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A. Facchetti,® T. J. Marks,*® J. T. Lépez Navarrete,*® J. L. Segura,*@ J. Casado®
and R. Ponce Ortiz*°

We have synthesized two novel dicyanovinylene-substituted DPP-oligothiophene semiconductors, DPP-
4T-2DCV and 2DPP-6T-2DCV. In these materials, the combination of an extended oligothiophene
conjugated skeleton with the strong electron-withdrawing DPP-dicyanovinylene groups results in
semiconductors exhibiting ambipolar TFT response with reasonably balanced electron and hole mobilities
of up to 0.16 cm? V™t s™t and 0.02 cm? V! s72, respectively. Furthermore, no thermal annealing of the
semiconductors is necessary to afford high mobility, making them ideal candidates for low cost
fabrication of devices on inexpensive plastic foils. Analysis of the molecular and electronic structures by
means of electronic and vibrational spectroscopy techniques, electrochemistry and DFT calculations
highlights a unique electronic scenario in these semiconductors, where the external cyano groups are
isolated from the m-conjugated core. The appearance of these unusual w-systems explains the similar
electron mobilities recorded for both DPP-4T-2DCV and 2DPP-6T-2DCV, despite their different skeletal
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) mobilities in semiconductors with such large accumulation of acceptor units. Transient spectroscopy
DOI-10.1039/c4tc00714j measurements indicate the appearance of triplet excited state species, which may be related to the

www.rsc.org/MaterialsC semiconductors’ low performances in OPVs, due to the intrusion of triplets in the carrier formation process.

1. Introduction

Organic field-effect transistors (OFETSs) have been the focus of
attention for many researchers in the past two decades due to
their great potential as fundamental elements in electronic
devices, such as, radio frequency identification (RFID) tags,
smart cards,' electronic papers,” displays,® and sensors.**®
Extensive studies of OFETs have resulted in the development of
organic semiconductors rivalling or surpassing the electrical
performance of amorphous silicon,”* and combining low-cost
processability/printability with excellent mechanical flexi-
bility.”**** However, the overall development of n-type and
ambipolar semiconductors still lags behind of that of their
p-type counterparts, and this is usually related to
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semiconductor ambient instabilities and inappropriate frontier
molecular orbital alignment with electrode Fermi levels.

Ambipolar materials capable of efficiently transporting both
holes and electrons by simply changing the bias voltage are
extremely desirable for complementary-like electronic circuit
fabrication,"™*® and for light-emitting transistors.”*** For this
reason, intense efforts have been devoted in recent years to the
design of high-performance ambipolar small molecules and
polymers. Among the most often used building blocks for
ambipolar organic semiconductor design is the diketopyrrolo-
pyrrole (DPP) core. The electron-deficient nature of DPP
provides low energy LUMO levels, hence allowing the synthesis
of low band-gap donor-acceptor systems when combined with
thiophenic moieties (having high energy HOMOs), which have
been shown to be excellent candidates for organic elec-
tronics**>' and photonics.***® Furthermore, the possibility of
ring fusion of the aromatic backbone or the tailoring of inter-
molecular hydrogen-bonding may yield materials with strong
-1 stacking interactions and substantial orbital overlap,
together with tunable HOMO and LUMO energies, which are
extremely desirable features for obtaining high-performance
OFETs.

In the organic electronics field, some DPP-based polymers
have recently yielded ambipolar transport with mobilities
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surpassing 1 ecm” V™' s71.273%342 [n comparison to DPP poly-
mers, DPP-based small molecules have been studied to a far less
extent; however, some also exhibit ambipolarity but with more
modest performance, on the order of 1072 cm® V' s'.** The
inclusion of cyano functionalities in the backbone of oligo-
thiophenes (dicyano-vinyl or tetracyanoquinodimethanes) has
been successful in numerous OFET and OPV applications. Only
recently, the introduction of cyano functionalities on DPP-oli-
gothiophene cores has resulted in high-performance p-type,
n-type, and ambipolar semiconductors, with hole or electron
field-effect mobilities in the 0.1-1 em® V' s™' range and
ambipolar mobilities of ~0.07 cm®> V' s (for holes) and
0.03 ecm” V™' s * (for electrons).***® Inspired by these advances,
we report the synthesis and properties of two new dicyanovi-
nylene-substituted DPP-oligothiophene derivatives, DPP-4T-
2DCV and 2DPP-6T-2DCV, shown in Fig. 1. These two molecules
possess extended 7-conjugated cores and thus complement the
recently published semiconductor DPP-T-DCV with a truncated
m-core and good n-type-only thin-film mobility.*® Importantly,
the sizeable extension of the DPP-T-DCV 7-conjugated skeleton
in this work switches the transport characteristics from uni-
polar n-type conduction to ambipolarity.

