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Structure–property relationships in multifunctional
thieno(bis)imide-based semiconductors with
different sized and shaped N-alkyl ends†

Manuela Melucci,*a Margherita Durso,a Cristian Bettini,ab Massimo Gazzano,a

Lucia Maini,c Stefano Toffanin,d Susanna Cavallini,d Massimiliano Cavallini,d

Denis Gentili,d Viviana Biondo,e Gianluca Generali,e Federico Gallino,f

Raffaella Capellid and Michele Muccinide

The relationships between the molecular structure, packing modalities, charge mobility and light emission

in organic thin films is a highly debated and controversial issue, with both fundamental and technological

implications in the field of organic optoelectronics. Thieno(bis)imide (TBI) based molecular

semiconductors provide an interesting combination of good processability, tunable self-assembly,

ambipolar charge transport and electroluminescence, and are therefore an ideal test base for

fundamental studies on the structure–property correlation in multifunctional molecular systems. Herein,

we introduce a new class of thieno(bis)imide quaterthiophenes having alkyl side chains of different

shapes (linear, cyclic, branched) and lengths (C1–C8). We found that contrarily to what is generally

observed in most molecular semiconductors, the length of the alkyl substituent does not affect the

optical, self-assembly and charge transport properties of TBI materials. However, different

electroluminescence powers are observed by increasing the alkyl side, this suggesting a potential tool for

the selective modulation of TBI functionalities. A deep experimental and theoretical investigation on this

new family of TBI materials is provided.
Introduction

Organic semiconductors are subject of intense research for
their crucial role as key components of the next generation of
electronic devices such as displays, thin-lm transistors, solar
cells, sensors, and logic circuits.1 In particular, molecular
tailoring and structure–property relationship investigation have
allowed signicant advances in the device performances,
attracting increasing interest from both industry and academia.
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In the last few years, the development of a very large library of
small molecules and polymeric p-conjugated semiconductors has
provided useful design principles for the predened tailoring of
a number of functional properties.2 P-type semiconductors,
both molecular and polymeric,3 based on different building
blocks,4havebeen reported5withmobility larger than1cm2V�1 s�1

(ref. 6) up to 17 cm2 V�1 s�1.7 On the other hand, because of both
synthetic and technological limits, n-type8 and ambipolar mate-
rials9 that are crucial for complementary circuits, sensors, and light-
emitting transistors (OLETs)10 have been less documented.11 Even
fewer examples as well as related deep structure–property investi-
gation have been provided for molecular semiconductors showing
simultaneous efficient electroluminescence and high mobility
ambipolarity.12 In this context, we recently introduced the class of
2,3-thienoimide (TBI) based oligothiophenes (NTxN) as new
multifunctional materials combining good processability, high
crystallinity together with ambipolar or n-type charge transport
combined to electroluminescence in single layer OLETs. Starting
from therst case, namelyC4-NT4N (Chart 1),13we investigated the
effect of the molecular dissymmetry,14 aromatic p-core type15 and
molecular size16 on the functional properties of the resulting
oligomers.17

Alkyl and heteroalkyl end substitution of p-conjugated mate-
rials is a widely exploited design strategy to change the solid state
organization and packing in thin lms, generally resulting in a
This journal is © The Royal Society of Chemistry 2014
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Chart 1 Molecular structure of the compounds herein investigated (C1–C8 linear), C6 branched and cyclic NT4N.
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great impact on the charge transport.4,18 On this basis, aiming at
TBI materials with improved electrical performance and at
dened property-specic design strategies, here we report a new
class of TBI materials having a xed p-conjugated backbone,
length and core type, but differing in the alkyl end substituents.

In particular, TBI molecules, quaterthiophene sized (T4),
having linear (C1–C8), branched (C6) or cyclic (C6) alkyl end
substituents (Chart 1) have been considered. The optical,
thermal, optoelectronic and electrical properties of the newly
synthesized materials have been investigated by a combined
experimental and theoretical approach and related to the
peculiar molecular end motif.
Experimental
Synthesis

Compounds 2 and 6 were prepared according to already
reported procedures.13 Compounds 3a–g are commercially
available. The synthesis of the intermediates is reported in the
ESI.†

