0.18 4.62
17 396 2.76 0.33 5.13
18 351 3.10 �0.12 4.69
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properties of HTMs for specific applications in optoelectronic
devices.

Thermal properties

The thermal properties of compounds 10 and 12 were analysed
using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC), and results are shown in Fig. 7. It is of
great importance to study the thermal stability of any HTMs to
ensure their feasibility in photovoltaic systems that function
in high temperatures. In this case, maintaining the stability
of the amorphous state is crucial for achieving strong inter-
facial contact. Conjugated imines have been found to possess
good thermal stability, making them appropriate for such
applications.34,35 Fig. 8 shows the similar thermal stability
between the two HTMs.

In the thermograms shown in Fig. 7a, an initial mass loss of
5% is seen for HTM 10 from 110–180 1C. A plateau is observed
after this point, suggesting that the observed changes do not
stem from decomposition but instead reflect a mass loss of a
different nature. We exclude the evaporation of solvent due to
the sample being extensively dried under vacuum for several
hours before the measurement. An identical TGA trace was
recorded after drying compound 10 for a further 12 hours under
vacuum, which verifies that residual solvent is not responsible
for the original mass loss (SI, Fig. S13). Full decomposition was
recorded for both HTMs at around 400 1C, thus confirming
the excellent stability of the imine materials towards thermal
decomposition. HTM 12 exhibits a glass transition Tg = 75 1C,
which is typically undesirable for solar cell applications as it may
lead to low morphological stability of the HTM under normal
operation.42 At higher temperatures, both HTMs exhibit

exothermic transitions at 137 1C (compound 12) and 205 1C
(compound 10) due to crystallisation or aggregation in the solid
state. A further melting transition is seen for HTM 12 at 175 1C.
Interestingly, compound 10 does not exhibit glass transitions
or melting in the DSC, highlighting the significant difference in
thermal character between the isomeric imine molecules.

FTIR spectroscopy

ATR-FTIR was used to investigate the molecular structure of
compounds 10 and 12. As illustrated in Fig. 8, the presence of
low-intensity bands above 3000 cm�1 is associated with aromatic
nC–H stretching modes. The peaks around 2950, 2832 cm�1

(compound 10) and 2933, 2829 cm�1 (compound 12) correspond
to the stretching vibrations of methyl groups. The characteristic
band of the imine group, nCQN is observed at about 1584 cm�1 in
the case of compound 10 and at about 1617 cm�1 for compound
12. The aromatic nCQC stretching modes are found between
1600 and 1500 cm�1, overlapping with the imine stretching band.
The bands at 1236 and 1157 cm�1 correspond to nC–O stretching
modes for compounds 10 and 12, respectively. Additionally, both
compounds exhibit the in-plane aromatic bending mode dCH at
1031 cm�1 (10) and 1033 cm�1 (12). For compound 10, the out-of-
plane bending modes are detected at 822, 781, and 721 cm�1, and
for compound 12 at 826, 781, and 718 cm�1. The imine stretching
band in compound 10 appears at a lower wavenumber than that of
compound 12. This might indicate that compound 10 possesses a
higher conjugation in its ground state than compound 12. This
result aligns with DFT predictions (Fig. 2), where the HOMO for
compound 10 is found to be delocalised over the entire molecule,
suggesting a higher conjugation between the triphenylamine units
and the core compared to compound 12.

Fig. 5 (a) Cyclic voltammograms and (b) square-wave voltammograms recorded from 10�4 M solutions in DMF for HTMs 10 and 12.
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Overall, the FTIR analysis revealed all expected bands that
are characteristic of the organic functional groups in the
investigated compounds. The theoretically predicted FT-IR
spectra of both compounds (Fig. 9) show a similar profile to
the experimental spectra. However, the predicted bands appear
at slightly higher wavenumbers compared to those obtained
experimentally, which is attributed to the gas phase calcula-
tions, which do not consider the intermolecular interactions.

