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Interest in sustainable and bio-inspired materials for optoelectronic applications is burgeoning, driven by
the prospect of greener production, compatibility with large-scale manufacturing and potential
biocompeatibility. This study introduces two analogues of the biological redox co-factor flavin (BFG, BFA)
as bioinspired electron-transporting materials featuring solubilizing ethylene glycol and alkyl side chains.
These materials demonstrated a conductivity of ~5.6 x 1077 S cm™ in their pristine form which
compares favourably with widely employed PCBM (6.8 x 1078 S cm™). To enhance the conductivity of
the material the chemical dopant N-DMBI was added. UV-vis absorption and electron spin resonance
measurements confirmed radical anion formation, while glycol-functionalized derivative BFG shows
faster reactivity toward the dopant due to increased polarity of the acceptor molecule conferred by the
more polar side chain. Surprisingly, these materials did not exhibit the expected enhancement effect in
terms of conductivity or increased power conversion efficiency in perovskite solar cells. DFT calculations
correlated to features in the absorption spectra of the compounds indicates the formation of stable
charge-transfer complexes upon the addition of the dopant. We hypothesise that this inhibits electron
transfer of the reduced species in the film to its undoped neighbour and thereby prevents effective
doping. Our results highlight the significance of charge-transfer complexation in the design of future
electron transporting materials for perovskite solar cells and advocates the use of low cost DFT
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rsc.li/energy-advances modelling early on in the design of these species and their dopants.

Introduction

Fullerene based molecules like C60 and [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) have found widespread use as electron
transporting materials (ETMs) in perovskite solar cells (PSCs)
due in part to their excellent electron mobility and good solubi-
lity in most organic solvents used in solution processing.'™
Researchers have recently shown a growing interest in the
field of green chemistry, utilising cleaner synthetic procedures
thereby reducing the negative impact on human health and the
environment.” The utilisation of biologically-inspired systems
and materials could be an alternative route to new materials for
solar cells, focusing on the use of relatively non-toxic chemicals
and precursors from the natural world.* Flavins are biological
electron-transporting materials and are excellent candidates for
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development in this way.’ In particular, flavins are naturally
occurring redox-active molecules that serve as cofactors for
enzymes, facilitating various redox reactions and functioning
as electron shuttles within metabolic cycles. Synthetic analo-
gues of natural flavins are attractive candidates for the devel-
opment of new ETMs, due to their convenient synthesis from
cheap precursors, inherent stability and convenient electronic
tunability by synthetic manipulation.®

The optical and redox properties of flavins can be fine-tuned
by modifying the phenyl ring (positions C(6)-C(9)), whereas the
solubility, and therefore solution processibility, may be mod-
ified by varying the nature or the side chains attached to the
N(3) and N(10) positions.” Flavin derivatives have been used in
a number of applications such as in fluorescent probes,®
photocatalysts”'® and batteries."'* Despite the relative ease
with which precise adjustments can be made to the properties
of flavin derivatives, it is surprising that the photovoltaic
properties have only received limited attention.™

However, a key stumbling block for developing novel organic
semiconductors is their relatively lower conductivity as
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compared to inorganic counterparts. This stems from their
charge transport mechanism, which relies on hopping between
localised molecular orbitals.’* Additionally, organic semicon-
ductors are susceptible to trap site formation, often caused by
disorder and impurities.'®> These factors collectively make the
development of novel organic semiconductors challenging.®
An approach to address low charge transport characteristics is
to develop doping approaches employing molecular n-type'”°
or p-type> " dopants to enhance the conductivity of the
materials as well as film morphology,”*® and therefore
improve the performance of various electronic and optoelec-
tronic devices.”’>* The interaction between molecular dopants
and organic semiconductors relies on charge transfer mechan-
isms, leading to the formation of radicals and subsequent
generation of the free charge carrier within the organic
film.>* In this context, the principle dictates that the LUMO
level of p-type molecular dopants should be deeper than the
HOMO level of organic semiconductors to generate free holes,
whereas the HOMO level of n-type molecular dopants should be
shallower than the LUMO of the organic semiconductor to
generate free electrons.”> N-Type doping has been a well-
established method to significantly improve the conductivity
of PCBM derivatives from 107 S em™" to 10> S em ' by
incorporating (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-
2-yl)phenyl)dimethylamine (N-DMBI).>**® This approach has
also been successfully applied to PSCs, where it has been shown
to boost the power conversion efficiency (PCE) from 16.6% to
18.1%, primarily by improving the short-circuit current density
(Js) and fill factor (FF).>”