All 1H, 13C, NMR spectra were recorded with a Varian Mercury
400 spectrometer operating at 400 MHz (1H). Chemical shis
were calibrated using the internal CDCl3, acetone-d6 or CD2Cl2
resonance, which were referenced to as TMS. Mass spectra were
collected on an ion trap Thermo scientic ISQ spectrometer
operating in electron impact (EI) ionizationmode.Melting points
were determined by hot stage optical microscopy.
General procedure for Stille cross-coupling reaction

To a reuxing toluene solution of Pd[(AsPh3)]4 [in situ, 6 mol%,
Pd2(dba)3 (0.011 mmol), AsPh3 (0.088 mmol), 5 ml of tol.] and
bromo-thieno[3,2-c]pyrrole-4,6-dione 5 (0.36 mmol, in 3 ml
of toluene), under N2 atmosphere, commercially available
5,50-bis(tributylstannyl)-2,20-bithiophene 6 (0.18 mmol in 2 ml
of toluene) was added dropwise. Themixture was reuxed for 48
h then pentane was added at room temperature and the so
obtained solid precipitate was puried by ash chromatography
on silica gel (CH2Cl2–petrol. ether ¼ 60 : 40 / CH2Cl2) and
nally by crystallization from toluene.

2,20-(2,20-Bithiophene-5,50-diyl)bis(5-methyl-5H-thieno[3,2-c]-
pyrrole-4,6-dione), C1-NT4N, 1a. Dark red powder, 47% yield,
This journal is © The Royal Society of Chemistry 2014
M.p. >350 �C; EI-MS m/z 496 (Mc+); UV-vis (CH2Cl2) lmax ¼ 451
nm, PL (CH2Cl2) lem ¼ 572 nm (lexc ¼ 451 nm). 1H NMR
(CD2Cl2, TMS/ppm) d 7.37 (s, 2H), 7.33 (d, 3J ¼ 3.6 Hz, 2H), 7.25
(d, 3J ¼ 3.6 Hz, 2H), 3.10 (s, 6H). Anal. calcd for C22H12N2O4S4
(496.60): C, 53.21; H, 2.44. Found: C, 53.28; H, 2.97%.

2,20-(2,20-Bithiophene-5,50-diyl)bis(5-propyl-5H-thieno[3,2-c]-
pyrrole-4,6-dione), C3-NT4N, 1b. Red orange powder, 80% yield.
M.p. 284 �C, MS (70 eV, EI): m/z 552 (Mc+1), UV-vis (CH2Cl2) lmax

¼ 451 nm, PL (CH2Cl2) lem ¼ 572 nm (lexc ¼ 451 nm). 1H NMR
(CDCl3, TMS/ppm): d. 7.33 (s, 2H), 7.26 (d, 3J ¼ 3.6 Hz, 2H), 7.18
(d, 3J ¼ 4.0 Hz, 2H), 3.60 (t, 4H), 1.68 (m, 4H), 0.95 (t, 6H). 13C
NMR (CDCl3, TMS/ppm): d 163.9, 162.7, 149.3, 145.2, 137.8,
137.6, 134.7, 126.8, 125.4, 116.7, 40.2, 22.1, 11.3. Anal. calcd for
C26H20N2O4S4 C, 56.50; H, 3.65, found: C, 56.70; H, 3.91%.

2,20-(2,20-Bithiophene-5,50-diyl)bis(5-hexyl-5H-thieno[3,2-c]-
pyrrole-4,6-dione), C6-NT4N, 1d. Orange powder, 78% yield.
M.p. 283 �C, MS (70 eV, EI): m/z 636 (Mc+1), UV-vis (CH2Cl2) lmax

¼ 451 nm, PL (CH2Cl2) lem ¼ 571 nm (lexc ¼ 451 nm).1H NMR
(CDCl3, TMS/ppm): d 7.32 (s, 2H), 7.26 (d, 3J ¼ 3.6 Hz, 2H), 7.18
(d, 3J ¼ 4 Hz), 3.60 (t, 4H), 1.64 (m, 4H), 1.31 (m, 12H), 0.95 (t,
6H). 13C NMR (CDCl3, TMS/ppm): d 163.8, 162.7, 149.3, 145.2,
137.8, 137.6, 134.7, 126.8, 125.4, 116.7, 38.6, 31.4, 28.8, 26.5,
22.5, 14.0. Anal. calcd for C32H32N2O4S4: C, 60.35; H, 5.06,
found: C, 60.39; H, 5.10%.

