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ABSTRACT: Anionic, conjugated thiophene- and fluorene-
based polyelectrolytes with alkylthiosulfate side chains undergo
hydrolysis under formation of alkylthiol and dialkyldisulfide
functions. The hydrolysis products can be deposited onto gold
or silver surfaces by self-assembly from solutions of the anionic
conjugated polyelectrolyte (CPE) precursors in polar solvents
such as methanol. This procedure allows solution-based
surface modifications of gold and silver electrodes using
environmentally friendly solvents and enables the formation of
conjugated polymer bilayers. The herein presented alkyl-
thiosulfate-substituted CPEs are promising candidates for increasing the work function of gold and silver electrodes thus
improving hole injection from such electrode assemblies into organic semiconductors.

KEYWORDS: conjugated polyelectrolytes (CPE), Bunte salts, self-assembly, cross-linking, charge injection interlayer,
conjugated polymer bilayer

■ INTRODUCTION

Deposition of thin organic surface layers (so-called self-
assembled monolayers, SAMs) of thiols onto gold is a well-
established procedure of nanotechnology resulting in surface
modification and functionalization for various applications in
(bio)chemistry, sensing technology, and organic electronics.1

Hereby, the SAM procedure allows for the attachment of
functional surface moieties as recognition units for specific
analytes.2 Moreover, it allows for a specific modification of the
physical and electronic properties of the metal surface, such as
wettability, surface tension, absorbance, and electronic work
function.3−5 In most cases the surface modifiers are attached
starting from moderately polar organic molecules as thiol
source (free thiols, disulfides, thioesters)6 that are soluble in
common organic solvents: chlorinated hydrocarbons, aromatic
solvents, ethers as tetrahydrofuran or dioxane, etc. For many
applications, especially for surface modification of metals, the
use of polar solvents such as methanol or water can be highly
favorable. Herein, we present the synthesis of regioregular, 3-
substituted polythiophenes and 9,9-disubstituted polyfluorenes
with alkylthiosulfate side chains, so-called polymeric Bunte
salts, carrying tetraalkylammonium counterions (Scheme 1).
The thiosulfate functions of the side chains can be converted
into alkylthiol (or during further conversion, into dialkyldi-
sulfide) functions simply by heating or/and acidifying the initial

solutions in polar solvents or solvent mixtures. The resulting
thiol functions of the conjugated polymers are able to self-
assemble onto gold or silver surfaces. Moreover, our new
scheme also enables the generation of bilayers by depositing a
second organic layer from a solution in nonpolar solvents on
top of the self-assembled polythiophene or polyfluorene layer.

■ RESULTS AND DISCUSSION
Polythiophene-Based Systems. The synthesis of the

polythiophene-based Bunte-type salts starts from the well-
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Scheme 1. Synthesis of a Hexylthiosulfate-Functionalized
Regioregular Polythiophene-Based Polyelectrolyte P3HTST
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known poly(3-bromohexyl)thiophene P3BrHT.7,8 Hereby, the
synthesis of the P3BrHT precursor follows the guidelines first
described by McCullough and co-workers.9 Polymer-analogous
modification of P3BrHT10 with a 10-fold excess of a 1:1 w/w
mixture of sodium thiosulfate and tetrabutylammonium
bromide in a two-phase THF/water mixture leads to the
corresponding Bunte-type conjugated polyelectrolyte (CPE)
poly(3-thiosulfatohexylthiophene) P3HTST in nearly quantita-
tive yield. Hereby, the bulky tetrabutylammonium counterions
enable increased solubility and a, most probably steric,
stabilization of the rather reactive and sensitive alkylthiosulfate
functions. Attempts to synthesize the corresponding CPE with
sodium counterions resulted in insoluble products. Model
Bunte salts with simple hexyl side chains not bound to a
polythiophene skeleton were also synthesized for an inves-
tigation of the influence of the counterion on the thermal
stability (see Supporting Information, Figures S5−S7).
The conjugated polyelectrolyte P3HTST was isolated by

