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Development and step-by-step characterizations of a novel cationic thiophene based copolymer (P1buP),
including ionic phosphonium salt and dye-tetraphenylporphyrin (TPP) moiety in side chains, with an iconic
property of solubility in a wide range of polar solvents is reported. Synthesized by using simple, low-cost, and
straightforward procedures, the material is used to fabricate completely halogen-free (i.e., from ethanol) ternary
organic solar cells (OSCs), in the presence of an alcohol-soluble ionic 3,4-dialkoxythiophene based homopolymer
(P2buP) and a serinol-fullerene derivative (Cgo-Ser). Indeed, thanks to co-sensitization techniques, where
multiple dyes harvest different parts of the solar spectrum, the power conversion efficiency of the best final
device dramatically increases up to nearly 5.0%, as the light absorption is usually optimized. Additionally, since
the use of a cathode interlayer in OSCs also plays a pivotal role in electron extraction and device stability, a
possible application of the ionic TPP material as the interfacial layer is also investigated. Furthermore, to
improve and optimize the best performing device, a successful post-metalation with Zn of the porphyrin core is
carried out, and a ternary OSC (P1buP:P2buP:Cgo-Ser = 0.33:0.67:1 w/w) is fabricated, resulting in a photo-
conversion efficiency (PCE) of ~6.0%.

1. Introduction

Solar energy and the development of new photovoltaic technologies
(PVs) are valid eco-friendly solutions to prevent today’s energy shortage
and environmental pollution results. In particular, organic solar cells
(OSCs) are among the best promising devices for clean energy produc-
tion, firstly because they do not use critical raw materials [1], such as
high purity silicon or gallium, then due to their lightweight, flexibility,
low-cost manufacturing, as well as high tune-ability, large-area
coverage, semitransparent fabrication, and safe waste disposal [2-4]. A
typical OSC is commonly made by a bi-continuous and interpenetrating

electron donor (ED, i.e., n-conjugated polymer) and electron acceptor
(EA, i.e., fullerene derivative) composite blend, which acts as a photo-
active layer and is placed between an anode (i.e., Indium Tin Oxide
[ITO]) and a cathode (i.e., Al) [5]. Up to now, the photoconversion ef-
ficiency (PCE) of OSCs has exceeded 18% [6-8]. Indeed, since efficiency
is still the primary factor, much effort has been made to boost the
photovoltaic performances of those bulk-heterojunction (BHJ) OSCs,
acting both on the design of new high-performance active materials,
morphology optimization, and device engineering [9-12].

The synthesis and use of a dye sensitizer (i.e., porphyrin and/or
metal-porphyrin derivatives) is a well-known and valid strategy, since

Abbreviations: PVs, photovoltaic technologies; OSCs, organic solar cells; ED, electron donor; EA, electron acceptor; ITO, indium tin oxide; BHJ, bulk-hetero-
junction; AIM/CIMs, anode/cathode interfacial materials; HTL/ETLs, holes/electron transport layers; TPP, tetraphenylporphyrin; HT, head-to-tail; HH, head-to-head;
tributylphosphine, buP; S-b, Soret band; Q-b, Q-bands; E;Pt, optical energy band gap; J,, short circuit current; V,., open circuit voltage; FF, fill factor; PCE, pho-
toconversion efficiency; PEDOT:PSS, poly(3,4-ethylenedioxythiophene:polystyrene sulfonic acid.
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Fig. 1. Overview of the alcohol-soluble ED (P1buP and P2buP) and EA (Ceo-Ser) BHJ blend components.

they are large planar n-aromatic systems, thermally and photochemi-
cally stable photoactive components, and typically have broad absorp-
tion regions owing to their Soret and Q bands. Moreover, such
derivatives can be both blended with ED/EA materials or directly
anchored to the n-conjugated polymeric backbone [13-15]. In order to
enhance their light-harvesting properties in the visible and NIR regions,
these derivatives could be paired with a solution-processable 3,4-dia-
lkoxythiophene based polymers as second ED photoactive compo-
nents. In fact, not only does the stronger electron donor ability of double
oxygen reduce the energy band gap of the material, but S—O non-
covalent interaction could also provide a better planarity and modu-
late the final morphology of the blend [16,17]. Therefore, the new
concept of co-sensitization and development of ternary OSCs, obtained
by using three photoactive materials with complementary absorption
profiles, is of great interest [18,19]. The introduction of a third
component typically broadens the light harvesting capability and en-
hances the charge transfer and/or transport properties, thus improving
the final device performance. Besides, the third element seems to act as a
morphology regulator, since a better stability (i.e., thermal and photo-
chemical) and an optimized phase separation of the ternary blend can be
obtained [15,19-21]. However, co-sensitization sometimes could also
lead to difficulty in morphology control, thus producing an unexpected
and complex morphology and, therefore an overall decrease in
efficiency.

For this reason, the device architecture — especially interfacial en-
gineering — is another aspect to focus on [22-24]. Anode/cathode
interfacial materials (AIM/CIMs) or holes/electron transport layers
(HTL/ETLs) are usually conjugated polyelectrolytes with polar and/or
ionic side chains, which are placed between the active layer and the
metal electrode. In addition to solving the rising quest for green solvents
to be soluble and processable from alcohols and/or water, this class of
materials can reduce the work function of the electrode metal and
produce a favorable energy level alignment for an effective and better
charge extraction. Besides, oxidation phenomena are prevented and as a
result, the long-term stability of the device is improved [25-27].