2,20-(2,20-Bithiophene-5,50-diyl)bis(5-cyclohexyl-5H-thieno-
[3,2-c]pyrrole-4,6-dione), C6cyc-NT4N, 1e. Orange powder, 40%
yield. M.p. >300 �C, MS (70 eV, EI): m/z 632 (Mc+1), UV-vis
(CH2Cl2) lmax ¼ 444 nm, PL (CH2Cl2) lem ¼ 569 nm (lexc ¼ 444
nm). 1H NMR (CDCl3, TMS/ppm): d 7.31 (s, 2H), 7.25 (d, 3J ¼ 4.0
Hz, 2H), 7.18 (d, 3J¼ 4.0 Hz), 4.00 (m, 2H), 2.14 (m, 4H), 1.79 (m,
12H), 1.30 (m, 4H). 13C NMR (CDCl3, TMS/ppm): d 163.9, 162.7,
149.1, 145.1, 137.7, 126.7, 125.5, 125.3, 116.7, 116.5, 53.4, 51.5,
30.1, 29.7, 26.1, 25.1. Anal. calcd for C32H28N2O4S4: C, 60.73; H,
4.46, found: C, 60.79; H, 4.50%.

2,20-(2,20-Bithiophene-5,50-diyl)bis(5-(2-ethylhexyl)-5H-thieno-
[3,2-c]pyrrole-4,6-dione), C6br-NT4N, 1f. Red-orange solid, M.p.
234 �C, (70 eV, EI): m/z 632 (Mc+1), UV-vis (CH2Cl2) lmax ¼ 451
nm, PL (CH2Cl2) lem ¼ 571 nm (lexc ¼ 451 nm). 1H NMR (CDCl3,
TMS/ppm): d 7.33 (s, 2H), 7.27 (d, 3J ¼ 4.0 Hz, 2H), 7.19 (d, 3J ¼
4.0 Hz, 2H), 3.55 (t, 4H), 1.92 (m, 2H), 1.35 (m, 16H), 0.95 (m,
12H). 13C NMR (CDCl3, TMS/ppm): d 164.1, 162.9, 149.3, 145.2,
137.8, 137.6, 134.7, 126.8, 125.4, 116.7, 42.5, 38.4, 30.5, 28.5,
J. Mater. Chem. C, 2014, 2, 3448–3456 | 3449
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23.8, 23.0, 14.1, 10.4. Anal. calcd for C36H40N2O4S4 C, 62.40; H,
5.82, found: C, 62.45; H, 5.89%.

2,20-([2,20-Bithiophene]-5,50-diyl)bis(5-octyl-4H-thieno[2,3-c]-
pyrrole-4,6(5H)-dione), C8-NT4N, 1g. Orange powder, 76%
yield. M.p. 242 �C, MS (70 eV, EI): m/z 692 (Mc+1), UV-vis
(CH2Cl2) lmax ¼ 450 nm, PL (CH2Cl2) lem ¼ 568 nm (lexc ¼ 450
nm). 1H NMR (CDCl3, TMS/ppm): d 7.31 (s, 2H), 7.24 (d, 3J ¼ 4.0
Hz, 2H), 7.16 (d, 3J ¼ 3.6 Hz), 3.59 (t, 4H), 1.64 (m, 4H), 1.29 (m,
20H), 0.87 (t, 6H). 13C NMR (CDCl3, TMS/ppm): d 163.8, 162.6,
149.3, 145.2, 137.8, 137.6, 134.7, 126.8, 125.4, 116.6, 38.6, 31.8,
29.2, 29.1, 28.8, 26.8, 22.6, 14.1. Anal. calcd for C36H40N2O4S4: C,
62.40; H, 5.82, found: C, 62.43; H, 5.89%.

Optical spectroscopy

Thin-lm UV-visible absorption spectra were recorded with a
JASCO V-550 spectrophotometer. Steady-state photo-
luminescence (PL) was excited using a CW He–Cd laser at 325
nm and collected under transmission conditions (no colour
lter was necessary for truncating laser excitation).

PL emission was collected with a calibrated optical multi-
channel analyzer (PMA-11, Hamamatsu). Quantum yield
measurements of thin-lms were carried out by a stand-alone
and automatic absolute PL Quantum Yield measurements
System (C9920-02, Hamamatsu). The measurements were per-
formed in air and exciting the PL emission at the thin-lm
absorption maximum wavelength.