In this study, we report the synthesis of two new flavin
analogues with differing solubilizing glycol (BFG) and alkyl
(BFA) side chains (Fig. 1). The alkyl chains were introduced
to confer good solubility and thus solution processibility.
Moreover, the glycol-based side chain was included to investi-
gate the effect of side-chain polarity on doping efficiency,
molecular order, stability and efficiency in resulting devices, a
strategy successfully employed for other materials.**™** We
investigate the optical and redox properties of these systems
using UV-vis spectroscopy and cyclic voltammetry, respectively,
together with DFT modelling to probe the neutral and reduced
states of BFG and BFA. We also investigate the conductivity of
pristine films of these materials and upon doping with
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Fig. 1 Structures of BFA and BFG.
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N-DMBI. Finally, we have fabricated PSCs using BFG and BFA
and report their device parameters.

Results and discussions
Synthesis and general characterisation

The synthesis of BFG and BFA is described in the ESIL{ The optical
properties of BFG and BFA were evaluated using UV-vis spectro-
scopy. Our results indicate that there was no significant influence
of side chains on the spectra, as both derivatives exhibited similar
absorption profiles as shown in Fig. 2a. Cyclic voltammetry was
used to investigate the solution redox properties of BFG and BFA
(Fig. 2b) as well as the dopant, N-DMBI (Fig. S10, ESI}). Both NDI
derivatives displayed two pseudoreversible reduction waves. By
comparing these waves with that of ferrocene (used as internal
reference), our results indicate that the two redox waves corre-
spond to two one-electron reductions leading to the radical anion
(BF/BF* ") and dianion states (BF* /BF**"), respectively. The
estimated electron affinities (EAs) of BFG and BFA are —4.17 eV
and —4.27 eV, respectively, which are deeper than that of PCBM
(—3.92 eV).** DFT calculations were performed on an analogue of
BFA and BFG (BF) where the alkyl groups were truncated to
methyl units to facilitate the calculations (see ESIt). The gas
phase HOMO and LUMO energies were calculated to be —6.70
and —4.07 eV, respectively (Fig. 2c). This suggests that BFG and
BFA are in the appropriate range to serve as effective electron
acceptors for PSCs.** ¢

Doping experiments

To enhance the conductivity of the developed materials, (4-(1,3-
dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine
(N-DMBI) was employed as the n-type dopant. N-DMBI is well-
documented for its effectiveness in catalysing the reductive trans-
formation of organic materials? and forming radical species
in electron transfer reactions.*®*® The HOMO level of N-DMBI is
—4.67 eV, which is lower than PCBM, BFG and BFA. Therefore,
electron transfer cannot typically occur directly between N-DMBI
and BFG or BFA due to energy level misalignment.*”*>*" The singly
occupied molecular orbital (SOMO) depicted in Fig. 1c is associated
with N-DMBI radical. This radical forms upon activation of the
compound through photo® or thermal processes,>*> which
induces hydride transfer. The SOMO of the N-DMBI radical is
positioned at —2.36 eV, suggesting that it can participate in
electron transfer to the flavin derivatives.

To gain the insights into the doping impact on BFA
and BFG, we conducted a series of experiments focused on
assessing the influence of N-DMBI concentration and reaction
times using UV-vis absorption measurements (Fig. 3 and
Fig. S11, S12, ESIt). Upon addition of the dopant and applica-
tion of heat, our results clearly show the appearance of a new
peak at 675 nm for both synthesised analogues, as shown in
Fig. 3a and b. This indicates the formation of a charged
species.>® This is a result of the action of the chemical dopant,
as the peak increases in intensity with increasing N-DMBI
concentration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Solution UV-vis spectra of BFG and BFA in chlorobenzene (1 x 10~
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5 M); (b) cyclic voltammetry measurements of BFG and BFA with ferrocene

as the reference (~8 x 10~* M in CH,Cly; scan rate 100 mV s™3), a wide potential window selected to ensure all redox processes are captured; and (c)
energy levels of PCBM, BFG, BFA and N-DMBI (HOMO/LUMO of BFG and BFA from DFT calculations of BF).

