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ABSTRACT

A series of novel block copolymers, processable from single organic solvents and subsequently
rendered amphiphilic by thermolysis, has been synthesized using Grignard Metathesis (GRIM)
and Reversible Addition-Fragmentation chain Transfer (RAFT) polymerizations and azide-
alkyne click chemistry. This chemistry is simple and allows the fabrication of well-defined block
copolymers with controllable block lengths. The block copolymers, designed for use as

interfacial adhesive layers in organic photovoltaics to enhance contact between the photoactive



and hole transport layers, comprise printable poly(3-hexylthiophene)-block-poly(neopentyl p-
styrene sulfonate), P3HT-h-PNSS. Subsequently, they are converted to P3HT-b-poly(p-styrene
sulfonate), P3HT-b-PSS, following deposition and thermal treatment at 150 °C. Grazing
incidence small and wide angle x-ray scattering (GISAXS/GIWAXS) revealed that thin films of
the amphiphilic block copolymers comprise lamellar nanodomains of P3HT crystallites that can
be pushed further apart by increasing the PSS block lengths. The approach of using a thermally-
modifiable block allows deposition of this copolymer from a single organic solvent and
subsequent conversion to an amphiphilic layer by non-chemical means, particularly attractive to

large scale roll-to-roll industrial printing processes.

INTRODUCTION

Organic photovoltaics (OPVs) have attracted significant attention in recent years, due to several
redeeming features such as being extremely thin, flexible and lightweight alongside their
inherently simple solution-based manufacturing process.'”> On the other hand, the main
disadvantage, that of instability, limits the commercialization of these next generation solar cells.

Extensive research in the OPV area is currently focused on increasing OPV lifetime by

introducing new materials,®!'® improvements in the manufacturing process''"!'* and

elimination/suppression of material degradation.'*!” A range of degradation mechanisms has

already been determined, including oxygen and water diffusion into the device,'® 13- ¥

16,22, 23

breakdown of active material,'® 2% 2! electrode and interlayer diffusion and reactions of the

electrode(s) with the organic layers.'® ?* Alongside morphological instability of the materials

16, 20, 21 d 16, 20, 25

within the device, macroscopic degradation, such as delamination, is also observe

Charge generation and transport in OPVs are strongly dependent on morphology and phase



behaviour of employed materials,?®2® therefore advanced control at the nanoscale level is crucial.
Recently, extensive studies of the introduction of block copolymers into OPV devices have been
reported.?’> *° The use of block copolymers in OPVs can be divided into three groups:

29.34.35 and active materials.?®3%3%37 The application of

compatibilizers,?-** templating agents
block copolymers in the photoactive layer limits macrophase separation of the donor (D) and
acceptor (A), avoiding this particular aspect of device performance loss over time. For example,
block copolymer compatibilizers reduce the interfacial energy between donor and acceptor and
thus limit domain coarsening. In these strategies, poly(3-hexylthiophene (P3HT, the most
commonly studied donor polymer) and [6,6]-phenyl-Csi-butyric acid methyl ester (PCBM, the
most studied acceptor, particularly in conjunction with P3HT) have been widely explored in rod-
coil block copolymers.®® 3 Only a limited number of reports on exclusively D-A rod-rod
copolymers have been published; a consequence of complicated synthetic procedures,** however

several groups have reported the incorporation of P3HT into m-conjugated systems.*!™#

Copolymers comprising a P3HT rod block and a non-conductive coil block have particularly
attracted significant interest.’® ** In this regard, the development of controlled-radical
polymerization procedures, specifically atom transfer radical polymerization (ATRP), nitroxide-
mediated polymerization (NMP) and reversible addition-fragmentation chain transfer (RAFT)
polymerization, has been instrumental in the design of non-conjugated coils grown from a
readily end-functionalized P3HT macroinitiator, or macroCTA (chain transfer agent) for RAFT.
The alternative synthetic route is a coupling reaction between two end-functionalized
homopolymers. Both strategies have been explored to synthesize various compatibilizers based

on P3HT, such as P3HT-h-polyethylene (P3HT-5-PE),**” P3HT-b-poly(ethylene oxide) (P3HT-



b-PEO),*83! P3HT-b-poly(methyl methacrylate) (P3HT-5-PMMA)*"> 3% 33 and P3HT-b-

polystyrene (P3HT-b-PS).>

While P3HT is explored mostly in the organic electronics field, poly(p-styrene sulfonate), PSS,
is exploited in a wider range of applications such as water softening,> medicine,>® >’
biomaterials,*® and fuel cells.>® One of the most important uses of PSS is as a counter-ion
polymer to complex and electronically stabilize poly(3,4-ethylenedioxythiophene) (PEDOT) in
organic electronic devices. PEDOT:PSS is applied in organic photovoltaics (OPVs) as a hole

conducting ‘buffer’ layer® 60-62

and in organic light emitting diodes (OLEDs) as a hole injection
layer.%% %% Recently, the complex has been also explored as a possible electrode replacement for

indium tin oxide (ITO).5> % However, the highly polar character of PSS limits its further

incorporation into apolar conducting systems, which are processed from organic solvents, such

67,68 69, 70 68,71

as those comprising polythiophenes, polycarbazoles and/or fullerene derivatives.