Polarised optical microscopy

Micrographs were recorded with a Nikon i-80 microscope
equipped with epi-illuminator, and cross-polars. The thermal
treatments of the samples were done using a commercial
heating stage (Linkam THMS 600) in air.

Atomic force microscopy (AFM)

AFM images were recorded with a commercial AFM (Multimode
8, Bruker) operating in semi-contact mode under ambient
conditions. Si3N4 cantilevers, with a typical curvature radius of a
tip 10 nm, were used. Image analysis was done using the open
source SPM soware Gwyddion-http://www.gwyddion.net.

Single crystal X-ray diffraction (SC XRD)

Crystal data for C3-NT4N were collected on an Oxford Xcalibur S
with MoKa radiation, l ¼ 0.71073 Å, monochromator graphite
at room temperature; C26H20N2O4S4,M ¼ 552.68, monoclinic, a
¼ 7.4707 (8) Å, b¼ 7.7479 (6) Å, c¼ 43.819 (6) Å, b¼ 91.54(1)�, V
¼ 2535.4(5) Å3, space group C2/c, Z¼ 4 m (MoKa)¼ 0.412mm�1,
5239 reections measured, 2925 independent reections (Rint ¼
0.0332). The nal R1 values were 0.0787 (I > 2s(I)). The nal
wR(F2) values were 0.1623 (I > 2s(I)). The nal R1 values were
0.1124 (all data). The nal wR(F2) values were 0.1785 (all data).
The goodness of the t on F2 was 1.167.

Thin lm X-ray diffraction (XRD)

The analysis was carried out by means of a PANalytical X'Pert
PRO powder diffractometer equipped with a Ni-ltered Cu Ka
3450 | J. Mater. Chem. C, 2014, 2, 3448–3456
radiation and a fast X'Celerator detector. The data of the devices
(powders) have been collected in the 2q range 2.4–30� (2.4–80�)
counting 800 s (200 s) at each step of 0.05� (0.033�).
OFET/OLET fabrication

The device platform consists of a 420 nm thick PMMA dielectric
lm, on top of a glass/ITO gate electrode, and gold made drain
and source top contact. The PMMA lm was spin coated, while
the gold electrodes have been evaporated by high vacuum
sublimation through a shadow mask process. OLET devices are
based on 100 nm thick active organic lms, grown by high
vacuum sublimation. The channel length (L) is equal to 70 mm,
while the channel width (W) is equal to 12 mm. All opto-elec-
tronic measurements were carried out in an MBraun nitrogen
glove box using a standard SUSS Probe Station equipped with a
Hamamatsu photodiode for light detection.
Computational details

Molecular and periodic calculations have been performed
within spin-polarized DFT, using the hybrid B3LYP functional,19

as implemented in the CRYSTAL09 code.20 The all-electron
Gaussian-type basis sets adopted were 6-31(d1) for oxygen,21

nitrogen22 and carbon,23 31(p1) for hydrogen26 and 8-6311(d1)
for sulphur.24 A post-DFT dispersive contribution, suggested by
Grimme,25 has been added to the computed ab initio total
energy and gradients in order to account long-range dispersion
interactions.

Bulk charge transport has been investigated in the small
polaron hopping framework. The intramolecular reorganiza-
tion energy li has been computed both within the adiabatic
potential (AP) approach and through calculations of Huang–
Rhys (HR) parameters.26 The charge transfer integral s is eval-
uated for the nearest neighbouring molecules through the
application of Koopmans' theorem in the energy-splitting in the
dimer (ESID) model.27
Results and discussion
Synthesis

The target compounds in Chart 1 were prepared by conven-
tional Stille coupling reaction by bistannylbithiophene 6 with
the proper bromo-TBI (5, Scheme 1). The TBI starting
compounds were prepared by ring opening of the thienoanhy-
dride 2 with the alkylamine (3) followed by intramolecular
dehydration of the intermediates. The isolated yields ranged
from 40% to 80% mainly depending on the nal material
solubilities. Indeed, methyl and cyclohexyl substituted C1-
NT4N and C6cyc-NT4N showed a poor solubility in organic
solvents. The solubility increased on increasing the chain size
or by using branched substituents.
Electronic properties

Insights into the electronic properties of the newly synthesized
TBI derivatives were obtained by performing optical spectro-
scopic characterization in diluted solution and thin lms.
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Synthetic route to the target compounds. (i) Toluene, reflux, (ii) SOCl2 reflux, (iii) TFA, H2SO4, NBS, and (iv) Pd(AsPh3)4, toluene, reflux.
Details in ESI.†
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The UV-vis absorption spectra in diluted CH2Cl2 solutions (see
Fig. S1 and Table S1, ESI†) were almost comparable for all the
compounds with the maximum absorption wavelength located at
about 350 and 450 nm. The emission spectra are featureless with
the emission maximum wavelength at around 570 nm.