precipitation, the remaining solvent removed under reduced
pressure, and the product dried under high vacuum conditions.
The quantitative formation of the thiosulfate-based polyelec-
trolyte P3HTST can be monitored by NMR spectroscopy, see
the Experimental part, and by elemental analysis. The 1H NMR
spectrum of P3HTST (Supporting Information, Figure S1)
measured in deuterated methanol-d4 displays typical chemical
shifts of the alkyl chains of CPE and counterion in the range of
1.0−3.3 ppm. The methylene signal of the hydrogens next to
the thiosulfate group appears at 3.1, the signal of the aromatic
thiophene hydrogen at 7.1 ppm. The lowered carbon value of
the elemental analysis points to the presence of remaining
solvent (water or methanol). Two different P3BrHT batches
have been used in our experiments, with number-average
molecular weights Mn of (A) 3730 and (B) 7890 g/mol. The
resulting thiosulfate-substituted polythiophene samples showed
fully reversible glass transitions during DSC analysis, the
P3HTST batch made from the low Mn precursor (A), a glass
transition peaking at 18 °C, the higher Mn polyelectrolyte (B)
at 25 °C, thus indicating the presence of soft products at room
temperature (Supporting Information, Figures S2/S3). Other
than the slight difference in their thermal behavior, we did not
observe significant differences between both batches concern-
ing their self-assembly properties. The formation of the
alkylthiosulfate-functionalized conjugated polyelectrolytes is
also documented in the occurrence of characteristic IR
vibrations for the RS2O3− group at 1209, 1020, and 621
cm−1 (Supporting Information, Figure S12) and in a character-

istically altered solubility behavior with good solubility in polar
solvents such as methanol, ethanol, or acetone.
Hydrolysis of Bunte-type salts (alkylthiosulfates) by heating

or/and treatment with diluted acids was described in the
literature in detail. The hydrolysis first leads to the formation of
free thiol functions under elimination of hydrogensulfate anions
(Scheme 2).11−14 The as-formed thiol function can further
react with another alkylthiosulfate under formation of
dialkyldisulfide species and hydrogensulfite anions.15 The
second bimolecular reaction can cause cross-linking under
formation of disulfide bridges if our (or other) polyelectrolytes
with multiple alkylthiosulfate side chains are hydrolyzed.
Under neutral conditions, hydrolysis of P3HTST takes place

at elevated temperature as tested for polyelectrolyte solutions in
water/methanol mixtures at 90 °C. For solid state samples, (i)
cross-linking should be favored due to a high local
concentration of side chains, and (ii) hydrolysis already starts
when the samples are exposed to humid air. If films of the novel
conjugated polyelectrolyte P3HTST are exposed to air,
hydrolysis/cross-linking turns the initially soft, smeary film
(Tg < RT) into a cross-linked material with brittle consistence
after 12−24 h. Thicker, solid particles undergo incomplete
cross-linking preferentially occurring at a surface layer under
formation of core−shell particles with a cross-linked shell and a
soft core (Supporting Information, Figure S4). Exposure to
aqueous HCl fumes distinctly speeds up cross-linking.
UV−vis absorption and photoluminescence (PL) spectra of

P3BrHT and P3HTST solutions in chloroform or methanol,
respectively, and of corresponding films are depicted in Figure
1 as well as the solid state absorption spectrum of a hydrolyzed,
cross-linked P3HTST (h-P3HTST) film after exposure to
humid HCl fumes. The solution absorption spectra of P3BrHT
and P3HTST are very similar to absorption maxima at 448 and
444 nm, respectively, thus indicating only minor conforma-
tional changes during conversion of the neutral P3BrHT
precursor into the thiosulfate-substituted CPE. Also the solid
state absorption spectra differ only slightly with a more distinct
low energy shoulder at ca. 580 nm for the neutral precursor
P3BrHT that is indicative of polythiophene aggregation.16 After
cross-linking, the absorption maximum of the resulting network
is moderately red-shifted by 23 nm (P3HTST: 513 nm, h-
P3HTST: 536 nm) if compared to the linear, thiosulfate-based
CPE most probably due to increased interchain interactions.17

This is also documented by a visible color change of the film
from red to violet. Similar trends are observed for the PL
spectra. Please note that the PL intensity for P3HTST films is

Scheme 2. Possible Reactions of the Alkylthiosulfate Side Chains of P3HTST during Hydrolysis/Cross-Linking
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significantly increased if compared to films of the P3BrHT
precursor. However, the solid state PL intensity of P3HTST is
significantly reduced after cross-linking into h-P3HTST most

probably due to enhanced interchain PL quenching in the
resulting polymer network. A weaker absorption band at
wavelengths of >650 nm for the cross-linked h-P3HTST film
may indicate some self-doping by atmospheric oxygen.18