Therefore, we herein report the synthesis of two novel cationic and
alcohol/water-soluble conjugated thiophene-based materials. In partic-
ular, the dye-tetraphenylporphyrin (TPP) functionalized copolymer poly
{3-(6-tributylphosphoniumhexyl)thiophene-co-3-[5-(4-phenoxy)-
10,15,20-triphenylporphyrinyl]hexylthiophene bromide} (P1buP) and
the 3,4-dialkoxythiophene based homopolymer poly[3,4-(6,6-tribu-
tylphosphoniumhexyloxy)thiophene] bromide] (P2buP) - both with
ionic phosphonium salts in the side chains — have been prepared by a
post-functionalization approach on the precursor polymers poly{3-(6-
bromohexyl)thiophene-co-3-[5-(4-phenoxy)-10,15,20-triphenylpor-
phyrinyl]hexylthiophene} (P1) and poly[3,4-(6,6-bromohexyloxy)
thiophene] (P2). All the synthesized materials were fully characterized

by nuclear magnetic resonance (*H NMR, !3C NMR and 3'p NMR),
infrared (FT-IR) and ultraviolet-visible/photoluminescence (UV-Vis and
PL) spectroscopy, as well as thermal analysis (TGA and DSC), cyclic
voltammetry (CV), atomic force microscopy (AFM), and external
quantum efficiency (EQE). The ionic polymers were then tested as
photoactive ED materials in halogen-free (i.e., ethanol) ternary BHJ
OSCs, in the presence of an alcohol-soluble serinol-fullerene (Cgo-Ser)
derivative as an EA counterpart (Fig. 1). Moreover, to investigate a
possible role in the process of device engineering, the alcohol-soluble
TPP functionalized copolymer was also tested as cathode interfacial
layer in a bicomponent BHJ OSC made of P2buP:Cg(-Ser as active layer.
Finally, to improve and optimize the best performing device, the ionic
TPP substituted copolymer was subsequently metalated with Zn and
tested in a ternary BHJ OSCs (P1buP-Zn:P2buP:Cgp-Ser = 0.33:0.67:1
w/w), achieving even higher PCE value (~ 6.0%) but still maintaining
an environmentally friendly approach.

2. Experimental section
2.1. Materials and methods

All commercial chemicals and solvents were used as supplied, unless
otherwise noted. 1,6-Hexanediol (99%), hydrochloric acid (HCI, >37%),
p-toluenesulfonic monohydrate acid (pTsOHeH30, >99%), sodium bi-
carbonate (NaHCOs, puriss.), sodium sulphate (NaSO4, anhydrous),
tributyl phosphine (Pbug, 97%), zinc acetate dihydrate (Zn(OAc), e
H,0, >98%), poly(9,9-bis(3-(N,N-dimethyl)-N-ethylammoinium-pro-
pyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br),
toluene (C;Hg, >99.9%), ethyl acetate (EtOAc, >99.5%), petroleum
ether (PE, >90%), hexane (CgHj3, >99.0%), tetrahydrofuran (THF,
>99.9%) and diethyl ether (Et20, >99.5%) were purchased from Sigma
Aldrich Chemical Co. (USA). Hydrobromic acid (HBr, 48%), ferric tri-
chloride (FeCls, >98%), phosphorus pentoxide (P20s, 99%) and nitro-
methane  (CH3NO;, >98.5%) from Fluka (Switzerland).
Dichloromethane (CH2Cly, 99%), chloroform (CHCl3, 99.0-99.4%) and
methanol (MeOH, >99.8%) from Honeywell (Germany). Diethyl ether
(Et20) and tetrahydrofuran (THF) were freshly distilled before use to
remove the stabilizer, while anhydrous chloroform (CHCl3) was distilled
over P»O5 and stored over molecular sieves. The synthesis and charac-
terization of 3-(6-bromohexyl)thiophene (1a) [28] and 3-[6-(4-phe-
noxy)-10,15,20-triphenylporphyrinyllhexylthiophene (1b) [29] as
starting monomers, in addition to malonodiserinolamide fullerene (Cgo-
Ser) [30] as electron-acceptor counterpart were previously reported.
Monomer 3,4-(6,6'-bromohexyloxy)thiophene (2) was synthesized ac-
cording to literature methods [16,31], starting from commercially
available 3,4-dimethoxythiophene (Sigma Aldrich, 98%) and 6-bromo-
1-hexanol ((B60H), prepared according to ref. [32]). Precursor (P1
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Scheme 1. Synthetic route to obtain the precursor and ionic thiophene-based materials.

and P2) [29,33] and ionic (P1buP and P2buP) [30,34] polymers/co-
polymers were synthesized according to literature methods. Metalation
with Zn to obtain P1buP-Zn was performed according to modified
literature method [35,36]. All synthetic details are given in the Sup-
porting Information. All air- or moisture-sensitive reactions were per-
formed under an inert (N3) atmosphere in flame-dried glassware.

2.2. Instruments

The NMR (IH, 13¢ and 3'p) spectra were recorded on a Varian
Mercury Plus 400 (400 MHz) spectrometer, operating at room temper-
ature. Chemical shifts are given in ppm and referenced in the deuterated
solvents (CDClg: 8 = 7.26 ppm for *H and 77.00 ppm for 13C; CD;0D: &
= 3.31 ppm for 'H and 49.10 ppm for *3C). The following abbreviations
have been used for multiplicity assignments: “s” for singlet, “d” for
doublet, “t” for triplet, “m” for multiplet, and “br” for broad. High-
resolution mass spectroscopy (ESI-HRMS) spectra were recorded on a
Waters Xevo Q-TOF.

Molecular weights of precursor polymers (P1 and P2) were measured
by gel permeation chromatography (GPC) on a HPLC Lab Flow 2000
apparatus equipped with a Rheodyne 7725i injector, a Phenomenex
Phenogel MXM 5 pm mixed bed column, and an RI K-2301 KNAUER
detector, using monodisperse polystyrene as standards and THF as the
eluent. Solutions of ca. 1 mg/mL were prepared and filtered over a 0.45-
pm pore size filter, just before measurements.