To ensure that the dopant has fully reacted, a 100 mol%
N-DMBI concentration was added (Fig. 3c and d) over a 24-hour
period under gentle heat of 70 °C. Heating is necessary to fully
activate the doping process for this type of molecule.*” The
peaks at 675 nm appeared at 2 hours into the reaction,
indicating the formation of a charged species. Interestingly,
the peaks for BFG and BFA showed slightly different progres-
sion, with the peak for BFG reaching its maximum at 3 hours of
reaction, while BFA took 6 hours to reach its maximum. This
observation suggests that the glycol-modification in BFG accel-
erates the formation of the charged species as compared to
BFA. This is expected since the glycol moiety provides a polar
environment that improves the miscibility and interactions
between the ETM and dopant.

To confirm the nature of the formed species, we conducted
electron spin resonance (ESR) measurements. Upon the addi-
tion of 20 mol% N-DMBI to both acceptors, a strong paramag-
netic signal with a g value of 2.003 was observed, indicating the
formation of radical anions. In contrast, no appreciable radical
signal was detected in the undoped BFG and BFA samples
(Fig. 3e and f). The enhanced ESR signal in doped BFG and BFA
suggests a higher concentration of anion radicals, which can be
attributed to electron transfer from N-DMBI to both acceptors.
However, it is important to note that UV-vis spectroscopy indi-
cated that the radical anion of BFG is more stable than BFA. After
24 hours, UV-vis spectroscopy showed that the intensity of the
peak at 675 nm for BFG remained largely unchanged, whereas the

© 2024 The Author(s). Published by the Royal Society of Chemistry

intensity of this peak for BFA dropped to a lower level over this
time period. These findings highlight the relationship between
the molecular side chain, reaction kinetics, and stability, under-
lining the importance of side chain choice in the doping process.

Conductivity measurements

To verify the suitability as electron transporting materials for
solar cells the conductivity of films deposited on patterned-ITO
was determined. The conductivity was extracted from the
resistance values of standard current-voltage curves employing
an interdigitated electrode pattern, as shown in Fig. 4a. The
results showed that both BFG and BFA exhibited similar con-
ductivity values of ~5.6 x 10”7 S em ™", which is an order of
magnitude higher than PCBM with conductivity values in the
range of 6.75 x 10°® S cm™ ' (measured in our laboratory),
which is consistent with other reports in literature.'”*** In
combination with their suitable HOMO/LUMO energy levels,
this suggests that BFA and BFG derivatives have the potential to
serve as electron transport layers in optoelectronic devices.

To confirm the radical formation in the film, solid-state UV-
vis absorption measurements were performed on undoped and
doped flavin derivatives. A concentration of 20 mol% N-DMBI
was selected to perform these experiments as our solution data
(Fig. 3) shows significant radical anion formation. Similarly to
the results in solution, the absorption spectrum of thin films
deposited via spin coating (see Experimental section) showed
the formation of new peaks at 690 and 1019 nm for BFG and

Energy Adv, 2024, 3, 2939-2946 | 2941
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687 and 1023 nm for BFA (Fig. 4b). These new peaks are
consistent with those observed in solution. The broadness of
these peaks might be influenced by packing effects induced by
the dopants, as suggested by scanning electron microscopy
(SEM) (discussed later). The variations in absorption peaks are
mainly attributed to differences in film quality as a result of the spin
coating process. However, it is worth noting that the conductivities
of BFG and BFA did not show significant improvement after doping
from 5.6 x 10~7 S em™ " for the pristine ETM to 1.08 x 10" ®Scm™"
of BFG and 8.80 x 1077 S cm™ ' for BFA (Fig. 4a). This result is
unexpected, as increases in conductivity of several orders of magni-
tude are routinely obtained with the addition of chemical dopants
when employing state-of-the-art organic semiconductors®™" and
suggests that the radical species formed in the films are not able to
donate the additional electron into the matrix.

Photovoltaic performance in PSCs

To evaluate the potential of flavin derivatives as ETMs in devices,
solar cells were fabricated with a standard configuration of glass/
ITO/MeO-2PACz/Al,0; NPs/perovskite/ETL/BCP/Ag. The beha-
viour of BFA and BFG based perovskite solar cells was compared
to that of PCBM-based cells. In Fig. 5, the -V characteristic curves
of devices based on PCBM and BFA and BFG are presented, with a
summary of their photovoltaic performance in Table 1. Pristine
devices of BFG and BFA demonstrate comparable short-circuit
current densities ( J;) and open-circuit voltages (V,.) to PCBM-
based devices. However, a significant distinction lies in the fill
factor (FF) of BFG and BFA-based devices, ranging from 0.36 to
0.38, while PCBM-based devices achieve an FF of 0.79.