Exposure of an h-P3HTST layer to gaseous hydrazine causes
virtually complete disappearance of the long-wavelength
absorption feature.
Next we investigated the self-assembly of (partially)

hydrolyzed h-P3HTST on freshly prepared gold or silver
surfaces. Hereby, we treated the gold surfaces with solutions of
P3HTST either in acidified methanol at room temperature or
in a water/MeOH mix at 90 °C. The surface morphology
before and after self-assembling a thin polymer layer onto gold
was investigated by AFM microscopy. The deposition of the h-
P3HTST surface layer from a solution of the P3HTST
precursor in the neutral water/MeOH mix at 90 °C is coupled
to an only very slight increase in the average surface roughness
from 1.22 to approximately 1.55 nm (Figure 2). The thickness
of the self-assembled layers was estimated to be 5−30 nm as a
function of the contact time between metal surface and CPE
solution (see Supporting Information, Table S1) without any
significant influence on film roughness. For monitoring the
deposition process, we investigated a thin film of h-P3HTST on
gold by XPS spectroscopy (S 2p signals).19 The sample showed
the expected S 2p signatures for −S−Au (surface bound CPE
chains), −S−H (free thiol), −S−S− (cross-links), and SOx
(Supporting Information, Figure S16). The SOx species should
result from the hydrolysis of thiosulfate functions (see Scheme
2).
UV/vis measurements of as-deposited, thin conjugated

polymer layers onto gold show (weak) UV/vis absorption
bands peaking at ca. 490 nm, hence located between the
absorption maxima of P3HTST solutions (λmax: 444 nm) and
films (P3HTST λmax: 513 nm; h-P3HTST λmax: 536 nm).
As reference and as measured by atmospheric pressure

photoelectron spectroscopy (AC2 method20), the ionization
potential of a spin-coated P3HTST film on ITO was first
estimated to be 5.12 eV (4.75 eV for the ITO layer before
deposition). Storage of these films under ambient conditions
leads to a further increase of the ionization potential up to 5.7
eV, possibly related to the already discussed self-doping of the
P3HTST coating by atmospheric oxygen. AC2 analyses of gold

Figure 1. UV−vis absorption (a) and photoluminescence (b) spectra
of P3BrHT and P3HTST (batch B) in chloroform (P3BrHT) or
methanol (P3HTST) solution, respectively, and as solid films, as well
as the solid state absorption spectrum of a cross-linked h-P3HTST
film after hydrolysis.

Figure 2. AFM height image of a 5 × 5 μm2 square of hydrolyzed h-P3HTST onto gold, deposited from a solution of the P3HTST precursor in
water/methanol at 90 °C (c: 0.1 mg/mL); layer thickness: ca. 20 nm).
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films before (pure Au surface) and after deposition of a thin h-
P3HTST layer (ca. 20 nm) from a solution of the P3HTST
precursor in either acidified methanol at RT or neutral water/
methanol at elevated temperature, respectively, showed a
significantly increased ionization potential of the surface-
modified gold film (5.30 or 5.15 after vs 4.80 eV before
deposition, respectively). In a control experiment the bare gold
surface was treated with water/methanol at 90 °C (without
addition of P3HTST). This treatment leads to a significantly
increased average surface roughness of 3.4 nm. However, the
ionization potential is only slightly increased from 4.80 to 4.90
eV. The increased ionization potentials of spin-coated P3HTST
films onto ITO (5.12 eV) and self-assembled, (partially)
hydrolyzed h-P3HTST (5.30/5.15 eV) onto gold indicate that
the ionization potential is mainly determined by the deposited
polymer (P3HTST or h-P3HTST, respectively) coating and
thus provide evidence for successful surface modification.
Polyfluorene-Based Systems. Based on our findings on

polythiophene-based Bunte salts, we next tried to extend our
approach to polyflourene-based systems. Polymer-analogous
modification of the well-known poly[9,9-bis(6-bromohexyl)-
fluorene] PFBr6 precursor (Mn: 14 300; Mw: 28 500)

