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We report a facile macroligand strategy towards the synthesis of low-bandgap inorganic-organic com-
posites comprised of semiconductor PbS nanoparticles and functional copolymers. For this, thiol-
functional thiophene-based macroligands have been used as coligands for PbS nanoparticles. Thus, so-
lution processable organic-inorganic hybrid materials with absorption in the near-infrared have been
obtained. The resulting nanoparticle-polymer composites were characterized in detail by optical and FT-

IR spectroscopy as well as TEM showing their potential as novel functional inorganic-organic hybrid
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materials when applied in initial proof-of-concept hybrid photovoltaic devices.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Recent reviews reported that conjugated polymer-nanocrystal
hybrid systems [1—9] could become a low cost material for
photovoltaic cells, light emitting diodes, photodetectors and other
devices in the future [10,11]. Moreover, it was shown that the ligand
exchange on the PbS nanoparticles (NPs) revealed positive effects
on the photovoltaic performance of such systems [12,13].
Thiophene-based conjugated alternating copolymers are in the
focus due to their anticipated performance in many applications as
mentioned above, paired with their rather undemanding synthetic
availability using palladium-catalyzed cross-coupling reactions like
Stille [14] or Suzuki [9] reactions. Other procedures of use are
Grignard metathesis (GRIM) [15] or Yamamoto [9] reactions, which
are mostly used for the preparation of homopolymers. GRIM is
often used for the preparation of high quality regio-regular poly-
mers like regio-regular poly(3-hexylthiophene-2,5-diyl) (rrP3HT)
[9,15]. Since about a decade, functional thiophene-based molecules
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are, amongst other polymers, used for the preparation of various
hybrid materials [9,16,17]. First results using low-bandgap co-
polymers in hybrid systems have lately been introduced [18].
Interestingly, the optical properties [19] of semiconductor NPs are
determined by the quantum confinement effect [20]; their emis-
sion color and electronic levels can be finely tuned within a single
synthetic route, not only by choice of NP material, but also by choice
of NP size. A typical semiconductor NP, which can also be thought of
as a colloidal quantum dot, consists of an inorganic core, compa-
rable or smaller in size than the Bohr exciton diameter of the cor-
responding bulk material, surrounded (“passivated”) by an organic
shell of ligands. Bulk PbS [21,22] and PbSe [23] materials have a
cubic (rock salt) crystal structure, a narrow direct bandgap (0.28—
0.41 eV at 300 K) and an extraordinary large exciton Bohr radius
(18 nm for PbS and 46 nm for PbSe respectively, the latter is about
eight times larger than that of CdSe) [24—28]. Note, only few ma-
terials like InAs exist, having similar large Bohr radii like PbSe
particles [28]. As particle volume to Bohr radii ratios of 0.04 can be
obtained, size quantization effects are much more pronounced and
the simple electronic and vibrational spectra of the nanoparticles
allow their application in IR laser technologies, IR detectors, long-
wavelength imaging, solar energy panels, bio-assays in water and
window coatings [25]. PbS nanoparticles have been synthesized in
diverse media like glasses [29,30], polymer matrices [31—33],
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aqueous solutions [34—36] or liquid crystals [37], using a variety of
methods such as hot injection [38] sonochemical [39,40] or elec-
trochemical techniques [41,42]. To date, high quality lead sulfide
nanoparticles with respect to size distribution and optical emission
have been attained by hot injection procedures using oleic acid and
tri-n-octylphosphine as capping ligands and carrying out the re-
action in different solvent mixtures of octadecene, tri-n-octyl-
phosphine and oleic acid at an injection temperature of 150 °C. The
nanoparticle’s average size could be reduced when reducing the
injection temperature of bis(trimethylsilyl)sulfide or the amount of
oleic acid, spanning the absorption spectra due to their tunable
sizes from 800 to 1800 nm.

In our approach, four alternating copolymers were synthesized
by means of Stille-couplings, targeting donor—donor and donor-
acceptors-donor structures. For the donor—donor structures,
two copolymers were fabricated, based on thiophene and 3-
hexylthiophene as building blocks where the synthesized copol-
ymer was endcapped with the functional endcapper 4-bromo-
benzenethiol. The two donor-acceptor-donor copolymers were
built from thiophene and 4,7-bis-(3-hexyl-thiophen-2-yl)-benzo-
[c][1,2,5]-thiadiazole being furthermore endcapped with 4-
bromobenzenethiol introducing a surface-active thiol-function to
the copolymer [43]. All copolymers were fully characterized and
revealed bandgaps in-between 1.80-1.85 eV in thin films. Due to
their thiol-end groups, the copolymers may function to attach to a
variety of nanoparticles and were therefore treated with PbS
nanoparticles in a ligand exchange procedure, resulting in two
novel PbS-based nanocomposites with prospects for use in hybrid
photovoltaic devices.

2. Experimental part
2.1. Instrumentation

The microwave-supported organic syntheses was carried out
with a CEM discover microwave with an electrical power of 300 W.
Polymerization took place under temperature and compression-
control. Details are described in Ref. [44].

