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ABSTRACT: Solution processable p- and n-type organic semiconductors are candidates for low-cost, large-area, and roll-to-roll printing of
inexpensive mass-production electronics. In these organic semiconductors, it is the π-conjugated backbone that plays the major role in chargecarrier transport across the channel. In order to achieve better device
performance, it is required to have better packing/crystallinity to
minimize defects and avoid deep traps, so that eﬀective transfer of charge
carriers can take place in the solid state. Excellent results have been
reported by blending crystal-forming organic semiconductors with
amorphous polymers that serve as binders or passivating agents. We
show that, for some molecular structures and processing conditions,
mixtures of stereoisomers can separate and self-arrange into a thin
amorphous layer covered by a polycrystalline layer. In this work, we focus
on two families of constitutional isomers that diﬀer only in the position
of the pyridine groups on the π-skeleton and study the eﬀect of the structure on the physical and electrical properties using
absorption spectroscopy, AFM, X-ray, and organic ﬁeld-eﬀect transistor current−voltage response.

■

in devices having high mobility values.20−22 Here we report that
small molecules may self-segregate into an amorphous layer
covered by a polycrystalline one.
In this study, we try to minimize, as much as possible, the
diﬀerences in the chemical structure so as to emphasize the role
of molecular stacking and crystallization. We have used two
almost identical π-backbones (constitutional isomers) having
the same solubilizing groups and very similar conjugated
backbones, diﬀering only in the position where the pyridine
groups are attached to the π-backbone (Figure 1a). As a result,
in one system the pyridine groups are attached at a position
that prevents planarization of the π-system (NNF), while in the
other family (Figure 1b), the pyridine groups are connected in
a way that does not cause signiﬁcant steric hindrance, resulting
in a ﬂatter π-skeleton (NF).
We tested thin ﬁlms made of NNF and NF following
annealing at diﬀerent temperatures inside a vacuum oven. The
ﬁlms made of the nonﬂat (NNF) molecule showed striking
diﬀerences when annealed at temperatures close to the melting
point. We observed a vertical phase separation where the
amorphous phase passivates the SiO2 dielectric and on top of it
crystals start to grow. It was also found that if the SiO2 was
prepassivated by octadecyltrichlorosilane (OTS), the vertical

INTRODUCTION
Organic semiconductors have been studied for many years due
to their potential applications in many areas, such as lightemitting diodes,1−3 organic lasers,4 ﬁeld-eﬀect transistors
(FETs),5,6 sensors,7,8 and photovoltaic cells.9,10 In these, one
of the most researched areas is organic ﬁeld-eﬀect transistors
(OFETs), due to their potential low production costs, large
area compatibility, and potential ﬂexibility, a desired property in
ﬂexible and wearable electronics.11 OFETs can be either p-type
(hole conductors) or n-type (electron conductors), which
nowadays are both relatively easy to make. However, highperformance OFETs, especially n-type, often require surface
passivation of the gate dielectric. For example, in the case of
silicon oxide surface, the hydroxyl groups act as traps for
electrons, leading to poor OFET performance.12
Solution processable organic semiconductors are of great
interest for roll-to-roll deposition and low-cost production.
Solution processability of small molecules is normally achieved
by attaching bulky side groups to their skeleton, and the eﬀect
of various bulky groups has been widely studied.13−18 For
longer oligomers, it is observed that solution processability and
crystallinity of the ﬁnal ﬁlm are a function of the interplay
between the ﬂatness of the π-conjugated backbone and the
nature of the solubilizing groups. In both cases, solubilizing
groups may hinder the π−π-stacking and thus reduce
crystallinity.19 Recently, strategies involving the blending of
amorphous polymers with crystalline small molecules resulted
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Figure 1. Energy-minimized [DFT, B3LYP/6-31G(d), alkyl groups were omitted from the drawings for clarity] structures of NNF and NF, (a)
showing the twisted π-conjugated backbone of NNF and (b) the ﬂatter backbone structure of NF. (c) Absorption spectra of NNF in solution (solid
blue) and ﬁlms on glass substrates annealed at 30 °C (red dashed) and 100 °C (black dash-dot). (d) Absorption spectra of NF in solution (solid
blue) and ﬁlms on glass substrates annealed at 30 °C (red dashed) and 120 °C (black dash-dot). Curves were spread vertically for clarity.