21,22 with
a mixture of sodium thiosulfate and tetrabutylammonium
bromide in a two-phase THF/water mixture leads to the
corresponding Bunte-type conjugated polyelectrolyte (CPE)
poly[9,9-bis(3-thiosulfatohexyl)fluorene] PBTHF in very good
yield (Scheme 3). The polyfluorene-based CPE shows a
drastically altered solubility if compared to the PFBr6 precursor
and is now soluble in polar organic solvents as methanol, DMF,
and DMSO. The formation of the thiosulfate-based poly-
electrolyte PBTHF was confirmed by 1H NMR spectroscopy
and by an exactly matching elemental analysis (see Exper-
imental section). The 1H NMR spectrum of PBTHF in
methanol-d4 (Supporting Information, Figure S13) shows the
expected signals of the tetrabutylammonium counterion, as also
observed for P3HTST. The methylene signal of the hydrogens
next to the thiosulfate group appears at 3.0 ppm. The resulting
9,9-dialkylthiosulfate-substituted polyfluorene sample showed a
weak glass transition at ca. 59 °C during DSC analysis
(Supporting Information, Figure S14).
The polyfluorene-based absorption and photoluminescence

emission features are quite insensitive to the substitution
pattern and weakly sensitive to the aggregation state, as
extensively described in the literature.23,24 Transition from
solution to the solid state only causes a moderate red-shift of
the absorption edge (Figure 3a) and a 10−15 nm red-shift of
the PL features (Figure 3b), as known for polyfluorenes
without ß-phase formation. Therefore, the solid state
absorption and PL spectra of PFBr6, PBTHF, and hydrolyzed
h-PBTHF are quite similar, as depicted in Figure 3.
As already described for the polythiophene-based P3HTST,

also (partially) hydrolyzed h-PBTHF self-assembles on freshly
prepared gold (or silver) surfaces. In contrary to P3HTST the
self-assembly procedure does not work under neutral

conditions for PBTHF. For polymer self-assembly we treated
the gold surfaces with a CPE solution in acidified methanol for
5−20 h. The surface morphology after self-assembling the
PBTHF layer was next investigated by AFM (see Figure 4).
The deposition of the surface layer is coupled to a slight
decrease in the average surface roughness from 1.22 to 1.0 nm.
The thickness of the thin h-PBTHF layer depends on the
contact time and was ca. 10 nm for a contact time of 6 h
(Supporting Information, Table S1). The XPS S 2p spectrum of
a thin h-PBTHF film on gold showed signatures for −S−Au
(surface bound CPE chains), −S−H (free thiol), −S−S−
(cross-links), and SOx as already described for the poly-
thiophene-based CPE (Supporting Information, Figure S16).

Scheme 3. Synthesis of a Hexylthiosulfate-Functionalized Polyfluorene-Based Polyelectrolyte PBTHF

Figure 3. UV−vis absorption (a) and photoluminescence (b) spectra
of PFBr6 and PBTHF in chloroform (PFBr6) or methanol (PBTHF)
solution and as solid films, as well as the solid state absorption and PL
spectra of a cross-linked h-PBTHF film after hydrolysis (the weak PL
band at ca. 525 nm is an artifact).
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UV/vis and fluorescence measurements of as-deposited, thin
h-PBTHF layers onto silver and gold (thickness ca. 20 nm)
show the typical UV/vis absorption feature related to
polyfluorenes peaking at ca. 380 nm as shown for deposition
onto silver in Figure 5a. Excitation of the films at 350 or 360
nm causes PL spectra that are quite similar to those of a spin-
coated PBTHF film on ITO (Figure 5b). These absorption and
PL signatures are a clear proof for the presence of the self-
assembled h-PBTHF layer.
AC2 analyses of Au samples before and after h-PBTHF

deposition from a solution of the CPE precursor in acidified

methanol showed a significantly increased ionization potential
of the surface-modified gold film (5.80 after vs 4.80 eV before
deposition, respectively), thus providing further evidence for
the expected surface modification. For silver, the ionization
potential increases from 4.65 eV (before) to 5.55 eV (after
deposition). For comparison, a spin-coated PBTHF film onto
ITO displayed an ionization potential of 5.6 eV.

