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Porphyrin-thieno[3,2-b]thiophene hole-transport materials enabling the
production of long-lived radical ion pairs and high-performance perovskite
solar cells

The design of a new porphyrin-based high-quality hole transporting

material (HTM) using the Donor-tt-Donor concept, in which donor
6-fluoro-benzothiadiazole (FBDT) and hexylthieno[3,2-b]thiophene (TT)
groups are tethered to an ethynyl linkage to a porphyrin mt-spacer. Optical,
redox, and theoretical studies indicate that the HOMO energy levels of
MAPbDI, perovskite are aligned with its valence band, and the devices
demonstrated 16.62% power conversion efficiency under AM 1.5G conditions.
The same molecular system, which was axially coordinated to C,,, was used
to generate a long-lived charge-separated species with a lifetime of 1.56 ns
upon irradiation at different wavelengths, revealing charge stabilization.
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Broader context

Porphyrin—thieno[3,2-b]thiophene hole-transport
materials enabling the production of long-lived
radical ion pairs and high-performance perovskite
solar cells

Ram R. Kaswan, (@ Bommaramoni Yadagiri,°® Jairam Tagare,” Vinay Kumar,®
Manne Naga Rajesh,” Paul A. Karr,? L. Giribabu, 2 **° Surya Prakash Singh () *P¢
and Francis D'Souza () *@

Porphyrin-based hole-transporting materials (HTMs) have gained significant attention in perovskite solar
cells (PSCs) due to their high efficiency, long-term stability, and excellent charge-transport properties. In
this work, we reported a novel zinc porphyrin-based HTM denoted as SPS-PPY-TT for highly efficient
and stable PSCs. The molecular design strategy of SPS-PPY-TT involves zinc porphyrin as the central
core unit, which is functionalized with 6-fluoro-benzothiadiazole (FBDT) and hexylthieno[3,2-b]
thiophene (TT) groups through an ethynyl linkage. The synthesised HTM was comprehensively
investigated by using optical absorption spectroscopy, electrochemical methods, and theoretical studies.
These studies indicate that the highest occupied molecular orbital (HOMO) energy levels are aligned
with the valence band of MAPbIz perovskite. As a result, planar PSC devices constructed with SPS-PPY-
TT as the HTM exhibit a power conversion efficiency (PCE) of 15.29%, while PSC devices made with
Spiro-OMeTAD exhibit a PCE of 16.62%. The similar photovoltaic performance of SPS-PPY-TT and Spiro-
OMeTAD might be attributed to the appropriate band alignment, higher hole mobility, and conductivity
of SPS-PPY-TT. This work demonstrates that TT is an alternative methoxy-free donor for porphyrin
HTMs to achieve highly efficient and stable PSCs. Eventually, the same molecular system, which was
axially coordinated with ImCgo, was utilised to generate a long-lived charge-separated species with
a lifetime of 1.56 ns after irradiation at different wavelengths. The value of kcs/kcr was found to be 5.78,
revealing charge stabilisation.

The hole-transporting layer (HTL) is one of the essential components of perovskite solar cells (PSCs) for achieving high efficiency. Despite the certified device

efficiency of 26.7% using a single-junction architecture, perovskite-silicon tandem cells have reached record efficiencies of 34.85%, but the technology is not yet
commercialized due to the unstable Spiro-OMeTAD-based HTL. Porphyrins are the best alternative HTLs, owing to their electron-rich nature, easy tunability of
their energy levels, strong 7—7 stacking, and high thermal and photochemical stability. Porphyrins in the donor-t—donor concept have enhanced the w-electron
cloud on the porphyrin plane and facilitate hole exchange with the perovskite layer. The introduction of long alkoxy groups at the ortho-position of the meso-
phenyl ring enhances the hydrophobicity of the HTL layer, thereby improving the device's moisture resistance. The high hole mobility of porphyrin-based HTMs
does not require any additives, which also enhances device durability. PSCs using porphyrin-based HTLs have demonstrated device efficiencies of >20%, and
device durability has also improved significantly. This will not only reduce device cost but also provide scope for the near-term commercialization of the

technology.

