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ABSTRACT: In recent years, monolayer organic field-effect
devices such as transistors and sensors have demonstrated their
high potential. In contrast, monolayer electroluminescent organic
field-effect devices are still in their infancy. One of the key
challenges here is to create an organic material that self-organizes in
a monolayer and combines efficient charge transport with
luminescence. Herein, we report a novel organosilicon derivative
of oligothiophene—phenylene dimer D2-Und-PTTP-TMS (D2,
tetramethyldisiloxane; Und, undecylenic spacer; P, 1,4-phenylene;
T, 2,5-thiophene; TMS, trimethylsilyl) that meets these require-
ments. The self-assembled Langmuir monolayers of the dimer were
investigated by steady-state and time-resolved photoluminescence
spectroscopy, atomic force microscopy, X-ray reflectometry, and grazing-incidence X-ray diffraction, and their semiconducting
properties were evaluated in organic field-effect transistors. We found that the best uniform, fully covered, highly ordered
monolayers were semiconducting. Thus, the ordered two-dimensional (2D) packing of conjugated organic molecules in the
semiconducting Langmuir monolayer is compatible with its high-yield luminescence, so that 2D molecular aggregation per se
does not preclude highly luminescent properties. Our findings pave the way to the rational design of functional materials for
monolayer organic light-emitting transistors and other optoelectronic devices.
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B INTRODUCTION

Organic field-effect transistors (OFETs) form a general
platform for the new generation of lightweight, flexible, and
cheap electronics such as various sensors,' logic circuits,"~®
photodetectors,” " and so on. For light-emitting organic
electronic devices, the planar OFET architecture is the most
promising because it enables higher electroluminescent
quantum efficiency of organic light-emitting transistors
(OLETs) as compared to the already commercialized
OLEDs."*™"* This promise is still to be fulfilled, however.
The electrical current in organic field-effect devices, such as
OFETs and OLETs, flows within a few-nanometer-thick surface
layer of the active material adjacent to the dielectric; this fact

light output from thick light-emitting devices (OLEDs and
OLETs). However, realization of electroluminescence in a
monolayer device presents a formidable challenge.

One of the problems is molecular aggregation, which
commonly results in luminescence quenching. Recently,
Gholamrezaie et al. showed that photoluminescence (PL) of
a self-assembled oligothiophene monolayer decreases dramat-
ically with increasing monolayer coverage (growth time).””
Therefore, selection of appropriate organic molecules for
efficient luminescent semiconducting monolayers is of the
utmost importance. From the materials point of view,
thiophene—phenylene co-oligomer- (TPCO-) based materials

drives the progress in monolayer organic electronics.'* ™'
Ultrathin films are very beneficial for light-emitting field-effect
devices as they are free of waveguiding effects that reduce the
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Figure 1. Chemical structure of the oligothiophene—phenylene dimer D2-Und-PTTP-TMS.

Scheme 1. Synthesis of D2-Und-PTTP-TMS
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look attractive because of their success in single-crystal
OLETSs. 2325

As for monolayer device fabrication, Langmuir techniques are
advantageous because they allow for the fast and robust self-
assembly of organic semiconducting monolayers as a
technological alternatlve to many-hours-long self-assembly
from solution.”® Organosilicon derivatives of oligothiophenes
or benzothieno[3,2-b][1]-benzothiophene (BTBT) have dem-
onstrated the best performance in Langmuir monolayer
OFETs.”’™*° However, neither oligothiophenes nor BTBT
show significant luminescence in films.

Note that luminescent Langmulr films can be prepared from
transition-metal complexes, however, these films do not show
any semiconducting properties. Even though the Langmuir
technique was used earlier for the preparation of thin films of
quinquethiophene or poly(3-hexylthiophene) mixed with
arachidic acid in a molar ratio of 60:40 (because, in pure
form, these materials do not form any Langmuir films) for
organic light-emitting diodes (ie, for semiconducting and
luminescent films), those films were not individual monolayers
(they contained from 3 to 45 monolayers) and showed
extremely weak (<0.01%) electroluminescence quantum
yields.”**

Herein, we demonstrate that ordered two-dimensional (2D)
packing of organic conjugated molecules in a semiconducting
Langmuir monolayer is compatible with its pronounced
luminescence. Using a novel organosilicon derivative of a
TPCO, we demonstrate that strong 2D molecular aggregation
is not an obstacle for highly luminescent semiconducting
monolayers and that the PL quantum yield in the 2D ordered
monolayer is considerably higher than that in a polycrystalline
three-dimensional (3D) packing of the spin-cast film.