Bilayer Formation. Finally, we have tested the possibility
for bilayer formation onto silver applying the orthogonal
solubility principle. Toward this end, we have deposited a
second layer of poly(carbazole-alt-dithienylbenzothiadiazole)
PCDTBT25 by spin-coating from chloroform on top of a thin,
self-assembled layer of hydrolyzed h-PBTHF. PCDTBT was
selected because of its HOMO level at ca. 5.5 eV,26 near the
ionization potential of the h-PBTHF-modified silver surface/
electrode. The absorption spectra of a h-PBTHF/PCDTBT
bilayer is depicted in Figure 6. The UV−vis spectrum of the
bilayer is clearly a superposition of the absorption spectra of
both components.

Hole-Only Devices. To study the possible application of
the self-assembled layer of hydrolyzed PBTHF as anode
interlayer for organic electronic devices, we prepared hole-only
test structures with a layer sequence glass/Cr/Au (with or
without h-PBTHF)/PCDTBT/MoO3/Ag (Figure 7a). Details
about device fabrication can be found in the Experimental
section. Due to its extraordinarily high work function (WF) of
6.7 eV, MoO3 forms a favorable hole injecting interface even to
organic semiconductors with very deep HOMO levels.27,28 At
the same time, electron injection via MoO3 can be neglected in
our hole-only devices. The corresponding I/V characteristics in
forward and reverse direction are shown in Figure 7b. In
reverse direction the MoO3 layer is positively biased, and,
consequently, efficient hole injection via MoO3 is observed for
all devices.
In forward direction substantial variations in the injected hole

current are clearly seen. For the device with a neat Au anode, a
very low hole current (about 2 × 10−7 A @ 2 V) is observed.
Note, at −2 V (reverse direction), the injected hole current via
MoO3 is more than 3 orders of magnitude higher. This can be
understood by the unfavorably large energetic mismatch of the
Fermi level of Au (WF: 4.8 eV) and the relatively deep lying

Figure 4. AFM height image of a 5 × 5 μm2 square of hydrolyzed h-
PBTHF onto gold, deposited from a solution of the PBTHF precursor
in acidified methanol (conc.: one drop conc. aqueous HCl/10 mL
MeOH).

Figure 5. UV−vis absorption (a) and photoluminescence (b) spectra
of self-assembled h-PBTHF on silver and spin-coated PBTHF on ITO.

Figure 6. Solid state absorption spectra of a bilayer film h-PBTHF/
PCDTBT on silver. Baseline correction for the polymer layers on
silver is dissatisfying.
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HOMO level reported for PCDTBT (ca. 5.5 eV)26,29 and the
resulting energetic barrier for hole injection. This is in
agreement with a report by Seo et al., who determined a
barrier for hole injection of 0.7 eV at the Au/PCDTBT
interface.30 As depicted in Figure 7b, the hole injection
improves substantially if the Au electrode is coated with a thin
layer of h-PBTHF. As evidenced by the Kelvin probe method,
coating the Au electrode with a thin h-PBTHF layer of less than
8 nm increases the WF by roughly 200 meV. In the I/V
characteristics, this leads to an almost 2 orders of magnitude
higher hole current, as a result of a lowered hole-injection
barrier. Apparently, the thickness of the h-PBTHF interlayer
plays an important role, as for the thicker h-PBTHF layer a
significant drop in current is found (also in reverse direction,
Figure 7b). This decrease can be attributed to an increased
series resistance with increasing thickness of the interlayer, thus
favoring the use of thin h-PBTHF interlayers for interface
modification. Even though the injected hole current via the
modified Au electrode is still noticeably smaller than that via an
evaporated MoO3 interlayer at the same bias level, the results of
these first experiments are very encouraging and raise hope that
a further improvement can be achieved.

■ CONCLUSION

In conclusion, we have developed a straightforward synthetic
procedure toward 3-hexylthiosulfate-substituted, regioregular
polythiophene (P3HTST) and polyfluorene (PBTHF) deriva-
tives carrying tetrabutylammonium counterions. We could
demonstrate the hydrolysis of P3HTST and PBTHF into
conjugated polythiophenes h-P3HTST and polyfluorenes h-
PBTHF carrying alkylthiol functions. The alkylthiol side chains
that are formed during hydrolysis are used as anchoring groups
for polymer self-assembly onto gold or silver surfaces starting
from P3HTST and PBTHF solutions in environmentally
friendly, polar solvents such as methanol. The presence of a
large number of anchoring groups of the multifunctional
polyelectrolyte guarantees a robust coverage of the underlying
metal electrodes in a simple wet-processing procedure.31 Solid
state hydrolysis leads to formation of dialkyldisulfide cross-links
in a bimolecular reaction between as-formed alkylthiol and
neighboring alkylthiosulfate functions. The new scheme allows
for the preparation of conjugated polymer bilayer stacks. Hole-
only devices with PBTHF-modified gold electrodes and
poly(carbazole-alt-dithienylbenzothiadiazole) PCDTBT as pol-
ymeric semiconductor demonstrated an increase of the hole
current by 2 orders of magnitude compared to devices based on
nonmodified gold electrodes. This is attributed to an increase of