Introduction

In recent years, hybrid organic-inorganic perovskite solar cells
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have garnered significant attention due to their high power
conversion efficiency (PCE) and simple, low-cost fabrication
process.’” Since the first report of a PCE of 3.8% in 2009, PSC
efficiency has exceeded 26%.* Although PSCs have achieved
remarkably high efficiency, commercialization remains difficult
due to unresolved fabrication challenges, environmental
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toxicity, unstable hole and electron transporting materials, and
poor long-term stability. Additionally, selecting appropriate,
high-quality hole transporting materials (HTMs) is essential for
creating highly stable and efficient PSC devices.>”

Currently, high-performance n-i-p structured PSCs often use
the small molecule 2,2',7,7-tetrakis(N,N-di-(p-methoxyphenyl)
amino)-9,9'-spirobi-fuorene (Spiro-OMeTAD) as the HTM
because of its suitable energy levels, amorphous nature, high
solubility, and ease of processing.® However, Spiro-OMeTAD has
several disadvantages, including high cost, limited hole
mobility, low conductivity, and a lengthy synthesis process.**
Moreover, its low hole mobility and conductivity require
chemical doping with p-type dopants and additives, such as tert-
butyl pyridine (¢-BP), lithium bis-(trifluoromethanesulfonyl)
imide (Li-TFSI), and cobalt complexes (FK209) to improve
device performance. However, the hygroscopic nature of these
dopants can negatively impact long-term device stability,
potentially limiting broader application in PSCs."*** Therefore,
there is a strong need to develop efficient, cost-effective novel
HTMs as alternatives to Spiro-OMeTAD."*>!

Porphyrin derivatives show great potential as HTMs because
of their highly electron-rich nature, good thermal and photo-
chemical stability, and strong m-m stacking.”> Additionally,
their energy levels can be tuned by modifying the molecular
structure to optimize hole injection. Several research groups
have reported porphyrin-based small molecular derivatives as
HTMs for PSCs.>*?¢ Planar porphyrin-based HTMs with
a donor-mt-donor (D-m-D) structure have attracted consider-
able attention for their PCE and device durability. Hwan Kyu
Kim et al*> developed novel D-mw-D structured, m-extended
porphyrin-based HTMs (SGT-061, SGT-062, and SGT-063) with
triarylamine donor units. One porphyrin HTM features a less
bulky donor (SGT-061), which results in higher hole mobility
and strong m-7 stacking between molecules. Consequently,
PSCs made with this HTM demonstrate better photovoltaic
performance than those with bulkier HTMs (SGT-062 and SGT-
063).>4

Peter Chen et al.*® reported a series of porphyrin-dopant-free
HTMs (Y2 and YZT4) containing zinc(u) porphyrin cores and
ethynylarene groups for PSCs. These HTMs are simple in
structure, easily accessible, and can be synthesized in two steps
with good yields. The doped YZT4 HTM achieves a high PCE of
14.95% in TiO,-based PSCs and exhibits fair stability compared
to Spiro-OMeTAD-based devices.”® Recently, L. Giribabu et al.
developed triphenyl imidazole-substituted D-7-D structured,
dopant-free porphyrin HTMs for perovskite solar cells. All these
HTMs were characterized using various spectroscopic and
electrochemical methods. Among them, the CuLD HTM
exhibits higher conductivity, better hole mobility, and appro-
priate energy band alignment with MAPbI; perovskite, leading
to a PCE of 12.44%.>

Small molecular/polymer materials containing thieno[3,2-b]
thiophene (TT) and 6-fluoro-benzothiadiazole (FBDT) are well-
investigated in the fields of field-effect transistors (FETs), dye-
sensitized solar cells, and organic photovoltaics (OPVs).'**"°
The strong electron-donating and self-assembly properties of
the TT unit strongly influence the electronic structure of
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semiconducting materials.*® Furthermore, incorporating the
electronegative FBDT unit can significantly affect the HOMO
and LUMO energy levels of the semiconductors by extending the
m-conjugation, which also improves planarity and charge
transport. In this study, we designed and synthesized a D-7w-D
type zinc porphyrin-based HTM called SPS-PPY-TT. This mole-
cule consists of zinc porphyrin as the central core, functional-
ized with FBDT and hexylthieno[3,2-b]thiophene groups via an
ethynyl linkage. The FBDT acts as a weak acceptor and T-space
unit, reducing the HOMO energy level of SPS-PPY-TT by
extending the w-conjugation. The ethynyl linkage enhances the
molecule's coplanarity while improving charge transport.
Additionally, the donor HTT unit, with an n-hexyl alkyl chain,
enhances solubility and stability compared to methoxy-
substituted donor groups. As a result, MAPbI;-based PSC
devices incorporating SPS-PPY-TT as the HTM achieved a PCE of
15.29%, owing to favourable band alignment, higher hole
mobility, and conductivity, and improved HTM/perovskite
interface quality. This work demonstrates that HTT can serve
as an effective methoxy-free donor in porphyrin HTMs to
produce highly efficient zinc porphyrin-based PSCs.