In this contribution, the design, synthesis, and molecular and morphological characterization of a
new block copolymer, P3HT-b-PSS, is reported. The motivation to synthesize and study this
block copolymer is the need to enhance contact between the photoactive and hole transport
layers (PAL and HTL, respectively) within an OPV device. This interface suffers from
delamination over time owing to the differing surface energies of the adjacent layers, which
leads to a breakdown in device performance.>> Our new polymer is designed for use as an
interfacial layer between the PAL and HTL, with the P3HT block enhancing adhesion with the
P3HT in the PAL and the PSS taking part in electrostatic interactions with the PEDOT:PSS
complex in the HTL. However, owing to its amphiphilic character, it is difficult to obtain a

common solvent for this block copolymer, which is essential for homogeneous deposition during



the manufacturing process. Additionally, to enable the synthesis of the copolymer, a common
solvent is preferable to link the two blocks together. A more conventional approach is to use
polystyrene and subsequently sulfonate the aromatic rings using sulfuric acid. The problems with
this route are; (i) it is difficult to control to level of sulfonation; and (ii) this chemical

modification would have to take place within the device post deposition.

An alternative solution is the introduction of a protecting entity on the sulfonate group to render
the PSS organophilic, enabling the synthesis and deposition of the block copolymer from a single
organic solvent. To restore the polar properties of PSS, the protecting group can be removed
after material deposition. However, traditional methods relying on chemical washing, such as
catalyzed hydrolysis, should be avoided since components within a given system or device could
be damaged or removed by the ‘wet’ processing route. Additionally, production of chemical
waste and difficulties in industrial scale washing processes limit the use of the chemical
deprotection procedure in roll-to-roll printing. Therefore, the development of a more suitable
alternative method is highly desirable. Thermal removal of the protecting group is a potential
solution to the aforementioned issues; however it is not without its drawbacks. For example, it is
known that sustained high temperature treatment leads to the degradation of OPV materials and
loss in solar cell performance (particularly important for inverted devices).”>’® Hence, the
protecting group should be cleavable within a short time period at suitably low temperature; the
precise upper limit of this treatment being dictated by the materials used in the underlying layers

(including substrate) within the device. Identified in the work of Baek et al.”* 7

and explored by
Thelakkat’s group,’® the neopentyl group has been chosen herein as the thermally-labile

protecting group of PSS. RAFT polymerization, well known for the controlled synthesis of well-

defined polymers from a wide-range of monomers,”’** has been employed to afford azide-



functionalized poly(neopentyl p-styrene sulfonate) (PNSS-N3) of varying chain lengths.
Simultaneously, ethynyl-terminated P3HT has been synthesized via GRIM polymerisation, an
extremely efficient route for polymerising conductive thiophene monomers.®* PNSS-N; was
subsequently coupled to ethynyl-P3HT via copper-catalyzed click chemistry in an organic

solvent.?>%’

Thermal deprotection of the P3HT-PNSS block copolymers has been monitored by
thermogravimetric analysis (TGA) and subsequent microphase separation and crystallization of
thin films has been characterized by grazing incidence small and wide angle x-ray scattering
(GISAXS/GIWAXS) and atomic force microscopy (AFM). The results herein provide the
synthetic route to a family of completely novel block copolymers (as shown in Scheme 1) and
outline relevant processing conditions to produce microphase separated thin films from these
new amphiphilic materials. Furthermore, we introduce a route for the design of thermally-
modifiable block copolymers for use in applications, such as organic electronics, which rely on

facile roll-to-roll processing for low cost device manufacture.

EXPERIMENTAL PART

MATERIALS

tert-Butylmagnesium chloride (‘BuMgCl, 1 M solution in tetrahydrofuran, THF), 1,3-
bis(diphenylphosphino) propane nickel(Il) chloride [Ni(dppp)Clz], ethynylmagnesium bromide
(0.5 M solution in THF), Cul (95 %), diisopropylethylamine (DIPEA), anhydrous anisole
(HPLC) and anhydrous THF, were purchased from Sigma Aldrich and used without further
purification. 2,2'-Azobis(isobutyronitrile) (AIBN) was purchased from TCI and used as supplied.

THF (HPLC), chloroform (HPLC), acetone, methanol, propan-2-ol and hexane, (Laboratory



Grade) from Fisher scientific, were all used as received. Neutral aluminium oxide, Brockmann I,
50 — 200 um was purchased from Acros Organics. P3HT (My = 40 kg mol™!, B = 1.49) and
PC[60]BM were purchased from Merck Chemicals Ltd and Solenne, respectively, and used as
received. PEDOT:PSS (Clevios PAI 4083) was obtained as an aqueous dispersion from Heraeus
Precious Metals and used as received. Monomer, 2,5-dibromo-3-hexylthiophene,®® azide-
terminated chain transfer agent, 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid
2-azido-ethyl ester (CTA-N3),% and neopentyl p-styrene sulfonate (NSS) monomer,”® were

synthesized according to literature procedures.