B RESULTS AND DISCUSSION

The oligothiophene—phenylene dimer, 1,3-bis[11-(4-{5'-[4-
(trimethylsilyl)phenyl]-2,2’-bithien-5-yl}phenyl)undecyl]-
1,1,3,3-tetramethyldisiloxane, D2-Und-PTTP-TMS (Figure 1),
was designed and synthesized as described below. The
trimethylsilyl groups [Si(CH;);—] provide good solubility of

18079

the material in widely used organic solvents and improve its air
stability. The tetramethyldisiloxane [—Si(CH,),—O—Si-
(CH;),—] group enables self-assembling monolayer film
formation by Langmuir techniques.”””” The conjugated
oligothiophene—phenylene fragment (PTTP) is responsible
for luminescent and semiconducting properties.

The synthesis of compound D2-Und-PTTP-TMS is shown
in Scheme 1. The first step was the preparation of S-(4-undec-
10-en-1-yl-phenyl)-2,2’-bithiophene (Und-PTT) by Suzuki
cross-coupling between 1-bromo-4-undec-10-enyl-benzene™
and 2-(2,2'-bithien-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane.* After purification by column chromatography on silica
gel, Und-PTT was obtained as a colorless solid in 85% isolated
yield. Subsequent lithiation of Und-PTT followed by treatment
with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(IPTMDOB) gave rise to 4,4,5,5-tetramethyl-2-[5'-(4-undec-
10-en-1-yl-phenyl)-2,2’-bithien-5-yl]-1,3,2-dioxaborolane
(Und-PTT-Bpin) in 90% isolated yield. In the next step, a
Suzuki cross-coupling reaction between Und-PTT-BPin and
(4-bromophenyl) (trimethyl)silane led to trimethyl{4-[5'-(4-
undec-10-en-1-yl-phenyl)-2,2'-bithien-5-yl|phenyl}silane in
64% isolated yield. The obtained Und-PTTP-TMS was used
in the hydrosilylation reaction with a 20-fold molar excess of
1,1,3,3-tetramethyldisiloxane (TMDS). Then, the excess of
TMDS was removed, and a new portion of Und-PTTP-TMS
was added to give the desired dimer D2-Und-PTTP-TMS in
75% reaction yield. Purification of the dimer was achieved by
column chromatography on silica gel followed by recrystalliza-
tion, leading to chromatographically pure D2-Und-PTTP-TMS
[as confirmed by thin-layer chromatography (TLC) and gel
permeation chromatography (GPC)] in 50% isolated yield. The
chemical structures and purities of all precursors and the final
compound were confirmed by a combination of 'H, "*C, and
»Si NMR spectroscopy and elemental analysis (see the
Experimental Methods section). The compound obtained was
highly crystalline as confirmed by differential scanning
calorimetry (DSC), which showed reversible melting at the
first heating, crystallization at cooling, and crystallization at the
second heating, always in the same temperature range: 195—
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Figure 2. (a) Langmuir isotherm for D2-Und-PTTP-TMS (first compression—decompression cycle, blue lines; second compression, red line). BAM
micrographs of the Langmuir films are shown at different surface pressures (violet arrows). The inset presents a schematic monolayer packing. (b)
Reconstruction of the electron density in the direction perpendicular to the substrate in a Langmuir—Schaefer film and molecular model of D2-Und-
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Figure 3. AFM data: topographies of (a) LB and (b) LS films of D2-Und-PTTP-TMS on a silicon substrate with the (c,d) corresponding height

distributions.

196 °C with an enthalpy of 45—46 J/g [see Figure S8 in the
Supporting Information (SI)].

Self-assembly of D2-Und-PTTP-TMS on the air—water
interface was investigated by the Langmuir technique using
Brewster angle microscopy (BAM). The dimer D2-Und-
PTTP-TMS was stable under normal conditions (in air), did
not hydrolyze in the presence of water, and could easily
transform from its extended conformation in solution (Figure
1) to the closed conformation on the water surface (Figure 2a
shows a scheme of the layer packing) during Langmuir layer
formation because of the exceptional flexibility of the disiloxane
unit and the possibility of forming hydrogen bonds with water
and the high hydrophobicity of the rest of the molecule. Note
that the formation of monolayer films based on D2-Und-
PTTP-TMS by self-assembly from solution directly on the

substrate was not possible because this dimer does not have any
reactive (e.g., chlorosilyl) anchor groups.

The Langmuir isotherm of the first compression—decom-
pression cycle (blue lines in Figure 2a) was typical for
organosilicon derivatives of conjugated oligothiophenes, as was
described earlier.””*’ It has four clearly distinguished regions.
The first one, with a surface area of ca. 140—100 A® per
molecule, corresponds to the presence of separate islands of
molecules not interacting with each other (see Figure 2,
Brewster image at 0 mN/m); thus, the surface pressure does
not increase with decreasing area. The second region, with a
surface area of ca. 100—60 A’ per molecule, corresponds to
monolayer islands in contact (see Figure 2, Brewster image at 1
mN/m), but the position and tilt angle of the dimer branches
(“legs”) inside these islands are random, so the surface pressure
increases slightly, as the surface area decreases and the dimer