Besides mimicking natural photosynthesis for light har-
vesting, a self-assembled synthetic model composed of SPS-
PPY-TT and imidazole-functionalized fullerene (ImCgo) was
developed. A key goal in this research field is to create artificial
light-harvesting systems that can absorb light, transfer the
excitation energy to an energy sink, and utilize this energy for
photoinduced electron transfer (PET).**** Several elegant
molecular architectures, including ImCg, and zinc porphyrin,
have been designed and studied.***° In this work, our primary
objective is to employ a supramolecular approach to create
a combined model system and investigate electron transfer
upon photoexcitation. Instead of using a simple porphyrin that
absorbs light mainly in the 415-430 nm (Soret band) and 550-
600 nm (Q bands) and emits in the 600-660 nm range, we tar-
geted a broad-band light-absorbing system, extending from
300-800 nm (UV-Vis-NIR) and emitting between 600 and

Previous Work:

CizHzs
N

CizHzs

Present Work:

SPS-PPY-TT

Scheme 1 Present and previous studies on porphyrin hole trans-
porting materials for PSCs.
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900 nm. This NIR-extended porphyrin design aims to confirm
that excitation in the NIR range can generate a long-lived
charge-separated (CS) state, enabling better utilization of the
solar spectrum. Implementing broadband light-absorbing
chromophores that mimic natural photosynthetic systems can
significantly enhance photon absorption and facilitate charge
separation over a wide wavelength range (Scheme 1).

Results and discussion

Synthesis

The synthetic procedure for the SPS-PPY-TT HTM molecule is
presented in Scheme S1, along with characterization and puri-
fication details provided in the SI (Fig. S1-S8). Intermediates I,
II, and V were synthesized according to previously reported
literature.”®** The Sonogashira coupling reaction between
intermediate II and (triisopropylsilyl)acetylene, using
Pd(PPh;),Cl, as the catalyst and triethylamine (Et;N), produced
intermediate III. Deprotection with TBAF then yielded inter-
mediate IV in good yield. Subsequently, intermediates IV and V
underwent Sonogashira coupling to produce the targeted final
product, SPS-PPY-TT, in good yields. All intermediates and final
products were purified via column chromatography and char-
acterized by 'H NMR and mass spectrometry. SPS-PPY-TT
exhibits good solubility in various organic solvents, including
dichloromethane (DCM), dimethyl sulfoxide (DMSO), ethyl
acetate (EtOAc), dimethylformamide (DMF), and chloroform
(CHCL,).

Spectroscopic studies

The optical results of the newly synthesized compound in
solution as well as in the solid phase (thin film) are displayed in
Fig. 1, and their photophysical data are summarized in Table 1.
Irrespective of the medium, SPS-PPY-TT covered a wide range of
absorption, spanning from 300 to 800 nm, showing its visible-

—SPS-PPY-TT Sol
= SPS-PPY.TT Filn{

@ Ty (b)

—SPS-PPY-TT_Film

Absorbance (a. u.)
PL Intensity (a.u.)

400 500 600 700 800
Wavelength (nm)

900 1000 600 650 700 750 800 850
Wavelength (nm)

Fig. 1 (a) Absorption spectra and (b) emission spectra of SPS-PPY-TT
in THF solvent and thin film state.
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to-far red light-harvesting potential. The broadband light
capturing ability could be attributed to the presence of thio-
phene substituents at the meso position, which extends the -
conjugation. In the solution phase, SPS-PPY-TT was character-
ized by an intense and broad Soret band located at 380-550 nm
and a pair of strong Q-bands between 550 and 750 nm, as shown
in Fig. 1a. The onset absorption wavelength (Aonsec) Was utilized
to calculate the optical band gap (Eg”* = 1240/Aonser) Of SPS-PPY-
TT, and it was found to be 1.58 eV. In the case of the solid state,
a substantial change in spectral features was noted in the
absorption spectrum. Broadening and a significant red shift of
50 nm were observed as compared to those in the solution
phase, suggesting the generation of J-aggregates in the solid
state. And usually, such aggregations trigger a strong intermo-
lecular -7 stacking, which is expected to enhance the hole
mobility and is exceptionally useful for the light-harvesting
applications in the visible-to-near-infrared region.