In this contribution, we present the synthesis and character-
ization of two novel derivatives, DPP-4T-2DCV and 2DPP-6T-2DCV
(Fig. 1). The electronic and molecular structures of these two
molecular semiconductors have been analyzed by electrochem-
istry, electronic and vibrational spectroscopy techniques, laser-
flash photolysis, and quantum-chemical DFT calculations. Their
electrical performances have been tested in OFET devices, showing
ambipolar reasonable balanced field effect mobilities of up to
0.16-0.02 cm® V" s~ for electron and hole transport, respectively.

2. Results and discussion

The synthesis of the DPP-2T unit was carried out as described
previously.** Branched alkyl chains were introduced into the
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Fig. 1 Molecular structures of semiconductors DPP-4T-2DCV and
2DPP-6T-2DCV.
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nitrogen centers of the DPP-2T monomer to increase solubility
and processability from solution. Compound 2DPP-4T was
obtained by a homocoupling reaction using monobromo
derivative DPP-2T-Br (Scheme 1). Thus, reaction of DPP-2T with
1.0 equiv. of NBS as the brominating agent affords a mixture of
non-, mono- and dibrominated DPP derivatives that were care-
fully separated by flash column chromatography on silica gel.
Next, the Pd-catalyzed reaction of DPP-2T-Br with bis-tributyltin
in refluxing toluene gives dimer 2DPP-4T that can be isolated as
a dark blue solid by flash chromatography in 64% yield,
together with the monostannyl derivative in 10% yield. Dimer
2DPP-4AT can also be obtained by a PdCl,(dppf), coupling
reaction with bis-pinacolate diboron, but in lower yield (43%).
Other organometallic-catalyzed coupling reactions, such as
homocoupling with Pd(OAc),, oxidative coupling, CH-activa-
tion, Suzuki and Yamamoto coupling (Ni), have been recently
described in analogous systems, but with the exception of the
Yamamoto reaction, all dimers are obtained in lower to very
poor yields.>***

Bromination of dimer 2DPP-4T with NBS in CHCIl; and
subsequent Stille coupling with stannyl derivative 1 affords,
after hydrolysis in aqueous acid media, aldehyde 2DPP-6T-
2CHO in 62% yield. Subsequent Knoevenagel reaction with
malononitrile yields 2DPP-6T-2DCV as a dark-green solid in
70% yield (Scheme 2). Following the same methodology, bis-
aldehyde DPP-4T-2CHO is obtained from dibromo derivative
DPP-2T-2Br in 48% yield. Finally, compound DPP-4T-2DCV is
obtained by reaction of DPP-4T-2CHO with malononitrile in
moderate yield (68%; Scheme 2).

All products possess excellent solubilities and were charac-
terized by NMR and optical spectroscopy techniques, as well as
by mass spectrometry.

As expected, the "H NMR spectra of all derivatives are quite
similar for the protons located in the aliphatic region. Thus, the
first CH, groups of the alkyl chains attached to the N atoms of
the DPP cores appear around 4.04 ppm for all compounds. A
broad signal can be assigned to the CH proton around 1.90
ppm, and the remainder of the protons assignable to the
branched alkyl chains are in the range of 1.35-0.82 ppm.
Remarkably, for m-extended aldehydes 2DPP-6T-2CHO and
DPP-4T-2CHO the signals of the methylene protons of the n-
hexyl substituent of the last incorporated thiophene moiety are
resolved at 2.94 ppm. These protons are shielded for dicyano-
vinylene compounds 2DPP-6T-2DCV and DPP-4T-2DCV,
appearing at 2.77 and 2.76 ppm, respectively. The aromatic
regions of the "H NMR spectra of all derivatives also exhibit
common features. The comparison of the '"H NMR spectra of
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Scheme 1 Synthesis of compound 2DPP-4T.
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Scheme 2 Synthesis of compounds 2DPP-6T-2DCV and DPP-4T-
2DCV.