18080 DOI: 10.1021/acsami.7b01919
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legs align. The third region, with a surface area of ca. 60—45 A?
per molecule, corresponds to the fully covered monolayer with
a uniform orientation of PTTP fragments (see Figure 2,
Brewster image at 11 mN/m), and it is characterized by a rapid
increase of the surface pressure. The fourth region, with a
surface area smaller than 45 A? per molecule, corresponds to
layer collapse (see Figure 2a, Brewster image at 38 mN/m). It
is well-correlated with the theoretically calculated result on the
assumption that the dimer molecule has a closed conformation
with a nearly vertical orientation of PTTP fragments (molecular
model in Figure 2b). We observed a significant hysteresis of the
Langmuir isotherm in the compression—decompression cycle,
as well as a lack of coincidence in the first and second
compressions and no return of the compressed monolayer to
the initial state during film decompression. This behavior could
be explained by crystallization of the conjugated PTTP units
induced by the barrier pressure under layer compression and a
delay of repeated spreading under reduced surface pressure.
This suggestion can be illustrated by the Brewster micrographs
at 3 and 0 mN/m during film decompression (Figure 2a): The
images look like “melting crushed ice” with clearly defined
edges corresponding to the crushed crystalline monolayer at 3
mN/m that starts to melt at 0 mN/m. It should be noted that
the Brewster image at 3 mN/m seems more homogeneous than
the Brewster image at 11 mN/m because the crystalline layer
under decompression crashes like ice on the river surface: the
formed “ice floes” maintain the crystalline structure inside but
do not touch each other. That is why we observed a rapid
decrease of the surface pressure with persisting layer
morphology that differs just by the presence of cracks.

Taking into account our previous X-ray investigations of the
similar Langmuir monolayers based on organosilicon oligo-
thiophene derivatives,””>* one can expect that the monolayer
formed in the region between 60 and 45 A* per molecule is
well-ordered (possibly crystalline) and has a vertical uniform
orientation of PTTP fragments. This is why Langmuir—
Blodgett (LB) and Langmuir—Schaefer (LS) films were
transferred at 28 and 30 mN/m (just before layer collapse)
to obtain the most perfect monolayer films and at 40 and 42
mN/m (after layer collapse) to obtain films with material excess
for postdeposition solvent vapor annealing (see Table S1 in the
SI).

The atomic force microscopy (AFM) data (Figure 3) for the
LB and LS films confirmed that the morphologies of all of these
films were uniform and domainless, with a fully covered bottom
monolayer having a thickness of 3.0—3.2 nm (see also Figure
S1 in the SI). This value is in good agreement with the
theoretically calculated length of the D2-Und-PTTP-TMS
molecule in its closed conformation (35 A), which corresponds
to a vertical orientation of the PTTP units in the monolayer.
Film transfer at surface pressures higher than the collapse
pressure (33—35 mN/m) resulted in the appearance of
multilayer areas that were not present in the films transferred
before monolayer collapse (Figure S1, sample 6, in the SI).
Solvent vapor annealing resulted in the disappearance of the
multilayers and increased the percentage of monolayer areas
(Figure S1, samples 3 and 4 in the SI). By “monolayer areas”,
we mean the areas with only monolayer coverage compared to
the areas with bi- or multilayers. We assign this morphology
change to molecular repacking that results in better ordering of
the layer.

Grazing-incidence X-ray diffraction (GIXD) studies of the LS
films showed an in-plane reflection with a d spacing of 4.76 A

18081

(Figure S2 in the SI). This spacing corresponds to a strong
interplanar stacking of PTTP groups absent in the LB film.
These data are in accordance with the crystallization induced by
Langmuir trough barriers compressing the layer, as was
suggested from the Langmuir isotherm. Such induced ordering
persists under LS (horizontal) transfer to the substrate but
breaks down under LB (vertical) transfer of the monolayer.

X-ray reflectometry (XRR) showed no substantial difference
in the structures of the films produced by different techniques
(Figure S3 in the SI; the two curves have similar shapes),
although the LS film is a slightly thicker (39.8 A) than the LB
film (37.9 A). The electron density distribution’” in the
direction perpendicular to the substrate (Figure 2b) shows two
regions of the films: The closest to the substrate has a density
of ~0.4 A~ which is characteristic for aliphatic tails of the
molecule, whereas the farthest one is denser (0.55 A™3) and can
be assigned to the aromatic fragments.