Scheme 1. Preparation of NNFa

a

(i) NBS in CH3COOH/H2O/CCl4; (ii) Pd(PPh3)4, toluene, reﬂux; (iii) Pd(PPh3)4, toluene, reﬂux.

mixture of solvents (H2O/CCl4/acetic acid, 5:1:94 v/v),
aﬀording 2-bromo-3-(4-pyridyl)thiophene (2) in 80% yield.
Compound 4 was prepared by a Stille coupling reaction
between 3 and 2. Palladium-catalyzed cross-coupling reaction
between 523 and 4 aﬀorded NNF in 70% yield.
NF was prepared in four synthetic steps. Compound 824 was
brominated using NBS in acetic acid, aﬀording 4-(2-thienyl)pyridine (9), in 90% yield. Compound 10 was prepared using
Stille coupling between 3 and 10. Palladium-catalyzed crosscoupling reaction between 5 and 10 aﬀorded NF in 50% yield.

phase separation did not occur and the molecules started
directly to form single crystals, without an amorphous
underlayer. The molecule with ﬂatter backbone behaved
normally with single crystal formation when annealed close to
its melting temperature, both on OTS-treated and bare SiO2
substrates.

■

RESULTS AND DISCUSSION
Small molecules, labeled NNF and NF, were prepared according
to Schemes 1 and 2, respectively. Compound 18 was
monobrominated using N-bromosuccinimide (NBS) in a
23222
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Scheme 2. Preparation of NFa

a

(i) Pd(PPh3)4, DME, Na2CO3; (ii) NBS in CH3COOH; (iii) Pd(PPh3)4, toluene, reﬂux; (iv) Pd(PPh3)4, toluene, reﬂux.

Figure 2. Schematic showing the process of growing microsized crystals on SiO2 substrate. The molecules were ﬁrst spin-coated at the required
concentration and then annealed close to the melting point of the ﬁlm for 1−3 h, which increased the diﬀusion mobility of the molecules, allowing
them to self-arrange into microsized single crystals.

Figure 1a,b show the molecular structures of NNF and NF,
respectively. As each of the solubilizing groups contains one
chiral center, each of these new structures is composed of three
isomersS,S (25%), R,R (25%), and S,R (50%)that diﬀer in
the three-dimensional organization of the groups around the
two chiral atoms. The energy-minimized [DFT, B3LYP/631G(d)] structures of NNF and NF are presented in Figure 1,
omitting the alkyl groups from the drawings for clarity, and
their complete structures (both in the S,R structures) are
presented in Figure S1 of the Supporting Information. The
energy-minimized structure of NNF shows that the pyridine
rings induce a considerable twist of the π-conjugated backbone,
resulting in a considerable restriction of its ability to ﬂatten and
π-stack This originates from the steric hindrance between the
pyridine and thiophene rings, resulting in an interplanar angle
of 44.1° between the pyridine and thiophene ring to which it is
bound, an interplanar angle of 40.6° between the two
thiophene rings, and an interplanar angle of 40° between the
naphthaleneimide and the thiophene ring to which it is attached
(see Figure 1). In contrast, NF shows a considerably ﬂatter
structure, as the pyridine and thiophene rings do not form such
a sterically hindered structure, resulting in an interplanar angle

of 20° between the pyridine and thiophene ring to which it is
bound, an interplanar angle of 20° between the two thiophene
rings, and an interplanar angle of 44° between the
naphthaleneimide and the thiophene ring to which it is
attached (see Figure 1). The HOMO/LUMO level derivation
from cyclic voltammetry (C−V) for both the molecules is given
in the Supporting Information (Figures S2 and S3). For NNF
the HOMO/LUMO are 6.0/4.0 eV and for NF are 5.15/3.3 eV.
The elemental analysis for both the molecules is presented in
the Supporting Information (Table S1).
Thin ﬁlms of NNF and NF were prepared by spin-coating
their solutions on bare SiO2 gate insulating layer, on OTScoated SiO2 insulating layer, and on glass substrates. The fresh
ﬁlms were subsequently annealed at diﬀerent temperatures. The
resulting ﬁlms were characterized using UV−vis spectroscopy,
atomic force microscopy (AFM), and diﬀerential scanning
calorimetry (DSC). Parts c and d of Figure 1 show absorption
spectra of solutions and thin ﬁlms on glass surfaces of NNF and
NF, respectively, annealed well below their melting temperatures. The absorption peaks show a red shift from solution to
thin ﬁlms due to solid-state packing. The spectral shift and the
structure appearing in the annealed ﬁlms of NF are evidence of
23223
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Figure 3. AFM scans of spin-coated thin ﬁlms of NF grown on SiO2 (a−c, and g) and OTS-treated SiO2 (d−f, and h) from THF solutions having
concentrations of 5 mg/mL. Films were annealed at diﬀerent temperatures: 60 °C (a and d), 90 °C (b and e), 120 °C (c and f), and 150 °C (g and
h). (i) X-ray diﬀraction of NF on SiO2 substrates after annealing at 120 °C. The diﬀraction peaks in the case of NF is the evidence of molecular
packing and the inset shows the packing of NF.