METHODS

Synthesis of ethynyl-terminated regioregular poly(3-hexylthiophene) (P3HTso-ethynyl), 2
In a dry, three necked round-bottomed flask, flushed with nitrogen, 2,5-dibromo-3-
hexylthiophene (1, 6.05 g, 18.5 mmol) was dissolved in anhydrous THF (40 mL) and stirred
under nitrogen for 15 minutes. Afterwards, tert-butylmagnesium chloride (18.5 mL, 18.5 mmol,

1 M in THF) was added via syringe under nitrogen and the reaction mixture was stirred at room
temperature for 2.5 h. The solution was further diluted with 160 mL of anhydrous THF, before
Ni(dppp)Cl2 (0.125 g, 0.230 mmol) was added in one portion and the reaction mixture stirred for
45 minutes at room temperature. Ethynylmagnesium bromide (14.8 mL, 14.8 mmol, 0.5 M in
THF) was then added via syringe to the reaction mixture and stirred for an additional 45 minutes.
Finally, the crude polymer product was precipitated into methanol (800 mL) and then purified by
dissolving in chloroform, filtering, and then reprecipitating the polymer in methanol several
times to yield alkyne-functionalized P3HT. The polymer was dried overnight under vacuum and

finally stored under inert atmosphere, protected from light. 'H NMR (300 MHz, CDCls, ppm): &



=6.98 (s, InH), 3.52 (s, 1H), 2.80 (t, 2nH), 1.70 (m, 2nH), 1.34-1.43 (m, 6nH), 0.91 (t, 3nH).
FTIR: 2800-3000 cm™ (C-H), 3310 cm™ (=C-H), 2095 cm™ (C=C). From 'H NMR, the number-
average degree of polymerisation, Dp, was calculated to be approximately 50 (see discussion),

and regioregularity (RR) ~ 96 %.

Synthesis of azide-terminated poly(neopentyl p-styrene sulfonate) (PNSS-N3), 4
PNSS-N3 (4) was synthesized according to a literature procedure with a slight modification.’s !
Herein, PNSS-N3 was synthesised by RAFT polymerization using AIBN and CTA-N3 in anisole
at 80 °C, as shown in Scheme 1.

The following procedure describes the synthesis of PNSS-N3 with a target degree of
polymerization of 10, but is representative of all PNSS syntheses (with the major difference
between protocols being the [NSS]o/[CTA-N3]o ratio, see ESI, Table S1). In a 50 mL flame-dried
round-bottomed flask, NSS (3, 5.056 g, 19.6 mmol, 10 eq.), AIBN (0.064 g, 0.393 mmol, 0.2
eq.), CTA-N3(0.853 g, 1.96 mmol, 1 eq.) and anhydrous anisole (5 mL, 50 % w/v solution) were
added. The flask was degassed by continuous purging of Ar gas through the reaction mixture for
30 minutes. Following which, the flask was immersed into a preheated oil bath at 80 °C and the
polymerization was allowed to proceed for approximately 26 h. The reaction was stopped by
immersing the flask into an ice bath. To remove unreacted material, the reaction mixture was
diluted with chloroform and reprecipitated in hexane (twice), before being was dried under
vacuum for overnight. Yield: 4.18 g. "H NMR in CDCI; (8, ppm): 7.72 (br, 2H, Ph); 7.2 (br, 5H,
Ph); 6.65 (br, 2H, Ph); 5.3 (s, 2H, CH2-Ph); 4.3 (br, 2H, O-CH2); 3.75 (br, 2H, -S-O-CH2); 3.65
(CS-CH2); 3.48 (br, 2H, CH2-N3); 2.75 (br, 2H, COO-CH2); 1.75 (br, 1H, CH-Ph); 1.4 (br, 2H,

CH2-CH); 0.91 (br, 9H, (CH3)s. FTIR: 2100 cm™! (-N=N=N), 2800-3000 cm™! (C-H).



Synthesis of poly(3-hexylthiophene)-block-poly(neopentyl p-styrene sulfonate) (P3HT-b-
PNSS)

In a typical experiment for the synthesis of P3HTs0-b-PNSSo (conditions used for the synthesis
of other blocks are provided in the ESI, Table S2); P3HT-ethynyl, 2 (250 mg, 0.03 mmol, 1 eq.),
PNSSo-N3 (0.578 g, 0.180 mmol, 6 eq.), Cul (57 mg, 0.299 mmol, 10 eq.), DIPEA
(diisopropylethylamine, 1 mL) and THF (20 mL) were charged to a 50 mL round-bottomed
flask, evacuated for 10 minutes and backfilled with nitrogen (3 cycles). The flask was then kept
at 50 °C for 5 days, following which, the solution was passed through a neutral alumina column
to remove the copper catalyst. After concentrating the solution in vacuo, the product was
recovered by precipitation in methanol, dried under reduced pressure, and then subjected to
soxhlet purification with methanol and acetone, respectively. The product was finally extracted
with chloroform, concentrated under reduced pressure and dried under vacuum overnight to yield
the block copolymer.