the work function of the Au electrode and a concomitant
reduction of the hole injection barrier at the Au/PCDTBT
interface.

■ EXPERIMENTAL PROCEDURES
3-Bromohexyl-substituted polythiophene P3BrHT was prepared
following a procedure that has been developed by McCullough and
co-workers.9 9,9-Bis(6-bromohexyl)-substituted polyfluorene PFBr6
was synthesized in a Suzuki cross-coupling of the AB-type monomer 2-
tetramethyldioxaborolane-7-bromo-9,9-bis(6-bromohexyl)fluorene.
The model compound sodium S-hexylthiosulfate was made as already
described.10 The synthesis of the second model compound (tetra-n-
butylammonium S-hexylthiosulfate) is described in the Supporting
Information (Scheme S2).

P3HTST. One hundred sixty milligrams (0.65 mmol units) of Br−
P3HT (Mn: 7890; Mw: 8470 g/mol), 1.4 g (4.3 mmol) of tetra-n-
butylammonium bromide (TBAB), and 1.4 g (8.9 mmol) of sodium
thiosulfate were placed under inert gas conditions into a Schlenk tube.
Fifteen milliliters of dry THF and 2 mL of water were added. The
resulting two-phase mixture was stirred at 80 °C overnight. The
organic phase was dialyzed, first against methanol/water (1/1, v/v)
and second against pure methanol. After dialysis the conjugated
polyelectrolyte was precipitated into diethyl ether. The soft product
still contains methanol. Next, the solvent was removed under reduced
pressure, and the product dried under high vacuum conditions. The
resulting 324 mg of P3HTST (yield: 96%) as hygroscopic solid is
stored under inert conditions.

1H NMR (400 MHz, CD3OD): δ 7.05 (s, 1 H), 3.24 (m, 8 H), 3.10
(m, 2 H), 2.85 (m, 2H), 1.83−1.75 (m, 4 H), 1.67 (m, 8 H), 1.53 (m,
4H), 1.45 (m, 8 H), 1.03 (t, J = 7.3 Hz, 12 H).

13C NMR (400 MHz, CD3OD): δ 141.0, 134.9, 131.6, 129.5, 59.6,
36.2, 31.7, 31.0, 31.0, 30.6, 30.1, 30.0, 24.9, 20.8, 14.2.

Elemental analysis: (C26H49NO3S3)n, calcd (%): C 60.07, H 9.50, N
2.69, S 18.50, measured (%): C 56.52, H 9.01, N 2.17, S 18.08.

TGA: first decomposition step 222 °C (14.7%); second
decomposition step 290 °C (39.2%).

DSC: Tg = 25 °C.
PFBr6. One gram of 2-tetramethyldioxaborolane-7-bromo-9,9-

bis(bromohexyl)fluorene and 30 mg of Pd(PPh3)4 were dissolved in
5 mL of a 2 M aqueous Na2CO3 solution and 7 mL of toluene. The
mixture was heated to 60 °C for 12 h. Three milliliters of a 0.1 M
solution of bromobenzene in toluene as end-capper was finally added,
and the mixture reacted for further 2 h. The polymer was precipitated
into methanol and purified by solvent extraction with methanol,
acetone, ethyl acetate, and dichloromethane. Finally, the dichloro-
methane fraction was concentrated by evaporation and reprecipitated
into methanol. After drying, 421 mg (60%) of a slightly yellow solid is
isolated.

1H NMR (400 MHz, C2D2Cl4): 7.87−7.39 (m, 6 H), 3.33 (m, 4 H),
2.15 (m, 4H), 1.72 (m, 4 H), 1.29−1.19 (m, 8 H), 0.87 (m, 4 H).