Thermogravimetric analyses (TGA) were conducted on NETZSCH TG
209 F1 Libra (P1buP) and a TA Instruments Q600 apparatus (P2buP)
operating in air flux, to determine the sample decomposition tempera-
tures (from 30 °C to 600 °C, heating rate scan of 10 °C min~ 1. A TA
Instruments Q2000 differential scanning calorimeter (DSC) was used
under a nitrogen atmosphere for the thermal analysis (from —20 to
200 °C, heating rate scan of 10 °C min ).

Absorption (UV-Vis) spectra of the different materials were acquired
at room temperature on a Perkin Elmer Lambda 19 spectrophotometer,
with a 1 em path length quartz cell and ~ 107> M polymer solutions
(CHCl3 for P1-2 and alcohols/water for P1-2buP). Thin film measure-
ments were made on polymer samples or BHJ blends cast on quartz

slides by spray-coating deposition. Emission spectra of solutions and
thin films on glass-substrate were recorded on an Edinburgh FLSP920
spectrometer equipped with a 450 W xenon arc lamp, double excitation
and single emission monochromators, and a Peltier-cooled Hamamatsu
R928P photomultiplier tube (185-850 nm). The wavelengths for the
emission spectra were determined using the abs maxima. FT-IR spectra
were recorded on KBr or Ge disks using a Perkin Elmer Spectrum One
spectrophotometer.

Cyclic voltammetries (CVs) were performed at room temperature
with an AMEL 5000 Electrochemical system, in an Ar purged mixture of
25% acetonitrile (CH3CN, Carlo Erba RPE, distilled and stored on 3 A
molecular sieves under Ar pressure) and 75% toluene (C;Hg, Carlo Erba
RPE, distilled in Rotavapor) solution of 0.1 mol L™! tetrabutylammo-
nium perchlorate ((C4Hg)4NClO4, Fluka, electrochemical grade) as
supporting electrolyte. Measurements were conducted using a three-
compartment glass cell equipped with a Pt wire spiral and an aqueous
saturated calomel electrode (SCE) as the auxiliary and reference elec-
trodes, respectively. Polymer films were formed by drop-casting ionic
polymer solutions in methanol on a 1 mm diameter Pt electrode. Po-
tentials are referenced to the ferrocene/ferrocenium (FC*/FC) couple,
whose standard potential for the mixture is E°[gc/rc) = 0.599 V vs. SCE,
while the absolute potential is assumed 4.84 eV [37-39].

Atomic force microscopy (AFM, model Ntegra from NT-MDT) was
employed to gather surface topography and phase image data of the
blends. This equipment was supplied with a silicon cantilever (model
NSGO1 from NT-MDT, having a tip radius of 10 nm), and the measure-
ments were conducted in a semi-contact mode, operating at a resonance
frequency of 200 kHz, and each image was composed of 500 x 500 data
points.

The current-voltage (J-V) characteristics of the prepared solar de-
vices were measured in air at room temperature, with a digital source
meter (Keithley 2401) under the illumination of an Abet Technologies
LS150 Xenon Arc Lamp Source AM 1.5 Solar Simulator (100 rnW/cmz)
calibrated with an ILT 1400-BL photometer. The external quantum ef-
ficiency (EQE) characterization was made by using a 7-SC Spec III
Modularized Solar Cell Spectral Test System (SevenStar Optics, Beijing,
PRC).



M. Marinelli et al.

Table 1
Comparison of the physical and thermal characteristics of precursor and ionic
polymeric derivatives.

Reaction Dyads Group M, X221 pld
Yield (%) Content Content (KDa)
(%) (% moD)!¥
P1 45 70 HT™ 80 Br, 20 TPP 33.6!"! 95 1.7
P2 60 100 HH 100 Br 42,4/ 9 1.5
P1buP 91 70 HT™® 80 buP, 20 TPP 49,0 95 1.7
P2buP 95 100 HH 100 buP 81.4L¢] 9% 1.5

[a] Determined by 'H NMR; [b] Determined by GPC relative to polystyrene
standards; [c] Calculated from the average polymerization degree of the corre-
sponding precursor polymers; [d] Polydispersity index, determined by GPC; TPP
= tetraphenylporphyrine, buP = tributylphosphine.

2.3. Device fabrication

The Indium Tin oxide (ITO) substrate (2 x 2 cm, surface resistance
21 Q/sq) was etched at 60 °C for 15 min by using a 10% wt aqueous
solution of HCI, to obtain an active area of 1.5 x 1.0 cm. The substrate
was rinsed with distilled water, 2-propanol and dried with a nitrogen
flow before use. The solution of poly(3,4-ethylenedioxythiophene):
polystyrene sulfonic acid (PEDOT:PSS, 2.8 wt% dispersion in water,
viscosity 20 cps) in 2-propanol (diluted 1:1 v/v) was sonicated for 30
min using an ultrasonic bath (Elmasonic S 30H), filtered on a Gooch G2
and then deposited by doctor blading technique (Sheen Instrument
Model S265674) onto the previously treated ITO substrate, only leaving
a small (0.5 x 1 cm) area uncovered at the opposite side of the previ-
ously etched area. The PEDOT:PSS film was annealed at 120 °C for 2 h
under vacuum (Buchi GKR-50 glass oven, 10~ mmHg). The active layer
was deposited under ambient air conditions by spray-coating (Gohelper
Mini Kit Airbrush, nozzle diameter 0.3 mm) of a solution made by
mixing different weight ratios of P1buP or P2buP (as ED polymer) and
Cgo-Ser (as EA material) in 2.0 mL of EtOH/MeOH = 2/1, and then
annealed in the glass oven under vacuum (103 mmHg) at 120 °C for 30
min. In case of bicomponent photoactive blend (P2buP:Ceo-Ser =1:1 w/
w), 1.0 mL of a solution of P1buP in EtOH (2 mg/mL) as cathode
interlayer was also deposited by spray-coating and subsequently
annealed at 120 °C for 30 min. Finally, 50 nm of Al was thermally
evaporated by using an Edwards 6306 A coating system operating at
10~% mmHg. The structure of the final devices, having a final active area
of 1.0 x 1.0 cm2, was composed of (i) ITO (80 nm)/PEDOT:PSS (100
nm)/photo active layer (150 nm)/Al (50 nm) or (ii) ITO (80 nm)/
PEDOT:PSS (100 nm)/photoactive layer (150 nm)/ionic polymer (20
nm)/Al (50 nm).