better π−π interactions and packing as well as increased
order.19,25−27 The absence of this phenomenon in NNF can be
attributed to the hindered stacking caused by the nonplanar πskeleton. This leads to less-ordered molecular packing and to
the amorphous nature of the resulting thin ﬁlms of NNF.
To gain more insight into the morphological and packing
diﬀerences between ﬁlms made from these two oligomers, we
prepared ﬁlms on various substrates and annealed them at
temperatures close to (below) their melting points. Annealing
close to the melting point temperature was found to be a good
method for growing single crystals. DSC measurements to
determine melting points for both NNF and NF are shown in
Figure S4 of the Supporting Information. The growth of
crystals at temperatures close to the melting point are shown in
Figures S5 and S6 of the Supporting Information. The process
of spin-coating and annealing, close to the melting point, under
reduced pressure (10−2 mbar) for 1−3 h, to form single crystals
is shown schematically in Figure 2.
We ﬁrst present results for the NF molecule, which has a
relatively ﬂat backbone. Figure 3 shows the morphologies of NF

ﬁlms spin-coated from a 5 mg/mL solution of NF in THF on
SiO2 and OTS-treated SiO2 substrates and annealed at diﬀerent
temperatures (60, 90, 120, and 150 °C). The ﬁlms on SiO2 are
shown in Figure 3a−c and on OTS-treated SiO2 are shown in
Figure 3d−f. One can see a marked change in ﬁlm
morphologies with temperatures where annealing at higher
temperatures shows growth of larger crystalline grains. For the
temperature close to the melting point (150 °C), the growth of
single crystallites is observed (Figure 3, part g for SiO2 and part
h for OTS-treated SiO2). Figure 3i shows the XRD pattern of
the crystals and the proposed resulting model for the packing of
the molecules. The XRD pattern ﬁts to packing having a
periodicity of 1.97 nm, which suggests that NF molecules selfassemble with their π-skeleton perpendicular to the plane of the
substrate. Thin ﬁlm XRD measurements are given in Figure S7a
of the Supporting Information, which show single phase
development after 60 °C.
Next, we studied the twisted molecule, NNF. The AFM
images in Figure 4a−d show ﬁlms of NNF (spin-coated from a 5
mg/mL solution of NNF in THF) on SiO2 substrates following
23224
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Figure 4. AFM scans of spin-coated thin ﬁlms of NNF grown on SiO2 (a−g) and OTS-treated SiO2 (i). Parts a−d and i were spin-coated from 5 mg/
mL THF solutions and annealed at 60 °C (a), 90 °C (b), 110 °C (c), and 120 °C (d, i). Parts e−g were all annealed at 120 °C, but the source
solution concentrations were 0.5 mg/mL (d), 1 mg/mL (e), and 2 mg/mL (f). Part h shows that X-ray diﬀraction of NNF ﬁlms prepared at diﬀerent
concentrations shifted upward (0.5, 1, 2, 4, 5 mg/mL) on SiO2 substrates after annealing at 120 °C. The diﬀraction peaks from ﬁlms of 0.5 and 1
mg/mL solutions show packing of the lower layer which is diﬀerent from that of the top crystals. The top layer of crystals starts to show via X-ray at
2 mg/mL and increase in intensity.