13C NMR (400 MHz, C2D2Cl4): δ 151.8, 140.4, 140.3, 126.4, 121.6,
120.5, 55.5, 40.3, 34.8, 32.9, 29.4, 28.1, 24.1.

Figure 7. (a) Layer sequence of the hole-only devices comprising either a neat or a PBTHF-modified Au electrode. (b) I/V characteristics of the
respective devices. The forward direction (positive voltage) is defined for the Au electrode being the anode.
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Mn: 14 300; Mw: 28 500.
PBTHF. Two hundred milligrams (0.41 mmol, of repeat units) of

PFBr6, 2.2 g (6.82 mmol) of tetra-n-butylammonium bromide
(TBAB), and 2.3 g (14.55 mmol) of sodium thiosulfate were dissolved
in a mix of 20 mL of THF and 6 mL of water. The solution was stirred
at 80 °C under inert gas conditions overnight. The organic phase of
the two-phase mixture was isolated and the solvent removed under
reduced pressure. The slimy residue was dispersed into 200 mL of
water and stirred for 10 min. The resulting white solid was isolated by
filtration and dried under vacuum overnight. Next the product was
treated with hexane and dichloromethane by Soxhlet extraction. The
dichloromethane phase was isolated and the solvent removed by
evaporation. The resulting residue was again dispersed into water.
Filtration and drying of the resulting solid product gave 227 mg (yield:
51%) of a slightly yellow solid.

1H NMR (400 MHz, CD3OD): δ 7.97−7.37 (m, 6 H), 3.23 (m, 16
H), 3.01 (m, 4 H), 2.25 (m, 4H), 1.65 (m, 20 H), 1.45−1.13 (m, 28
H), 1.01 (t, J = 7.4 Hz, 12 H).

13C NMR (400 MHz, CD3OD): δ 152.9, 142.03, 141.6, 127.6,
122.5, 121.4, 59.6, 56.6, 41.4, 36.0, 31.9, 30.5, 29.7, 25.3, 24.9, 20.7,
14.1.
Elemental analysis: (C57H102N2O6S4)n, calcd (%): C 65.85, H 9.89,

N 2.69, S 12.34, measured (%): C 65.42, H 10.27, N 2.60, S 12.13.
TGA: first decomposition step 250 °C (9,2%); second decom-

position step 282 °C (43.8%).
DSC: Tg = 59 °C.
Assembly of Hydrolyzed h-P3HTST and h-PBTHF onto Gold.

(A) Acid-free conditions: A freshly prepared gold film onto quartz was
treated with 20 mL of a dilute (0.2 mM) solution of P3HTST in
methanol/water (v/v 3/1) for 15 h at 90 °C. Next the gold film was
rinsed three times with methanol and air-dried.
(B) Acidic conditions: A freshly prepared gold film was treated with

10 mL of an acidified (addition of 20 μL of concentrated hydrochloric
acid) solution of 1 mg P3HTST or PBTHF in 10 mL of methanol for
1−40 h at room temperature. Next the gold film was rinsed three
times with methanol and air-dried.
Hole-Only Devices. Hole-only devices with the following layer

sequence have been prepared: glass/Cr 2 nm/Au 80 nm/h-PBTHF/
PCDTBT 120 nm/MoO3 40 nm/Ag 150 nm. The active device area
was 3.14 mm2 as defined by photolithography. Cr, Au, MoO3, and Ag
were thermally evaporated at base pressure of 10−6 mbar. Cr was used
as adhesion promoter. For interlayer deposition the metal films were
stored in methanol for 15 h. Subsequently they were transferred into a
solution of 1 mg of PBTHF in 10 mL of methanol/20 μL of
concentrated, aqueous hydrochloric acid. After 2 or 8 h at room
temperature, they were finally rinsed with methanol and vacuum-dried.
PCDTBT was spin-casted under inert atmosphere using a filtered
(0.45 μm PTFE filter) chlorobenzene solution that has been stirred
overnight at 80 °C under N2. The polymer layer was consequently
dried at 70 °C for 5 min under N2.The work function of neat and
surface-modified gold was measured with a McAllister KP6500 K-
Probe system in ambient air. Highly ordered pyrolytic graphite with a
WF of 4.5 eV was used as reference.32,33
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