dimer 2DDP-AT and of the dibrominated derivative 2DPP-4T-
2Br allows assignment of a downfield multiplet to the over-
lapping signals of thiophene protons Ha and Ha* at 8.92 ppm.
Ha* is shifted upfield for the dibromo derivative. The
remainder of the aromatic protons can be unambiguously
assigned as depicted in Fig. 2, by comparison with literature
data for similar derivatives.*>** Significantly, aldehydes 2DPP-
6T-2CHO and DPP-4T-2CHO exhibit the CHO proton in the 'H
NMR spectra at 10.02 and 10.00 ppm and the olefinic protons of
the terminal attached thiophene unit at 7.15 and 7.19 ppm,
respectively. Finally, cyano derivatives 2DPP-6T-2DCV and DPP-
4T-2DCV exhibit characteristic vinyl protons at 7.82 and
7.86 ppm, respectively.

The same similarities are observed for aromatic, olefinic and
aliphatic carbons in the "CNMR spectra for all derivatives.
Thus, the amide group of the DPP core appears around 161 ppm
and all thiophene carbons are located in the usual range.
Brominated quaternary carbons in bromo derivatives 2DPP-6T-
2Br and DPP-4T-2Br appear upfield, as expected, at 119.0 and
119.4 ppm, respectively. Branched alkyl chains show the N-CH,
at around 46 ppm and CH appears at 37 ppm in all compounds.
The carbonyl moieties in bis-aldehydes 2DPP-6T-2CHO and
DPP-4T-2CHO appear at 181.4 and 181.6 ppm, respectively, and
significantly, the vinylic carbons in tetracyano derivatives 2DPP-
6T-2DCV and DPP-4T-2DCV are highly shielded at 75.3 and 75.0
ppm, respectively. Finally, the IR spectra of both of these
compounds clearly evidence the presence of the cyano groups at
2221 and 2222 cm ', respectively, in conjugation with the
inner core.
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Fig. 2 Comparison of the aromatic region of the *H NMR spectra of
dimer 2DDP-4T with dibrominated derivative 2DPP-4T-2Br.

2.1. Electronic structure analysis

Optical spectroscopic measurements on DPP dimer 2DPP-6T-
2DCV and its corresponding monomer DPP-AT-2DCV were
carried out in dichloromethane solutions, showing the typical
features of DPP derivatives,®>*® with two intense bands in the
400-850 nm range (see Fig. 3).**** Both systems exhibit one
intense absorption peak with a A at 730 and 642 nm,
respectively. Bathochromic shifts of the absorption maxima by
88 nm are observed from DPP-4T-2DCV to 2DPP-6T-2DCV. This
red shift reflects the extension of the m-conjugated systems
through dimerization of the DPP monomer. The optical energy
gaps estimated from the onset wavelength of DPP-4T-2DCV and
2DPP-6T-2DCV are 1.60 and 1.49 eV, respectively, indicating a
smaller gap for the more conjugated system. Note also that the
presence of the vibronic structure on the less energetic bands
indicates the absence of significant intramolecular charge
transfer (ICT) between the donor and acceptor parts of the
molecule. This is interesting since it might reveal the possibility
of a fine (step-by-step) modulation of the frontier orbital ener-
gies by a combination of donors and acceptors, an effect often
impeded by ICT.

Cyclic voltammograms of 2DPP-6T-2DCV and DPP-4T-2DCV
were recorded in dichloromethane solutions and are shown
versus Fc/Fc' in Fig. 4; data are compiled in Table 1. Both
compounds exhibit two reversible oxidation waves. Oxidation
provides a complementary view of the electronic structure of
these two molecules since it takes place exclusively along the
electron-rich C=C-C-C conjugated sequence, excluding the
dicyanovinylene subunits.