deposited molecules, this amorphous−polycrystalline growth
could be avoided using a high deposition rate, which was shown
to lead to single crystals and high charge carrier mobility.32,33
Crystallization is a complex interplay between nucleation and
crystal growth.34 In our case, both NNF and NF are crystalline
under the appropriate conditions. It is thus suggested that the
crystal packing of NNF is less accessible than that of NF, due to
the fact that in such low-symmetry and bulky systems most of
the possible relative orientations of the two molecules generate
repulsive interactions. In such cases, one would expect the
formation of more nucleation sites and less crystal growth. In
ﬂatter systems, such as NF, there are more relative orientations
that yield attractive interactions that funnel the system
eventually to the formation of crystals.
Annealing at 120 °C, which is close to the melting
temperatures of both systems, yields clear crystal formation
(Figure 4d). Looking more closely at the AFM picture, we note
that there are two layers. The bottom one looks continuous and

annealing at diﬀerent temperatures under reduced pressure
(10−3 mbar). It was found that ﬁlms annealed at temperatures
up to 110 °C (Figure 4a−c) do not show crystal formation,
while those annealed at 120 °C, which is close to the melting
temperature, show clear crystal formation (Figure 4d). We
attribute the lack of crystal formation, below the melting point,
to the protruding pyridine groups that make it more diﬃcult to
π-stack and thus hinder crystal formation. These protruding
pyridine groups of NNF require very speciﬁc orientation in
order for the attractive forces to come into play and form
crystals. To overcome this eﬀective barrier, a higher temperature is needed so that the molecular motion is enhanced,
which simultaneously also enhances the mobility of the
molecules on the surface, allowing them to better organize. A
similar phenomenon of hindered packing and crystallization
was also reported for rubrene.28−31 The reason put forward was
the twisted phenyl groups connected to the tetracene backbone
of the molecule, which hinder the crystalline packing and hence
promote amorphous−polycrystalline growth. For vapor-phase23225
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Figure 5. Transfer characteristics at VDS = 15 V of (a) NNF OFETs, where thin ﬁlms on bare SiO2 were annealed at 60 °C (circles), 90 °C (squares),
and 110 °C (diamonds); (b) NF OFETs, where thin ﬁlms on bare SiO2 were annealed at 60 °C (circles), 90 °C (squares), and 120 °C (diamonds);
(c) same as part b (NF OFETs) but on OTS-treated SiO2; (d and e) transfer characteristics of single-crystal devices on bare SiO2 for NNF and NF,
respectively. (f) Normalized (W/L) output characteristics at VG = 20 V for the single-crystal FETs made of NNF and NF.

the crystals. Indeed, when we measure OFETs made of ﬁlms, it
is diﬃcult to separate the eﬀects. Figure 5a shows the
performance of OFETs based on ﬁlms of NNF annealed at
temperatures of 60 °C (circles), 90 °C (squares), and 110 °C
(diamonds). These correspond to Figure 4, parts a, b, and c,
respectively. Figure 5b shows the performance of OFETs based
on ﬁlms of NF annealed at temperatures of 60 °C (circles), 90
°C (squares), and 120 °C (diamonds). These correspond to
Figure 3, parts a, b, and c. The slight diﬀerences between
devices made of ﬁlms of the diﬀerent molecules is that the
current (mobility) for NNF is slightly higher compared to that
of NF and that annealing clearly enhances the performance of
transistors based on NF, while for NNF the on/oﬀ current
increases but the on current decreases. The situation may be
even more confusing when examining ﬁlms on OTS. For the
case of NNF, there is not much diﬀerence in the performance of
the OFETs (not shown), but for the NF-based OFETs, the
performance is enhanced drastically (see Figure 5c).
To isolate the role of the passivating underlayer of the NF
molecule, we tested single-crystal OFETs. Single-crystal FETs
were prepared, for both molecules, on prepatterned sourcedrain electrodes by spin-coating low-concentration solutions to
get fewer crystals that can develop between the source and
drain electrodes. The OFETs performance are shown in Figure
5, parts d (NNF) and e (NF). The extracted charge-carrier
mobility for the single-crystal transistors was on the order of 0.1
and 0.01 cm2/(V s) for the NNF- and NF-based transistors,
respectively. Also the NF-based OFET exhibits hysteresis, while
the NNF-based OFET is hysteresis free. It is known that the OH
at the SiO2 interface serves as an electron trap, which degrades
the performance of FETs.12 Hence, we attribute the diﬀerences,
in mobility and hysteresis, to the fact that crystals of NNF
develop on an amorphous passivating layer that separates them
from the SiO2 substrates, as seen in Figure 4e, while crystals of
NF grow on bare SiO2, without any passivating layer, as seen in
Figure 3g. Figure 5f compares the normalized (W/L) output
characteristics (IDS−VDS) at VG = 20 V for single-crystal
transistors, where NF shows less current than NNF in singlecrystal OFETs. The values of charge carrier mobility in OTFTs
and single-crystal transistors are summarized in Table 1, in
which NNF OTFTs show no improvement with annealing
temperatures due to the presence of mixed phases, whereas NF
OTFTs show improvement due to higher ordering, as shown in