Fig. 1b exhibits the emission spectra of the same compound
measured at room temperature. Two emission bands were seen
when the compound was excited at the Soret band. Zinc
porphyrin (ZnTPP) molecules are well known for emitting light
in the visible region. However, due to the presence of large
substituents with heteroatoms, they are responsible for near-
infrared emission in the SPS-PPY-TT molecule. The SPS-PPY-
TT emission spectrum exhibits a similar trend to its Q-band
absorption spectrum, with a red shift of nearly 50 nm
observed at 790 nm. To investigate intramolecular charge
transfer (ICT), solvatochromic experiments were performed by
varying the polarity of the utilized solvents. Fig. S9 presents the
photoluminescence (PL) spectra of SPS-PPY-TT in toluene,
tetrahydrofuran, and acetonitrile. Upon increasing the solvent
polarity, a red shift was observed for the emission bands, which
suggests the presence of excited-state charge transfer signals.

Formation and characterization of donor-acceptor conjugates

Fig. 2 shows the SPS-PPY-TT's absorption and fluorescence
titration results during ImCsg, binding. Upon the addition of
0.5 mM of ImCg, to a solution of SPS-PPY-TT in a series, changes
in optical spectra disclosed the spectral characteristics of penta-
coordinated zinc porphyrin, ie., it demonstrated red-shifted
Soret and visible absorption signals with the appearance of
isosbestic points.*® A slight red shift of the Soret band, a di-
minishing of the intensity of the visible band at 675 nm, and the
presence of a distinct isosbestic point at 692 nm produced
a new signal at 712 nm (Fig. 2a). The spectral intensity modi-
fications of the visible band were used to establish a Benesi-
Hildebrand plot, as depicted in Fig. 2b.>* The binding constant

Table 1 Optoelectronic properties of SPS-PPY-TT in solution and thin film states

Optical properties

Electrochemical properties (vs. Fe/Fc')

HTM Aabs solution (nm)  Aups film (nm)  Agpger (M)

Eq (eV)

Eox (eV) Erea (€V) AEy), (eV)

SPS-PPY-TT 729 776 780
SPS-PPY-TT: ImCyy — — —

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

1.58

0.35, 0.67, 1.12
0.35, 0.67, 1.16

—1.67, —1.77, —1.93, —2.17, —2.54  2.03
—1.30, —1.66, —1.76, —2.17, —2.76  1.61
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Fig. 2 (a) Absorption titration studies of SPS-PPY-TT with increasing
amounts of 0.5 MM ImCgg across a series of additions. (b) The Benesi—
Hildebrand plot is used to evaluate the binding constant. (c) Fluores-
cence titration studies of SPS-PPY-TT excited at the Soret band (436
nm) with increasing additions of ImCgg in 0-DCB.
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Fig. 3 (a) DPVs of (i) ImCgo. (ii) SPS-PPY-TT, and (iii) SPS-PPY-TT:
ImCgq (shifting of the reduction potential is shown by a red vertical
line), and (b) spectral changes during the first oxidation in o-DCB
containing 0.1 M TBA(CLO,) electrolyte.

(K) for the formation of an axially connected supramolecular
assembly (SPS-PPY-TT:ImCs,) was found to be 2.8 x 10*. This
value closely matches the earlier reported values. The relatively
high value of K suggests that a stable, coordinated, attached
donor-acceptor system is being formed in the solution. Addi-
tionally, the emission spectrum of SPS-PPY-TT was also tracked
throughout the titration studies. As shown in Fig. 2c, substan-
tial quenching was seen in emission bands upon increasing the
addition of ImCsy, which suggested the occurrence of excited-
state events, possibly an electron transfer from the excited
state of porphyrin to ImCsg,.