The high resistance observed in BFG and BFA devices might
be attributed to factors beyond the simple presence of dense
intermolecular n-n stacking. While n—r stacking often facilitates
charge transport, as shown by Ma et al.*® and Zheng et al.,”® who
demonstrated that stronger n-m stacking can enhance conduc-
tivity and PCE in systems. In some cases, m-n stacking can
introduce disorder between domains, leading to reduced charge
transport properties.®® This might explain why the conductivity
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Fig. 5 J-V characteristics curves of PCBM, undoped and doped of BFA
and BFG-based PSCs.
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Table 1 Photovoltaic parameters of reference PCBM-based, BFG-based
and BFA-based PSCs

N-DMBI J,.
ETL  (mol%) (mAcm™?) Vi (V) FF PCE (%)
PCBM — 21.19 £ 0.16 1.09 + 0.00 0.79 + 0.02 18.26 % 0.45
BFG 0 20.81 £ 0.42 0.92 & 0.03 0.36 + 0.01  6.95 & 0.48
20 13.82 £ 1.08 0.94 £+ 0.10 0.28 + 0.00 3.69 £ 0.16
BFA 0 20.22 £+ 0.58 0.94 + 0.14 0.38 £0.02 7.11 + 1.19
20 17.45 £ 1.22 0.91 & 0.07 0.28 + 0.02  4.38 & 0.34

in the pristine state is low. We note the lower conductivity of the
flavin derivatives reported here, especially in comparison to
PCBM. While PCBM increases the conductivity significantly
with self-doping upon air exposure from 6.75 x 10°% S em™'
to 1.58 x 10°° S cm ' (Fig. $17, ESIt), the flavin derivatives
reported here lack the ability to undergo dopant-based doping or
self-doping, resulting in higher resistance and lower overall
device performance. The film morphology was examined via
SEM. No significant morphological differences were found
between PCBM, pristine BFG and BFA, as show in Fig. S13
(ESIT). Thus, the high resistance in BFA and BFG devices is
more likely linked to their intrinsic low conductivity rather than
solely to their n- stacking behavior.'”***

Similarly to the lack of charge transport enhancement
extracted from the conductivity measurements, the addition
of dopant also did not improve the performance of the fabri-
cated solar cells. Indeed, devices incorporating both BFA and
BFG that include the dopant further confirmed the conductivity
results. In particular, the addition of the dopant did not
increase the performance but rather led to a reduction in the
power conversion efficiency, as compared to their pristine
counterparts. Here, although the V,. remained constant at
around 0.9 V for both undoped and doped devices, the Js. of
the doped devices decreased from 20.81 mA cm ™ for undoped
BFG and 20.22 mA cm > for undoped BFA to 13.82 mA cm > for
doped BFG and 17.45 mA cm > for doped BFA, respectively.
The FF further dropped from 0.36-0.38 in undoped devices
to 0.28 in doped devices. This decrease might attributed to the
addition of N-DMBI, leading to reduced J,. and FF.>**®' Upon
introducing N-DMBI, we observe formation of needle shape
features as shown in the SEM (Fig. S13, ESI{). The dopant
may influence the molecular packing or induce aggregation
in the system, similar to behaviours observed in systems
with PCBM?**®! and naphthalenediimide,”* which form large
aggregates. This additional loss is likely a result of traps intro-
duced by the dopant® that lead to an increase in the recombina-
tion of charge carriers and consequent loss in device performance.

It is puzzling that the addition of the dopant, although
resulting in a clear radical anion formation as conclusively
shown by EPR measurements, does not lead to an increase in
conductivity of the film. To understand why this may be the
case, we explore the hypothesis that an alternative charged
species, ie. a charge-transfer complex (CTC), rather than the
free radical is formed instead. Critically, if the generated
electron is more likely to stay in the complex than to transfer
to an adjacent neutral flavin molecule, then doping would be

Energy Adv,, 2024, 3, 2939-2946 | 2943
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unsuccessful as generation of free, i.e. unbound, electrons is significantly offset from the SOMO of [BF/N-DMBI]®

necessary to increase the conductivity of the films.