Synthesis of poly(3-hexylthiophene)-block-poly(p-styrene sulfonate) (P3HT-b-PSS), 5, via
thermal deprotection of P3HT-b-PNSS

30 mg of P3HTs0-b-PNSSx was added to a 1 mL glass vial. The vial was placed on a hotplate and
covered with a funnel to which a nitrogen flow was applied. Each sample was heated at 150 °C
for 3 hours before the polymer was removed from the hotplate and allowed to cool to room
temperature.

Device fabrication

For this specific interlayer application, a “normal” device configuration was chosen. This device

configuration allows the deprotection process of PNSS to be easily applied without affecting the

10



morphology of the photoactive layer. Before the layers were processed, the glass/ITO substrate
was cleaned in an ultrasonic bath of acetone and propan-2-ol for 15 minutes each. Following
cleaning, the substrates were dried and treated by UV-ozone for 10 minutes. PEDOT:PSS, used
as a hole transporting layer, was subsequently coated directly from the commercial aqueous
dispersion and dried at 130 °C in air for 5 min. A thin layer of P3HT-b-PNSS interfacial layer
(0.5 mg/mL in chloroform) was then subsequently coated on top. Prior to coating the photoactive
layer, the samples were heated for 3 hours at 150 °C in a controlled nitrogen atmosphere (glove-
box). Following the thermal deprotection process, approximately 250 nm of P3HT:PCBM (1:0.8
w/w) photoactive layer was then coated on top of the interlayer. All layers were coated using a
doctor blade. The devices were then completed by thermally evaporating 20 nm of Ca electrode
and 500 nm of Ag (used as a protection layer to Ca) on customized mask. Before the evaporation

of the metal electrode, the photoactive layer was annealed in nitrogen at 140 °C for 5 minutes.

CHARACTERIZATION

The monomer and polymer structures were characterized by 'H NMR spectroscopy (in CDCl3)
using a Bruker Avance Spectrometer at 300 MHz. 'H NMR spectroscopy was further used as an
absolute method of determining M, and the resultant degree of polymerization of P3HT. Relative
M, and dispersity (Mw/M,, D) values were measured by Gel Permeation Chromatography (GPC)
(flow rate 1 mL/min, 40 °C) using an Agilent 1100 Series GPC system, comprising two PL gel
10 pm 300 x 7.5 mm mixed-B columns and one PL gel 5 pum 300 x 7.5 mm mixed-C column and
a degassed THF eluent system containing triethylamine (2 % v/v) and BHT (0.05 % w/v). The
samples were calibrated with narrow polystyrene standards (M, range = 162 to 6 035 000 g/mol)

and analyzed using GPC Analysis software supplied by Agilent Technologies. Fourier transform

11



infrared (FTIR) spectra were obtained using attenuated total reflectance (ATR) on a Thermo
Nicolet 380 FTIR spectrophotometer over the range 4000-500 cm™! for 32 scans with a resolution
of 4 cm™ and the spectra were analyzed using Omnic software. Matrix Assisted Laser Desorption
Ionisation Spectroscopy with Time of Flight detection Mass Spectroscopy (MALDI-ToF MS)
measurements were performed at the University of Birmingham, UK, on a Waters Micromass
micro MX using positive reflectron mode with dithranol as a matrix. The optical microscopy
images have been taken with a LEICA DM LM Composed Optical Microscope equipped with a

LEICA DFC280 camera in transmission and reflection modes.

Atomic force microscopy (AFM) and Grazing Incidence Small and Wide Angle X-ray
Scattering (GISAXS/GIWAXS)

Samples were dissolved in THF (10 mg mL!) and spin-coated onto polished silicon wafers at
2000 rpm, before thermal treatment at 150 °C for 3 hours under an argon or nitrogen atmosphere.
The surface topography of the prepared samples was analyzed through atomic force microscopy
(AFM) (Park Systems, XE-100) under ambient conditions. Scans were performed in non-contact
mode with enhanced resolution, silicon micro-cantilever tips. Topographic and phase images
were recorded at a resonance frequency of approximately 270 kHz. For bulk morphological
characterization, GISAXS/GIWAXS was employed on 107 (A = 0.992 A, sample to detector
distance of 3.0 m using a Pilatus 2M 1475 x 1679 pixel detector with pixel size 172 um) at the
Diamond Light Source, Rutherford, UK and the BM26B-DUBBLE beamline (A= 1.033 A,
sample to detector distance of 2.1 m using a Pilatus 1M 981 x 1043 pixel detector with pixel size
172 um) at the European Synchrotron Radiation Facility (ESRF), Grenoble, France.”?°* 2D x-

ray data was horizontally integrated for ¢ < 0.25 A! to obtain 1D data for the small-angle in-

12



plane features and vertically integrated for ¢ > 0.25 A™! to obtain 1D data for the wide-angle out-
of-plane crystalline feature.

Device characterization

Cells were illuminated with a simulated solar spectrum from Steuernagel Solartest 1200 Oriel
solar simulator at 100 mW/cm?. The current density — voltage (J-¥) characteristics of the devices
were recorded using Keithley 2400 SMU in combination with Keithley 7001 Multiplexer system
and custom software. The mismatch in the simulated solar spectrum is corrected by measuring

the external quantum efficiency (EQE) of each cell.