3. Results and discussion
3.1. Synthesis and physical characterization

Monomers 3-(6-bromohexyl)thiophene (1a) [28] and 3-[6-(4-phe-
noxy)-10,15,20-triphenylporphyrinyl1hexylthiophene (1b) [29]
(Scheme 1) were synthesized according to literature methods. The new
monomer 3,4-(6,6'-bromohexyloxy)thiophene (2) was synthesized by
trans-etherification [16,31] of the commercially available 3,4-dime-
thoxythiophene, in the presence of 6-bromo-1-hexanol (B60H) [32]
and a catalytic amount of p-toluenesulfonic acid (for detailed procedures
see Supporting Information). Both precursor materials were then ob-
tained by oxidative coupling with iron chloride (FeCls) of the corre-
sponding monomers, to give the dye-sensitized thiophene-based
copolymer (P1) [29] and the homo-poly(dialkoxythiophene) (P2) [33].

P1 was obtained by direct co-polymerization of monomers 1a and 1b
in the molar feed ratio of 4.1:1, respectively, and a head-to-tail (HT)
dyads content of 70%. Indeed, to prevent self-aggregation phenomena
typically observed in this class of materials, a partially functionalized
and not completely regioregular derivative — with the TPP moiety

Reactive and Functional Polymers 200 (2024) 105928

anchored to but electronically insulated from the polyconjugated thio-
phene backbone — was synthesized. Whereas for P2, a completely
regioregular precursor material was obtained, thanks to the symmetrical
structure of the 3,4-disubstituted monomer. Besides, in addition to being
well-soluble in most common organic solvents (i.e., THF or CHCl3), both
precursor materials display high molecular weights (M,) and uniformity
in chain length, as average polymerization degrees (X,, Table 1) of P1
and P2 are of comparable magnitude. Cationic, and therefore water/
alcohol soluble materials (P1buP and P2buP) were then synthesized
according to previous literature methods [30,40], by post-
functionalization with tributyl phosphine of the bromoalkylic side
chains of the precursor derivatives. Substitution reaction with phos-
phines generally leads to a complete post-functionalization, thus
increasing the solubility in water and polar solvents, without affecting
the final regioregularity degree of the material. Indeed, both P1buP and
P2buP derived to be fully soluble in water and a wide range of alcohols
(i.e., methanol, ethanol, n-propanol, and i-propanol). An overview and
comparison of the precursor and ionic derivatives’ characteristics is
reported in Table 1.

Finally, as metalation typically affects the optical and electro-
chemical properties of porphyrin derivatives, a portion of P1buP was
subsequently complexed with Zn?* to obtain P1buP-Zn (Scheme 1). Due
to the ionic nature of the synthesized TPP derivative, the reaction was
successfully performed at room temperature in MeOH and using stoi-
chiometric zinc acetate dihydrate, according to the conditions reported
in the experimental section (for detailed procedures refer to Supporting
Information, Section I). The successful metalation, probably thanks to
the strong reduction of the n-n stacking interaction of the porphyrin
moieties, further improves the solubility of P1buP-Zn in highly polar
solvents such as alcohols or water.

3.2. NMR characterization

All precursors and monomers were characterized by 'H NMR, 3C
NMR and mass spectroscopy to determine their chemical structure and
purity degree (Fig. S1-S2). The occurrence of the polymerization and
post-functionalization reactions with tributyl phosphine was proved by
'H NMR (Fig. $3-S4), as well as 3P NMR (Fig. $5-S6).

The copolymerization of P1 is proved by splitting the signal reso-
nance related to the methylenic protons in « to the thiophenic ring
(Fig. S3A). While the successful homopolymerization of monomer 2 to
P2 is confirmed by the absence of aromatic signals ascribable to protons
in o and o’ -position of the thiophene ring (Fig. S4A). In particular, by the
integral ratio of the aforementioned signals, centered at 2.81 ppm (HT
dyads) and 2.57 ppm (HH and TT dyads), the regioregularity degree for
P1 can be then evaluated (70% of HT linkages). Similarly, the molar
content of bromine (80%) and TPP (20%) can also be determined, since
the resonances at 3.41 and 4.21 ppm can be exclusively ascribed to the
protons of CHyBr and CHO-TPP groups in the side chain, respectively.
The success and rate of ionization with tributyl phosphine were then
verified both by 'H NMR and 3'P NMR spectroscopy. Firstly, the total
absence of methylenic protons in « position to the bromine group as well
as the presence of a broad signal at 2.21 and 2.27 ppm for P1buP
(Fig. S3B) and P2buP (Fig. S4B), respectively, clearly shows the suc-
cessful post-functionalization of both precursors. Those resonances can
indeed be attributed to the eight methylenic protons near the cationic
phosphine group. Besides, not only all the porphyrin content in P1buP is
retained, but also both of the 3lp NMR spectra (Fig. S5-S6) confirm the
complete absence of unreacted tributyl phosphine, as previously verified
by 'H NMR.