Electrochemical studies

Next, to gather vital information for drawing a Jablonski-type
energy diagram to observe different photoevents and their ther-
modynamic feasibility upon photoexcitation, electrochemical
studies were conducted, as they provide valuable insights into
redox properties. Fig. 3a displays the differential pulse voltam-
metry curves of the control compound ImCg,, SPS-PPY-TT, and
SPS-PPY-TT: ImCg, with the ferrocene/ferrocenium (Fc/Fc')
couple as an internal reference in a dry o-dichlorobenzene solu-
tion containing 0.1 M tetrabutylammonium perchlorate (TBA)
ClO, as the supporting electrolyte. These experiments were
carried out under a nitrogen atmosphere, and the results ob-
tained are presented in Table 1. As reported earlier, under the
applied potential window, ImCg, exhibited five distinct reversible
reduction waves at —1.30, —1.66, —1.76, —2.17, and —2.76 V vs.
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Fc/Fc'. In comparison, SPS-PPY-TT shows three consecutive
reversible oxidation redox waves at 0.35, 0.67, and 1.12 V and five
reversible reduction waves at —1.67, —1.77, —1.93, —2.17, and
—2.54 V. The addition of ImCg, to SPS-PPY-TT resulted in
a significant anodic shift of 410 mV during the first reduction
process, indicating that this reduction occurred because of the
presence of ImCgo. The facile reduction of SPS-PPY-TT:ImCg,
accounts for a significantly smaller redox gap than Ey, (1.74 eV),
showing the thermodynamic feasibility of the charge separation
process upon photoexcitation, making it a potential candidate for
light-harvesting applications (the calculated redox gaps are
indicated by an arrow in Fig. 3a). The reversibility of redox waves
was confirmed using cyclic voltammograms, as shown in
Fig. S10. Furthermore, spectroelectrochemical experiments were
performed in an optically transparent thin-layer cell to monitor
the modification of optical spectra during the first oxidation of
SPS-PPY-TT, as illustrated in Fig. 3b. During this process, the
decrease in the intensities of the neutral compound's peaks,
located at 475, 675, and 736 nm, resulted in the generation of
a new broad peak at 950 nm. The origin of this new signal can be
attributed to the formation of the radical cation, ZnP"*. Addi-
tionally, several isosbestic points were detected, located at 409,
512, 641, and 781 nm.

Theoretical studies

Next, density functional theory (DFT) calculations were per-
formed using the Gaussian 09 program to gain further insights
into the structural, electronic, and charge-transport properties
of SPS-PPY-TT. The results from these studies are shown in
Fig. 4. The ground state geometry optimization was conducted
at the CAM-B3LYP 6-311 g(d,p) level, revealing that the
porphyrin macrocycle and meso-substituent (FBDT and TT)
units are coplanar.

This planarity promotes a tightly packed molecular confor-
mation as discussed earlier in the optical results. Similarly, the
alkyl chains attached to TT and phenyl units are twisted out of
the plane, which helps enable the solubility of SPS-PPY-TT in
common organic solvents. Furthermore, molecular electrostatic

SPS-PPY-TT

.i,p el
ol

e
v

SPS-PPY-TT: ImCq,

Optimized
Geometry

Side view Top view

2550

ESP map

LUMO+1 (-3.47 eV)

FMOs

LUMO (-3.58 eV)

.’~",'.3~»,<$--f;"'<;::m Tescoiiienyen:

HOMO (-4.76 eV) HOMO-1 (-5.16 eV) HOMO (-4.56 eV) HOMO-1 (-4.97 eV)

Fig. 4 CAM-B3LYP/6-311G (d,p) optimized structures, both side and
top views (top row), molecular electrostatic potential map (middle
row), and the frontier molecular orbitals (FMOs, bottom row) for SPS-
PPY-TT (first column) and SPS-PPY-TT:ImCgo (second column).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Hole—electron isosurfaces and the charge density difference maps of SPS-PPY-TT:ImCgq (red: charge donor, blue: charge acceptor;

—2.000 x 107°V to 2.000 x 107> V).

potential (MEP) maps were generated to illustrate charge
distribution and identify sites favorable for the charge transfer
(CT) process. These maps also help examine donor-acceptor
interactions and provide insights into photophysical behavior.
In the case of SPS-PPY-TT, the MEP showed a positive electro-
static potential (red color) on the porphyrin core and a weak
negative potential (blue color) on the meso substituents. For
SPS-PPY-TT:ImCqo, the positive potential remained at the same
moiety, whereas the negative potential was observed on the
ImCg, group. These results suggest a push-pull effect from
porphyrin to meso substituents and ImCg, in SPS-PPY-TT and
SPS-PPY-TT: ImCgo, respectively.

The bottom row shows the frontier molecular orbitals
(FMOs) of the newly synthesized molecules. In the case of SPS-
PPY-TT, the HOMO and LUMO are mainly localized on the
porphyrin moiety and partially extend to the thieno substituent
rings. Additionally, the HOMO—1 is mainly confined to the
porphyrin, while the LUMO+1 is primarily on the FBDT
substituents. The calculated energy gap is 1.77 eV, closely
matching the experimental value.

Conversely, for SPS-PPY-TT:ImCg, as expected, the LUMO
and LUMO+1 are strongly localized on ImCg, while the HOMO
appears on the porphyrin ring and slightly extends to the
substituents. The HOMO—1 for this molecule is completely
localized on the central porphyrin moiety. These results show
that ImCg, acts as a strong electron acceptor, and the porphyrin
ring functions as a donor in this supramolecular assembly.