RESULTS AND DISCUSSION

Synthesis of ethynyl-terminated regioregular poly(3-hexylthiophene) (P3HTso-ethynyl), 2
Regioregular P3HT was prepared from 2,3-dibromo-3-hexylthiophene and isopropylmagnesium
chloride via Ni-catalysed Grignard metathesis (GRIM) polymerization according to the
literature.®* To equip P3HT with a ‘clickable’ moiety, an ethynyl end group was introduced to
the homopolymer through the addition of ethynylmagnesium bromide at the end of the
polymerization. The polymer (dissolved in chloroform) was precipitated several times from
methanol and the high purity of the final homopolymer was confirmed by "H NMR spectroscopy
(Figure S1). MALDI-ToF was also used to confirm the presence of the alkyne-functionality
(Figure S2). Table 1 shows the molar mass data for the P3HTso-ethynyl homopolymer, indicating
good control over the molar mass distribution (P = 1.23), as expected with GRIM
polymerization of thiophene monomers. Interestingly, 'H NMR spectroscopy reveals a P3HT

degree of polymerization of 50, whereas MALDI-ToF suggests an average D, of around 37 and

13



GPC indicates one of 75, although all three methods are known to give rise to inaccuracies in

1.%* showed that molar masses calculated by

these measurements. Specifically, McCullough et a
GPC analyses are higher for poly(alkylthiophenes) than those obtained by MALDI
characterization by a factor of 1.2 to 2.3 times, commensurate with our data here (2.0 times
higher). Consequently, a value of 50 has been used throughout this study for simplicity purposes
only. This issue is further discussed with the GISAXS data (vide infra). It is noteworthy that
P3HT-ethynyl was highly sensitive to the purification and storage conditions used. GPC (Figure
1) showed that the major P3HT product had a low molar mass dispersity, with a small high molar
mass shoulder. This trace impurity is attributed to alkyne-alkyne coupling occurring in the
presence of metal catalyst residues.”> Rather than remove the P3HT impurity at this stage, the

polymer product was used directly in the click reaction with PNSS-Nj3 and then unreacted P3HT

could be removed more readily following coupling (vide infra).

Synthesis of azide-terminated poly(neopentyl p-styrene sulfonate) (PNSS-N3), 4

The azide entity in our click coupling reaction was PNSS-N3, with varying degrees of
polymerization. This block was prepared by the RAFT polymerization of neopentyl p-styrene
sulfonate (NSS, 3), using azide terminated chain transfer agent, 2-
dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid 2-azido-ethyl ester (CTA-N3) and
AIBN in anisole (50 % w/v) at 80 °C for 26 hours. A series comprising three PNSS-Nj3
homopolymers was readily synthesized by adjusting the monomer to CTA ratio (targeting D, =
10, 20 and 30). Table 1 shows that our RAFT system is well-suited for the controlled
polymerization of NSS monomer, yielding polymers with low molar mass dispersities (D < 1.20,

monomer conversion ~ 80 %) over a range of molar masses. The achieved degrees of

14



polymerisation, noted as 9, 16 and 23, respectively, have been calculated from the data obtained
from GPC analyses and, although relative to PS standards, are in good agreement with 80 %
(monomer conversion) of the targeted values. It should be noted that, 'H NMR spectroscopy,
often used to calculate a more accurate D, value for low molar mass polymers via end-group
analysis, could not be employed in this case; peaks obtained within the region of the different

CTA protons were not in agreement with one another.

Table 1. Molar mass data of the three P3HT-b-PNSS block copolymers, synthesized by azide-

alkyne click chemistry, and their corresponding homopolymer building blocks.

Polymer My? D (Mw/Mh) Yield
P3HT5s0-ethynyl 12 600 1.23 52 %
PNSSo-N; 2 600 1.12 72 %
PNSSi6-N3 4 600 1.15 84 %
PNSS23-N3 6 200 1.20 84 %
P3HTs0-b-PNSSo 15 000 1.22 72 %
P3HTs0-b-PNSS16 18 800 1.27 84 %
P3HTs0-b-PNSS23 19 600 1.45 77 %

(a) Determined by THF GPC against polystyrene standards.

Synthesis of poly(3-hexylthiophene)-block-poly(neopentyl p-styrene sulfonate) (P3HT-b-

PNSS)

15



Copper-catalyzed azide-alkyne click chemistry was employed to couple P3HTso-ethynyl with
PNSS«-Nj3 to afford a small series of block copolymers where the PNSS block length has been
systematically varied. To ensure complete conversion of the more labour-intensive P3HT block,
the relatively inexpensive PNSS block was added in large excess. The success of the azide-
alkyne click coupling was confirmed by '"H NMR spectroscopy; the spectra of P3HT-b-PNSS
with varying PNSS lengths are shown in Figure 2 and Figures S6 and S7. Indeed, all peaks
corresponding to PNSS (7.71 ppm, 4.48 ppm 3.77 and 3.23 ppm) and P3HT (6.97 ppm,