To evaluate the semiconducting properties of the LB and LS
films, they were transferred onto prestructured Si/SiO,
substrates with gold electrodes. The LB and LS monolayers
deposited on the untreated SiO, surface and the spin-cast film
did not show any semiconducting properties in OFETs. To
reduce the impact of surface traps, dielectric passivation with
octyldimethylchlorosilane (ODMS) was applied. Note that LB
deposition on ODMS-treated substrates was impossible
because of the high surface hydrophobicity of these substrates.
Semiconducting properties were found only in the LS
monolayers deposited on the ODMS-treated substrate surface.
Figure 4 presents the transfer characteristics of the correspond-
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Figure 4. Transfer characteristics of a monolayer LS OFET deposited
on an ODMS-treated surface. Straight lines are fits. The saturated
mobilities (at V; = —80 V) were evaluated as 2 X 107% and 2 x 10™°
cm?/(V s) for the as-prepared and solvent-vapor-annealed samples,
respectively.

ing monolayer OFET. The electrical behavior is typical for p-
type OFETs, with a hole mobility of 2 X 107 cm?/(V s).
Postdeposition solvent vapor annealing resulted in a mobility
increase to 2 X 107> cm*/(V s), which can be assigned to
improvements in the morphology of the monolayer. Therefore,
the electrical performance of the Langmuir monolayers is well-
correlated with their X-ray structure data: Only the well-
ordered LS films are semiconducting. Because of this, we
present the PL data only for the annealed LS monolayer films.
As a reference, we used a polycrystalline spin-cast D2-Und-
PTTP-TMS sample; its optical microphotograph in circular
differential interference contrast (C-DIC) mode is shown in
Figure S7a of the SI.
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244 eV, AE = 80 = 20 meV, and 7 = 110 + 100 ps; and for the spin-cast film, E, = 2.37 eV, AE = 150 + 20 meV, and 7 = 210 + 100 ps.)

To evaluate the PL efficiency in D2-Und-PTTP-TMS films,
we recorded their PL spectra in an integrating sphere and
calculated their PL quantum yields (QYs). The PL QY in the
spin-cast sample was ~1.5%, which is much lower than that in
dilute tetrahydrofuran (THF) solution [(21 + 3)%, Figure S4
in the SI]. Supposedly, the inhomogeneous 3D packing of D2-
Und-PTTP-TMS in the spin-cast sample results in consid-
erable PL quenching. In contrast, the PL QY in LS films
absorbing only (1.6 = 0.3)% of the light at 405 nm was
evaluated as (7 + 2)%; therefore, the 2D LS film is much more
luminescent than the 3D spin-cast film. Thus, we conclude that
strong 2D molecular aggregation does not prevent efficient
luminescence in the semiconducting monolayers.

To highlight the effects of different packing arrangements of
D2-Und-PTTP-TMS on its luminescent properties, we
compared the PL time-resolved spectra in the annealed LS
film, spin-cast sample, and dilute solution (Figure S). The PL
spectrum of the LS film is red-shifted by ~0.15 eV as compared
to that in solution (Figure Sa). The red shift indicates
considerable intermolecular interactions in the LS film. The
PL of the LS film decayed biexponentially with two
characteristic times of ~50 and ~420 ps (Figure Sb and
Table S2 in the SI). The former is attributed to PL self-
quenching due to the densely packed molecules in the film. The
longer decay was close to that observed in dilute solution and
hence is attributed to the excited-state lifetime (Table S2 in the
SI). These results were independent of the substrate treatment
with ODMS (Figure SS in the SI).

The PL spectra of the LS film and the spin-cast sample
(Figure Sa) are similar. The latter was slightly broader, which
we assign to heterogeneous 3D packing as compared to the
ordered 2D packing in the LS film. The PL in the spin-cast
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sample decays with times similar to those of the LS film;
however, the 45-ps component makes a larger contribution.
Spectral diffusion in the LS and spin-cast films is much stronger
than in solution, which is consistent with the model of
thermally activated exciton hopping toward the low-energy
sites.”>”” The magnitude of spectral diffusion in the LS film is
noticeably lower than that in the spin-cast sample (Figure Sc;
80 + 20 meV vs 150 = 20 meV), in line with improved
structural ordering of the LS film. All of these data strongly
suggest that reduced PL self-quenching due to structural 2D
ordering is the major factor enhancing PL in the LS film.

Interestingly, the PL intensities in the LS film and the spin-
cast sample are similar (refer to Figure S6 in the SI for
statistics), even though the latter is a factor of ~S0 thicker (the
spin-cast sample profile in shown in Figure S7b of the SI). This
is consistent with a considerably higher PL QY in the LS film as
compared to the spin-cast sample. Therefore, our PL data
clearly indicate that the highly ordered 2D molecular packing of
D2-Und-PTTP-TMS molecules is more beneficial for efficient
PL than heterogeneous polycrystalline 3D packing in the spin-
cast sample.