Next, the ground state optimized output files were analyzed
with TD-DFT to gain further insight into the vertical electronic
transitions between the ground state and high-energy excited
states, focusing on the first five excited states.”> The results for
the SPS-PPY-TT molecule are shown in Fig. S11, including the
involved orbitals, wavelength, and oscillator strength for these
transitions. The first four states demonstrate the occurrence of
charge transfer (CT), with the hole (red) localized on the
porphyrin and the electron (blue) on the thieno substituents.
This strongly supports earlier experimental findings of CT, as
explored through solvent studies. The fifth excited state may be
attributed to a pure Frenkel state. These results are corrobo-
rated by FMOs and the ESP map, as previously discussed.
Similarly, Fig. 5 presents the excited state results for the SPS-
PPY-TT:ImCs, system, clearly indicating that all five states can

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

generate a hole-electron pair.>**” The top row shows the hole-
electron isosurfaces, with the hole remaining on the porphyrin
part and the electron located on the fullerene. The bottom row
displays the electrostatic potential surfaces generated by taking
the difference between the electron densities of the ground and
excited states. TD-DFT calculations strongly suggest effective
charge transfer from the porphyrin (donor) to the fullerene
(acceptor), indicating that efficient photoinduced charge sepa-
ration is expected upon photoexcitation. The theoretical UV-Vis
spectrum, generated from TD-DFT, is provided in Fig. S12. A
close resemblance to the experimental spectrum was observed
with a split Soret band, located at 377 and 471 nm. In addition,
a broad weak band spanning from 560-800 nm, centered at
636 nm, was also detected with a comparatively low oscillator
strength, suggesting a less allowed transition, which could be
attributed to the Q bands observed in the same region during
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Fig. 6 (a) Cyclic voltammetry of SPS-PPY-TT in DCM solution with
TBAF as electrolyte. (b) The energy level comparison of SPS-PPY-TT
with MAPbIs perovskite. (c) Jablonski-type energy profile diagram
showing all potential events upon photoexcitation.
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Fig. 7 (a) J-V characteristics and (b) EQE of Spiro-OMeTAD and SPS-
PPY-TT-based PSCs.

the experimental studies. From theoretical investigations, it can
be concluded that a close correspondence between the experi-
mental and theoretical spectra indicates that the choice of
functional and basis sets is reliable for comparison and
contrast.

Energy profile diagram

For comparison and to ensure consistency with previously
published results, a cyclic voltammogram of SPS-PPY-TT was
also recorded in DCM solvent using ferrocene as an internal
reference (Fig. 6a). The first oxidation potential was observed at
0.41 V. The highest occupied molecular orbital (HOMO) was
determined to be 5.21 eV, calculated using the equation
Exomo = —€[Eox + 4.80 — E(Fc/Fc')]. The lowest unoccupied
molecular orbital (LUMO) was found to be 3.63 eV, derived from
Erymo = Enomo — Eg. Fig. 6b shows the energy level diagram of
MAPDI; perovskite and SPS-PPY-TT HTM molecules. The small
HOMO band edge difference (0.22 eV) between the perovskite
layer and SPS-PPY-TT enhances hole transfer and reduces
associated voltage losses. Similarly, SPS-PPY-TT exhibits
a higher LUMO level compared to the perovskite layer, which
can serve as an electron-blocking layer and prevent charge
recombination. Furthermore, using optical and electrochemical
data, the change in Gibbs free energy was calculated to assess
the thermodynamic feasibility of charge separation and
recombination events as a function of solvent polarity, aiding in
the construction of the Jablonski energy diagram. The change in
free energy for these processes was determined using Rehm-
Weller equations.®® As shown in Fig. 6c, regardless of the exci-
tation wavelength, the singlet excited state of ZnP produces
radical ion pairs in 0-DCB.

Photovoltaic performance

The planar PSC devices were fabricated using SPS-PPY-TT as
a dopant-free HTM with the device structure of FTO/SnO,/
CH;NH;PbI;/(SPS-PPY-TT/Spiro-OMeTAD)/Au. The photovoltaic

View Article Online
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performance of SPS-PPY-TT was compared with the well-known
Spiro-OMeTAD HTM as a reference device. Fig. S12 shows the
top-view field emission scanning electron microscopy (FESEM)
images of MAPDI;, Spiro-OMeTAD, and SPS-PPY-TT, respec-
tively. The perovskite layer exhibited a smooth surface with
large grains. Also, perovskite coated with Spiro-OMeTAD and
SPS-PPY-TT shows similar morphology with full coverage over
the perovskite active layer. Fig. 7a represents the current
density-voltage (J-V) curves of the PSCs fabricated using SPS-
PPY-TT and Spiro-OMeTAD as the HTM, measured at forward
and reverse bias under AM 1.5 G conditions, and the corre-
sponding photovoltaic data are summarized in Table 2.