The absorption spectra of vacuum-sublimed thin-lms,
reported in Fig. 1, are well structured with absorption maxima
located at around 345 and 430 nm for compounds having linear
alkyl substituents with C > 1. C1-NT4N was the only compound
with the absorption maximum red-shied to 450 nm. By
increasing the alkyl chain length from C1 to C8 units no relevant
variations in the photoluminescence spectra were observed.
Fig. 1 (a–f) UV-vis and PL spectra vacuum-sublimed thin-films of all
compounds (the spectra of C4-NT4N are reported in Fig. S1, ESI†).

This journal is © The Royal Society of Chemistry 2014
The PL quantum yields (F, Table 1) measured for the alkyl
substituted molecules (from C1 to C8) are almost invariant
within the experimental error ranging between 3.5% (C8-NT4N)
and 6.5% (C6br-NT4N).

Thermal properties

The thermal behaviour of compounds C1–C8-NT4N was inves-
tigated by combined hot-stage polarized microscopy of thin
deposits (POM) and by differential scanning calorimetry (DSC)
analyses.

DSC traces show multiple intense temperature transitions
beyond the melting one for all compounds with exception for
methyl and cyclohexyl ended derivatives C1-NT4N and C6cyc-
NT4N respectively, revealing liquid crystalline properties for
these compounds (Table 2).

The thermograms of compound C8-NT4N taken as model
systems are depicted in Fig. 2, while those of the other
compounds are reported as ESI (Fig. S2†). Accordingly to DSC,
hot-stage POM revealed LC properties for compounds C3–C8-
NT4N while only thermal decomposition was observed for C1-
NT4N. The transition temperatures and the melting enthalpies
are listed in Table 2.

Thin deposits

The thin deposits of compounds C1–C8-NT4N for POM analysis
were prepared by drop casting a chloroform solution (30 ml of
Table 1 Spectroscopic parameters of thin films of 100 nm thick NT4N
derivatives

Item labs (nm) lem
a (nm) Fb (%)

C1-NT4N 350, 450 617 4
C3-NT4N 345, 429 605 6
C4-NT4N 345, 430 603 5
C6-NT4N 346, 426 602 5
C6cyc-NT4N 365, 432 592 4
C6br-NT4N 368, 446 604 6.5
C8-NT4N 345, 427 604 3.5

a lexc ¼ 325 nm. b Excitation at absorption maximum.

J. Mater. Chem. C, 2014, 2, 3448–3456 | 3451

http://dx.doi.org/10.1039/c3tc32538e


Table 2 Thermal properties of compounds C1–C8-NT4N. For compound C4-NT4N see ref. 13

Compound

Transition temperature [�C] (melting enthalpies [J g�1])

Heating (20�C min�1) Cooling (20�C min�1)

1a, C1-NT4Na Nd Nd
1b, C3-NT4N 274 (3.0), 289 (73.4), 301 (1.1) 262 (55.2), 281 (1.0)
1d, C6-NT4N 244 (1.5), 265 (21.3), 287 (5.9) 219 (0.8), 243 (21.4), 269 (4.9)
1e, C6cyc-NT4N 344 (1.8), 367 (73.9) 329 (15.1)
1f, C6br-NT4N 218 (1.1), 235 (26.1) 213 (29.4), 201 (0.6)
1g, C8-NT4N 121 (2.7), 248 (40.5), 279 (12.1) 231 (41.9), 266 (11.9)

a No transitions were observed up to 400 �C.
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1 g l�1 or saturated solution) on quartz slides in a saturated
atmosphere of solvent vapours.

All thin deposits exhibit similar morphologies,28 the material
tends to accumulate at the boundaries of the drop because of
the inhomogeneous evaporation of the solvent during the
shrinking.29 Larger crystals (size >100 mm) whose shape
depended on the molecular structure, accumulate at the
boundaries while towards the centre of the droplet their sizes
decrease till a few mm; furthermore, in the case of compounds
C3-, C6- and C8-NT4N a continuous lm in between the crystals
was observed by atomic force microscopy (AFM) and POM.