'H and C nuclear magnetic resonance (NMR) spectra were
recorded in deuterated chloroform (CDCl3) with tetramethylsilane
(TMS) as internal standard on a Bruker ARX 400 nuclear magnetic
resonance spectrometer. The chemical shift ¢ is given in ppm. Mass
spectra were obtained using a Bruker micrOTOF instrument
equipped with an electrospray ionization source (ESI-MS) and on a
Biflex II matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOFMS) system (Bruker Daltonics
GmbH). For the sample preparation, 1 mg/mL of the polymer,
10 mg/mL dithranol and 0.1 mg/mL AgTFA were solubilized as
mixture in THF in a ratio of 1:10:0.1. This mixture was transferred to
the sample holder (2 uL) and subsequently analyzed in the refection
mode detecting positive ions. Gel permeation chromatography
(GPC) analysis was carried out on a Jasco AS950 apparatus using
Jasco UV-2070, Jasco RI-930 and Viscotek T60 as detectors (column
MZSD of particle size 5 pm, eluent chloroform). For the determi-
nation of the molecular weights, a calibration based on polystyrene
standards was applied. The elemental analysis data were obtained
by using a Vario Elemental EL analyzer. Infrared studies were
conducted on a JASCO FT/IR-4200 Fourier-transform infrared
spectrometer. Ultraviolet-visible measurements (UV-vis) were
performed on a Jasco V-550 spectrophotometer (1 cm cuvette,
chloroform) at concentrations of 3.3 x 10~® mol/L for the co-
polymers. Fluorescence spectroscopic measurements were done on
a Cary Eclipse fluorescence spectrophotometer (1 cm cuvette,
chloroform) at concentrations of 3.3 x 10~ mol/L for the co-
polymers. The film measurements were performed by using a

concentration of 1 mg/mL copolymer in chloroform for the prep-
aration of the respective films. Transmission electron microscopy
(TEM) has been performed using a Tecnai T20 microscope oper-
ating at 200 kV (FEI). The sample preparation followed the proce-
dure used in ref. 1. The optical characterization of the nanoparticles
and composites were performed on a Cary 5000 Varian absorption
spectrometer. Measurements in the UV-regime were conducted on
a Cary 50 Varian absorption spectrometer. FT-IR spectra were
measured on a Nicolet 8700 spectrometer from Thermo Scientific.

2.2. Materials

All reactions were carried out under inert conditions (argon). N-
Bromosuccinimide was purchased from ABCR, thiophene from Acros,
2-(3-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane,
4-bromobenzenethiol, 2,1,3-benzothiadiazole, 3-hexylthiophene and
trimethyltin chloride 1 M in n-hexane from Aldrich. 2,5-Dibromo-3-
hexylthiophene (M1) [47], 2,5-bis-(trimethylstannyl)thiophene (M2)
[48], 4,7-dibromo-2,1,3-benzothiadiazole (1) [52], 4,7-bis-(3-hexyl
thiophen-2-yl)benzo|c][1,2,5]thiadiazole (2) [53] and 4,7-bis-(5-
bro-mo-3-hexylthiophen-2-yl)benzo|c][1,2,5]thiadiazole (M3) [54]
were synthesized according to literature procedures. All polymeri-
zations were performed in extra dry THF (Acros) according to liter-
ature known procedures [44].

For the preparation of the PbS nanoparticles and their nano-
composites, THF, N,N-dimethylformamide, oleic acid, thio-
acetamide and lead acetate trihydrate were purchased from
Aldrich, diphenylether and ethanol from Acros, tri-n-octylphos-
phine from Fluka and n-butanol from AppliChem.

2.3. Synthesis of the monomers

2.3.1. 2,5-Dibromo-3-hexyl-thiophene (M1) [47]

Colorless oil was obtained (6.78 g, 69%). 'H NMR (400 MHz,
CDCl3): 6 (ppm): 6.77 (s, 1H), 2.50 (t, 2H), 1.53 (m, 2H), 1.30 (t, 6H),
0.89 (t, 2H). *C NMR (400 MHz, CDCl3): ¢ (ppm): 142.75, 130.70,
110.05, 107.68, 31.34, 29.32, 29.24, 28.56, 22.35, 13.86. ESI-MS m/z
Calcd. For C1gH14Br»S 326.09; Found 326.

2.3.2. 2,5-Bis-(trimethylstannyl)-thiophene (M2) [48]

A white solid (4.25 g, 46%) was obtained. 'H NMR (400 MHz,
CDCl3): 6 (ppm): 0.40 (s, 18 H, CHy), 7.40 (s, 2 H, CH). 13C NMR
(400 MHz, CDCl3): 6 (ppm): 142.7, 135.5, —8.5. ESI-MS m/z Calcd.
For C1oH20SSn;, 409.7; Found 410.

2.3.3. 4,7-Dibromo-2,1,3-benzothiadiazole (1) [52]

A yellowish solid was obtained (19.4 g, 90%). 'TH NMR (400 MHz,
DMSO): 6 (ppm): 7.94 (s, 2 H, CH). >°C NMR (400 MHz, CDCl3):
6 (ppm): 152.8, 132.2, 113.8. ESI-MS m/z Calcd. For CgH,Br;N»S
(M + H)* 294; Found 294.