This view is supported by quantum-chemical calculations
indicating that most of the injected positive charge localizes on
the thiophene rings, with a large contribution of the sulfur
atoms (see ESIt). In fact, in DPP-4T-2DCV, each thiophene ring
supports approximately 20% of the positive charge (~80% of
the total), while in 2DPP-6T-2DCV each ring supports ca. 15%
(~90% of the total). It is interesting to emphasize that
although the DPP moiety is commonly considered as an

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Absorption (solid line), emission (bold solid line), and excitation
(dashed line) spectra of the DPP-4T-2DCV and 2DPP-6T-2DCV
semiconductors.

electron-withdrawing group®*>**® it also bears around
20(10)% of the positive charge in DPP-4T-2DCV(2DPP-6T-
2DCV). This result is in good agreement with the topology of the
HOMO (Fig. 5 below), where the DPP unit makes a significant
contribution. This interpretation corroborates these radical
cations as fully delocalized charges and therefore sensitive to
the conjugation length. Thus, oxidation potentials are lower for
the more extensively conjugated dimer 2DPP-6T-2DCV in
comparison with the analogous monomeric DPP-4T-2DCV
derivative (Eox; = 0.47 V, Egxp 0.65 V versus Eog; = 0.57, Eoxy =
0.84 V; see ESIt). In contrast to the oxidation reactions, the
corresponding reductions more heavily reflect the electron-
withdrawing portions of the molecules. Two reversible reduc-
tion waves are observed for both compounds: a first reduction
potential at —1.12 V for 2DPP-6T-2DCV and DPP-4T-2DCYV, likely
bielectronic processes, where charge is accumulated in the
external cyanovinyl groups®”*® (see calculated dianion charge
distributions in the ESIf), and a second reductive process,
associated with the DPP fragments, and logically conjugation
length-dependent, —1.60 V in DPP-4T-2DCV and —1.32 V in
2DPP-6T-2DCV. The result is a net lowering of the electro-
chemical band gap. Experimental HOMO and LUMO energies
were determined from the oxidation and reduction potentials,
respectively, considering that the energy level of ferrocene/

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Cyclic voltammograms recorded for semiconductors DPP-4T-
2DCV and 2DPP-6T-2DCYV in dichloromethane solution. Potentials are
reference versus Fc/Fc*.

ferrocenium is 4.8 eV below vacuum (see equations below), and
the data obtained are summarized in Table 1.

EHOMO: 7(on + 480) (SV)

ELUMO: 7(Ered + 480) (CV)

In view of the molecular orbital topologies (Fig. 5), it can be
concluded for these molecules that the DPP unit heavily
contributes to the HOMO; however, its contribution to the
LUMO is much less pronounced.* This is interesting consid-
ering that the DPP building block is well-known to be electron-
deficient when mixed with thiophenic fragments. In the present
case, the highly electron-withdrawing dicyanovinylene groups
compete with the DPP unit, greatly diminishing the acceptor
character of the latter. To further analyze the contribution of the
DPP unit to the HOMO, we calculated the molecular orbital
(MO) energies and topologies for the DPP-4T-2DCV constituent
units (DCV-2T and DPP units).”® The results indicate that
attaching the DCV-2T fragment to the DPP building block leaves
the HOMO energy of the latter essentially unaltered, —5.45 eV
(DPP) versus —5.47 eV (DPP-2T-DCV), indicating that the DPP-
2T-DCV HOMO energy is dictated by the DPP unit and not by the

J. Mater. Chem. C, 2014, 2, 6376-6386 | 6379
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Table 1 Electrochemical potentials (V) versus Fc/Fc*t of the indicated compounds in CH,Cl, solution and frontier molecular orbital energies
estimated from cyclic voltammetry data (DFT//B3LYP/6-31G** theoretical data are shown between brackets)

Comp. Erear Eredr Eox1 Eoxs B¢ EP LUMO (eV) HOMO (eV)
DPP-4T-2DCV —1.12 —-1.60 0.57 0.84 1.69 1.60 —3.68 (—3.59) —5.37 (—5.43)
2DPP-6T-2DCV —1.12 —1.32 0.47 0.65 1.59 1.49 —3.68 (—3.49) —5.27 (—5.15)

“ Optical band gap estimated from the onset of the absorption spectra.