As a representative case, compound C8-NT4N is herein dis-
cussed while details on POM analysis of all the other
compounds are reported in the ESI (Fig. S3†).

When deposited on glass C8-NT4N forms a continuous lm
on the surface whose thickness increases from the centre to the
boundaries. Under POM, the lm exhibits birefringence
without extinguishing at any direction (Fig. 3a). Furthermore in
the centre of the deposit birefrangent ber-like crystals were
oen observed (Fig. 3b). The ber-like crystals appear as long
crystallites (>50 mm) randomly distributed on the surface, with
width ranging from 200 nm to 10 mm resulting in an aspect ratio
(length–width) between 1 : 5 and >1 : 10. The bers exhibit a
strong birefringence, however they do not extinguish at any
directions, indicating a polycrystalline nature. In good accor-
dance with the DSC trace (Fig. 2), C8-NT4N thin deposits show a
transition to the LC phase at 255 �C followed by the transition to
the isotropic phase at 280 �C. By heating above 255 �C, C8-NT4N
Fig. 2 DSC traces (second heating and cooling steps) at 20�Cmin�1 of
compound C8-NT4N.

3452 | J. Mater. Chem. C, 2014, 2, 3448–3456
became a liquid crystal and de-wets forming a homogeneous
distribution of droplets which exhibit the typical behaviour of a
smectic liquid crystal (Fig. 3c). Accordingly, atomic force
microscopy (AFM) investigation revealed crystals with well
dened borders and angles and very slight roughness terraces
(r.m.s. roughness <1 nm).
XRD of single crystal, powder, thin lms

Compound C3-NT4N afforded single crystals useful for crystal
structure solution and molecular packing determination. The
molecule is centrosymmetric and the backbone is almost planar
being the two inner thiophene rings strictly coplanar and the
dihedral angle between the thiophene and the thiophene-imide
units 1.1(4)� (Fig. 4a). Differently from what observed for
C4-NT4N in previously reported study,13 the thiophene-imide
units are in uncommon syn conformations.30 The p-conjugated
backbones of compound C3-NT4N of adjacent molecules run
parallel to one another with an interlayer distance of ca. 3.54 Å
as observed also in the recently reported structure of C4-NT4N.13

The molecules are involved in a bifurcated C–H/O hydrogen
Fig. 3 Optical micrographs taken by POM (cross-polars are oriented
parallel and perpendicular to the axis of the images) and the AFM
image of C8-NT4N thin deposits. (a) Birefrangent continuous film at
the boundary of the deposit. Bar length 100 mm. (b) Fiber like crystals at
the centre of deposit. Bar length 10 mm. (c) LC phase at 260 �C. Bar is
100 mm. (d) AFM image of (b).

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) ORTEP drawing of C3-NT4N (displacement ellipsoids drawn
at the 50% probability level). Unlabeled atoms are related to the
labelled atoms by symmetry operation 1/2� x, 1/2� y,�z. (b) Arbitrary
units of the crystal packing showing the C–H–O interactions (red
lines). (c) View along the b axis showing the p-stack interactions and
the assembly of the layers.

Fig. 5 (a) XRD patterns of compounds C1, C3, C4, C6, C8-NT4N
devices directly exposed to the X-ray beam. In the inset the small angle
region is enlarged and the corresponding interlayer distances are
reported in nm. (b) Schematic representation of the C4-NT4N mole-
cule arrangement on the substrate.

Fig. 6 Left, n-type locus curves, right, n-type multiple output curves
for compounds C1, and C8-NT4N (a and b, respectively). In each
graph, the blue dotted curves represent the device drain–source
current (referred to the left scale), while the purple dotted curves
represent the emitted optical power (referred to the right scale). The
p(n)-type locus curves, multiple output and saturation transfer curves
for all compounds are reported in the ESI.†
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bond to form a 1D network (Fig. 4b). The p-stack and hydrogen
bond interactions pack efficiently the molecules to form layers
having in the inner part the conjugated backbone and the alkyl
chains on the surfaces, these layers pile up along the long axis
(Fig. 4c). The XRD pattern calculated from the structural data
ts very well with that experimentally collected for the C3-NT4N
powder sample conrming that the crystal phase is the same
(Fig. S4, ESI†). No signicant differences are observed for the
other compounds showing XRD patterns of the powder remi-
niscent of that of C3-NT4N with an intense peak at a low angle
which suggests the presence of a long axis.31

The XRD plots of vacuum evaporated lms on the PMMA
substrate for compounds C4–C8-NT4N are shown in Fig. 5a. The
high intensity in the 0 0 l reections of the C3-NT3N device
reveals the presence of a strong preferential orientation of the
molecules with respect to the substrate in the lm. The proles
are very similar to one another differing in the position of the
main reections. Indeed each prole shows two or more intense
and sharp reections that are further orders of the interlayer
distance reported in the inset of Fig. 5a.