2.3.4. 4,7-Bis-(3-hexyl-thiophen-2-yl)-benzo[c][1,2,5]-thiadiazole
(2) [53]

A yellow-orange oil was obtained (0.75 g, 70%). 'H NMR
(400 MHz, CDCl3): 6 (ppm): 7.65 (s, 2H), 7.43 (d, 2H), 7.10 (d, 2H),
2.66 (t, 4H), 1.61 (m, 2H), 1.20 (m, 12H), 0.81 (t, 6H). 3C NMR
(400 MHz, CDCl3): 6 (ppm): 154.53, 141.94, 132.42, 130.13, 129.45,
127.73, 126.07, 31.78, 30.88, 29.58, 29.32, 22.74, 14.23. ESI-MS m/z
Calcd. For Ci4H19Br 468.7; Found 468.

2.3.5. 4,7-Bis-(5-bromo-3-hexyl-thiophen-2-yl)-benzo[c][1,2,5]-
thiadiazole (M3) [54]

A orange oil was obtained (0.82 g, yield 65%). "H NMR (400 MHz,
CDCl3): 6 (ppm): 7.60 (s, 2H), 7.05 (s, 2H), 2.61 (m, 4H), 1.57 (m, 4H),
1.22 (m, 12H), 0.81 (t, 6H). 3C NMR (400 MHz, CDCl3): ¢ (ppm):
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154.23, 142.75, 133.86, 132.30, 130.0, 126.94, 113.50, 31.81, 30.78,
29.71, 29.31, 22.79, 14.30. ESI-MS m/z Calcd. For CygH31AgBrN»S3
733; Found (M + H)" 734.

2.4. Synthesis of the copolymers

2.4.1. Copolymers P1 and P2—general procedure

2,5-Dibromo-3-hexyl-thiophene,  2,5-bis-(trimethylstannyl)-
thiophene and Pd(PPhs)4 (5 mol%) were added together in a mi-
crowave tube. Under inert conditions, THF (4 mL) was added to the
reaction system and was allowed to stir in the microwave for
12 min at 150 °C. After cooling down to room temperature, the
reaction solution was poured in chloroform and the combined
organic layers were washed with 2 N HCI (1 x 100 mL) and NaHCO3
solutions (1 x 50 mL). The organic phase was dried over Na;SO4 and
the solvent removed by reduced pressure. The residue was dis-
solved in chloroform (2—4 mL), precipitated in methanol (500 mL)
at 0 °C and the black solid, with metallic shine, was further
extracted with ethanol and n-hexane.

2.4.1.1. Copolymer P1. Compound M1 (82 mg, 0.25 mmol), M2
(103 mg, 0.25 mmol), Pd(PPhs3)4, (9 mg), THF (4 mL). The black solid
was dried under vacuum for 1 day to give the final product P1
(46 mg, 25%). UV: Amax (Ig € [L x mol~! x ecm™']) 468 nm (5.90),
Egsol = 2.21 eV. Emission: Amax: 567 nm. UV: Amaxfim 551 nm,
Eghim = 1.85 eV. FI-IR spectra (cm~!): 2926 (s, CHs, stretching),
2851 (s, CHy, stretching), 1448 (m, C=C, stretching), 1373 (s, =CH,
stretching), 1167 (m, C—N, stretching), 781 (s, =C—H, out-of-plane
deformation). GPC (g/mol): M, = 8200, M,, = 14900, PDI: 1.82. 'H
NMR (400 MHz, CDCl3): ¢ (ppm): 7.01 (s, 3H), 2.77 (s, 2H), 1.68 (s,
2H), 1.25 (d, 6H), 0.88 (s, 3H). Anal. Calcd. For P1; C, 67.15; S, 25.61;
H, 7.24; Found C, 67.45; S, 25.26; H, 7.29%.

2.4.1.2. Copolymer P2. Compound M3 (157 mg, 0.25 mmol), M2
(103 mg, 0.25 mmol), Pd(PPhs)y4, (9 mg), THF (4 mL). The black solid
was dried under vacuum for 1 day to give the final product P2
(57 mg, 22%). UV: Amax (Ig € [L x mol~! x cm~1]) 493 nm (5.74),
384 nm (3.90), Egso; = 2.13 eV. Emission: Amax: 662 nm. UV: Amax film
542/401 nm, Eggim = 1.81 eV. FI-IR spectra (cm™!): 2926 (s, CHs,
stretching), 2851 (s, CHy, stretching), 1448 (m, C=C, stretching),
1373 (s, =CH, stretching), 1167 (m, C—N, stretching), 781 (s, =C—H,
out-of-plane deformation). GPC (g/mol): M, = 7900, M,, = 16000,
PDI: 2.03. 'H NMR (400 MHz, CDCl3): 6 (ppm): 7.69 (s, 2H), 7.22 (s,
2H), 7.11 (s, 2H), 2.77 (s, 4H), 1.68 (s, 4H), 1.25 (d, 12H), 0.86 (s, 4H).
Anal. Calcd. For P2; C, 65.41; S, 23.28; H, 6.22; N, 5.09; Found C,
65.56; S, 22.8; H, 6.58; N, 5.06%.