Finally, in the case of P1buP-Zn (Fig. S7), the disappearance of the
signal at around 4.50 ppm, probably related to the resonance of the NH-
pyrrolic subunits of the porphyrin moiety, confirms its successful and
quantitative metalation with Zn?".
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Table 2 Table 3
Decomposition (T4) and glass-transition (T,) temperatures of ionic polymers. Optical properties of the synthesized polymeric derivatives.
Ty O™ T, O™ Solution Film
P1buP 237 76 Solvent  Apayx (nm)'¥ Amax ()1 E¥* (ev)!
P2buP 213 49
420 S-b 431
[a] Determined by the onset point of the first inflection; [b] Evaluated by DSC P1 CHCl3 449 g-1* 482 2.12
analysis. 514,552,591, 646 Q-b 519, 554, 595, 651
P2 CHCl; 532 556, 601 1.92
420 S-b 427
P1buP EtOH 451 m-m* 481 2.23
514,551, 592, 649 Q-b 518, 553, 596, 652
P1buP Plbup- L 4245b 435 5b
Zn 558, 597 Q-b 565, 608 Q-b
P2buP EtOH 522 535 1.98
— [a] Maximum absorption wavelength; [b] Optical energy band gap.
3
8 comparison with P2buP, probably due to the presence of strong dipolar
> interaction among the porphyrin-dye moiety. Finally, the weight losses
B P2buP up to 400-450 °C can be both ascribed to the starting decomposition of
g the macromolecular backbone. However, both P1buP and P2buP may
b be considered stable enough to be used as photoactive materials, since
- the degradation temperatures are higher than the exercise ones.
Concerning the thermal behavior (Fig. S9), both the examined
samples show an endothermic flexure, ascribable to the glass transition
temperature (Tg). The absence of melting and crystallization phenomena
is therefore due to the substantially amorphous nature of the polymers.
. . : ' : : : . In fact, the steric hindrance of groups i.e., tributyl phosphonium and/or
0 5 10 15 20 25 30 35 40 porphyrin moiety linked to the side chains presumably prevents the

2 theta (deg)

Fig. 2. X-ray diffractograms of P1buP and P2buP.
3.3. Thermal and XRD characterization

The thermal stability of the cationic polymers P1buP and P2buP was
determined by TGA analyses, up to 600 °C and under an oxidizing at-
mosphere, while the thermal behavior was evaluated by DSC analyses,
under a nitrogen atmosphere (Table 2, Fig. S8-S9).

When submitted to thermal treatment, both the ionic materials
showed quite good resistance, displaying differences in the degradation
pattern and several weight losses, at different temperature values
(Fig. S8). The first weight loss can be both originated from the side chain
degradation, involving a considerable weight decrease, with the highest
percentage loss for P2buP (80%) in comparison to P1buP (40%).
Indeed, despite the overall elimination of the phosphonium group for
both materials, the ionic TPP-derivative clearly displays macromolec-
ular stiffening and higher thermal stability in the solid state in

formation of crystallinity, as the conformational order of the polymeric
chains decreases. Besides, the presence of a bulky and not flexible sub-
stituent such as porphyrin allows for significant increase in the Tg value,
as reported in Table 2.

Fig. 2 shows XRD diffractograms of polymers in film at room tem-
perature. The presence of two wide main peaks centered at 26 = 2.15
and 3.49° and corresponding to the chain distance on the plain of 20.5
and 14.3 A for P1buP and P2buP, respectively, suggests the existence of
very small crystalline domains in their structure. The absence of any
further evident peak in the wide-angle region of the diffractogram
confirms the absence of any tridimensional array and then the pre-
dominantly amorphous nature of the films, as suggested by DSC
analysis.

3.4. Optical properties

The optical properties of precursor and ionic polymers were evalu-
ated by UV-Vis spectroscopy, in solid state (film on quartz) and in so-
lution of CHCl3 or different polar solvents (i.e., alcohols and water),
respectively. The normalized absorption spectra are reported in Fig. 3,
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Fig. 3. Normalized UV-Vis spectra in solution (dashed line) and thin film (solid line) of precursor (in CHCl3) and ionic polymers (in EtOH), normalized on the z-7*

maxima (A and C) or on the Q-b maxima at 550-560 nm (B).
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Table 4

Electrochemical properties of ionic synthesized polymeric derivatives.
Eox Ereq HOMO LUMO
™ ) (V) (e
PI1buP +0.84 - —5.08 —-2.85
P1buP-Zn +0.82 - —5.06 —-2.83
P2buP +0.53 - —-4.77 —-2.79
Ceo-Sert®™ - —0.37 - —3.87

[a] As reported in ref. [42]; [b] Oxidation potential, determined in 0.1 mol Lt
(C4Hy)4NClO,4 in 25% CH3CN, 75% toluene (C;Hg), SCE absolute potential 4.24
eV; [c] HOMO = — (Eox +4.24);[d] LUMO = HOMO + Eg‘”.

while their spectral data are reported in Table 3. Indeed, as ethanol
(EtOH) proved to be the best compromise in terms of optical behavior
and safety condition, only optical data in this solvent for P1buP, P1buP-
Zn and P2buP are here reported. The behavior in all the other polar
solvents can be additionally found in Fig. S10-S11 and Table S1-S2.

Except for P2, all materials show similar absorption profiles, both in
solution and solid state. In the case of both the dye-sensitized thiophene-
based copolymers (Fig. 3A), the typical absorptions of porphyrin elec-
tronic system are clearly shown, i.e. the intense Soret band (S-b) at about
420-430 nm, and the four weak Q-bands (Q-b) ranging from 510 to 650
nm [41]. Moreover, even though a partial overlapping with the
porphyrin bands, the n-n* electronic transition of the conjugated poly-
thiophene backbone is also visible, especially for P1, at around 450 nm
(in solution) and 480 nm (in thin film). The poor dependence of the
optical profiles from the kind of side chain, in addition to the modest
shifts of Apax passing from precursor (P1) to ionic material (P1buP),
suggests that in this case the post-functionalization with more bulky
groups, such as phosphonium salts, does not induce a substantial change
in the optical behavior. Besides, despite the porphyrin moieties could
probably affect the tendency of the polymeric backbone to assume more
ordered and planar conformations, a clear band broadening in thin film
is regardlessly displayed for both polymers. On the other hand, with the
formation of the metal-porphyrin in P1buP-Zn (Fig. 3B), the S-b resulted
to be substantially unchanged, but the four Q-b were collapsed in two
bands, due to the increased symmetry of the system.