Oxidation of HTMs and film conductivity

To gain insight into the chemical oxidation properties as well as
the conductivities of compounds 10 and 12, the materials
were oxidised using different amounts of ionic oxidant

FK209. Since the oxidation reaction with FK209 does not
require oxygen as in the case of the well-known oxidant LiTFSI,
FK209 was chosen to remove the need for ambiguous curing
steps in a dry oxygen environment, thus standardising the
experiments. FK209 is a cobalt based complex that oxidises
the HTM through a redox reaction, generating a radical cation
with the concomitant reduction of its Co(III) center to Co(II).
Furthermore, FK209 does not result in hygroscopic byproducts
being left in the film, as opposed to LiTFSI,43 which is crucial
for long-term device stability.

Fig. 10 shows the thin film UV-visible absorption spectra of
compounds 10 and 12 treated with increasing concentrations of
FK209. The growth of new peaks is observed in the absorption

Fig. 6 (a) Overlaid CVs and (b) stacked SWVs of biphenyl model imines 18 and 15. (c) Stacked CVs and (d) stacked SWVs of TPA-based model imines 17
and 14. All voltammograms recorded from 10�4 M solutions in DMF.
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profile upon addition of FK209, observed as an immediate
colour change in solution, thus confirming a chemical reaction
between HTM and oxidant. A large difference of B255 nm is
noted in the maximum absorbance of the oxidised species (lox)
for compound 10 and compound 12, where the absorption of
oxidised compound 12 occurs at much longer wavelengths
compared to that of compound 10. While the starting materials
are isomeric, the oxidised products have vastly different optical
band gaps and are likely to be very different chemical species.
This suggests that the FK209 reactions proceed through very
different pathways, despite both HTM solutions immediately
exhibiting a colour change to dark red.

The conductivity of the imine-based HTMs oxidised with
FK209 was also tested, since successful doping only occurs
when mobile holes are generated in the oxidation reaction.44

Interestingly, a notable difference in conductivity behaviour
was observed for the two HTMs across the FK209 concentration

range (Fig. 11). The conductivity of compound 10 showed a
maximum increase of roughly an order of magnitude as
opposed to compound 12, which showed an increase by several
orders of magnitude as the FK209 concentration was increased.
The maximum conductivity obtained for compound 12 was in
the order of 10�5 S cm�1 at 0.6 equivalents of FK209 oxidant.
This indicates a significant decrease in doping efficiency for
compound 10 compared to compound 12, which was success-
fully doped by FK209, resulting in a substantial increase
in conductivity. The conductivity of compound 10 does not
increase even if the FK209 concentration in solution is increased to
1 equivalent, further emphasising the lack of doping. The low
conductivity of compound 10 may be attributed either to insuffi-
cient hole mobility or negligible generation of extra holes, since
the conductivity of holes in the film relies on both hole concen-
tration and their mobility. Mobilities reported for similar HTMs
were in the range of 10�5 cm2 V�1 s�1,27 suggesting that the newly

Fig. 7 (a) Overlaid TGA of compounds 10 and 12. Dashed line represents 95% weight. (b) Stacked DSC thermograms of compounds 10 and 12.

Fig. 8 Overlaid ATR-FTIR spectra for compounds 10 and 12, measured experimentally on the neat solids.
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synthesized compounds in this work would be expected to exhibit
comparable mobility values.

PSC fabrication

To show the practical utility of compounds 10 and 12, we
employed these molecules as HTMs for the fabrication of PSCs,
using a configuration of FTO/c-TiO2/SnO2/CsFAMAPbI3/HTM/
Au, and measured their photovoltaic efficiency under one-sun
illumination. We investigated the influence of the imine orien-
tations on photovoltaic performance. PSCs were fabricated
through solution spin coating, with the HTM solution containing
HTM 10 or 12 at a concentration of 25 mM in chlorobenzene, as
well as the additives LiTFSI, FK209, and tert-butylpyridine (tBP).
The optimised recipe for the HTM solutions is detailed in the SI,
Section S1.3. Compound 12 showed improved performance com-
pared to compound 10 (Table 2 and Fig. 12). The low electrical
conductivity of the two molecules resulted in poor fill factor (FF)
and Jsc. Both the HTMs display a similar open circuit voltages (Voc),

suggesting identical band alignment, which follows the HOMO
level calculations. The poor FF of devices fabricated with com-
pound 10 is attributed to high series resistance resulting from
reduced conductivity, and increased recombination, which creates
shunting channels and inhibits hole collection. The significantly
lower conductivity of compound 10 limits device performance
due to ineffective transport of holes, highlighting the practical
importance of imine bond orientations in optimising the device
properties.

