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ABSTRACT

The aim of this study is to present a challenging insight into the molecular design and
architecture optimization of two cost-effective conjugated polymers and their adoptions in
bulk heterojunction fullerene-based solar cells. The new polymers, with repeating units based
on symmetrically disubstituted polyalkyloxythiophenes have been prepared with simple
procedures and have been employed as electron-donor materials for polymer solar cells. A
comparative study with a monosubstituted polyalkyloxythiophene has evidenced a more
favorable active morphology, improved charge mobility and higher power conversion
efficiency for the newly prepared disubstituted polymers. Photoconversion ability further
increases when a thin layer of a cationic polyelectrolyte was coated on the surface of the
photoactive blend, thus facilitating the electron transport. Finally, the prepared polymers were
evaluated according to a figure of merit based on their synthetic complexity and conversion
efficiency, resulting particularly suitable for large scale production.

1. Introduction

n-Conjugated polymers (CPs) show intriguing physical and chemical properties deriving
from the alternating single and double C-C bonds in their macromolecular backbone.
Electron delocalization along the polymer chain allows charge transport, making CPs
valuable materials for several applications such as light-emitting diodes (LEDs), thin-film
transistors (TFTs) and organic photovoltaic solar cells (OPVs) [1]. The selection of the right
monomer for the final CP is of utmost importance since repeating units, directly deriving
from the monomer structure, can effectively modify the chemical, electronic, and optical
properties of the synthesized material. The photovoltaic process is composed of many
subsequent steps: photon absorption, exciton creation, charge separation and transport to the
electrode. Bulk heterojunction (BHJ) OPV cells are the most studied devices due to their
simple and efficient architecture which allows good photoconversion efficiency and easy
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assembling. In this structure, the photoactive layer is composed of a blend of an electron-
donor (ED) polymer and an electron-acceptor (EA) molecule, properly chosen to assure a
high interfacial area and an extended bicontinuity. The first studies regarding BHJs were
focused on the use of a regioregular poly(3-alkylthiophene) (P3HT) as ED semiconducting
material, owing to its extended n-delocalization, high thermal and environmental stability and
synthetic easiness, blended with a fullerene derivative like [6,6]-phenyl-Cg;butyric acid
methyl ester (PCs:BM) [2]. However, despite P3HT affordability, it lacks absorption in the
near-infrared and infrared regions of solar spectrum, since its absorption is limited to the
visible region (350-550 nm) giving an evident loss of solar energy. On the other hand,
polyalkylthiophenes can be easily functionalized with other chemical functional groups,
adding the intrinsic properties of the substituent to those typical of the polyconjugated
backbone. For example, oligomethylenic side chains bearing a methoxy group at the end of
the alkylic chains gave excellent polymer solubility in common organic solvents and
appreciable self-assembling capabilities when in the solid (film) state [3-4]. Moreover, if
compared to the alkylic substituents, alkyloxy side chains directly linked to the 3-position of
the thiophenic units can effectively increase the electron-injection to the backbone, thus
lowering the bandgap of the ED polymer and enhancing the charge-transfer to the electron-
acceptor (EA) counterpart in OPV solar cells [5-6]. Nevertheless, incorporation of alkyloxy
groups consequently improves the exploitation of sunlight by increasing the absorption in the
longer wavelength region [7].

In this work, two thiophenic monomers 3,4-disubstituted with alkyloxy side chains ended by
methoxy groups were synthesized and polymerized through oxidative polymerization with
iron trichloride. Due to the symmetry of the monomers, the prepared polymers were
completely regioregular and were obtained with good molar mass, high yield, low
polydispersity and, above all, by means of a straightforward and easy polymerization
procedure, able to reduce the synthetic complexity of the final material. The two polymers,
poly[3,4-bis(6-methoxyhexyl-1-oxy)thiophene] (P1) and poly[3,4-bis(10-methoxydecyl-1-
oxy)thiophene] (P2), reported in Figure 1, have been employed as ED active layers in OPV
solar cells, in combination with PCs;BM as EA material. Their photovoltaic parameters have
been compared with those of a reference polymer, i.e. the monosubstituted poly[3-(6-
methoxyhexyl-1-oxy)thiophene] (PR), properly prepared to investigate the effects of the
degree of substitution on the polymer final properties.

Moreover, some authors recently reported that singly-methylated imidazolium-functionalized
polythiophenes have been applied as electrode interlayers in conventional and inverted
organic solar cells, improving their performance.[8-9] In view of this, the cells
photoconversion efficiency has also been evaluated in presence of a thin layer of the cationic
polyelectrolyte poly{3-[6-(1-methylimidazolium-3-yl)hexyl]thiophene bromide} (P3, Figure
1), properly synthesized and inserted between the photoactive layer and the Al cathode.
Finally, the Synthetic Complexity (SC) index has been calculated for all the polymers, to
verify if the proposed syntheses could be scalable to produce OPV modules on an industrial
scale, according to the method proposed by R. Po et al. for organic solar cells [10].
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Figure 1. Overview of the synthesized polymers: electron-donor (ED) materials (P1, P2 and
the reference PR) and polyelectrolyte (P3).