Bl CONCLUSIONS

To summarize, we have synthesized and characterized the novel
tetramethyldisiloxane dimer D2-Und-PTTP-TMS, containing
semiconducting oligothiophene—phenylene (PTTP) frag-
ments. This material is well-soluble in widely used organic
solvents because of its short PTTP core and terminal
trimethylsilyl groups and is highly stable, allowing for the
deposition of Langmuir monolayers at ambient laboratory
conditions. We found that 2D packing has a strong effect on the
structure and semiconducting properties of the monolayers
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deposited either vertically (LB) or horizontally (LS). The
better 2D ordered LS monolayers are semiconducting and
exhibit prominent PL, which is significantly more efficient than
the PL in the reference polycrystalline 3D spin-cast sample.
The PL time-resolved spectra strongly suggest that reduced PL
self-quenching due to 2D structural ordering is the major factor
enhancing PL in the LS film.

Overall, we have demonstrated that Langmuir monolayers
prepared from conjugated organic molecules can combine
semiconducting properties and pronounced PL. These findings
pave the way to the rational design of functional materials for
monolayer organic light-emitting transistors and other opto-
electronic devices.

B EXPERIMENTAL METHODS

Materials. n-Butyl lithium (1.6 M solution in hexane), isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (IPTMDOB), and tetrakis-
(triphenylphosphine) palladium(0) [Pd(PPh;),] were obtained from
Sigma-Aldrich Co. and used without further purification. 1-Bromo-4-
undec-10-enyl-benzene was synthesized as described in ref 35. 2-(2,2'-
Bithien-S-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was synthesized
according to a literature procedure.’® (4-Bromophenyl)(trimethyl)-
silane was synthesized as described in ref 40. Anhydrous toluene and
THF were distilled over CaH, under a nitrogen atmosphere before
use. All reactions, unless stated otherwise, were carried out under an
inert atmosphere using anhydrous solvents. The solvents were
removed in a vacuum below 1 Torr at 40 °C.

5-(4-Undec-10-en-1-yl-phenyl)-2,2’-bithiophene (Und-PTT).
In an inert atmosphere, degassed solutions of 2-(2,2'-bithien-S-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (12.95 g 44 mmol) and 1-
bromo-4-undecen-10-yl-benzene (13.00 g, 42 mmol) in a toluene/
ethanol mixture (200/20 mL) and a 2 M solution of aqueous Na,CO5
(32 mL) were added to Pd(PPh;), (304.00 mg, 0.26 mmol). The
reaction mixture was stirred under reflux for 7 h, and then it was
cooled to room temperature and poured into 350 mL of water and 500
mL of toluene. The organic phase was separated, washed with water,
dried over sodium sulfate, and filtered. The solvent was evaporated in a
vacuum, and the residue was dried at 1 Torr. After purification by
column chromatography on silica gel (n-hexane), Und-PTT (13.15 g,
85%) was obtained as a colorless solid. "H NMR (250 MHz, § in
CDCl,;, TMS, ppm): 1.22—1.45 (overlapped peaks with a maximum at
1.28, 12H), 1.67 (m, 2H, ] = 7.3 Hz), 2.03 (m, 2H, ] = 7.3 Hz), 2.61 (,
2H, ] = 7.3 Hz), 495 (m, 2H), 5.80 (m, 1H), 7.03 (dd, 1H, J, = 5.0
Hz, J, = 3.7 Hz), 7.13 (d, 1H, J = 3.7 Hz), 7.15—7.23 (overlapped
peaks with a maximum at 7.17, SH), 7.51 (dd, 2H, J; = 6.5 Hz, ], = 1.7
Hz). 3C NMR (75 MHz, § in CDCly): 28.92, 29.12, 29.27, 29.47,
29.51, 31.38, 33.80, 35.65, 114.09, 123.16, 123.44, 124.18, 124.53,
125.51, 127.81, 128.94, 131.46, 136.11, 137.55, 139.24, 142.60, 143.36.
Calcd (%) for C,H,0S,: C, 76.09; H, 7.66; S 16.25. Found: C, 76.21;
H, 7.75; S 16.09.

4,4,5,5-Tetramethyl-2-[5-(4-undec-10-en-1-yl-phenyl)-2,2’-
bithien-5-yl]-1,3,2-dioxaborolane (Und-PTT-Bpin). A 2.5 M
solution of n-butyllithium (3 mL, 7.6 mmol) in hexane was added
dropwise to a solution of 5-(4-undec-10-en-1-yl-phenyl)-2,2’-bithio-
phene (3.00 g, 7,6 mmol) in 100 mL of dry THF at —78 °C. After the
reaction mixture had been stirred for 60 min at —78 °C, IPTMDOB
(1.55 mL, 7.6 mmol) was added in one portion. The reaction mixture
was stirred for 1 h at =78 °C, the cooling bath was removed, and
stirring was continued for 1 h. After completion of the reaction, 250
mL of freshly distilled diethyl ether, 150 mL of distilled water, and 7.6
mL of 1 M HCl were added to the reaction mixture. The organic phase
was separated, washed with water, dried over sodium sulfate, and
filtered. The solvent was evaporated to give 3.85 g (97%) of the 86%
product (according GPC analysis) as a white solid. The product was
used in the subsequent synthesis without further purification. '"H NMR
(250 MHz, 6 in CDCl;, TMS, ppm): 1.22—1.32 (overlapped peaks
with a maximum at 1.28, 12H), 1.35 (s, 12H), 1.67 (m, 2H, ] = 7.3
Hz), 2.03 (m, 2H, ] = 7.3 Hz), 2.61 (t, 2H, ] = 7.3 Hz), 4.95 (m, 2H