With regard to P2, in addition to being the most red-shifted, the thin-
film absorption spectrum exhibits a quite evident vibronic structuration,
probably due to strong inter- and intramolecular interactions (i.e., S—O
non-covalent interaction), which provides a better planarity. Instead, by

P1buP
P2buP

25

- - - background current

-1.0 L
0 1 2

V/Vvs. SCE
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post-functionalization, both the spectra of P2buP display a more
featureless and slightly blue-shifted absorption. However, an enhanced
band broadening and fine structuration are still obtained, especially in
the solid state, thus assuming appreciable planarizing interactions
(Fig. 3C).

The values of optical energy band gap (E¢"), which can be estimated
by the onset absorption wavelength in thin film are also reported in
Table 2. For a better comparison with P2 and P2buP, the onset wave-
length for P1 and P1buP was also considered for the maximum ab-
sorption concerning the electronic transition of the conjugated
polythiophene backbone. As expected, the results display a vivid
bandgap decrease from ~2.10-2.20 eV to ~1.90-2.00 eV for the pre-
cursor/ionic dye-sensitized thiophene-based copolymer (P1 and P1buP)
and homo-poly(dialkoxythiophene) (P2 and P2buP), respectively.
Indeed, owing to the mesomeric effect, the stronger electron donor
ability of double oxygen directly linked to the thiophene ring, as well as
possible S—O non-covalent interaction, provide a remarkable bath-
ochromic shift and thus reduce the energy band gap of the material.

By the obtained results, it can be noted that both couple of synthe-
sized materials (P1 with P2 and P1buP with P2buP) clearly display
complementary absorption profiles, thus suggesting the possibility of
extending the light-harvesting capability when blended together. In
particular, mixtures of P1buP and P2buP, in presence of a suitable EA
material (i.e., an alcohol-soluble fullerene derivative), are therefore
good candidates to be used as active layer in halogen-free ternary OSCs.

3.5. Electrochemical behavior

CV measurements were carried out on a thin film of all ionic mate-
rials prepared by drop-casting on Pt from ethanol solutions, in toluene/
acetonitrile (75:25). The oxidation potentials as well as energy levels of
polymers are reported in Table 4, while the related voltammograms in
Fig. 4. In the case of P1buP and P2buP the fourth cycle was considered
(Fig. 4A), while for P1buP-Zn only the second one was used (Fig. 4B),
due to its overall enhanced solubility, as well as in the analysis mixture.

The oxidation potential was converted to the HOMO (highest occu-
pied molecular orbital) energy, referring SCE to the ferrocene/ferroce-
nium internal reference. Since the evaluation of reduction potential —
and therefore of the electrochemical band gap — was prevented by the
absence of any evident peak in the negative bias range of CV curves, the
LUMO (lowest unoccupied molecular orbital) energy was then indirectly
calculated from the HOMO value and the optical band gap (Eg", Table 3)

3.0 T
P1buP 1
2.5 | P1buP-Zn 4

20 1

J (mA cm'2)

05 e

0.0 ——

-1.0 L
0 1 2

V/Vvs. SCE

Fig. 4. (A) Fourth and (B) second cyclic voltammograms curves of ionic materials in thin film (* Oxidation process probably related to the bromine counterion).
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Fig. 5. Morphological structure of BHJ OSCs samples, showing their topology in the top row and phase images in the bottom row. A) ED;:ED,:EA = 1:0:1 sample, Z
scale bars are 120 nm and 90°, respectively, and RMS 14.51 + 3.4 nm; B) ED;:ED»:EA = 0.67:0.33:1 sample, Z scale bars are 250 nm and 25°, respectively, and RMS
30.17 + 6.9 nm; C) ED1:ED5:EA = 0.5:0.5:1 sample, Z scale bars are 250 nm and 25°, respectively, and RMS 24.63 + 5.1 nm; D) ED;:ED5:EA = 0.33:0.67:1 sample, Z
scale bars are 100 nm and 10°, respectively, and RMS 11.26 + 2.4 nm; E) ED;:ED5:EA = 0:1:1 samples, Z scale bars are 80 nm and 160°, respectively, and RMS 9.62
+ 1.9 nm; F) P1buP as cathode interlayer, Z scale bars are 150 nm and 100°, respectively, and RMS 10.31 + 2.2 nm.

measured by the UV-Vis spectra in thin film.

It can be noted that the oxidation potential of P2buP is drastically
reduced by the presence of oxygen conjugated in the side chain of
thiophene rings, due to the ED effect of its p-orbital. On the other hand,
the HOMO level energy of P1buP is very low if compared with P2buP,
which is favorable for the obtainment of high open-circuit voltage (V)
in OSCs. As the E”" of P1buP-Zn cannot be determined by the UV-Vis
spectrum, despite the metalation process it can be reasonably assumed
similar to the one of P1buP, since the TPP moiety is electronically
insulated from the polyconjugated thiophene backbone. In fact, the
oxidation potential resulted basically unchanged.

Therefore, this optimal cascade energy level alignment, in addition
to having a reduced Efg’p‘ for P2buP and complementary abs profile,
would suggest the use of these materials as suitable components in
ternary OSCs. Moreover, due to their cationic nature and a fine matching
with the energy levels of P2buP:Cgo-Ser as binary host and the work
functions of anode and cathode, the TPP derivatives might be also
employed as cathode interlayers.