2. Results and Discussion
2.1 Synthesis and Physical Characterization

Disubstituted alkyloxy-thiophene precursors la and 2a (Scheme 1) were obtained by
transetherification reaction between 3,4-dimethoxythiophene and the corresponding
synthetized alkylic chain (6-bromo-1-hexanol or 10-bromo-1-decanol, respectively) [*']. Due
to the presence of the bromine group at the end of side chain, precursors could be easily
functionalized by SN, reaction with a sodium methoxide solution (NaOMe 30% in MeOH),
providing the desired monomers 3,4-bis(6-dimethoxyhexyl-1-oxy)thiophene (1b) and 3,4-
bis(10-dimethoxydecyl-1-oxy)thiophene (2b). Monomers were subsequently polymerized
with FeClz in dry chloroform, to obtain the corresponding polymers poly[3,4-bis(6-
methoxyhexyl-1-oxy)thiophene] (P1) and poly[3,4-bis(10-methoxydecyl-1-oxy)thiophene]
(P2) (Scheme 1). The reference monosubstituted polymer PR was prepared starting from 3-
methoxythiophene and 6-bromo-1-hexanol, then the obtained monomer TO6Br was
dibrominated in the 2,5-positions of the aromatic ring, giving the intermediate BTOG6Br,
which was polymerized using the Grignard Metathesis Polymerization (GRIM) described by
R. D. McCullough et al. [*]. The regioregular polymer PTO6Br (98% HT dyads) was then
subjected to a post-polymerization functionalization (PPF) procedure. Basically, the bromide
atom at the end of the side chain has been subjected to a nucleophilic substitution with
methoxy group, leading to the polymer PR (Scheme 1). All synthetic details are given in
Supporting Information.
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Scheme 1. Synthetic pathway to obtain monomers and polymers.

The cationic water/alcohol soluble polyelectrolyte poly{3-[6-(1-methylimidazolium-3-
yl)hexyl]thiophene}bromide (P3) was also synthesized by a PPF approach. The regioregular
polymeric precursor poly[3-(6-bromohexyl)thiophene] (3), obtained as reported in Ref. [13],
was reacted with 1-methylimidazolium giving the desired ionic polymer (Scheme 1). As
expected, P3 was not soluble in common organic solvents like chloroform or THF, but only
in strongly polar solvents (water, methanol, and ethanol) making its weight characterization
more complex. However, the structural features of the precursor polymer (like regioregularity
and degree of polymerization) are not affected by the substitution reaction and can be derived



from the analysis of its precursor 3, while the weight data of P1, P2, PR were obtained
through GPC analysis of their soluble fractions (Table 1).

Table 1. Main features of the synthetized polymers.

Yield (%) Dyads (%) Mn (KDa)*  Xn® D°

P1 56° 100 HH® 64.6 189 1.2
P2 64° 100 HH® 53.7 126 1.3
P3 85° 96 HT® 44.8 141 1.2
PR og® 96 HT® 45.3 187 1.2

4 Reaction yield;  Post-functionalization yield; ¢ Head-to-head; ¢ Head-to-tail, determined by *H-NMR
spectroscopy; ° Determined by gel GPC analyses.

2.2 NMR and FT-IR Characterization

Polymers were characterized by *H-NMR and **C-NMR analysis in CDCl; (P1, P2, PR) and
CD30D (P3). According to the chemical structure, the spectra of P3 and PR show a signal in
the aromatic region at 6.96 ppm (P3) and 6.91 ppm (PR), ascribable to the thiophene H-4
aromatic proton (Figure 3SI, signal m and Figure 4Sl, signal h). Moreover, P3 spectrum
shows also the resonances at 9.10, 7.69 and 7.58 ppm (Figure 3SlI, signals d, b, c) belonging
to N-methyl imidazolium aromatic protons. Moving to higher magnetic fields, P1, P2 and PR
show the resonances ascribable to the methylenic protons linked to the thiophenic o-oxygen
at4.11, 4.10 and 4.16 ppm, respectively, methylic and methylenic protons a- to the end-chain
oxygen atom in the 3.31-3.39 ppm range, 3-CHj to the oxygen atom linked to thiophene ring
at 1.90 ppm (1.84 ppm for PR) and central methylenic protons of the side chains in the 1.7-
1.1 ppm range. P3 spectrum evidences the signal at 4.28 ppm due to -CH; a-to the
imidazolium group, the signal of the protons of methylic group linked to imidazolium ring at
3.94 ppm, the Th-CH, protons at 2.83 ppm and, finally, the remaining resonances of the
central methylenic protons of the side chain in the 2.0-1.3 ppm range. The regioregularity of
P3 can be evaluated by the integral ratio of the peak at 2.83 ppm (HT dyads) and the small
shoulder at about 2.55 ppm (HH+TT dyads), giving a 96% of HT linkages. Moreover, the
presence of a signal at 3.57 ppm (signal e’, Fig. 3Sl), ascribable to -CH,Br protons, suggests
the incomplete substitution (91% mol) of -Br group by imidazolium. **C-NMR spectra of the
four polymers, reported in Figs. 5S1-8Sl, are in good agreement with what reported for *H-
NMR analysis.