Hz), 5.80 (m, 1H), 7.15—7.23 (overlapped peaks with a maximum at
7.17, 5H), 7.50 (d, 2H, J = 8.1 Hz), 7.53 (d, 1H, J = 3.5 Hz). '*C NMR
(75 MHz, § in CDCL,): 24.55, 24.75, 28.91, 29.11, 29.26, 29.47, 29.50,
31.37, 33.80, 35.6S, 84.17, 114.09, 123.33, 124.63, 125.23, 125.56,
128.96, 131.38, 135.93, 137.96, 139.23, 142.74, 144.06, 144.25.

Trimethyl{4-[5'-(4-undec-10-en-1-yl-phenyl)-2,2’-bithien-5-
yllphenyl}silane (Und-PTTP-TMS). In an inert atmosphere,
degassed solutions of 4,4,5,5-tetramethyl-2-[5'-(4-undec-10-en-1-yl-
phenyl)-2,2’-bithien-5-yl]-1,3,2-dioxaborolane (3.0 g, 5.8 mmol) and
(4-bromophenyl) (trimethyl)silane (1.17 g, 5.2 mmol) in a toluene/
ethanol mixture (80/8 mL) and a 2 M solution of aqueous Na,CO;
(10 mL) were added to Pd(PPh,), (333 mg, 0.3 mmol). The reaction
mixture was stirred under reflux for 19 h, and then it was cooled to
room temperature and poured into 150 mL of water and 250 mL of
toluene. The organic phase was separated, washed with water, dried
over sodium sulfate, and filtered. The solvent was evaporated in a
vacuum, and the residue was dried at 1 Torr. The crude product was
purified by being passed through silica gel column (toluene eluent)
followed by recrystallization from a toluene/hexane mixture to give
pure compound Und-PTTP-TMS (1.79 g, 64%) as a yellow solid. 'H
NMR (250 MHz, & in CDCl,, TMS, ppm): 0.28 (s, 9H), 1.22—1.45
(overlapped peaks with a maximum at 1.28, 12H), 1.67 (m, 2H, ] = 7.3
Hz), 2.03 (m, 2H, ] = 7.3 Hz), 2.61 (t, 2H, ] = 7.3 Hz), 4.95 (m, 2H),
5.80 (m, 1H), 7.14 (d, 2H, ] = 3.7 Hz), 7.15—7.23 (overlapped peaks
with a maximum at 7.17, 3H), 7.24 (d, 1H, J = 0.9 Hz), 7.51 (dd, 2H,
Ji = 65 Hz, J, = 1.7 Hz), 7.53—=7.61 (overlapped peaks with a
maximum at 7.57, 4H) . *C NMR (75 MHz, § in CDCl,): —1.17,
28.92, 29.12, 29.28, 29.47, 29.52, 31.39, 33.81, 35.66, 114.10, 123.26,
123.86, 124.31, 124.45, 124.78, 125.50, 128.96, 131.44, 133.93, 134.35,
136.12, 136.91, 139.24, 139.90, 142.65, 142.96, 143.40. °Si NMR (60
MHz, § in CDCLy): —3.93. Caled (%) for C3,H,,S,Si: C, 75.22; H,
7.80; S, 11.81; Si, 5.17. Found: C, 75.91; H, 7.95; S, 11.75, Si, 5.09.