3.6. Morphology characterization

Therefore, to evaluate the interesting new concept of co-
sensitization, different weight ratio blends of P1buP (ED;) and P2buP
(ED») with Cgp-Ser (EA) were prepared and their morphological features
in thin films investigated. AFM surface topography and phase images are
provided in Fig. 5, from sample A to E, where the first row shows the
images of sensitivity height, and the second one provides the phase
images. Analogously, the topography of P1buP as cathode interlayer
can be seen in Fig. 5F, combined with its phase image.

As it can be seen in Fig. 5A, the binary blend with TPP-copolymer
and fullerene derivative (ED;:EDy:EA = 1:0:1) displays a relatively
rough surface, where the irregularities can be seen all over the surface,
with uniform height and size. Probably caused by a substantial aggre-
gation of the two components, this can be further confirmed by the
phase image, as the same pattern shows the changes in the phase of the
surface. Fig. 5B, attributed to the EDj:EDy:EA = 0.67:0.33:1 blend,
similarly shows another rough surface with bigger size roughnesses, as
well as broader dispersion throughout the surface, maybe due to the
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Table 5
Properties of BHJ OSCs prepared with alcohol-soluble materials P1buP (ED,),
P2buP (ED,), and Cgo-Ser (EA) (average values collected from 5 devices).

ED;:EDy: Jse Jee Voe FF7 PCE
EA (mAecm )l (mAecm DI (pylel (%)
ratio
0.59 + 0.58 + 1.53 +
1:0:1 .5+ 0.11 4+ 0.1
0 450 44+0.18 0.10 0.02 0.09
0.60 + 0.58 + 291 +
0.67:0.33:1 8.4 +0.13 8.3+ 0.16 011 0.03 o012
0.61 + 0.60 + 4.45 +
0.5:0.5:1 12.1 +0.15 11.9 + 0.19 0.10 0.03 018
0.61 + 0.58 + 5.22 +
.33:0.67:1 14.8 £ 0.1 14.7 £ 0.2
0.33:0.67 4.8 +0.17 4.7 +0.20 012 0.02 019
0.55 + 0.55 + 3.37 +
0:1:1 11.1 £ 0.16 10.9 £ 0.15 014 0.02 016
0.65 + 0.61 + 4.88 +
.1.1[al
0:1:1 12.3+0.17 12.1 +0.15 011 0.05 015
0.58 + 0.61 + 5.03 +
.1.7 bl
0:1:1 14.2 + 0.16 13.9 +0.21 012 0.04 0.20

[a] With PFN-Br as commercial cathode interlayer; [b] With P1buP as cathode
interlayer; [c] Short circuit current; [d] Js from EQE measurements; [e] Open
circuit voltage; [f] Fill factor; [g] Photoconversion efficiency.

addition of the third component. Indeed, an overall similar trend is
obtained with all ternary samples, but with fewer irregularities when the
content of P1buP and P2buP decrease and increase, respectively. In
particular, both Fig. 5C and D show fewer irregularities but bigger in
size, as their scattered placements can be well seen in both phase images.
On the other hand, the lowest Z scale bar for the sensitivity height was
observed with the binary dialkoxy-fullerene blend (Fig. 5E), obtaining a
smoother surface with less relative roughness compared to the other
blends. In the end, when P1buP is used as cathode interlayer (Fig. 5F),
the material shows relatively smooth surface, although the present ir-
regularities have bigger sizes in contrast to their distance.

3.7. Photovoltaic properties

The possible role of P1buP as a third component was effectively
investigated by the fabrication of halogen-free ternary BHJ organic solar
cells, with an ITO/PEDOT:PSS/active layer/Al configuration. Similar to
the morphology characterization, different weight ratio blends of P1buP
(ED;) and P2buP (ED,) with Cgo-Ser (EA) were thus employed as active
layers. Besides, with the aim of investigating possible device engineer-
ing, P1buP was also tested as cathode interfacial materials in bicom-
ponent BHJ devices, still made with the dialkoxy alcohol-soluble
material as ED (ED9:EA = 1:1 w/w). Ethanol is the solvent adopted to
process all the materials. The photovoltaic performance parameters for
all prepared devices are listed in Table 5, while the corresponding J-V
features of the best-performing solar cells and external quantum

A

—1:0:1
0.67:0.33:1

——0.5:0.5:1

——0.33.0.67:1

—0:1:1

0:1:1[

- = 0:1:1P

Normalized Abs
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efficiency (EQE) curves are reported in Fig. 6.

3.7.1. Ternary OSCs vs interfacial engineering

According to the presented data, the two bicomponent BHJ OSCs
devoid of any cathode interlayer provide quite different PCE values,
with the dialkoxy alcohol-soluble material giving the best result when
used as ED (Tables 5, 3.37%). Despite a slight reduction of the V,,
parameter, P2buP can provide a more extended coverage of the ab-
sorption spectrum (Fig. 6A), as well as a better LUMO level alignment
with Cgo-Ser as EA, probably ascribable to the presence of the two oxy-
groups, in addition to producing a smoother surface and less aggregates
(Fig. 5E). Whereas the obtainment of high values of Jy. and thus PCE are
prevented when P1buP is used as the only ED, likely due to the elec-
tronically insulated TPP moiety and its strong absorption but at lower
wavelengths, not to mention its tendency to give aggregation with the
EA counterpart (Fig. 5A). Particularly interesting are therefore the
experimental findings obtained by the fabrication of the ternary OSCs.
Not only do the three components maintain the alcohol soluble pro-
cessability of the devices, but a substantial enhancement of the PCE
value - ranging from ~4.5-5.2% - is guaranteed just with the ratio of
0.5:0.5:1 as ED1:EDy:EA. In particular, the best results were provided
using the ratio of 0.33:0.67:1 with an improvement of PCE of 54% with
respect to the best bicomponent device. Primarily originated by the high
Jsc value and a good compromise of V,. and FF parameters, this ratio
clearly displays the best photoactive performance (Table 5 and Fig. 6B).
Reasonably due to their complementary absorption profiles, an
extended and well-structured light harvesting capability is produced
(Fig. 6A), without compromising the film surface smoothing and ho-
mogeneity after blending (Fig. 5D).