Polymers were also characterized by FT-IR spectroscopy using thin films on KBr disk; the
recorded spectra are shown in Figure 4 and the characteristic bands are reported in Table S1.
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Figure 4. FT-IR spectra of P1, P2, P3 and PR.

The intensity ratios of the IR bands assigned to the symmetric and antisymmetric stretching
modes of the thiophene ring (around 1460 and 1510 cm™, respectively) are 1.56 for P1, 2.51
for P2, 1.66 for PR and 1.82 for P3: the lower values obtained for P1 and PR samples can be
related to their more extended conjugation along the polymeric backbone [14], suggesting
that the presence of shorter side chains can allow more ordered conformations in the film
state. Moreover, polyelectrolyte (P3) spectrum evidences the presence of the bands ascribable
to the imidazolium functionality (see Table S1) even if a low intensity band at 644 cm™,
ascribable to the stretching of C-Br group of its precursor poly[3-(6-bromohexyl)thiophene]
(3), is still observable.

3.3 Thermal Analysis

The DSC analysis was performed under nitrogen atmosphere with a heating rate of 10°C/min
(Fig. 5).
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Figure 5. DSC thermograms of P1, P2, P3 and PR. Solid line: heating run; dashed line:
cooling run.

During the heating scan the thermograms of ED polymers showed one endothermic flexure
with a following endothermic peak, and one exothermic peak during the cooling step. While
the flexure can be ascribed to the glass-transition temperature (Ty) of the polymer, the peak
may be referred to the melting (Ty,) process during the heating step, or to the crystallization
process (T¢) during the cooling scan (Table 2). P1 shows transition temperatures and enthalpy
(AH) values higher than P2, thus suggesting a higher cristallinity for the former; the reference
polymer PR phase-transition temperatures are intermediate between those shown by P1 and
P2. Polyelectrolyte (P3) sample only shows the Ty, indicating an essentially amorphous
structure.

Thermal stability of the polymers was evaluated by TGA analysis under oxidizing
atmosphere (air) from room temperature up to 600°C (Figure 6).
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Figure 6. TGA thermograms of P1, P2, P3 and PR.
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The examined samples show a first weight loss (in the 270-327°C range) ascribable to the
scission of the aliphatic chain, followed by the backbone combustion. Polymers stability can
be considered suitable for their application in organic solar cells.

Table 2. Thermal characteristics® of polymer samples

To(°C)  Tm(°C) Te(°C)  AHn(J/g)  4H:(J/g)  Tu(°C)
PL 64 153 126 5.01 4.43 307
P2 40 128 106 3.98 3.23 327
P3 69 - - - - 280
PR 42 135 118 4.87 431 270

® Ty = glass transition temperature; Tw/AHn = melting temperature/enthalpy; Tc/AH; =
crystallization temperature/enthalpy; T4 = decomposition temperature.

3.4 UV-Vis and Electrochemical Characterization

P1, P2 and PR ED polymers are well soluble in chloroform (see Table 3) and their UV-Vis
spectra in this solvent (Figure 7) show an absorption maximum (Amax) at 533 nm for the first
two polymers, and at 496 nm for PR. On the other hand, the Amax Of the cationic polymer P3
in ethanol undergoes an evident blue-shift to 449 nm.
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Table 3. Optical properties of ED polymers (P1, P2, PR) and polyelectrolyte (P3).

Amax Solution 10° M Amax Film Solubility
Solvent (nm) (nm) (mg/mL)
P1 CHCl; 533 554, 601 10
P2 CHCl; 533 550, 596 13
P3 EtOH 449 511 10
PR CHCl; 496 538 18
P1
P2
P3
PR
2

Absorbance (a.u.)

T T T T
400 500 600 700

800

T T T T
400 500 600 700

Wavelength (nm)

800

Figure 7. Normalized UV-Vis spectra of the polymers in solution (top) and as thin film

(bottom).