The value of the distance progressively increases on
increasing the length of the alkyl chain. Based on the prefer-
ential orientation parameter obtained from C3-NT3N, for which
the single crystal structure is known, the sketch of the molec-
ular organization in thin lms is depicted in Fig. 5b.

Themolecules are arranged in the upright position with respect
to the substrate with a minimal interdigitation of the alkyl ends.

Due to the strict similarity of the XRD patterns and to the
trend of the interlayer distance with the alkyl chain length, we
This journal is © The Royal Society of Chemistry 2014
can reasonably assume that all the investigated C1–C8-NT4N
molecules adopt a similar upright molecular arrangement.

Electrical characterization

Electrical characterization of compounds in Chart 1 was per-
formed in a top contact device conguration (details in the
Experimental section). The representative transfer and multiple
output (n-type) electrical curves of compounds C1 and C8-NT4N
are shown in Fig. 6 and Table 3 summarizes the charge trans-
port and electroluminescence data expressed as device emis-
sion power. Considering the electrical properties, it can be
noted that contrarily to conventional oligothiophenes, for
which cyclohexyl end substitution promotes charge transport,23
J. Mater. Chem. C, 2014, 2, 3448–3456 | 3453
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Table 3 Electrical parameters for compounds in Chart 1 measured
under the same experimental conditions. Film thickness 100 nm

Compound
me
[cm2 V�1 s�1]

mh
[cm2 V�1 s�1] VNT/V VPT/V

EP
[nW]

C1-NT4N 3.0 � 10�1 2.8 � 10�3 27 �61 nd
C3-NT4N 2.4 � 10�1 1.5 � 10�4 40 �45 30
C4-NT4N 2.9 � 10�1 8.0 � 10�5 33 �70 47
C6-NT4N 1.7 � 10�1 1.3 � 10�4 20 �66 145
C8-NT4N 3.2 � 10�1 3.0 � 10�3 28 �62 150
C6cyc-NT4N 2.9 � 10�2 Nd 40 Nd Nd
C6br-NT4N Nd Nd Nd Nd Nd

Fig. 7 Charge hopping pathway schemes for molecule C3-NT4N in
the bulk crystal. y and z axis perpendicular and parallel to themolecular
axis, respectively.

Table 4 Computed charge transfer integrals s for all the pathways
having distances lower than 11 Å for molecule C3-NT4N. Displace-
ments between molecules reported by r

Pathway r [Å] sh [meV] se [meV]

1 5.38 51.56 46.72
2 5.38 7.48 74.86
3 7.75 3.13 26.26
4 10.76 0 0.39
5 7.47 0.14 0.97
6 10.76 0.41 0.15

Table 5 Charge mobilities for molecule C3-NT4N: experimental FET
mobility mFET and computed bulk mobilities mcalc and m*calc obtained by
considering all the pathways reported in Fig. 7 and excluding pathway
1, respectively

mFET [cm2 V�1 s�1] mcalc [cm
2 V�1 s�1] m*calc [cm

2 V�1 s�1]

Hole 1.5 � 10�4 1.15 � 10�1 2.20 � 10�3

Electron 2.4 � 10�1 1.82 � 10�1 2.13 � 10�1
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C6cyc-NT4N shows lower electrical performances (Fig. S6, ESI†).
Similarly, the branched C6-tail does not promote either charge
transport or EL. On the other hand, linear alkyl tail compounds
(C1–C8-NT4N) show ambipolar behaviour with a major n-type
contribution to charge transport. The hole mobility, mh, covers a
wide range of values, oscillating between 2 and 3.5 orders of
magnitude lower than electron mobility me that ranges between
1.7 and 3.2 � 10�1 cm2 V�1 s�1. The observed major electron
charge transport was investigated by theoretical calculations in
the framework of the small polaron hopping model.23 A thor-
ough understanding of the correlation between the molecular
structure and charge mobility is provided by the investigation of
the inner reorganization energy li and the charge transfer
integral s. The former is an intrinsic molecular property,
packing independent, while the latter represents the electronic
coupling element between neighbouring molecules and there-
fore critically depends on the order in the solid state. Only
minor differences in li are observed by varying the alkyl-
substituent type and/or length, with all the values included in a
30–40 meV width range (see Table S3†). Moreover, the slight
promotion of p-type transport in terms of li (i.e. lih < lie) is in
strong disagreement with the measured FET mobilities
(Table 3).