2.4.2. Copolymers P3 and P4—general procedure
4,7-Bis-(5-bromo-3-hexyl-thiophen-2-yl)-benzo[c][1,2,5]-thia-

diazole, 2,5-bis-(trimethylstannyl)-thiophene and Pd(PPhs)4 (5 mol
%) were added together in a microwave tube. Under argon, THF
(4 mL) was added to the reaction system and was allowed to stir in
the microwave for 12 min at 150 °C. Subsequently, the reaction
system was endcapped by using 4-bromobenzenethiol for 2 min at
150 °C. After cooling down to room temperature the reaction so-
lution was poured in chloroform and the combined organic layers
were washed with 2 N HCI (1 x 100 mL) and NaHCO3 solutions
(1 x 50 mL). The organic phase was dried over Na,SO4 and the
solvent removed by reduced pressure. The residue was dissolved in
chloroform (2—4 mL), precipitated in methanol (500 mL) at 0 °C
and the black solid, with metallic shine, was further extracted with
ethanol and n-hexane.

2.4.2.1. Copolymer P3. Compound M1 (82 mg, 0.25 mmol), M2
(103 mg, 0.25 mmol), Pd(PPhs3)y, (9 mg), THF (4 mL). The black solid

was dried under vacuum for 1 day to give the final product P3
(44 mg, 24%). UV: Anax (Ig € [L x mol~! x cm~1]) 464 nm (5.88),
Egsol = 2.20 eV. Emission: Apax: 621 nm. UV: Apaxfiim 540 nm,
Egfilm = 1.84 eV. FT-IR spectra (cm™!): 3067 (w, Ar—H), 2926 (s, CHs,
stretching), 2851 (s, CHy, stretching), 1448 (m, C=C, stretching),
1373 (s, =CH, stretching), 1167 (m, C—N, stretching), 781 (s, =C—H,
out-of-plane deformation). GPC (g/mol): M, = 8000, M,, = 15000,
PDI: 1.88. "H NMR (400 MHz, CDCl5): 6 (ppm): 7.01 (s, 3H), 2.77 (s,
2H), 1.68 (s, 2H), 1.25 (d, 6H), 0.88 (s, 3H). Anal. Calcd. For P3; C,
67.15; S, 25.61; H, 7.24; Found C, 66.82; S, 25.97; H, 7.21%.

2.4.2.2. Copolymer P4. Compound M3 (157 mg, 0.25 mmol), M2
(103 mg, 0.25 mmol), Pd(PPhs)4, (9 mg), THF (4 mL). The black solid
was dried under vacuum for 1 day to give the final product P4
(52 mg, 20%). UV: Amax (Ig € [L x mol~! x cm~']) 489 nm (5.60),
382 nm (4.14), Egso1 = 2.13 eV. Emission: Amax: 683 nm. UV: Amax film
540/396 nm, Eggim = 1.80 eV. FT-IR spectra (cm™'): 3067 (w, Ar—H),
2926 (s, CHs, stretching), 2851 (s, CH», stretching), 1448 (m, C=C,
stretching), 1373 (s, =CH, stretching), 1167 (m, C—N, stretching),
781 (s, =C—H, out-of-plane deformation). GPC (g/mol): M, = 7700,
My = 15500, PDI: 2.01. 'TH NMR (400 MHz, CDCl3): 6 (ppm): 7.69 (s,
2H), 7.22 (s, 2H), 7.11 (s, 2H), 2.77 (s, 4H), 1.68 (s, 4H), 1.25 (d, 12H),
0.86 (s, 4H). Anal. Calcd. For P4; C, 65.41; S, 23.28; H, 6.22; N, 5.09;
Found C, 65.67; S, 22.59; H, 6.67; N, 5.07%.

2.5. Synthesis of the PbS NPs—general procedure

The PbS nanoparticles were synthesized using tri-n-octylphos-
phine and oleic acid as stabilizing agents [45,46]. As synthetic
equipment a three-neck flask with condenser, a thermocouple,
heating mantle and magnetic stirrer were used. Typically, a mixture
of 0.78 g lead acetate trihydrate (2 mmol), 1.5 mL oleic acid
(4.7 mmol), 4 mL distilled tri-n-octylphosphine (9 mmol) and
6 mL diphenylether (38 mmol) were heated under vacuum for
1 h at 80 °C. The sulfur precursor solution, comprising 0.05 g thi-
oacetamide (0.67 mmol), 0.25 mL N,N-dimethylformamide
(3.3 mmol) and 6 mL tri-n-octylphosphine (13.5 mmol) was
injected at 150 °C under nitrogen and the reaction was quenched
after 5 min. Subsequently, the particle solution was cleaned by
precipitation from 1-butanol. The precipitate was washed two
times with 1-butanol and afterwards re-dissolved in an organic
solvent. For spectroscopic investigations tetrachloroethylene or
toluene were used as solvents.

2.6. Synthesis of the PbS-copolymer composites—general procedure

In general, PbS-copolymer composites NC3 and NC4 were syn-
thesized by treatment of PbS nanoparticles with P3 and P4. First,
the PbS nanoparticles (5 mg) were mixed in 1 mL of a solution of
THF with the thiol-functionalized polymer (10 mg/mL) and stirred
overnight. After precipitation from ethanol, washing two times
with n-butanol and drying under vacuum, two nanocomposite
(NC)-like materials NC3 and NC4 were obtained as powders.