When filmed on glass slides, P1 and P2 absorption maxima show a bathochromic shift, up to
554 nm for the former and up to 550 nm for the latter (Table 3). Moreover, in the solid state,
the structuration of their spectral profiles became evident, with the wavelength of the second
absorption maximum at 601 nm (P1) and 596 nm (P2). It is also noteworthy that the UV-Vis
spectrum of a film of the regioregular PR sample also undergoes a red-shift of the
wavelength of absorption maximum (Amax from 496 in solution to 538 nm in film), even in a
lesser extent. Indeed, thanks to the valuable electron-injection properties of the adopted
oligoxymethylenic side chains, the electronic density of the polyconjugated backbone is able
to increase [15], and this is particularly true for the two polymers with disubstituted
thiophenic rings. Finally, polyelectrolyte polymer P3 in the solid state shows the more blue-
shifted Amax (511 nm) when compared to the other synthesized polymers. This fact can be
related to the higher steric hindrance of the imidazolium group in the side chain, preventing
an efficient stacking of the main chains and reducing the conjugation length of the
polythiophenic backbone.

The semi-empirical relation found by Jiang [16] allows us to evaluate the length of
conjugated m-electron structure n; from the wavenumber (v, cm’™) of the absorption peak (0-1

transition) of the UV-Vis spectrum:

v=A-B(/ 2)%L
where A and B are constants determined for the different conjugated polymers. Using the
above-mentioned relation, a mean conjugation length of about 17 thiophenic rings for P1 and
P2 in solution (10 for PR) and of about 24 aromatic rings (18 for PR) in the solid (film) state
can be evaluated. Furthermore, the presence of an evident second maximum suggests the
existence of ordered domains in P1 and P2 ED polymers, since this absorption is only evident
in conformational ordered polythiophenic chains which can form interchain n-r stacking in
the solid state [17].
Moreover, the conjugation length of the polymeric backbone, strongly related to the presence
of ordered conformers, is inversely proportional to the W parameter, which represents the
free exciton bandwidth of the polymeric aggregates. W can be measured by the ratio of the
absorbance ascribable to the 0-0 and 0-1 vibronic transitions in the UV-Vis spectra of
polythiophenes [18] using the following expression:

2
1—0.24Vy
A E,

AL |1+ 0'073%
p

where E, is the main intramolecular vibration coupled to the electronic transition (C=C
symmetric stretching, 0.18 eV) [19]. From the spectral profiles reported in Figure 7, The
calculated W values were 0.023 for P1 and 0.036 for P2 sample suggesting, once again, a
higher conformational order and crystallinity for the disubstituted polymer bearing shorter
(hexyloxy) side chains. Polyelectrolyte and reference polymer spectra, both in solution and in
the solid state, do not show any evident vibronic substructure, indicating the absence of long-
range ordered domains. For P3, this fact can be related to its essentially amorphous
microstructure caused by the cumbersome group in side chain while for PR to the enhanced
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solvating power of the filming solvent (CHCI3) towards both PR backbone and side chains,
hindering the formation of inter and intrachain associations during the film formation by
simple drop-casting, as confirmed by the high solubility of PR in the employed chlorinated
solvent [].

The electrochemical characterization of polymers was performed using the cyclic
voltammetry (CV) technique. Voltammograms were recorded by dropping polymer solutions
on a Pt electrode (Figure 8). Considering that the SCE reference electrode has an absolute
potential of 4.24 V in acetonitrile solutions [**], the energy of the HOMO levels was then
estimated according to the equation:

EHOMO (BV) = _e(on + 4.24‘)

Since the reduction potentials of the examined polymers are outside the electrochemical
stability window of the electrolyte, LUMO energy levels were calculated indirectly using
polymers optical band gaps, evaluated from their UV-Vis spectrum in the film state. Indeed,
the onset absorption wavelength (Aonser, NM) can be used to obtain the energy gap (Eg, V)
according to the equation [22]:

Eg(eV) = 1240/ onset

Being the Aonset Of P1 = 606 nm, P2 = 630 nm, PR = 652 nm and P3 = 647 nm, the energy
gap values reported in Table 3 were directly obtained. Finally, from the equation:

ELumo(eV) = Enomo + Eg4

the LUMO level of each synthesized polymer was then obtained.

J (nAlem?)

V (Volt)

Figure 8. Cyclic voltammetry of different polymers. Electrolyte: hexafluorophosphate
(TBAPFg) 0.1M; reference electrode: SCE; scan rate: 100 mV/s.
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As reported in Table 4, ED polymers P1 and P2 show the lower oxidation potentials, due to
the presence of the two electron-donor alkyloxy chains linked to the thiophene ring, followed
by PR. On the contrary, polyelectrolyte (P3) oxidation potential is very similar to that of the
commonly used P3HT (-4.8 eV [23]) as the polyelectrolyte bears an alkylic spacer between
the thiophene and the ionic group. Indeed, P3 side chain is devoid of any electron-donor atom
directly attached to the thiophene ring, and the methylene groups electronically insulate the 1-
methylimidazolium bromide from the polyconjugated backbone.