lacks structure, almost fully covering the surface, while the
upper one is faceted and discontinuous.
To better understand the two layers (see also Figure S8 in
the Supporting Information), we examined ﬁlms annealed at
120 °C but coated from solutions having diﬀerent concentrations of NNF. Figure 4e,f,g shows results obtained from ﬁlms
coated from 0.5, 1, and 2 mg/mL solutions of NNF in THF,
respectively. Moving from a concentration of 0.5 mg/mL
(Figure 4e) to 1 and 2 mg/mL, we note that the lower layer
does not seem to change while the upper layer develops clear
facets (Figure 4g). The even larger crystals shown in Figure 4d
are thus in direct correlation with the higher concentration used
(5 mg/mL). Figure 4h shows the XRD pattern of 0.5, 1, 2, 4,
and 5 mg/mL ﬁlms. The results were shifted upward starting
with 0.5 mg/mL at the bottom and up to 5 mg/mL. The peak
at ∼4° grows with the concentration used and becomes
signiﬁcant at 5 mg/mL. Similar molecular packing (see also the
inset to Figure 3i) was reported for other molecules as well.35,36
Here NNF self-arranges with its π-skeleton perpendicular to the
plane of the substrate with ∼2.2 nm spacing.
The small peak at ∼6° is attributed to the underlayer, which
remains largely amorphous. The formation of a thin wetting
layer is a known phenomenon which, in the context of organic
molecules, was reported for vapor-phase growth of pentacene
on SiO2.37−39 In the case of pentacene, it was reported that the
ﬁrst few monolayers are diﬀerent from the crystalline structure
formed above them and this was attributed to the relative
strength of the interaction between the molecules, which would
promote edge-on formation, and the interaction with the SiO2,
which would promote a face-on one.38 Lastly, we performed a
similar annealing process but on OTS-treated SiO2 substrate
(Figure 4i). Figure 4i shows a growth pattern that is completely
diﬀerent from the one on SiO2 substrate untreated with OTS. It
shows microsized single crystals and the absence of the selfpassivating layer. This is in line with the suggestion that the
wetting layer formation would be due to the SiO2 interface
interaction that promotes face-on molecular orientation.38 Thin
ﬁlm XRD measurements are given in the Supporting
Information (Figure S7b), which shows multiple phase
development above 60 °C.
As Figures 3 and 4 show, there is an eﬀect of crystal
formation with (NNF) or without (NF) a passivation underlayer,
and on top of it, there is the eﬀect of interconnectivity between
23226
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70B (FINNIGAN MAT) instruments. Melting points were
recorded on a PL-DSC (Polymer Laboratories) machine.
Optical absorption spectra of solution (in THF) and ﬁlms were
measured with a UV−visible−NIR spectrophotometer (UV3101PC Shimadzu). Grazing-angle X-ray was used to measure
X-ray diﬀraction (XRD) with the RikaguSmartLab highresolution diﬀraction system. A surface proﬁler (Dektak 150)
was used to measure the thickness of ﬁlms. Their surface
morphologies were measured with an atomic force microscope
(AFM) system (NanoscopeIIIa, Digital Instruments). OFET
measurements were done under inert atmosphere by an Agilent
1500A Semiconductor Device Analyzer.
Materials. All the starting materials and solvents described
in the paper were purchased from Sigma-Aldrich and Fluka.
Solvents and starting materials were used as received unless
noted. Anhydrous solvents were obtained using standard
methods.
4-(2-Bromo-3-thienyl)pyridine (2). N-Bromosuccinimide
(NBS) (4 g, 22.4 mmol) was dissolved in a nonhomogenous
solution of H2O (5 mL), acetic acid (1.5 mL), and CCl4 (84
mL). The reaction mixture was then cooled to 3−5 °C and
thiophen-3-ylpyridine (1) (4 g, 6.8 mmol) was added in one
portion. The reaction mixture was stirred at room temperature
and monitored using TLC (silica, 70:30 v/v hexane:ethyl
acetate). After 2 h the reaction was completed, and the mixture
was cooled in an ice bath and neutralized to pH 8−9 using a
saturated solution of sodium carbonate. The resulting solution
was washed with dichloromethane (3 × 100 mL), and the
combined organic layers were dried over sodium sulfate,
ﬁltered, and concentrated. The crude product was puriﬁed
using column chromatography (silica, 70:30 v/v hexane:ethyl
acetate), aﬀording 4-(2-bromo-3-thienyl)pyridine, as a yellow
solid (1.3 g, 80%).
Mp: 57 °C. 1H NMR (300 MHz, CDCl3): δ 8.66 (d, 2H),
7.48 (d, 2H), 7.34 (d, 1H), 7.04 (d, 1H). 13C NMR (125 MHz,
CDCl3): δ 150.47, 142.13, 138.47, 129.39, 128.92, 123.33,
110.46. MS (MALDI) m/z: calcd for C9H7BrNS [M + H]+
239.94825, found 239.95.
Tributyl[5-[3-(4-pyridyl)-2-thienyl]-2-thienyl]stannane (4).
2,5-Bis(tributyltin)thiophene (2.75 g, 4.16 mmol) and Pd(PPh3)4 (0.12 g, 0.1 mmol) were dissolved in toluene (50 mL)
in an inert atmosphere. The reaction mixture was heated to
reﬂux. Compound 2 (0.5 g, 2.08 mmol) was dissolved in
toluene (50 mL) and added dropwise to the reaction mixture,
and the progress of the reaction was monitored using TLC
(silica, 30:70 v/v ethyl acetate:hexane). After the disappearance
of the starting material (2), the solvent was evaporated and the
crude product was puriﬁed using column chromatography
(silica, 30:70 v/v ethyl acetate:hexane). Compound 4 was
obtained as a yellow oil in 75% yield (0.4 g).
1
H NMR (400 MHz, CDCl3): δ 8.46 (d, 2H), 7.27 (d, 1H),
7.2 (d, 2H) 7.05 (d, 1H), 6.89 (d, 2H), 1.56 (m, 6H), 1.27 (m,
6H), 1.18 (t, 6H), 0.84 (t, 9H). 13C NMR (400 MHz, CDCl3):
δ 148.97, 143.13, 135.14, 133.22, 132.25, 128.48, 126.89, 128.7,
124.54, 122.93, 27.25, 25.94, 16.34, 12.57. MS (MALDI) m/z:
calcd for C25H34NS2Sn [M + H]+ 532.11546, found 532.13.
2,6-Dibromo-N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide (5). Compound 5 was synthesized according
to a previously reported procedure.19
Mp: 94 °C. 1H NMR (300 MHz, CDCl3): δ 8.97 (s, 2H),
4.13 (m, 4H), 1.97 (m, 2H), 1.21 (m, 80H), 0.85 (m, 12H).
13
C NMR (100 MHz, CDCl3): δ 161.39, 161.24, 139.38,
128.59, 127.97, 125.5, 124.3, 45.67, 36.68, 32.15, 31.77, 30.25,