It is also evident from Table 5 and Fig. 6, that P1buP is a valid and
suitable candidate to be used as a cathode interlayer. With an
improvement of PCE of 49% with respect to the reference device

Table 6
Comparison of photovoltaic performances of BHJ OSCs prepared with P1buP
and P1buP-Zn (average values collected from 5 devices).

EDy:ED2:EA Jse Jse Ve Frl4 PCE
ratio (mAecm ) (mAecm 2P (yyldd (96)1
P A
1%:0:1 494012 484016 g:?g * g:g? * (1)3 *
0.33:0.67:1  148+0.18 147 +0.20 gﬂ * g:gi + gif +
0.33%:0.67:1 152+016  14.9+0.19 g:?(l) + g:gi + g:?g +

*With P1buP-Zn as EDy; [a] Short circuit current; [b] Js. from EQE measure-
ments; [c] Open circuit voltage; [d] Fill factor; [e] Photoconversion efficiency.
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Fig. 6. A) Thin-film absorption spectra, B) J/V curves, and C) EQE curves of prepared BHJ OSCs.
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(Table 5, 0:1:1 as ED;:EDy:EA), the obtained photovoltaic performances
notably increase, resulting comparable and even better to device fabri-
cated by using PFN-Br as a commercially available cathode interlayer.
Indeed, the combination of porphyrin and ionic moieties seems to
induce a reduction of the work function, with a slight enhancement of
the V,, and a promotion of the electron injection to the Al cathode. The
photo-current response curves (EQE curves, Fig. 6C) and related Jg
values (Table 5) of all investigated devices follow the values recorded, as
well as the trend formerly observed in the absorption spectra, indicating
that the whole absorption can effectively contribute to the photocurrent.

3.7.2. Optimization with Zn

Finally, to improve and optimize the best performing device, a
portion of P1buP was successfully complexed with Zn?" (P1buP-Zn,
Scheme 1) and tested in ternary BHJ OSCs (Table 6, 0.33%:0.67:1 as ED;:
EDy:EA). Indeed, due to the electronically-insulated nature of the TPP in
P1buP-Zn, any substantial changes in the optical and electrochemical
properties were prevented, but an overall improvement of its solubility
in highly polar solvents was observed, thus suggesting a possible change
in terms of thin film deposition/organization and therefore photo-
activity. For a better understanding and study of the effect, the device
with a bicomponent active layer with P1buP-Zn (Table 6, 1*:0:1) has
also been fabricated. The morphological characterization by AFM
technique of the obtained blends, as well as the J-V and external
quantum efficiency (EQE) curves of the corresponding devices, are re-
ported in Fig. S12 and S13, respectively.

Still maintaining an environmentally friendly approach, a rather
clear improvement of ~15% of the performances was obtained. Indeed,
mainly promoted by a further enhancement of the current density and
fill factor, which is especially true for the ternary device, the best PCE
value of 6% among all the experimental findings of this study was
measured.

4. Conclusions

Efficient and completely halogen-free BHJ organic solar cells were
fabricated using two polythiophenes functionalized with phosphonium
salts at the end of their side chains, giving enhanced solubility in water-
alcohol mixtures to the final materials. The first synthesized poly-
thiophenic derivative (ED;) was a copolymer composed of ionic and
tetraphenylporphyrin-dye functionalized units, while the second one
(ED3) was a disubstituted homopolymer bearing the ionic group at the
end of hexamethylenic side chains linked to the main polythiophenic
chain through oxygen atoms. The two polymers were fully characterized
and tested as photoactive donor materials in combination with an
alcohol-soluble fullerene derivative (EA) to prepare ternary solar cells.
Results indicate that the ternary cells are effective in complementing
absorption spectra, optimizing the electronic energy level gradient, and
homogenizing the external surface of the device. As a result, the OSC
with a ED;:EDy:EA weight ratio of 0.33:0.67:1 exhibits a PCE of 5.22%, a
value that further increases (6.03%) when porphyrin is complexed with
Zn without affecting the solubility and film ability of the active blend.
Moreover, to investigate a possible device engineering process, the ionic
TPP material was also investigated and tested as an alcohol-soluble
cathode interlayer.
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Appendix A. Supplementary data

Additional supporting information (synthesis of 6-bromo-1-hexanol
(B60H), 3,4-(6,6-bromohexyloxy)thiophene (2), poly{3-(6-bromo-
hexyDthiophene-co-3-[5-(4-phenoxy)-10,15,20-triphenylporphyrinyl]
hexylthiophene} (P1), poly[3,4-(6,6-bromohexyloxy)thiophene] (P2),
poly{3-(6-tributylphosphoniumhexyl)thiophene-co-3-[5-(4-phenoxy)-
10,15,20-triphenylporphyrinyl]hexylthiophene bromide} (P1buP), and
poly[3,4-(6,6-tributylphosphoniumhexyloxy)thiophene] bromide]
(P2buP); metalation procedure; NMR spectra of intermediates, mono-
mers and polymers; TGA and DSC thermograms of ionic polymers;
UV-Vis and PL data/spectra of ionic polymers; morphology and pho-
toactive characterization of P1buP-Zn) can be found in the online
version of this article at the publisher’s website.
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