Table 4. Electrochemical and optical properties of synthesized polymer in thin film.

Eox (V)2 HOMO (eV) LUMO (eV) E;"
P1 +0.37 -4.61 -2.56 2.05
P2 +0.25 -4.49 2.52 1.97
P3 +0.61 -4.85 2.93 1.92
PR +0.43 -4.67 2.77 1.90

2 Onset potential of anodic scan; ® Optical bandgap in film.

The diagram of energy levels of the materials employed in the examined OSCs, obtained
from the data reported in Table 4, is shown in Figure 9.

-2.56 -2.52
- -2.77
J -2.2 -2.93
g
]
=)
E P1 P2
- P3

PEDOT
. :PSS
-4.61 -4.49 4.67
-4.7 -4.85
-5.2

Figure 9. Energy-level diagram of the examined materials [24].
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3.5 X-ray diffraction

The study of the molecular arrangement of polymers was performed by X-ray diffraction
(XRD) on thick films deposited by Doctor Blade (see Supporting Information) and the
recorded patterns are presented in Figure 10. The films of ED polymers P1 and P2 showed
three characteristic peaks at small angles assigned to (100), (200) and (300) reflections,
respectively (Table 5). The first order reflection (100) is ascribable to the distance between
polythiophenic chains lying on the same plane while (200) and (300) peaks are induced by
multiple X-ray reflections by the film. A similar pattern is shown by PR diffractogram. The
d-spacing corresponds to the distance between the thiophene molecules belonging to the same
plane and can be observed in P1, P2, polyelectrolyte (P3) and reference (PR) samples at
15.04, 20.55, 18.40 and 14.88 A, respectively, and it is shorter than the double of the
calculated side chain length (22.12, 32.30, 22.98 and 22.10 A), as determined from density
functional theory (DFT) for the B3LYP/6-31G(d) level. This indicates that the side chains are
partially interdigitated, providing a three-dimensional chain ordering which can result in
enhanced charge-transport properties.[25] Moreover, the less evident peaks at wide angles
(26 = 22.38, 22.15 and 21.63 deg for P1, P2 and PR, respectively), partially embedded into
the broad amorphous halo and ascribable to the presence of n-n stacking of the thiophene
rings in the main chains, once again confirms the semicrystalline nature of the ED polymers
suggested by DSC analysis. Polyelectrolyte P3 does not evidence any peak in this region,
according to its essentially amorphous morphology.

The comparison between the mean size of polymer crystallites (L) of the semicrystalline
samples, evaluated using Scherrer’s equation [26] (Table 5), suggests that P1 and PR
polymers are characterized by larger crystalline domains than those observed for P2. The
crystallization process of the monosubstituted and disubstituted poly(hexyloxy)thiophenes is
probably favored by a more planar conformation in the solid state, driven by the shorter
length of their side chains if compared with P2 polymer, bearing two decyloxy side chains.
P3 sample, instead, does not show any evident crystallite since its 3D-order is hindered by
the presence of the imidazolium group.

13



L/p\*&/\“
N
e P
N N

T T T

0 10 20 30 40
2 theta (deg)

Intensity

Figure 10. X-Ray diffractograms of polymers in film

Table 5. Structural parameters of polymers

Low-angle High-angle On plane PT sfa:?l?iisg Crystallites
diffractions (26) diffractions (26) chains distances distances mean size (L)
(deg) (deg) (A) (A) (nm)

5.87; 11.78;

P1 17 65 22.38 15.04 3.97 12.15

P2 4.29;8.59; 12.89 22.15 20.55 4.01 11.08

P3 4.80; 9.64 - 18.40 - -
5.93; 11.23;

PR 1756 21.63 14.88 4.11 12.23

3.5 OPV performances

A series of BHJ solar cells with the structure ITO (80 nm)/PEDOT:PSS (100 nm)/ED
polymer (P1, P2 or PR):PCBM (150 nm)/polyelectrolyte (P3) interlayer (10 nm, only
samples with asterisk)/Al (50 nm) has been prepared in order to investigate the
photoconversion efficiency of the prepared ED polymers as photoactive layers and the effects
of the side chain length and of the degree of substitution of thiophene on the final electrical
performances [27].

Current density (J) —voltage (V) curves recorded under AM 1.5 one-sun illumination (100
mW/cm?) are shown in Figure 11 and Figure 12 and the main photovoltaic parameters (short-
circuit current density Js, open-circuit voltage V., fill factor FF and power conversion
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efficiency PCE), based on the measurements of ten devices of each kind, are collected in
Table 6.

-2 4

-4

6

-8

J (mA/cm?)

-10

12

14 4

-16 T T T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

V (Volt)

Figure 11. Current density/voltage for the best-performing cells under AM 1.5 one-sun
illumination (without cathodic interlayer).