2.7. Fabrication and measurement of the solar cells

Solar cells were fabricated on ITO-coated glass substrates
(ShinAn SNP, R = 13 ©@/[0), which were cleaned in acetone and
isopropanol by ultrasonication for 15 min each. Subsequently, the
substrates were exposed to oxygen plasma and transferred into a
glove box, where they were kept under nitrogen atmosphere for
the rest of the fabrication and characterization process. A layer of
low-conductive PEDOT:PSS (Clevios™ P VP Al 4083) was spin-
casted onto the substrate followed by the active layer from a
blend comprising the polymers P3, P4 or the nanocompound NC3
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Scheme 1. Synthesis of 1, 2 and monomers M1—-M3. Reagents and conditions: (i) NBS, THF, 0 °C, 45 h; then rt, overnight; (ii) THF, n-BuLi, —78 °C, 4—5 h, then trimethyltin chloride
1 M in n-hexane, —78 °C, then rt, overnight; (iii) Bro, HBr(aq), reflux, overnight; (iv) 2-(3-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, Pd(PPhs), toluene, EtOH,

H,0, Na,COs, reflux, overnight; (v) NBS, THF, 0 °C, 4-5 h; then rt, overnight.

and PCgoBM at concentrations of 30 mg/mL from 1,2-
dichlorobenzene. The active layer thickness was on the order of
70 nm. The cells were completed by the evaporation of calcium
cathodes through a shadow mask in high vacuum. Current density/
voltage (J-V) curves were recorded utilizing a Keithley 238 source
meter unit under 1 sun illumination according to the AM 1.5G
spectrum utilizing a spectrally monitored Oriel 300W solar simu-
lator. For the IPCE measurement, the solar cells were encapsulated
in order to avoid sample degradation. The IPCE setup features a
450 W Xenon light source, a 300 mm monochromator (LOT-Oriel
GmbH & Co KG), a custom designed current amplifier (DLPCA-S
Femto Messtechnik GmbH) and a digital lock-in (eLockinin203
Anfatec). A modified photoreceiver (OE-200-S Femto Messtechnik
GmbH) with a Si/InGaAs sandwich diode was used to monitor the
stability of the monochromatic light beam. Initial calibration in the
infrared spectral regime was carried out with a reference germa-
nium diode (NIST traceable calibration, Thorlabs).

3. Results and discussion
2,5-Dibromo-3-hexyl-thiophene (M1, yield: 69%) was obtained

through bromination of 3-hexyl-thiophene by using N-bromo-
succinimide (NBS) [47]. 2,5-Bis-(trimethylstannyl)-thiophene (M2,

CeH13
I N\ s ln
Br S \ / "
M
P4
i
\
i
M;

yield: 46%) was synthesized in a two-step reaction by lithiation of
thiophene at —78 °C, followed by stannylation of the intermediate
with trimethyltin chloride (Scheme 1) [48]. For the synthesis of 4,7-
bis-(5-bromo-3-hexyl-thiophen-2-yl)-benzo|c][1,2,5]-thiadiazole
(M3, yield: 65%), 2,1,3-benzothiadiazole was used as starting ma-
terial, firstly brominated to give compound 1 (yield: 90%) and then
coupled to 2-(3-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane following a Suzuki-protocol [10,11,44,49—51]
yielding compound 2 in 70% (Scheme 1). Compound 2 was
ongoing transformed to the final product M3 by bromination with
NBS (Scheme 1) [52—54]. Alternating copolymers based on M1-M3
were synthesized by microwave-assisted Stille-coupling reactions
according to optimized Pd(0)-mediated Stille-C-C-coupling pro-
tocols (Scheme 2) [44,55]. Using M1 or M3 in combination with
comonomer M2, the thiophene-based alternating copolymers P1
and P2 were obtained.

Copolymers P1 and P2 were further treated with 4-
bromobenzenethiol in order to terminate their backbones at
the stannylated reaction site, ending up with polymers P3 and
P4, respectively (Scheme 2). The yields of the crude copolymers
P1—P4 are in the range of 30—35% based on the sum of molecular
weights of the comonomers.

SH

P4

Scheme 2. Synthesis of polymers P1—-P4. Reagents and polymerization parameters under microwave assisted conditions: (i) M1, M2, Pd(PPhs)4, THF, 150 °C, 12 min; (ii) M2, M3,
Pd(PPhs)y, THF, 150 °C, 12 min; (iii) M1, M2, Pd(PPhs),, THF, 150 °C, 12 min, then 4-bromobenzenethiol, 150 °C, 2 min; (iv) M2, M3, Pd(PPhs),, THF, 150 °C, 12 min, then 4-

bromobenzenethiol, 150 °C, 2 min.
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Fig. 1. MALDI-TOF mass spectrum of P2.