2.80 ppm, 1.70 ppm, 1.35 ppm and 0.91 ppm) are present in the spectra of the block copolymers.
In addition, the peak in the P3HT spectrum arising from the alkyne proton (at 3.52 ppm) has
completely disappeared. A peak arising from the proton on the triazole ring (h) of the
cycloaddition product is observed at 7.67 ppm in the spectrum of each block copolymer,
however this signal is heavily masked by the peak corresponding to the aromatic protons of the
styrene sulfonate repeat units. Nevertheless, GPC analysis of the diblock copolymers and
corresponding building blocks (Figure 1 and Table 1) clearly demonstrate the expected increase
in molar mass following the coupling reaction; 15 000, 18 800 and 19 600 gmol™! for P3HTso-b-
PNSSo, P3HTs0-b-PNSS16, P3HT50-b-PNSS23, respectively. Additionally, the traces show no
PNSS homopolymer impurity, revealing that the PNSS content is covalently bound to P3HT and,
furthermore, owing to the smooth GPC traces, the small amount of high molar mass P3HT
(homo-coupled) impurity appears to have been mostly removed during the purification of the

diblock copolymers.
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Figure 1. GPC traces of (a) P3HTs0-b-PNSSo, P3HTso-ethynyl and PNSSe-Ns; (b) P3HTs0-b-
PNSSi6, P3HTso-ethynyl and PNSS16-N3; and (¢) P3HTs0-b-PNSS,3, P3HTs0-ethynyl and

PNSS23-Ns.
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Figure 2. "H NMR spectrum of P3HTs0-b-PNSS23 (300 MHz, CDCI3).

Infrared spectroscopy further confirmed the successful formation of the three block copolymers.
Figure 3 shows the FTIR spectrum of a representative diblock copolymer (P3HTs0-b-PNSS23)
and those of its corresponding homopolymer precursors (the FTIR spectra of other two block
copolymers and their precursors are provided in the ESI, Figures S8 and S9). Indeed, the signal
at 2100 cm, arising from the azide functionality on PNSS23-N3 and the signals around

2100 cm™ and 3300 cm™!, corresponding to the acetylene group present on the P3HTso-ethynyl
polymer, are not present in the spectrum of the diblock copolymer, P3HTs0-b-PNSS»3, whilst the

characteristic bands arising from the groups in both homopolymers are present.
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Figure 3. FTIR spectra of P3HTs0-b-PNSS23, P3HTs0-ethynyl and PNSS23-Ns.

Synthesis of poly(3-hexylthiophene)-block-poly(p-styrene sulfonate) (P3HT-b-PSS), 5, via
thermal deprotection of P3HT-5-PNSS

The thermally-induced modification of our copolymers during annealing at 150 °C for three
hours (under nitrogen) was assessed in situ by TGA, as shown in Figure 4. It is noteworthy that
these annealing conditions were not sufficient for complete deprotection of the block copolymers
with low PNSS contents. However, further annealing was not undertaken as three hours at
150 °C is already considered excessive for OPV device manufacture. The thermograms show
clearly that the deprotection rate depends on the PNSS chain length, following the order:
P3HTS50-b-PNSS23 > P3HTs50-b-PNSS16 > P3HT50-b-PNSSo. Interestingly, the presence of the
more rigid P3HT block proved to have a major influence on the deprotection rate. As a direct
comparison, TGA was performed on PNSS>3-N3. The trace shows the removal of the neopentyl

group after 45 minutes at 150 °C, whereas, under the same conditions, the deprotection of
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P3HTS50-b-PNSS»3 requires 130 minutes of annealing. This is in line with the trend observed for
our block copolymers, where the larger the volume fraction of P3HT (i.e. the shorter the PNSS
block), the longer the required deprotection time. Furthermore, the results indicate that the
Friedel-Crafts side reaction (where a significant number of protecting groups are removed to
reveal the sulfonate groups but are not removed as a volatile by-product and instead rearrange to
attach to the aromatic ring in the meta position), described for PNSS homopolymers,’> % does
not occur in the presence of P3HT, as the expected weight loss for P3HTs0-b-PNSS23 (11 %) is
similar to the observed experimental results (12 %). In the control herein (PNSS homopolymer),
there is no P3HT to hinder the Friedel-Crafts acylation and so deprotection to 91 % is observed

(9 % loss), rather than the theoretically expected 74 %.

100

Weight (%)

95
—— P3HT, -b-PNSS,
90 -—— P3HT_-b-PNSS

—— P3HT_-b-PNSS |
- PNSS?3 1 |
0 60 120 180

Time (min)

Figure 4. Thermogravimetric isotherms at 150 °C of the three P3HTs0-b-PNSSx block

copolymers alongside PNSS>3 homopolymer as a control.
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To compliment TGA, FTIR spectroscopy has been used to confirm that the observed weight
loss indeed corresponds to the deprotection of the sulfonate groups in our block copolymers.
Representative FTIR spectra of P3HTs0-b-PNSS23, before and after annealing at 150 °C for three
hours, are shown in Figure 5. As expected, a significant reduction in intensity of the band
associated with saturated C-H stretching (from the alkyl chains, v(C-H) ~ 2900 cm™) was clearly
observed, whilst a broad band appeared in the region of 3250 cm’!, indicative of the presence of
the unprotected sulfonate group. This is in agreement with the observed changes in previous
studies on PNSS homopolymers, where the transformation was followed by both FTIR and 'H
NMR spectroscopies.” * Accordingly, the FTIR spectra of P3HTs0-5-PNSS¢ and P3HTs¢-b-
PNSSi¢ are provided in the ESI (Figures S10 and S11) and show similar changes to the ones
highlighted herein, confirming that deprotection is occurring in all three diblock copolymers in

our series.
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Figure 5. FTIR spectra of P3HTs0-b-PNSS;»3 before (top) and after (bottom) thermal treatment
(three hours at 150 °C). The spectra have been translated along the transmission axis for clarity

purposes.