Table 1. Charge Carrier Mobility Obtained in Thin Films
and Single Crystal Transistors
mobility (cm2/(V s))
temp (°C)

NNF

NF

60
90
110
120

6.1 × 10−5
5.3 × 10−5
5.9 × 10−5
−

1.5 × 10−5
1.0 × 10−3
−
3.7 × 10−4

single crystal

0.1

0.01

the rise of the XRD peak in Figure S7 of the Supporting
Information .

■

CONCLUSIONS
In summary, two families of constitutional isomers that diﬀer
mainly in the ﬂatness of their π-conjugated backbone exhibit
very diﬀerent morphological, crystal-forming, and physical
properties. In our case, it is the position where two pyridine
rings are attached to the π-backbone that leads to diﬀerences in
the tendency of the molecules to form the crystal structure. The
oligomer with a ﬂatter π-skeleton self-arranges better due to the
simpler route to crystallinity, giving rise to polycrystalline ﬁlms,
the morphology of which can be tuned through the annealing
temperatures. The oligomer with twisted protruding groups
shows changes in the polycrystalline state only at temperatures
close to its melting point. The interesting phenomena
discovered is of self-passivation, where substrate interaction
leads to vertical phase separation of a relatively amorphous thin
ﬁlm of ∼5 nm covered by a polycrystalline structure. The selfpassivating initial layer of NNF developed on SiO2 but not on
OTS-treated SiO2 substrates. The eﬀect of the passivation layer
can be isolated when measuring a single-crystal OFET on SiO2;
however, the very diﬀerent contact barrier (Figure 5f) makes it
less clear-cut. To minimize the eﬀect of the contact barrier, we
deduced the mobility at high VDS and found that the NF
molecules shows a mobility of ∼0.01 cm2/(V s), where the
crystal with less π−π-stacking ability (NNF) exhibited an order
of magnitude higher mobility. We attribute this diﬀerence, at
least in part, to the passivation layer. In the case of
polycrystalline ﬁlms, NNF showed poorer performance due to
reduced connectivity between the crystals. We believe that
further study will show how to enhance chemically both the
self-passivation phenomena and the crystalline interconnectivity.