However, in order to remove impurities and low molecular
weight species, and to thus obtain unimodal molecular weight
distributions, the crude polymers P1—P4 were exhaustively puri-
fied by extractions with methanol, n-hexane and chloroform. Each
step was carried out over a period of 1 day by means of a Soxhlet-
apparatus, whereby the chloroform fraction was isolated and re-
precipitated from methanol. After purification, the copolymers
were obtained as dark black solids with a metallic shine still in
yields of 20—25%, readily soluble in solvents of medium polarity
like tetrahydrofuran (THF) or dichloromethane. Highly soluble co-
polymers are of importance allowing facile solution processing
[56—63], which has to be ensured especially when modern device
design is envisaged. Due to their thiol-functionality, copolymers P3
and P4 may be suitable for tying on inorganic nanoparticles giving
the opportunity to create hybrid materials via a ligand exchange
procedure [1,11,64] on the surface of the nanoparticles, in this case,
lead sulfide nanoparticles (PbS). The structures of the monomers
and copolymers were confirmed by using 'H and >C NMR and their
molecular weights were determined by means of electrospray
ionization mass spectrometry (ESI-MS) and gel permeation chro-
matography (GPC) analysis, correspondingly. The structures of the
copolymers P1-P4 were additionally confirmed by elemental
analysis. The molecular weights of the polymers P1-P4 were
determined by GPC using chloroform as eluent and a calibration
based on polystyrene standards [65]. However, thiophene-based
polymers adopt a more rod-like conformation in solution and
because of this GPC measurements performed on the basis of
polystyrene standards tend to overestimate the molecular weights
in such systems [65]. Nonetheless, as determined by GPC, these four
polymers have similar weight-average molecular weights (M,y) of
around 14900—16000 g x mol~', corresponding to a polydisperity
index (PDI) in-between 1.82—2.03. On the other hand, the

Table 1
Optical properties of copolymers P1—-P4.

Polymer  Absgy® (nm) Lg & Absgim (nm)  Egeo™® (eV)  Egaim™ (eV)
(JL x mol~! x cm™'])

P1 468 (5.90) 551 2.21 1.85

P2 493 (5.74)[384 (3.90)  542/401 2.13 1.81

P3 464 (5.88) 540 2.20 1.84

Pa 489 (5.60)/382 (4.14)  540/396 213 1.80

2 In chloroform solution (3.3 x 10~¢ mol/L).
b Calculated from the absorption band edge.
¢ Determined on glass.

discussed GPC-determined values are in close agreement with
values in present literature using similar synthetic methods and
GPC standards [66,67]. In order to further determine the uniformity
of the polymers, MALDI-TOF analysis was conducted [67—69].
Contradictive to GPC MALDI-TOFMS tends to underestimate the
molecular weights of polydisperse polymers, because efficient
desorption is hindered at higher molecular weights of the polymers
[70,71]. Nonetheless, effective ionization and desorption are
necessary in order to obtain MALDI-TOF spectra of high quality.
Note the choice of the matrix and the optimized sample prepara-
tion for each individual type of polymer is significant [72]. How-
ever, by using MALDI-TOF analysis an accurate picture of the
distribution of chains with respect to the obtained end groups is
possible. Since in the Stille cross-coupling procedure the respective
copolymer may end with either of the two applied monomers (A
and B), different distributions of the end groups are expected.
Hummelen et al. [67] found that all of the polymer chains, which
are prepared by the Stille method show three distinct peaks cor-
responding to XBX,, X, and X,X*—through copolymerization of two
monomers X* and X® are the molecular weight peaks of the two
monomers A and B and X, is equivalent to (X*X®), [67].

The analysis of the MALDI-TOF mass spectrum of i.e. P2 (Fig. 1)
shows a distribution of the most probable peak at 2745.6 Da. Each
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Fig. 2. FT-IR-spectra of PbS, P3, and nanocomposite NC3.
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Fig. 3. FT-IR-spectra of PbS, 4-bromobenzenethiol and PbS-(4-bromobenzenethiol).

peak in this spectrum is representative of a different degree of
polymerization. The peak-to-peak distance amounts to 548.8 Da
and reflects the mass of the two monomer repeating units. There
are two absolute masses of each of the signals of the polymer dis-
tribution (i.e. 2745.7 and 2824.8 Da), from which the end groups
can be calculated. This respective mass values are composed of the
number n of repeating units with a molecular weight of 550 Da and
the masses of two of the probable end groups. The number n is
determined by the fraction i.e. 2745.7 Da/548.8 Da = 5.003. The
masses of both end groups are then given by multiplying the re-
sidual value 0.003 by 548.8 Da = 1.7 Da. The mass of end groups of
the other peak is 80.8 Da. From this, together with the knowledge of
the starting and the terminating reaction of Stille copolymerized
copolymers, the most probable end groups in our case are H/Br and
H/H, respectively. Since the copolymers were, after the extensive
Soxhlet-extraction, not further subjected to i.e. preparative GPC, in
order to remove the small amount of homofunctional species, we
note these homofunctional species were present during the
ongoing study.

Due to their favorable solubility, all four copolymers can be
readily cast into uniform thin films, rendering them good candi-
dates for the fabrication of organic semiconductor devices [1—
11,26,31,44,56—59,61—64]. Their optical properties are summa-
rized in Table 1. A blue shift is observed when comparing the ab-
sorption maxima of copolymers 1 and 3 in solution and solid state.

0 203 — (1) PbS
20 ——(2)P3
(3) NC3
__ 0151
s
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g
3
£ 005 -
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Such a shift is also pronounced in case of copolymers P2 and P4. In
solid-state, copolymers P1—P4 revealed low bandgaps of 1.80—
1.85 eV (Table 1). Changing the electron-rich thiophene moiety in
copolymers P1, P3 with the electron-deficient benzothiadiazole
moiety available in copolymers P2 and P4, a lowering of the
bandgap is targeted for the latter. Comparing the “donor—donor”-
type copolymers P1 and P3 with the “donor-acceptor”-type P2 and
P4, a similarity in the bandgaps of all copolymers was observed.
This result proposes that solely the addition of the benzothiadia-
zole moiety is not enough to greatly decrease the bandgap within
these copolymers as the conjugation length influenced by the
torsional strain along the backbone of the achieved macro-
compounds is directly related to energy bandgap, whereby greater
bond-length alternation can lead to larger Eg [73,74].