Thin film morphology of P3HT-5-PNSS and P3HT-b5-PSS

First, the microscale morphology of our block copolymers was probed, before and after
treatment, by optical microscopy (see Figure S12). The images clearly show long range liquid-
like phase separation with domain widths of approximately 0.5 pm, independent of thermal
treatment at 150 °C. However, for use in photovoltaic devices, the nanomorphology is of
particular importance. Accordingly, Figure 6 shows the data obtained from GISAXS/GIWAXS
(2D and corresponding integrated 1D) alongside tapping mode AFM images for spin-coated thin
films (ca. 100 — 200 nm thick) of the three block copolymers, before and after annealing at

150 °C for three hours.
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Figure 6. AFM phase images (2 x 2 microns) and 2D x-ray scattering raw data, as spin-coated
(a) and after thermal annealing at 150 °C for 3 hours (b); and integrated 1D x-ray data
(horizontal integration for ¢ < 0.25 A™! and vertical integration for ¢ > 0.25 A™! to highlight the
in-plane and out-of-plane features, respectively- see Figure 7) (c¢) for P3HT-5-PNSSo (top),

P3HT-5-PNSS 6 (middle) and P3HT-5-PNSSy; (bottom).

Prior to thermal modification (and concomitant annealing), there was no microphase separation
or clear definition between nanoscale domains and only negligible P3HT crystallinity for the
block copolymers due to the spin-coating quench preventing appropriate alignment of the
polymer chains. After annealing for 3 hours at 150 °C, the P3HT crystallinity is clearly visible
for all diblock copolymers (g = 0.397 A™! for P3HTs0-b-PSSo and g = 0.393 A"! for both P3HTso-
b-PSS16 and P3HTs0-b-PSS23, corresponding to approximate length scales of 1.58 and 1.60 nm,
respectively, in line with our pristine P3HTso homopolymer, see Figure S13, and the literature
for P3HT packing with RR of 98 %°7). This (100) peak in each case is indicative of the
interchain spacing between the P3HT segments as they pack in the crystals (depicted by ‘a’ in
Figure 7). Our data illustrate that this length scale is similar for the different PSS block lengths
showing that the crystal packing of P3HT is not significantly perturbed by the presence of the
covalently attached amorphous polymer segment, and appears unaffected above a certain molar
mass. However, the approximate extent of crystallinity (quantity of crystalline domains;
indicated by the intensity of the GIWAXS peak) is affected by the length of PSS, with the block
copolymer with the highest amorphous PSS content, P3HT50-b-PSS»3, showing considerably
lower levels of crystallization. However, caution should be made in defining precise levels of

crystallinity from these data as the intensity of the scattering peaks is also a function of the
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quality of the alignment with respect to the critical angle for the air/silicon interface which can
become slightly misaligned due to thermal expansion effects. As expected, P3HT packing is
shown to be perpendicular to the lamellae stacks, revealed by the opposing orientations of the
diffraction patterns at small and wide angles, respectively. It is noteworthy that our thermal
treatment is above the glass transition temperature of both blocks (the more rigid P3HT having a
Ty around 12 °C®®), but considerably below the melting temperature of P3HT (T > 200 °C*).
This allows moderate chain diffusion, but not significant rearrangement within the crystals to
give substantial alignment of the P3HT repeat units [hence the presence of only a weak (100)
peak in the GIWAXS data]. Figure 7 shows a cartoon schematic of the packing of the P3HT-b-
PSS block copolymers following thermal treatment, based on the extensive work of Steiner and

Hiittner with P3HT.%7- 190

! d (in-plane) !

% ]

ﬁ%'pbpbpb?bgwa
ATy Ty

bbb b pbpopop o

l_'_l;'_l
P3HT PSS
(crystalline) (amorphous)

Figure 7. Schematic of the diblock copolymer molecular arrangement in our thin films,

indicating the length scales measured by GISAXS/GIWAXS.