■

EXPERIMENTAL METHODS
Apparatus. Films and Device Fabrication. Solutions of
NNF and NF were prepared in THF and then spin-coated (2000
rpm for 60 s) onto glass substrates for optical measurements
while they were coated onto n++Si/SiO2(100 nm) substrates
for AFM measurements and OFETs. Films were annealed at
diﬀerent temperatures for studying diﬀerent morphologies
under rough vacuum (10−3 mbar). Single-crystal devices were
fabricated on already patterned gold n++Si/SiO2 substrates; the
pattering was done by a photolithography technique. Solution
(1−5 mg/mL) was printed on the desired area and then
annealed at temperatures close to the melting point (120 °C for
NNF and 150 °C for NF) for 3 h in rough vacuum (10−3 mbar).
Measurements. NMR spectra were recorded on BrukerAM-300 and Bruker-AM-500 spectrometers. Mass spectra were
recorded using MALDI micro MX (MICROMASS) and TSQ23227
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reaction was monitored by TLC (silica, 30:70 v/v ethyl
acetate:hexane). After the disappearance of the starting material
(9), the solvent was evaporated and the crude product was
puriﬁed using column chromatography (silica, 30:70 v/v ethyl
acetate:hexane). Compound 10 was obtained as a yellow oil in
60% yield.
1
H NMR (400 MHz, CDCl3): δ 8.56 (d, 2H), 7.42 (dd, 3H),
7.34 (d, 1H), 7.16 (d, 2H) 7.08 (d, 1H), 1.53 (m,6H), 1.34 (m,
6H), 1.18 (t, 6H), 0.84 (t, 9H). 13C NMR (400 MHz, CDCl3):
δ 148.85, 142.95, 135.10, 133.61, 132.41, 128.48, 126.5, 126.48,
125.65, 124.33, 122.77, 27.25, 25.75, 21.63, 16.35, 13.1, 12.57.
MS (MALDI) m/z: calcd for C25H35NS2Sn 533.12328 [M]+,
found 533.55.
N,N′-Bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene-2-pyridyl) (NF ).
Compounds 5 (0.2 g, 0.18 mmol) and 10 (0.19 g, 0.36
mmol) and Pd(PPh3)4 (0.0025 g, 0.0018 mmol) were dissolved
in dry toluene (10 mL) and kept under a positive pressure of
argon. The mixture was reﬂuxed for 3 h and then cooled to
room temperature and concentrated under reduced pressure.
The crude product was puriﬁed using column chromatography
(silica, 30:70 v/v ethyl acetate:hexane), aﬀording NF, as a dark
violet solid (0.13 g, 50%).
Mp: 160 °C. 1H NMR (500 MHz, CDCl3): δ 8.83 (s, 1H),
8.65 (d, 1H), 7.51 (dd, 1H), 7.39−7.30 (m, 1H), 4.13 (d, 1H),
2.00 (s, 1H), 1.45−1.09 (m, 22H), 0.98−0.79 (m, 3H). 13C
NMR (126 MHz, CDCl3): δ 162.45, 162.42, 150.42, 140.86,
140.25, 139.77, 139.21, 138.52, 129.92, 127.57, 126.24, 125.47,
125.39, 124.63, 122.85, 119.48, 77.23, 76.97, 76.72, 36.51,
31.88, 31.55, 30.06, 29.67, 29.65, 29.62, 29.32, 26.35, 22.65,
14.09, 0.98. HRMS (APPI) m/z: calcd for C88H117N4O4S4 [M
+ H]+ 1421.79579, found 1421.7932.