Therefore, the predominance of n-type behaviour cannot be
understood at a molecular structure level but requires also the
analysis of the molecular packing. Consequently, the transfer
integrals of C3-NT4N, for which the crystal structure was
determined (and the XRD show comparable thin lm crystal
packing), were calculated to gain an insight into the packing-
charge transport relationships. The possible charge hopping
pathways are shown in Fig. 7.

As shown from data in Table 4, the highest electronic
couplings are computed for the dimers involving rst next-
neighbouring molecule pairs, namely pathways 1, 2 and 3. The
latter shows not negligible electron transfer integral values, se
while only one pathway, namely pathway 1, has a signicant
hole transfer integral sh. All the directions are, therefore,
favourable for electron transport (i.e. me) while only one allows
the hole transport (i.e. mh).

In Table 5 bulk charge mobilities, computed in the non-adia-
batic hopping model mcalc (see ESI† for details), have been
reported for a comparison with the experimental FET ones, mFET.

The electron mobility shows a good agreement with experi-
ments, while the hole mobility dramatically overestimates the
3454 | J. Mater. Chem. C, 2014, 2, 3448–3456
FET one of about three order of magnitudes. This discrepancy
may be ascribed to the different types of computed and exper-
imental mobility. At the theory level, the charge mobility is
described by Brownian motion of charge carriers with no spatial
constraints, while the experimental FET mobility strictly
depends on the source–drain potential tensor that means the
device conguration (e.g. lm orientation). In this sense, while
electrons can move along any crystal directions thanks to non-
negligible transfer integrals s, hole transport is signicantly
high only along one pathway (see Table 4). If the latter is
forbidden by device conguration, even a damping of some
orders of magnitude may become possible for mh. Thus, by
ignoring the pathway 1, we get m*calc,e ¼ 2.13 � 10�1 cm2 V�1 s�1

and m*calc,h¼ 2.20� 10�3 cm2 V�1 s�1, in much better agreement
with the experimental FET mobility.
This journal is © The Royal Society of Chemistry 2014
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Fig. 8 (a) Images of a device in the OFF state and in the ON state
showing light emission visible by eyes. (b) Electroluminescence
spectra of compounds C3, C6, and C8-NT4N. (c) Optical imaging of
the emissive stripe motion in the channel achieved by tuning the gate
voltage for compound C6-NT4N.
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As shown by the curves in Fig. 6 (Fig. S8, ESI†) and data in
Table 3, the emission power signal of the device (taken as
comparative parameter) slightly increases on increasing the tail
length from C3 to C8. Being the thin lms quantum yields
almost comparable for all compounds, further investigation to
understand the exciton generation and decay processes within
the organic electroluminescent transistor device will be carried
out. The EL spectra of compounds C3, C6, C8-NT4N are shown
in Fig. 8b and are similar to the PL ones (Fig. 1b, c and f)
demonstrating that the EL emission truly comes from the
organic active layer. Fig. 8c shows the movement of the emissive
stripe inside the device channel by changing the applied bias, a
typical feature of ambipolar OLETs also previously observed for
other TBI materials including C4-NT4N.14

Conclusions

In summary, we investigated the effect of the N-alkyl end shape
and size on the optical, self-assembly and charge transport
properties of a new rational family of thieno(bis)imide based
materials. Contrarily to what generally observed for conven-
tional oligothiophenes, no signicant effects on the optical
properties, thin lms morphology and charge mobility resulted
from the different structural end-motifs. Major electron charge
transport with mobility up to 0.3 cm2 V�1 s�1 was measured in
OFET conguration, and rationalized by theoretical calcula-
tions. Tail dependent electroluminescence was also observed
suggesting the potential key role of the N-alkyl end of the TBI
moiety for the selective modulation of the electroluminescence
of these materials for ambipolar single layer OLET device
applications. Further studies in this direction are currently
under way.
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