1,3-Bis[11-(4-{5'-[4-(trimethylsilyl)phenyl]-2,2’-bithien-5-yl}-
phenyl)undecyl]-1,1,3,3-tetramethyldisiloxane (D2-Und-PTTP-
TMS). Trimethyl{4-[S’-(4-undec-10-en-1-ylphenyl)-2,2'-bithien-5-yl]-
phenyl}silane (Und-PTTP-TMS) (0.47 g, 0.9 mmol) was dissolved in
toluene (20 mL) and 1,1,3,3-tetramethyldisiloxane (3 mL) under
argon, after which 25 uL of Karstedt’s catalyst was added. The reaction
was complete after 3 h of stirring at 60 °C. Then, excess TMDS was
removed, and Und-PTTP-TMS (0.47 g, 0.9 mmol) was added. The
reaction was complete after the solution was stirred at 65 °C for 6 h.
The reaction yield according to GPC analysis was 75%. The crude
product was purified by being passed through a silica gel column
(toluene eluent) followed by recrystallization from toluene/hexane
mixture to give pure compound D2-Und-PTTP-TMS (0.51 g, S0%) as
a yellow solid. 'H NMR (250 MHz, § in CDCl;, TMS, ppm): 0.03 (s,
12H), 0.29 (s, 18H), 0.54 (t, 4H, J = 7.5 Hz), 1.22—1.4S (overlapped
peaks with a maximum at 1.28, 32H), 1.67 (m, 4H, J = 7.3 Hz), 2.61
(t, 4H, J = 7.5 Hz), 7.14 (d, 4H, ] = 3.7 Hz), 7.15=7.23 (overlapped
peaks with a maximum at 7.17, 6H), 7.24 (d, 2H, J = 0.9 Hz), 7.51 (dd,
4H, ], = 6.5 Hz, ], = 1.7 Hz), 7.53—7.61 (overlapped peaks with a
maximum at 7.57, 8H). *C NMR (75 MHz, § in CDCL,): —1.16, 0.40,
1842, 2329, 29.34, 29.41, 29.54, 29.62, 29.72, 31.42, 33.45, 35.68,
123.26, 123.86, 124.31, 124.45, 124.78, 125.50, 128.96, 131.43, 133.93,
134.35, 136.12, 136.91, 139.24, 139.89, 142.66, 142.96, 143.40. ¥Si
NMR (60 MHz, § in CDCly): —3.93, 7.33. Anal. Calcd
(C,,Hy508,Si,): C, 70.87; H, 8.10; S, 10.51; Si, 9.21. Found: C,
71.01; H, 821; S, 10.43; Si, 9.15.

Analytical Techniques. GPC analysis was performed by means of
a Shimadzu LC10A"" series chromatograph (Kyoto, Japan) equipped
with an RID-10AY" refractometer and SPD-M10A"" diode matrix as
detectors and a Phenomenex column (Torrance, CA) with a size of 7.8
X 300 mm? filled with Phenogel sorbent with a pour size of 500 A;
THF was used as the eluent. Glassware was dried in a drybox at 150
°C for 2 h, assembled while hot, and cooled in a stream of argon. For
thin-layer chromatography, Sorbfil (Russia) plates were used. In the
case of column chromatography, silica gel 60 (Merck) was used. 'H
NMR spectra were recorded on a Bruker WP-250 SY spectrometer,
working at a frequency of 250.13 MHz and utilizing the CDCl; signal
(7.25 ppm) as the internal standard. '*C spectra were recorded using a
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Bruker Avance II 300 spectrometer at 7S MHz. In the case of 'H
NMR spectroscopy, the compounds to be analyzed were taken in the
form of 1% solutions in CDCl;. The spectra were then processed on
the computer using the ACD Laboratories software. Elemental analysis
of C, H, and N elements was carried out using a CE 1106 CHN
automatic analyzer (Carlo Erba, Cornaredo, Italy). The settling
titration using BaCl, was applied to analyze sulfur. The experimental
error was 0.30—0.50%. DSC scans were obtained with a Mettler
Toledo DSC30 system at a 20 °C/min heating/cooling rate in the
temperature range of 20—300 °C. A nitrogen flow of 50 mL/min was
used.

Langmuir, LB, and LS Films. The spreading solution was
prepared by dissolving D2-Und-PTTP-TMS in toluene at concen-
trations of 0.33 and 0.5 g/L. The solution was spread on the water
surface with a microsyringe, and the film was then left for S min to
equilibrate before compression started. Data were collected with a
Nima 712BAM system using a Teflon trough and barriers at room
temperature; the trough area was 900—82 cm” Ultrapure water
obtained from an Akvilon deionizer D-301 system was used for the
subphase with a surface tension of 72.4 mN/m. The monolayers were
compressed at a speed equal to 100 mm/min. LB and LS films were
obtained by transfer on cleaned silicon substrates with or without gold
contacts; some of the substrates were previously treated with
octyldimethylchlorosilane (ODMS) from the gas phase for 30 min.
The vertical or horizontal dipping method with a dipping speed of 8
mm/min was used to obtain LB or LS monolayer films, respectively.
Film transfers were performed at different surface pressures close to
the collapse point: (1) at 28 and 30 mN/m (before collapse),
corresponding to the most condensed phase in the monolayer, and (2)
at 40 and 42 mN/m (after collapse) to have an excess of material on
the top of film for solvent vapor annealing.

Substrates. OFETs based on the LB films were prepared on
heavily doped silicon substrates with thermally grown oxide as shipped
from Ossila Ltd., Sheflield, U.K. The dielectric thickness was 300 nm,
and the measured capacitance was 13 nF/cm> Before electrode
deposition, the factory photoresist was washed off using the
manufacturer’s recommended procedure. Gold source and drain
electrodes were thermally evaporated through a shadow mask. The
resulting bottom-gate bottom-contact OFET configuration had a
channel width of W = 1000 ym and a length of L = 30 ym. On each
substrate, five OFETs were tested.