The planar PSCs made with SPS-PPY-TT as the HTM showed
a PCE of 15.29%, with an open-circuit voltage (Voc) of 1.08 V,
a short-circuit current density (Jsc) of 20.51 mA cm ™2, and a fill
factor (FF) of 68.86% under reverse bias. Under forward bias,
a PCE of 15.00%, Voc of 1.07 V, Jsc of 20.49 mA em 2, and FF of
67.89% were observed. Under the same measurement condi-
tions, the PSC device made with Spiro-OMeTAD as the HTM
showed PCEs of 16.62% under reverse bias and 16.42% under
forward bias. The hysteresis index (HI) [HI = (PCE;everse —
PCEforward)/PCEreverse] Was measured for both PSC devices,
fabricated with SPS-PPY-TT and Spiro-OMeTAD. The Spiro-
OMeTAD device exhibited an HI of 0.012, slightly lower than
that of the SPS-PPY-TT device (HI = 0.018). Fig. 7b displays the
external quantum efficiency (EQE) spectra of Spiro-OMeTAD
and SPS-PPY-TT HTMs. Both PSC devices show broad spectra
from 300 to 800 nm with high EQE values of 87% at 591 nm and
86% at 507 nm, respectively.

Furthermore, we have performed thermal analysis of SPS-
PPY-TT to understand its thermal behavior, which is one of
the essential factors for the durability of the PSC device. The
thermal analysis suggests that the present SPS-PPY-TT is stable
up to 200 °C (Fig. S14).

Pump-probe studies to probe CS

The data discussed so far are indicative of the occurrence of
photo-induced electron transfer in the newly assembled donor-
acceptor system. To observe and gather kinetic information
about this phenomenon, femtosecond transient absorption (fs-
TA) studies were performed in 0-DCB. As shown in Fig. 8a, when
the compound SPS-PPY-TT was excited at 466 nm, an imme-
diate formation of the 'ZnP* moiety was detected at 541, 772,
and 1121 nm.

Additionally, a strong negative signal appeared at 665 and
729 nm, attributable to ground state bleaching (GSB), and the
peak at 833 nm might be due to stimulated emission (SE). The
intensity of the signal at 1121 nm began to decrease as a new

Table 2 Photovoltaic performance of SPS-PPY-TT and Spiro-OMeTAD-based PSCs

Device Voc (V) Jsc (mA em™?) FF (%) PCE (%) Rs [Q cm?] Ry [Q cm?] Hysteresis
Spiro-OMeTAD-reverse 1.15 20.03 71.95 16.62 5.359 4124 0.012
Spiro-OMeTAD-forward 1.15 19.98 71.44 16.42 5.582 100 860

SPS-PPY-TT-reverse 1.08 20.51 68.86 15.29 2.9023 1197 0.018
SPS-PPY-TT-forward 1.07 20.49 67.89 15.00 2.963 1131.55
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Fig. 8 Fs-TA data at the indicated delay times for (a) SPS-PPY-TT and
(b) SPS-PPY-TT: ImCegq, and (c) single wavelength decay analysis at
1130 nm with and without ImCgq after exciting the samples at 466 nm.

peak emerged at 972 nm, indicating the formation of triplet
excited species, *ZnP*. To determine the lifetime of 'ZnP*,
a single-wavelength decay analysis was performed, revealing
a lifetime of 1556 ps. The decay profile from this analysis is
shown in Fig. 8c. Next, identical studies were conducted for SPS-
PPY-TT:ImCqg. In this case, the decay of the excited state
absorption (ESA) signal at 1145 nm resulted in the formation of
a charge-separated (CS) state, confirmed by a new broad peak at
1010 nm, well known for the formation of ImCg,"~.>” This peak
could be a mixture of radical ion pairs, as a new signal emerged
in the same region during spectroelectrochemical studies con-
ducted to locate the site of radical cation formation. The life-
time of the ESA signal at 1145 nm was significantly quenched,
indicating strong electron transfer in this system.*>°

Single-wavelength analysis of this peak produced a lifetime
of 362 ps. Ultimately, the rate of CS (kcs) was calculated from the
decay curves of the singlet ESA peak in the presence and
absence of ImCqy, yielding 2 x 10° s,