NMR and EPR analysis

From the results described above, it is clear that our two imine
isomers 10 and 12 exhibit different oxidation behaviour. It is
likely that compound 10 is unable to generate a mobile hole
upon oxidation. In order to detect the generation of radical
species, NMR and EPR spectroscopic methods were utilised.
The initial stage in the process of doping involves the creation
of radical cations within the HTM. It is possible to detect stable

Fig. 9 Theoretically predicted gas-phase FTIR spectra for compounds 10 and 12, calculated using density functional theory at the B3LYP 6-311G** level.

Fig. 10 Normalised thin film UV-visible absorption spectra of doped films of (a) compound 10 and (b) compound 12 recorded immediately after spin
coating, with increasing concentration of FK209.
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radical species qualitatively through routine 1H-NMR experiments
since the interaction between unpaired electrons and NMR-active
nuclei leads to the broadening of the NMR signals in the molecular
regions that are involved, thus enabling qualitative detection
of these radical species. This has been utilised in several studies
for the oxidation of Spiro-OMeTAD.45,46 EPR analysis can provide

further insight by acting as a direct measurement of the presence
of radical species which can confirm a successful doping reaction.

Fig. 13 shows the aromatic region of the 1H-NMR spectrum
of compounds 10 and 12, as well as their corresponding
AgTFSI-oxidised spectra. Two solutions of HTMs were prepared
for NMR analysis, with the addition of one equivalent of AgTFSI
to each solution. In this case, the utilisation of FK209 would
introduce complexity to the analysis since the additive under-
goes reduction to a paramagnetic Co(II) species. This Co(II)
species would then contribute its paramagnetic broadening,
thereby further complicating the analysis.8 Thus, AgTFSI served
as a strong chemical oxidising agent that was capable of
generating HTM radicals without generating any byproducts
in the reaction mixture. The only product formed was metallic

Fig. 11 Film conductivities of compounds 10 and 12, with increasing FK209 concentration.

Table 2 Comparison of the champion photovoltaic device parameters for
HTMs 10 and 12

Compound Jsc (mA cm�2) Voc (V) FF PCE (%)

12 14.9 0.89 62.33 8.2
10 0.7 0.85 13.88 0.1
Spiro-OMeTAD 23.8 1.04 73.55 18.2

Fig. 12 JV characteristics of the champion devices fabricated with compounds 10, 12, and Spiro-OMeTAD (spiro) as the HTM.
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silver, which precipitated out of the solution and could be
readily separated by filtration. AgTFSI readily oxidises both
imine isomers as seen in the UV spectra in the SI, Fig. S14.

Fig. 13 illustrates that, upon the addition of AgTFSI, a
change in the chemical shift of the aromatic proton signals
in both HTMs is observed. Compound 12 shows a noticeable
broadening in the aromatic region corresponding to the pro-
tons assigned to the TPA moiety, along with broadening of the
imine proton signal (8.55 ppm). The observed signal broad-
ening is likely due to the paramagnetic nature of the unpaired
electron produced during the oxidation of AgTFSI. The peaks
originating from the protons in the biphenyl core remain
unchanged, indicating that the radical is entirely localised on
the TPA arms.45 On the other hand, there is no significant
signal broadening observed for compound 10, which might
indicate that the interaction between compound 10 and AgTFSI
results in side reactions that do not produce a detectable

amount of radical species, hence supporting the lack of con-
ductivity increase upon the addition of FK209 (Fig. 11).

EPR spectroscopy was then utilised to confirm the formation
of radical species through the reaction of compounds 10 and 12
with AgTFSI (Fig. 14). This is essential since the conductivity
of the HTM cannot be enhanced unless the species can stabilise
the radical cation state. No EPR signals were observed for the
control HTM solutions. However, when one equivalent of
AgTFSI was added, a strong paramagnetic signal was observed
for compound 12, while compound 10 did not exhibit any
evidence for radical formation, suggesting that it cannot suffi-
ciently stabilise a radical cation. Consequently, this can further
confirm the observed lack of conductivity increase upon the
addition of FK209 for compound 10. The NMR and EPR
spectroscopic results confirm the electrochemical observations:
the oxidation of compound 10 leads to an undesirable side
reaction that fails to form a stable radical cation. It is possible

Fig. 13 The aromatic region of (a) compound 10 and (b) compound 12 1H-NMR spectra, recorded in toluene-d8 before and after the addition of 1
equivalent of AgTFSI.