>
.

J (mA/cm?)

-18 T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Figure 12. Current density/voltage for the best-performing cells under AM 1.5 one-sun
illumination (with P3 as cathodic interlayer).
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Table 6. Photovoltaic characteristics of the obtained cells (average performances taken from
ten devices).

Sample Jic (MAcm?) J 2 (MAcm?) Ve (V)  FF PCE (%)
PR 12.8+0.5 12.6+0.7 0.58+0.01 0.62+0.02 4.55+0.18
P1 14.9+0.6 14.5+0.9 0.61£0.01 0.62+0.03 5.65+0.22
P2 14.3+0.6 14.0+0.8 0.60£0.01 0.61+0.03 5.24+0.21
PR* 143207 14.1+0.9 0.59+0.01 0.61+0.04 5.15+0.20
P1* 16.2%0.9 15.9+1.1 0.62+0.01 0.63%0.05 6.33+0.22
p2* 15.6%0.7 15.4+1.2 0.62+0.01 0.62+0.04 5.98+0.20

* With interlayer * From EQE measurements

The photoactive ED polymer/PCBM 1:1 (w/w) blends were subjected to heat treatment
(120°C for 45 min under vacuum) to optimize their morphology. We have chosen this heating
time since longer periods can result in PCE degradation caused by micron-scale PCBM
crystallization which can lead to a progressive segregation of the EA component from the ED
polymeric matrix [28]. However, attempts to reduce annealing times resulted in lower power
conversion efficiencies.

Best results were obtained using dialkoxyalkylated ED polymers for the photoactive blends,
especially P1 which showed the more red-shifted UV-Vis spectrum when in the film state
and a high degree of crystallinity. Indeed, while longer spacers help to increase the solubility
of the polymer, they also increase the disorder of the polymer chains, reducing their planarity
and crystallinity, as for P2 sample. Acting on the chemical structure of the monomers
therefore proved to be a winning choice, as the reference monosubstituted ED polymer PR
provided lower photoconversion yields than the two disubstituted samples.

A preliminary attempt was also made to use the polyelectrolyte polymer P3 as an ED
material for the active layer, but the obtained results were not good leading to a PCE around
1.5% for BHJ cells prepared in the same way as the previous ones. Our objective was then to
employ polyelectrolyte P3 as a cathode interlayer (CI), owing to its good solubility in polar
solvents that are orthogonal to those employed for ED polymers P1, P2 and PR and to its
ionic structure. Moreover, ionic polythiophenes applied as cathode interlayers, recently
revealed an average increase of efficiency gain by 15-17% in BHJ solar cells, mainly acting
on exciton dissociation rate and charge collection efficiency [29]. In the examined cells, the
presence of a thin layer of P3 increased the PCE of the final device by 11%, in agreement
with the results reported in literature. The photoluminescence (PL) spectra of the ED
polymers and of their blends with PCBM (ED polymer/PCBM 1:1 w/w) in film are shown in
Figure S9. The maximum absorption wavelengths of the pristine polymers are at 662, 657
and 661 nm for P1, P2 and PR, respectively, and at 661, 660 and 656 nm for P1*, P2* and
PR* (samples with the cationic interlayer P3). In all the examined samples, the quenching of
the fluorescence intensity, ascribable to the intramolecular photoinduced electron-transfer
from the polyconjugated backbone to the fullerene moiety [30], is particularly evident.
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Furthermore, we recorded external quantum efficiency (EQE) spectra of the cells and the Js
values (Table 5) were obtained by integrating the EQE spectra reported in Figure S10 and
Figure S11; we found a good agreement with the Js. values determined by photovoltaic
measurements with a mismatch lower than 2%. Moreover, the absorption range of EQE
spectra exhibited a red-shift with the use of the cationic layer, which should be beneficial to
prepare efficient OPV cells owing to enhanced photon harvesting in the Vis-NIR region.

Photovoltaic results were highly reproducible as shown in Figure S12 and Figure S13 where
the statistical errors and the standard box plots of the electrical parameters reported in Table
5, resulting from the measurements of 10 identical devices for each kind, are presented.

To better understand the photovoltaic behavior of the cells, we studied their charge-transport
properties by evaluating the hole and electron mobilities using the space-charge-limited
current (SCLC) method (Figure S14 and Figure S15) and the obtained values are reported in
Table 7.

The SCLC electron mobilities (ue) were measured in electron-only devices with a
configuration of ITO/PEDOT:PSS/P1, P2 or PR/P3 (when present)/LiF/Al while hole
mobilities (un) In a device structure ITO/PEDOT:PSS/P1, P2 or PR /P3 (when
present)/MoOs/Al. The J°°vs. V curves registered in the dark were then fitted with the Mott-
Gurney law [31] and V was corrected for the built-in voltage that arises from the work-
function difference between the contacts.