The PbS NPs were thus subjected to a ligand exchange by
treatment with both thiol-functionalized copolymers P3 and P4.
Before the ligand exchange took place, the nanoparticles were
stabilized with the ligands oleic acid and tri-n-octylphosphine.
After precipitation with ethanol, washing with n-butanol and
drying under vacuum, two nanocomposite (NC)-like materials NC3
and NC4 were obtained as powders. As exemplified in Fig. 2,
Fourier-transform-infrared (FT-IR) measurements show that the
PbS-copolymer 3 spectrum is an addition of the PbS and the
respective copolymer P3 spectrum, which also holds true when
using P4. The thiol-functionality of the copolymer and the bonding
of this functionality to the PbS-nanoparticles are not clearly dis-
played in the spectra due to the dominating copolymer bands.
Therefore, one cannot evidently distinguish whether the copol-
ymer is bound to the nanoparticle surface without a doubt, or if it is
only a mixture of both counterparts.

To unmistakably prove the ligand exchange, the sole thiol-
functional endcapper molecule 4-bromobenzenethiol was used.
Fig. 3 shows that the CH,- and CHs-stretching vibrations (2750—
3100 cm™!') and the CH,- and CHs-bending vibrations (1300-
1600 cm™!) of the oleic acid do not exist any longer in the PbS-(4-
bromobenzenethiol) FT-IR spectrum. This could also be the case for
the nanocomposites NC3 and NC4; the presence, however, of
methylene-groups in the side-chains of the organic counterpart
cover this disappearance (Fig. 2). The same vanishing phenomenon
occurs for the SH-vibration, coming at 2564 cm~! in the 4-
bromobenzenethiol spectrum. This means that the thiol-
functionalities of 4-bromobenzenethiol are now bound to the sur-
face of the PbS NPs and the oleic acid was exchanged by the thiol-
functionalized bromobenzene. Assuming the affinity of the thiol-
group of the macroligands P3 and P4 is the same as the affinity
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Fig. 4. Absorption spectra (in tetrachloroethylene) of copolymer P3, PbS and NC3 (a) and copolymer P4, PbS and NC4 (b).
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Table 2
Absorption and emission maxima of copolymers P3 and P4 as well as of composites
NC3 and NC4.

Material Abs UV-vis Abs near IR Em UV-vis Em near IR
(nm)?* (nm)P (nm)®* (nm)P

P3 496 - 683 -

P4 463 — 621 -

NC3 498 1294 673 1333

NC4 476 1297 624 1339

Solutions in toluene® or tetrachloroethylene® (5 mg NC3/4/mL). Abs max PbSP: 1286
nm; Em max PbS: 1326 nm.

of the small-molecular endcapper, the covalent interconnection
between the thiol-functionality of the copolymers P3 and P4 and
the PbS nanoparticles is very likely.

The optical properties of the NCs were investigated and
compared to that of the copolymers P3 and P4 and the bare PbS
nanoparticles (Fig. 4). Note, like the analysis of the copolymers, the
analysis of the composites has also been carried out at similar
concentrations. Investigating the optical properties in the near
infrared region, a change in the intensity of the respective com-
posite spectrum is observed, revealing characteristics of the indi-
vidual PbS and copolymer spectra, which seem to interact with
each other and establish optical properties of the supposed com-
posite material (Fig. 4). In more detail, the PbS particles analyzed in
tetrachloroethylene revealed an absorption maximum at 1286 nm.
Connecting P3 to these PbS particles, a slight red-shift to 1294 nm
was observed in the near-infrared and in case of binding P4 to the
PbS surfaces, the maximum was shifted to 1297 nm (Table 2). The
absorption bands of NC3 (Fig. 4a) and NC4 (Fig. 4b), analyzed in
tetrachloroethylene, are extended to near-infrared wavelengths,
when compared to the absorption bands of the neat copolymers P3
and P4. The UV-vis spectral analysis (Fig. 5a) in toluene was
moreover carried out providing absorption maxima for P3 at
496 nm and 463 nm for P4, respectively. After connecting the PbS
particles to the polymer macroligands, NC3 revealed an absorption
maximum at 498 nm and NC4 at 476 nm, correspondingly. Thus,
in case of transforming P4 to NC4, a red-shift of 13 nm was
observed (Table 2). This is further evidence in terms of deciphering
the constitutional features of NC3 and NC4, corroborating
the assumption for the successful copolymer-nanoparticle inter-
connection. Though the predomination of a nanoparticle-like ab-
sorption (Fig. 4), which is correlated to the higher electron affinity
of nanoparticles compared to conjugated polymers [75], such

Normalized Absorption

0.0
300

500
Wavelength (nm)

400
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combinative spectrum patterns are not unusual for composite-like
materials [11].

In addition to the absorption properties, the emission in toluene
of P3 and P4 compared to NC3 and NC4 have been investigated,
respectively (Fig. 5b). While in the near-infrared region, the emis-
sion maximum of the PbS particles was detected at 1326 nm, there
are slight spectral changes to the red for the composite materials;
namely for NC3 the maximum was found at 1333 nm and for NC4
the maximum was observed at 1339 nm (Table 2). Some further
differences were observed in the UV-vis spectral region (Fig. 5b).
Here, P3 revealed an emission maximum at 683 nm and P4 at
621 nm, correspondingly, while NC3 emitted at 673 nm likewise
NC4 at 624 nm.