Spin-Cast Sample. For preparation of the D2-Und-PTTP-TMS
spin-cast sample, D2-Und-PTTP-TMS material was dissolved in
toluene at a concentration of 1 g/L. The solution was spin-cast on a
glass coverslip substrate at 400 rpm for 120 s.

Thin-Film Characterization. AFM studies were performed with
an NT-MDT Solver NEXT instrument in semicontact mode under the
ambient environment. Commercially available silicon Bruker FESPA
probes with a resonance frequency of 70 kHz were used. The spin-cast
film thickness was measured with a surface profilometer (Dektak 6;
stylus type with a radius of 12.5 ym and a force of 3 mg). Optical
microphotographs were taken using an Axio Imager 2 optical
microscope in C-DIC mode (Zeiss).

X-ray Reflectivity and Grazing-Incidence Diffraction. XRR
and GIXD studies were performed at the Kurchatov Center for
Synchrotron Radiation at the Langmuir station. The energy of the
beam was 13.034 keV (1 = 0.947 A) with dE/E = 4 X 10™* provided by
a 1.7 T bending magnet. A two-crystal Si(111) monochromator yields
a flux of 2 X 10° photons s™' (100 mA)™". The size of the beam was 4
X 0.2 mm. A Dectris Mythen detector was used for both reflectivity
and grazing-incidence diffraction (GID) scans. The incident angle for
GIXD measurements was chosen to be 0.008 A™".

The electron density distribution along the normal to the substrate
was analyzed using the StochFit program, which utilizes stochastic
fitting methods to model the specular reflectivity curves. The
calculated distributions of the electron density were later interpolated
by multiple-slab models with subsequent solution of the scattering
problem and following reconstruction of the reflectivity curves. The
electron density was determined as p, = 228/(4%,), where 7, is the

18084

classical electron radius (2.814 X 1075 A), & is the dispersion
coeflicient, and 4 is the X-ray wavelength.

Electrical Measurements. Electrical measurements were per-
formed with a Keithley 2636A source meter in air at room temperature
in darkness. Saturated field-effect mobilities were extracted from the
transfer characteristics using Shockley’s gradual-channel model with a
linear fit in the corresponding voltage range. The total measurement
time for one curve was about 10 s.

Steady-State Absorption and PL. Absorption and PL spectra of
dilute THF solutions (concentrations in the range of 107°—107% M)
were measured with an ALSO1M multifunctional spectrometer.*’ The
PL QY was determined using five fluorescence standards with known
PL QYs [p-terphenyl, phenylphenyloxazole, anthracene, 1,4-bis(S-
phenyloxazole-2-yl)phenylene, and rhodamine 6G], whose PL spectra
were recorded in optically dilute solutions.”” The PL QY in solution
was calculated as the mean value from the experimental data for each
of the five standards. The PL QY in solid samples was measured using
the integrating sphere technique reported in ref 43. Briefly, the optical
output of a 3.3-in.-diameter integrating sphere (Newport 819C-SL-
3.3) was coupled to a spectrometer (InVia, Renishaw). To calibrate
the spectral sensitivity of the spectrometer, the sphere was illuminated
by an incandescent lamp (SI 8-200 #20; calibrated at the All-Russian
Research Institute for Optical and Physical Measurements, Certificate
RU 01 no. 643/15). Samples on quartz substrates were excited at 405
nm using a semiconductor laser. The optical response of the substrates
was separately verified not to contribute to the PL. The optical
absorption of the Langmuir films on quartz substrates at normal
incidence was evaluated from their optical transmission in the areas of
substrates covered and uncovered by the Langmuir film. For this
purpose, a laser beam (405 nm) was transmitted through the samples,
and its intensity was recorded with a Si photodetector. The PL spectra
of the Langmuir films were recorded under an argon flow in the
spectral range of 380—780 nm and averaged over five to seven scans
(one scan was recorded for ~S min).

Photoluminescence Kinetics. Time-resolved PL kinetics were
measured with a streak camera (C5680, Hamamatsu) combined with a
polychromator. The samples were excited at a wavelength of 375 nm
(3.3 eV) for dilute solutions and 400 nm (3.1 eV) for the LS films and
the spin-cast sample by 100 fs pulses produced by the doubled output
of a Ti:sapphire laser combined with a 1.9 MHz pulse picker
(Coherent Mira). For the dilute solutions, the time-resolved PL was
collected in the 90° geometry using a 360-nm long-pass filter
(SCHOTT WG360). For the LS films and the spin-cast sample, the
time-resolved PL was collected with an inverted microscope (Zeiss
Axiovert 100) using a 10X, NA = 0.25 objective, and a 425-nm long-
pass dichroic beamsplitter (Chroma T425lpxr); the excitation spot size
was ~$ pm in diameter. In all cases, the apparatus response function
was ~7 ps. To avoid degradation under illumination, the solid samples
were purged with nitrogen. All experiments were performed at room
temperature.
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