Solvent annealing the as cast block copolymers in THF vapour for 36 hours (see Figure S14,

ESI) allowed a small amount of P3HT crystals to form (illustrated by the weak GIWAXS peak in

all images), but did not produce a well-ordered periodic structure of crystalline and amorphous
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domains. On the contrary, thermal deprotection of PNSS (to afford polar PSS) causes the Flory-
Huggins interaction parameter, y, between P3HT and the amorphous block to dramatically
increase, inducing microphase separation, whilst concomitantly increasing the electron density
contrast between the crystalline and amorphous domains. Indeed, following thermal treatment,
distinct periodic structure (arising from crystalline and amorphous, highlighted by ‘d’ in Figure
7) is observed at g* = 0.0334, 0.0320 and 0.0302 A! for P3HT-b-PSSy, P3HT-b-PSS;6 and
P3HT-b-PSS23, respectively. Thus, as PSS is increased (from approximately 9 to 16 to 23), the
corresponding length scale between like domains increases from 18.8 to 19.7 to 20.8 nm. Given
that the P3HTs0-alkyne homopolymer gave an inter-lamellae distance of approximately 17 nm
(see Figure S13), the amorphous domains in the block copolymer series are 1.8, 2.7 and 3.8 nm,
respectively. A plot of log D versus log N (Figure S15), where D is the amorphous domain
length and NV the approximate degree of polymerization of the amorphous segment, gives an
approximate linear correlation with an alpha value of 0.79, in line with the literature, which
states that D ~ N*, with 0.5 < o, < 1.!91"1% In addition, a P3HT crystalline domain length of 17
nm suggests that our crystalline segments comprise of approximately 45 linear 3HT units (using
0.38 nm as the 3HT repeat unit spacing, as reported by Brinkmann and Rannou'®), which
closely matches the D, of 50 estimated by '"H NMR spectroscopy.

Interestingly, higher order Bragg peaks were observed at 2¢*, most notably for P3HT-5-PSSi6
and to a lesser extent for P3HT-b-PSSo (see ESI, Figure S16), to reveal lamellae morphologies
for these block copolymers. In line with the work of Snyder et al.!°” and Kohn et al.,”” our P3HT
of 8.4 kg mol! (by '"H NMR) gives fully extended crystals (i.e. no folds) as illustrated in the
simplified schematic in Figure 7, and increasing the PSS content pushes these crystals further

apart. The ability to control the domain spacing of the semi-crystalline P3HT blocks is useful in
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balancing the charge carrier properties with other physical properties of the films. It is

noteworthy that although the GISAXS data confirm the lamellar layers in the bulk of the film,

the AFM images did not reveal clear detail on the surface (left hand column of Figure 6). This is

attributed to the formation of a wetting layer on the surface caused by the vast difference in

surface energy between the two polymer blocks (see ESI, Figures S17 to S19).

Preliminary

OPYV device performance

The investigation of our block copolymers incorporated into OPV devices to enhance their

long-term stability is beyond the scope of the work herein and will be described in full in a later

report. However, to demonstrate that the introduction of these novel block copolymers can be

executed without detrimentally affecting OPV device performance, Figure 8 shows power

conversion efficiencies for non-optimized devices (with and without the block copolymer

interlayers before and after thermolysis) in a ‘normal’ architecture.
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Figure 8 shows that introducing the block copolymer interlayer between a P3HT:PCBM
photoactive layer and a PEDOT:PSS hole transport layer reduces the power conversion
efficiency of non-optimized devices to approximately 75 % of the original value when the block
copolymers are in the hydrophobic, protected forms. The extent of this reduction in device
efficiency appears to be independent of the PNSS block length in our series. On the contrary,
when the interlayers had been thermally treated to convert the PNSS blocks to PSS, the device
efficiencies were not significantly affected by the presence of the shortest block copolymer,
P3HTs0-b-PSSo. The contributions of the block copolymer layer in terms of short circuit current
(Jsc), injection, open circuit voltage (Voc), fill factor and leakage, and the effect of block lengths

will be discussed in detail in a further report.

CONCLUSIONS

A short series of novel poly(3-hexylthiophene)-block-poly(neopentyl p-styrene sulfonate),
P3HT-b-PNSS, block copolymers with a P3HT block of fixed length attached to systematically
varied PNSS block lengths, has been synthesized by GRIM and RAFT polymerization
techniques, respectively, and subsequent azide-alkyne click coupling chemistry. The route is
simple and affords pure block copolymers of relatively low molar mass dispersity (P < 1.5) with
moderate overall yields. Importantly, these block copolymers can be processed from a single
organic solvent and then rendered amphiphilic following thermolysis (150 °C). Thermolysis of
the sulfonate ester removed the neopentyl protecting groups to produce P3HT-block-poly(p-

styrene sulfonate), P3HT-H-PSS. TGA revealed that block copolymers with higher PNSS
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contents required shorter processing times, despite more protecting groups requiring removal.
GISAXS/GIWAXS was used to probe the nanomorphology and crystallinity of spin-coated thin
films of the block copolymers before and after thermal modification. Prior to thermolysis, none
of the polymers demonstrated long range order on the nanoscale with only minimal P3HT
crystallinity, owing to vitrification of the polymers during the spin-coating process. However,
following deprotection of PNSS and concomitant rearrangement of the chains at elevated
temperature, the P3HT crystallinity increased and lamellar nanomorphologies were observed.
Interestingly, the spacing between the P3HT lamellae was systematically increased on increasing
the original PNSS block length. The ability to control the domain spacing of the semi-crystalline
P3HT blocks is useful in balancing the charge carrier properties with other physical properties of

the films.
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GRAPHICAL ABSTRACT

A series of novel block copolymers, which are transformed from hydrophobic to amphiphilic

materials by external remote triggering, have been shown to form lamellae morphologies in thin

films following thermal treatment.
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