Table 7. Photoelectrical parameters of the examined cells.

Sample 4t plie  Rse Rs  Jplsa n° ¢
(em?Vvis?!) (ecm?Vvis? (Ohm cm?)  (Ohm cm?) (%)

PR 1.7310* 9.1310° 1.9 195+16  4.91+0.23 88.8 0.929 1.21

P1 1.7910* 9.9610° 1.8 266+19  3.25+0.22 92.8 0.941 1.19

P2 1.76 10* 9.8110° 1.8 250+18  3.44%£0.21 91.3 0.938 1.18

PR* 1.96 10* 1.2310% 16 301+19 2.55+0.20 93.1 0.933 1.26
pP1* 27510% 1.9710% 1.4  345+21 1.41+0.18 95.1 0.945 1.25
p2* 27010% 1.8010% 15 318+20 1.88+0.20 94.2 0.943 1.28

* With P3 interlayer;  Hole mobilities (1) and electron mobilities (j); ° photocurrent
density (Jpn) — saturation current (Je) ratio; © exponent of the Js. = kP" equation, relating the
photocurrent to the illumination intensity; ¢ scaling factor evaluated by plotting Vo vs. logP

(slope = skT/q).

The molecular order of the synthesized polymers endows high hole mobility up to 2.75 10
cm™ V! s which is favorable to obtain OSCs with high short-circuit current density (Jsc) and
fill factor (FF). Moreover, the balance of hole and electron transport can be evaluated from
the pn/pe ratio: this value decreases and closes to 1 when P3 is used as a cathodic interlayer,
suggesting a more optimized charge transport in the photoactive cell [32]. In addition, the
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usefulness of the cathodic interlayer for charge transport is also confirmed by the higher
shunt (parallel) resistance (Rsn) and the lower series resistance (Rs) values measured in the
OPV cells when a polyelectrolyte P3 layer was employed (Table 7).

To investigate the influence of P3 interlayer on the charge generation efficiency, the
photocurrent density (Jon) vs. effective voltage (V) curves of the different OSCs were
investigated and reported in Figure S16.

Jon was calculated by the difference between the current under illumination (one sun, AM 1.5,
100 mW/cmz) and that in the dark and V.x was estimated by the difference between the
voltage at which J,, = 0 (Vo) and the applied voltage (V) [33]. The obtained results are in
good agreement with those obtained by J/V curves, since photocurrent density values are
almost proportional to the current density values reported before. This is also confirmed by
the Jpn/Jsa ratios (reported in Table 7) where Jg is the saturated photocurrent density
measured at short-circuit conditions. Indeed, a higher Jw/Js ratio indicates that the
corresponding OSC can perform a more efficient exciton dissociation and charge generation,
resulting in higher J;. and FF measured values [34]. It can also be observed that, at high Vg
values (Ve > 0.5 V), OSCs prepared with P1 polymer exhibit a J,, value higher than those of
the cells prepared with P2 or PR polymers, suggesting an enhanced exciton generation rate
when P1 is used in the photoactive layer. Furthermore, the comparison between the electrical
parameters of the cells prepared with the same ED polymer devoid of P3 interlayer (PR, P1
and P2) and those with the polyelectrolyte layer (PR*, P1* and P2*) shows the positive
effects of the ionic polymer on the charge generation and mobility within the device.

Finally, we have evaluated the importance of charge recombination processes in the examined
devices. Recombination phenomena can be evaluated by reporting Js. (Short-circuit current
density) as a function of the illuminating light intensity P (Figure S17); the relation of P and
Jsc 1S Jsc = kP" and, if the exponent n is close to 1, the recombination in the photoactive layers
is negligible, owing to an efficient charge transport [32]. In most of the examined cells, n
value is close to 1 indicating that the bimolecular recombination in the devices or space-
charge effects due to unbalanced charge mobilities is reduced (see Table 7). The small
differences between the values of n could be ascribed to the different morphologies of the
active layers, as the phase separation degree of the blends plays an important role in
determining exciton dissociation, charge transport and collection [35].

Since a polymer functionalized with polar (ionic) functional groups (P3) has been employed
in the OSCs, the presence of charge-trapping phenomena cannot be excluded. To better
evaluate the charge transport properties of the BHJ solar cells, we fitted the relationship of
Vo and light intensity as shown in Figure S18.

Indeed, the dependence of V.. from the light intensity (P) gives information about trap state
formation, since V. linearly depends on logP with a slope of skT/q (1 < s < 2), where Kk is
Boltzmann’s constant, q is elementary charge, s is a scaling factor, and T is Kelvin
temperature. Trap-assisted recombination can be identified with a dependence of V. on light
intensity with a slope of 2kT/q (at 300 K), while a slope of kT/q indicates the exclusive
presence of bimolecular recombination or surface recombination [36].