The uniform shape and size (about 3.8—4.8 nm) of the PbS NPs
(Fig. 6a) was monitored by transmission electron microscopy
(TEM). The PbS NPs reveal a low bandgap of 0.73 eV, which cor-
responds to a wavelength of about 1680 nm (onset derived from
Fig. 4). Furthermore, these PbS NPs indicate an appropriately low
bandgap, which principally suggests potential charge transfer in
photodiode applications [9] when paired with suitable copolymers
or macroligands. Moreover, the color changes observed when
comparing bare PbS particles, copolymers and composites NC3—4
(Fig. 6b and c) may be brought in connection with side- or end
groups present in the macrocompounds influencing the surface
states of the nanoparticles [76]. Further evidence for this is given by
the TEM micrographs of NC3 and NC4 shown in Fig. 6d and e.

In order to examine the photovoltaic properties of the polymers
synthesized before, bulk heterojunction solar cells comprising
active layers from P3 or P4 blended with PCgoBM at different
blending ratios were fabricated. It was generally found that solar
cells comprising P3:PCgoBM blends produce higher photocurrents
than P4:PCgoBM-based solar cells. Consequently, the corresponding
nanocompound NC3 was chosen for the investigation of the ternary
hybrid photovoltaic devices. The incorporation of PbS (NC3) leads
to a significant reduction of all photovoltaic key performance pa-
rameters: The PbS-free solar cell, exhibits an open circuit voltage
Voc of 608 mV, a short circuit current density jsc of 2.5 mA/cm? and
a fill factor FF of 33% resulting in an overall power conversion ef-
ficiency PCE of 0.5%. When replacing P3 with nanocomposite NC3
the key performance parameters are reduced to Voc = 210 mV,
jsc = 0.34 mA/cm? and a FF = 24%, which results in a PCE = 0.02%.
This performance decrease upon the incorporation of PbS via NC3
can be attributed to the low bandgap of PbS; the nanoparticles can
act as recombination centers for photo-generated excitons leading
to a simultaneous decrease in Vg, jsc, FF and PCE. However a
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Fig. 5. Absorption (a) and emission (b) spectra (in toluene) of copolymer P3 (blue, solid), NC3 (gray, solid) P4 (blue, dash), and NC4 (gray, dash). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. TEM micrographs of PbS NPs (a), NC3 (d) and NC4 (e) and photographs (in tetrachlorethylene solutions) of PbS, NC3, copolymer P3 (b) and PbS, NC4, copolymer P4 (c).

contribution of PbS in NC3 to the photo current becomes evident in
incident photon to electron conversion efficiency (IPCE) measure-
ments in the infrared part of the visible spectrum as depicted in
Fig. 7a and b . While a peak becomes visible around 1200 nm in the
IPCE of the ternary blend, no IPCE signal was visible for the
P3:PCgoBM solar cells in this wavelength region. The IPCE peak
position at 1200 nm corresponds nicely to the PbS and NC3 ab-
sorption in Fig. 4. Therefore and despite the undesirable dimin-
ishment of the IPCE in the visible region, it can be concluded that
the PbS nanoparticles within the nanocompound NC3 harvest
sunlight in the infrared and hence contribute to the photocurrent
generation in the solar cell. Research efforts on enhancing the de-
vice performance upon varying the macroligands composition will
be addressed in the near future.
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4. Conclusions

In conclusion, near-infrared absorbing PbS nanoparticles,
surface-modified with thiol-functional thiophene-based macro-
ligands, have been synthesized in a well-designed procedure. FT-IR
data confirm the formation of the surface bond between the mac-
roligand’s SH-groups and the PbS surface. The SH-functional co-
polymers have been developed using a convenient Stille-protocol
optimized for C—C bond formation in the microwave. The thiol-
function has been introduced using 4-bromobenzenethiol as end-
functional moiety. The macroligand approach using thiol-
functions offered a facile synthetic pathway to polymer-capped
lead-based semiconductor NCs, where changing the macroligand
design, the near-infrared absorption properties of the lead-based
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Fig. 7. IPCE Spectra of P3:PCgoBM (1:1 wt.) and NC3:PCgoBM (1:1 wt.) solar cells in 300 nm to 1000 nm (a) and 1000 nm to 1500 nm (b) wavelength regimes. The peak at 1200 nm
for NC3:PCsoBM devices can be attributed to a photocurrent generation on the PbS nanoparticles within the NC3 compound.
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NPs of the two organic-inorganic components can be individually
manipulated (functional linker, backbone composition or NP size)
offering well-defined organic and inorganic components that can
reliably be interconnected to hybrid materials. The ability to
solution-process these PbS-based hybrids is an important param-
eter for their future implementation in photovoltaic or optoelec-
tronic applications. A second important key parameter of this
approach is the fact that by changing the macroligand design, the
electronic and optical properties, as well as the morphology of the
differently capped PbS NPs can be influenced. The manipulation
over the electronic and optical properties can play a crucial role
towards the direction of improving hybrid devices.
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