Fig. 14 (a) EPR spectra of undoped films of compounds 10 and 12, (b) AgTFSI-doped films of compounds 10 and 12.
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that the oxidation of the core in compound 10 leads to an
immediate quenching of the radical through a more energeti-
cally favourable mechanism.

Conclusion

We have developed hole transport materials with opposite
imine bond orientations via facile condensation chemistry.
The effect of the different imine orientations on materials
doping and, therefore, oxidation mechanisms was then stu-
died. Imine bond orientation has a substantial impact on the
performance of materials in transferring holes, moreover, the
orientation is closely connected to the oxidation mechanisms
and conductivity. The difference in electron density distribu-
tion and consequent oxidation behaviour observed in the two
orientations suggests the presence of competing oxidation
pathways that impact the orientation over the other.

Following chemical oxidation, compound 12 showed the
formation of stable and mobile holes, resulting in a consider-
able increase in film conductivity up to B10�5 S cm�1.
In contrast, compound 10 did not yield a significant hole
concentration, thus limiting its utility and conductivity remained
very low (10�8 S cm�1). These observations are also reflected in the
device properties. We highlight the importance of structure–
function relationships in the molecular design and outline how
simple alterations, such as the imine unit orientation, can signifi-
cantly impact the efficiency of charge transport and device proper-
ties, thereby setting a guide towards the systematic design and the
optimisation of future HTMs.
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Nyman, S. Dahlström, R. Österbacka, A. Priimagi, J. Chang
and P. Vivo, ACS Appl. Energy Mater., 2019, 2, 3021–3027.

15 F. Zhang, Z. Wang, H. Zhu, N. Pellet, J. Luo, C. Yi, X. Liu,
H. Liu, S. Wang, X. Li, Y. Xiao, S. M. Zakeeruddin, D. Bi and
M. Grätzel, Nano Energy, 2017, 41, 469–475.

16 H. Li, K. Fu, A. Hagfeldt, M. Grätzel, S. G. Mhaisalkar and
A. C. Grimsdale, Angew. Chem., Int. Ed., 2014, 53, 4085–4088.

17 S. Paek, Processes, 2021, 9, 2249.
18 D. Bi, B. Xu, P. Gao, L. Sun, M. Grätzel and A. Hagfeldt, Nano

Energy, 2016, 23, 138–144.
19 J. Jia, L. Duan, Y. Chen, X. Zong, Z. Sun, Q. Wu and S. Xue,

RSC Adv., 2019, 9, 216–223.
20 E. Sheibani, L. Yang and J. Zhang, Sol. RRL, 2020, 4, 2000461.
21 H. D. Pham, S. M. Jain, M. Li, Z. K. Wang, S. Manzhos,

K. Feron, S. Pitchaimuthu, Z. Liu, N. Motta, J. R. Durrant
and P. Sonar, Adv. Electron. Mater., 2020, 6, 1900884.

22 S. Lv, Y. Song, J. Xiao, L. Zhu, J. Shi, H. Wei, Y. Xu, J. Dong,
X. Xu, S. Wang, Y. Xiao, Y. Luo, D. Li, X. Li and Q. Meng,
Electrochim. Acta, 2015, 182, 733–741.

23 E. A. A. Alkhudhayr, D. Sirbu, M. Fsadni, B. Vella, B. T.
Muhammad, P. G. Waddell, M. R. Probert, T. J. Penfold,

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 9
:5

8:
11

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1039/d6cp00309e
https://doi.org/10.1039/d6cp00309e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00309e


This journal is © the Owner Societies 2026 Phys. Chem. Chem. Phys.

T. Hallam, E. A. Gibson and P. Docampo, ACS Appl. Energy
Mater., 2023, 6, 11573–11582.

24 M. L. Petrus, K. Schutt, M. T. Sirtl, E. M. Hutter, A. C. Closs,
J. M. Ball, J. C. Bijleveld, A. Petrozza, T. Bein, T. J. Dingemans,
T. J. Savenije, H. Snaith and P. Docampo, Adv. Energy Mater.,
2018, 8, 1801605.
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