18



From the data reported in Table 7, it is evident that the examined devices, with a slope near to
1 kT/q, have a low trap-assisted recombination. However, s value slightly increases when P3
interlayer is employed (up to 1.28) and this could be related to the presence of ionic moieties
in the structure of the cathodic polymer.

In view of the obtained results, we can conclude that the amount of charge recombination
phenomena is however very small for all the examined devices, in addition to show low trap-
assisted recombination and balanced charge flow towards the electrodes.

As already stated, the role of the electron transport layer (ETL) is of transporting electrons
and blocking the holes; however, its presence can have an impact on the stability of the final
device [37] and, with the aim of investigating this point, we have compared the overtime
stability of the prepared OPV cells with and without the P3 layer. Overtime stability of
devices was investigated by accelerated ageing after 336 h (two weeks) at 80°C under
vacuum. The PCE decrease is reported in Table S2 and in Figure S19. The examined samples
show a good thermal stability, with a decrease of the initial PCE ranging from 28% (P1*) to
35% (P2) and the presence of the cathodic interlayer does not seem to have any effect on the
device durability.

It is well known that the degree of phase separation between ED and EA components in the
active layer has a pivotal role since it directly affects the exciton dissociation and the charge
transport and collection to the electrodes. [38] In order to examine the surface
nanomorphology of the prepared photoactive blends, atomic force microscopy (AFM)
analysis was performed. The following figures report the topographic (top) and the phase
images (bottom) of the examined samples (10x10 um) without (Figure S20) and with (Figure
S21) the cathodic interlayer. Figure S22 shows the examined blends.

The films of the pristine blends showed a smooth surface with a root-mean-square (RMS)
roughness around 5 nm, suggesting the uniform distribution of the electron-acceptor
component (PCs;:BM) in the film. Therefore, at the used ED/EA weight ratio (1:1), polymer
chains are stacked together forming homogeneously diffused percolation channels for the
transport of charges to the electrodes and the absence of aggregates or large domains of
fullerene leads to more effective charge separation thus reducing the electron-hole
recombination within the device [39]. Moreover, the addition of a P3 layer on the outer
surface of the OPV cell further enhances smoothness and reduces surface roughness (RMS
ranging from 3.9 to 2.2 nm) favoring the final performance of the cell. We can conclude that
the appreciable efficiencies obtained with the newly synthesized ED polymers P1 and P2,
higher than that shown by the comparison polymer PR, arise from balanced charge carrier
mobility, reduced recombination phenomena and better morphology of the photoactive layer.

Finally, the knowledge of the synthetic complexity index (SC) for all the employed polymers
(see Supporting Information) as well as the PCE values of the examined cells allow us to
evaluate their figures of merit (FOM = SC/PCE), which best represent the cost-efficiency
balance of a given ED material [10]. FOM values are 4.36 and 4.38 for P1 and P2 cells,
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respectively, and 5.81 for the reference cell using PR. From this simple evaluation, it clearly
appears that the cells made with the two disubstituted polyalkyloxythiophenes have the best
compromise between polymer synthesis complexity and photoconversion efficiency. This is
particularly true not only when their FOM is compared with the reference polymer (PR), but
also with more recent structures reported in the literature, like poly(thieno[3,4-b]thiophene)s,
which show higher PCE values (around 9%) but at the expense of a greater SC (exceeding
60) [40]. However, in this context, the use of the cathodic layer P3 notably increases the
FOM (up to 9.72, 10.01 and 12.30 for P1*, P2* and PR* cells, respectively) due to the
synthetic complexity of its preparation, hardly justifying its employment and making the
large-scale production of the final devices less competitive.

4. Conclusions

In summary, we have developed a new straightforward and effective synthetic strategy to
prepare two new symmetrically-disubstituted polyalkyloxythiophenes (P1 and P2) with a
simple and economic method when compared with more conventional existing procedures.
The properties of the polymers have been carefully examined, especially from the electronic
point of view, and compared with those of a more conventional monosubstituted
polyhexyloxythiophene (PR) used as a reference, showing that the new disubstituted
polymers have improved performances and a lower synthetic complexity, highlighting the
importance of the molecular architecture of the starting monomers on morphological and
photoelectronic properties of the final materials. These materials are therefore excellent
candidates to be employed in organic photovoltaic cells, also when a thin layer of the
appropriately synthesized conjugated cationic polyelectrolyte (CP) P3 is inserted between the
cathode and the photoactive blend as an electron buffer. However, while the synthetic
complexity of cell preparation is raised by using CP, the cationic polymer also enhances the
overall photoconversion efficiency of the prepared devices up to a PCE of 6.33%. Indeed,
owing to the performing figures of merit, the reported polymers P1 and P2 can be further
exploited for the large-scale assembly of simple and effective polymeric solar cells.
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