To identify whether a charge transfer complex is formed, it is
useful to study its energy levels. The energy associated with
excitation of a CTC can be determined using the relationship®*

Ee = Il:)donor - EAacceptor -w

where IPgonor and EAgccepror are the ionization potential of the
donor and the electron affinity of the acceptor, respectively. W
is coulombic attraction energy of the complex. Experimentally,
E. was found to follow the relationship®*

E. (eV) = ESoPor — E35eP™T 4+ .15

Here, E{Q°"
potentials of the donor and acceptor, respectively. From the
CV measurements presented in Fig. 1b, we can estimate E, to be
~1.96-1.99 eV for a BFG/BFA complex with N-DMBI, corres-
ponding to an absorption feature around 630 nm. Our UV-vis
data, as shown in Fig. 3, shows an emerging absorption feature
around 675 nm which corresponds to ~1.85 eV. This is broadly
within the error estimated to produce the expression above.®*
To further strengthen this hypothesis, we performed DFT
calculations on the radical anion [BF* "] and its complex with
N-DMBI [BF/N-DMBI] (Fig. 6 and ESIY). The spin density map of
the [BF* ] reveals that the radical is highly delocalised through-
out the acceptor core suggesting a stabilised radical is formed
(ESIf). The calculated LUMO level of BF (—4.07 eV) are

and E355°P*" are the half-wave electrochemical

Fig. 7

(a) ESP and (b) spin density maps of [BF/N-DMBI]*.

2944 | Energy Adv., 2024, 3, 2939-2946

(—4.21 eV), indicating that it is energetically unfavourable for
an electron of the complex to be transferred to a neutral BF
unit. Additionally, the calculated LUMO level of BF is signifi-
cantly offset from the SOMOs of BF*~ (—1.94 eV) and N-DMBI.
(—2.51 eV) and the HOMO of N-DMBI (—4.37 eV) which could
also contribute to the low conductivity observed.>*®°

The predicted UV-vis spectra from TD-DFT calculations
performed on [BF/N-DMBI]* (Fig. 7) further suggest CTC for-
mation. When this spectrum is compared to the experimentally
obtained spectra for [BF/N-DMBI]*, similar spectral features were
observed (ESIt). In particular, solution UV-vis spectra give rise to
new absorptions at 675 nm and 1022 nm upon addition of the
dopant, whereas the TD-DFT predicted UV-vis gave peaks at
644 nm and 868 nm (Fig. S16, ESIT). This was further supported
when the electrostatic potentials (ESPs) (Fig. 7a) of the complex
were investigated which revealed positive ESPs for the dopant
and negative ESPs for the acceptor, with the negative charge
being localised on the more electronegative oxygen and nitrogen
atoms of the latter. The spin density maps of the complex
indicated that the radical is highly delocalised on the BF unit
(Fig. 7b). Mulliken charge population analysis performed on [BF/
N-DMBI]* indicated a high degree of charge transfer between
the components of the complex (0.9¢).>® Lastly, the calculated
binding energies of [BF/N-DMBI]* and the n-n dimer of BF
(BF/BF), revealed that former was significantly stronger (E;, =
—53.1 versus —6.9 kcal mol™'). The greater strength of the CT
complex will lead to a significant decrease in electron mobility in
films due to the disruption of long range n-r stacking (Fig. 8).

Conclusions

This study has investigated the potential of bioinspired deriva-
tives BFG and BFA as ETMs for PSCs. Pristine devices of BFG and
BFA exhibit promising photovoltaic performance, achieving
approximately 7% PCEs with competitive J,. and V,. values.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Calculated binding energies for [BF/N-DMBI]* and BF/BF.

This suggests that these derivatives have potential as an n-type
organic material for ETL applications in photovoltaics. The study
also delves into the n-type doping of these derivatives, revealing
distinct doping behaviours between the glycol and alkyl side
chain functionalised systems. Glycol-functionalized BFG shows
faster reactivity with the n-type dopant N-DMBI, achieving the
maximum quantity of reduced species in a shorter reaction time
compared to BFA. However, solar cells incorporating this dopant
show no enhancement mainly due to the lack of improvement in
charge transport, as conclusively shown through conductivity
measurements. DFT modelling has indicated that these materi-
als tend to form stable CTCs in the doping process and that
electron transfer between the SOMO of the N-DMBI and BFA/
BFG complex and the LUMO of a BFA/BFG moiety is energetically
unfavourable and consequently an electron is unlikely to be
donated to the matrix of surrounding undoped molecules.
Therefore, our results indicate that doping with N-DMBI is not
an effective strategy for these systems and that charge-transfer
complexation may prevent effective n-doping. As organic elec-
tron deficient materials are important components in a range of
technologies including optoelectronic (e.g. solar cells. OLEDs)
and thermoelectric devices, this work thereby highlights the
importance of utilising relatively low-cost DFT calculations early
in the design process of new electron deficient materials and
their dopants.
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