Next, a nanosecond transient absorption (ns-TA) experiment
was performed to identify the lifetime of the long-lived triplet
species. As shown in Fig. 9a, two intense peaks appeared at 997
and 1257 nm for SPS-PPY-TT, with a lifetime of 110 ps deter-
mined from decay curves (Fig. 9c). Similarly, in the presence of
ImGCs, the same spectral features were observed, with peaks at
997 and 1257 nm and a lifetime of 89 ps. The minimal
quenching of this lifetime strongly suggests that the presence of
ImCg, does not influence the formation of *ZnP* (likely from
unbonded ZnP), which is directly produced from 'ZnP*, rather
than resulting from charge recombination.

Furthermore, the samples were irradiated at 760 nm, and the
results are shown in Fig. 10. The spectral features slightly

« Without mC]
—Fit

« WithimC,,
—Fit

1050 1200
Wavelength (nm)

1350 0 100 200 300 400 500 600

Wavelength (nm) Time (ps)

Fig.9 Ns-TA data at the indicated delay times for (a) SPS-PPY-TT and
(b) SPS-PPY-TT:ImCgo, and (c) single wavelength decay analysis at
997 nm with and without ImCgq after exciting the compounds at
466 nm in o-DCB.
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(b) SPS-PPY-TT:ImCsgp, and (c) single wavelength decay analysis at the
indicated wavelength with and without ImCgo after exciting the
compounds at 760 nm in o-DCB.

differed from those observed when excited at 466 nm. Fig. 10a
displays the fs-TA spectra of SPS-PPY-TT, where intense bands,
representing 'ZnP*, appeared at 544, 600, and 1125 nm. A decay
fit at 1125 nm indicated that this signal lasted for 916 ps, as
shown in Fig. 10c. The same experiment was then repeated after
adding ImCg,, creating a new signal at 1011 nm, responsible for
the formation of radical ion pairs, and causing a significant
reduction in the lifetime of 'ZnP* (Fig. 10b). Fig. 10c represents
a single decay profile obtained at 1130 nm to assess the lifetime,
which was found to be 522 ps. Based on the quenching of this
lifetime, the ks was determined to be 0.9 x 10° s™*. Eventually,
the new peak at 1011 nm was further analysed to calculate the
kcs and the rate of charge recombination (kcg). It yielded kcs
and kcg values of 3.7 x 10° and 6.4 x 10® s™, respectively, and
the ratio of kcs/kcr was found to be 5.8 from these analyses. A
lower ratio of these constants could result from a greater
distance between the fullerene and porphyrin entity due to the
axial coordination, which can also diminish the electronic
overlap between orbitals. Importantly, the extended lifetime of
the radical ion pairs, as revealed by transient measurements,
suggests suppressed recombination, directly contributing to the
improved efficiency of the device.

Conclusions

In summary, we demonstrated an effective approach to design,
synthesize, and employ the porphyrin and hexylthieno[3,2-b]
thiophene (TT)-based hole transporting material for high-
performance and stable PSCs. The structurally simple and
easily accessible zinc porphyrin material, denoted as SPS-PPY-
TT, can be prepared in high yields. The incorporation of the
ethyne bridge and FBDT as m-spacer units between the
porphyrin and TT units can strongly influence the energy levels
of SPS-PPY-TT. Additionally, it enhances the planarity of SPS-
PPY-TT by initiating higher m-conjugation, thereby increasing
charge transport properties. The n-hexyl-substituted TT unit, as
a methoxy-free donor, can improve the molecular stacking,
solubility, and charge transport properties of SPS-PPY-TT. The
planar PSC device fabricated with SPS-PPY-TT as the HTM
shows the best PCE of 15.29%, while a PCE of 16.62% was
observed for the Spiro-OMeTAD-based device. The comparable
PCE of SPS-PPY-TT to high-cost Spiro-OMeTAD indicates that
SPS-PPY-TT is the best alternative for fabricating low-cost and
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high-efficiency PSCs. Eventually, the same system, consisting of
ImCg, was explored to observe the electron transfer mechanism
upon photoexcitation. A series of experiments, including optical
spectroscopy, electrochemical, and spectroelectrochemical
studies, was employed to demonstrate this phenomenon. In
addition, theoretical studies were also performed to support
experimental observations, confirming the directionality of
electron transfer from the porphyrin moiety to fullerene.
Finally, transient studies provided conclusive evidence of the
formation of radical ion pairs.
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