29.82, 29.67, 29.59, 29.57, 26.55, 22.92, 14.35. HRMS (APCI)
m/z: calcd for C62H101Br2N2O4 [M + H]+ 1097.61079, found
1097.5985.
N,N′-Bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene-4-pyridyl) (NNF).
Compounds 5 (0.3 g, 0.28 mmol) and 4 (0.57 g, 1.5 mmol)
and Pd(PPh3)4 (0.032 g, 0.02 mmol) were dissolved in dry
toluene (20 mL) under an inert atmosphere. The mixture was
reﬂuxed for 24 h and then cooled to room temperature and
concentrated under reduced pressure. The crude was puriﬁed
using column chromatography (silica, 30:70 v/v ethyl
acetate:hexane), aﬀording NNF, as a dark purple solid (0.3 g,
70%).
Mp: 120 °C. 1H NMR (300 MHz, CDCl3, TMS, 25 °C): δ
8.7 (s, 2H), 8.59 (d, 4H), 7.38 (d, 4H), 7.15 (t, 4H), 7.01 (d,
4H), 4.05 (d, 4H), 1.9 (m, 2H), 1.17 (br, 40H), 0.87 (m, 6H).
13
C NMR (126 MHz, CDCl3): δ 162.47, 150.05, 143.77,
141.95, 139.13, 138.03, 136.62, 132.60, 129.77, 128.89, 127.47,
125.59, 123.83, 122.93, 31.88, 30.02, 29.61, 29.31, 26.64, 22.65,
14.10. HRMS (APPI) m/z: calcd for C88H117N4O4S4 [M + H]+
1421.79579, found 1421.7970.
4-(2-Thienyl)pyridine (8). 4-Bromopyridine hydrochloride
(7) (3.99 g, 20.5 mmol) and Pd(PPh3)4 (0.44 g, 0.4 mmol)
were dissolved in DMF (40 mL). A solution of 2thiopheneboronic acid (6) (2.62 g, 20.5 mmol) in aqueous
carbonate (1 M, 45 mL) was added dropwise to the DMF
solution over 20 min. After the addition, the reaction mixture
was heated to reﬂux for 24 h, and then the reaction mixture was
poured on ice−water, mixed with ether, and vigorously stirred.
The aqueous phase was separated and extracted with a large
volume of ether. The combined organic phases were
concentrated to 20% of their initial volume and extracted
with a dilute acidic aqueous solution (0.5 N HCl, 4 × 50 mL).
The combined acidic aqueous extracts were ﬁltered and
neutralized, and the crude phase was extracted with three
portions of ether. The combined organic phases were washed
with H2O, dried over MgSO4, and concentrated, aﬀording 8 as
a white solid (2.96 g, 90%).
Mp: 80 °C. 1H NMR (400 MHz, CDCl3): δ 8.5 (d, 2H),
7.63 (dd, 1H), 7.43 (d, 2H), 7.34 (d, 1H), 7.07 (t, 1H). 13C
NMR (100 MHz, CDCl3): δ 150.34, 141.44, 132.25, 128.57,
128.46, 127.25, 125.33, 119.92. MS (MALDI) m/z: calcd for
C9H8NS 162.03774 [M + H]+, found 161.87.
4-(5-Bromo-2-thienyl)pyridine (9). A mixture of 8 (2 g, 12.5
mmol) and NBS (5.5 g, 30 mmol) in acetic acid (200 mL) was
stirred overnight at room temperature. The mixture was then
poured on ice, made slightly basic, and extracted with three
portions of dichloromethane. The combined organic layers
were dried over anhydrous Na2SO4, ﬁltered, and concentrated.
The crude product was puriﬁed using column chromatography
(silica, 75:25 v/v hexane:ethyl acetate), aﬀording 4-(5-bromo-2thienyl)pyridine (9) as a white solid (2.6 g, 90%).
Mp: 146 °C. 1H NMR (300 MHz, CDCl3): δ 8.6 (d, 2H),
7.39 (d, 1H), 7.26 (d, 1H), 7.08 (d, 1H). 13C NMR (100 MHz,
CDCl3): δ 150.44, 142.62, 131.41, 125.98, 119.51. MS
(MALDI) m/z: calcd for C9H7BrNS [M + H]+ 239.94825,
found 239.95.
Tributyl[5-[5-(4-pyridyl)-2-thienyl]-2-thienyl]stannane
(10). 2,5-Bis(tributyltin)thiophene (3) (4.37 g, 6.6 mmol) and
Pd(PPh3)4 (0.04 g, 0.03 mmol) were dissolved in toluene (50
mL), and the reaction mixture was heated to reﬂux. Compound
9 (0.8 g, 3.3 mmol) was dissolved in toluene (50 mL) and
added dropwise to the reaction mixture. The progress of the
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