LUMO (-3.59 eV)

; <{_>/‘ HOMO (-5.15 &V)

LUMO (-3.49 eV)

HOMO (-5.43 eV)

Fig.5 B3LYP/6-31G** electronic density contours for the HOMO and
the LUMO (calculated energies are shown between brackets) for DPP-
4T-2DCV and 2DPP-6T-2DCV.

bithiophenic fragment. The attachment of a second DCV-2T
unit is also explored theoretically as discussed below.

Fig. 6 shows the MO diagram depicting the interaction
between the DPP-2T-DCV and the DCV-2T fragments to produce
DPP-4T-2DCV. Here we observe again that the HOMO energy is
basically dictated by the HOMO of the subunit containing the
DPP building block, further supporting the large contribution
of that unit to the doubly-occupied orbital. Note also that in the
DPP-2T-DCV HOMO there is a strong participation of the
nitrogen atoms and the neighboring carbonyl carbon, while in
the final product DPP-4T-2DCV, the participation of the amide
nitrogen atoms is diminished in favor of the two alternate C=C
double bonds of the DPP unit. Therefore, it appears that the
formation of DPP-4T-2DCV enhances the linear conjugation
between the two thiophene cores while the amide moieties
remain isolated from the principal conjugated pathway, in
accord with the appearance of a cross-conjugated structure
competing with the primary conjugated skeleton.®* In contrast,
the LUMO orbital of DPP-4T-2DCV is a combination of the
LUMO orbital of the constituent units, with a small contribu-
tion of the DPP unit. In fact, the wavefunction is basically
localized at the molecular ends with the DPP interrupting in the
middle.

2.1.1. Photophysical properties. Fig. 3 displays the
absorption, excitation, and emission spectra of DPP-4T-2DCV
and the 2DPP-6T-2DCV. As discussed above, the absorption
spectra are characterized by two principal absorptions, around

6380 | J Mater. Chem. C, 2014, 2, 6376-6386
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Fig. 6 B3LYP/6-31G** molecular orbital diagram showing the
coupling between DPP-2T-DCV and the DCV-2T fragments.

430-450 nm due to the thiophenic portion of the molecule and
another, more intense band at 650-750 nm, likely involving the
DPP unit together with the surrounding thiophenes. This frag-
mentation of the electronic structure is well corroborated by the
emission spectra. In DPP-4T-2DCV, either by exciting the thio-
phene or the DPP-thiophene band, the same emission is
observed from the lowest energy DPP-thiophene excited state,
with a small Stokes shift. In 2DPP-6T-2DCV, however, on
exciting the thiophene part, a typical thiophene emission is
observed with a characteristic vibronic structure and larger
Stokes shift due to the inter-thiophene flexibility. However, by
exciting the DPP-thiophene band no fluorescence is detected
which is a result of the lower energy gap that accelerates the
non-radiative process. Overall this is an example of emission
from higher excited states (violation of the Kasha's rule) due to
the energy separation between excited states imposed by the
electronic structure fragmentation (cross-conjugation).

Fig. 7 displays the transient absorption spectra of DPP-4T-
2DCV in the microsecond time regime after the excitation. The
depletion of the ground electronic state absorption is clearly
observed together with the emergence of a new band at 760 nm
with well-defined isosbestic points, indicating the reversible
transformation of the ground state molecule into a long-lived
excited state, without apparent chemical degradation. For DPP-
4T-2DCV the excited state lifetime is ~30 ps likely, indicating
the presence of an absorbing triplet excited state in the flash-
photolysis experiment. Residual transient absorption spectra
were also observed for 2DPP-6T-2DCV, suggesting a lower-
energy photogenerated triplet state which quickly deactivates

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Transient absorption spectra recorded for DPP-4T-2DCV in
CH,Cl, solution.

and eludes microsecond detection. This is in accord with the
profound red-shift of the absorption spectra around 700 nm.
The appearance of triplet excited state species in these mole-
cules after laser excitation, as will be seen later, can be related to
the photovoltaic activity since the formation of long-lived trip-
lets in competition with charge transfer singlet excitons can
diminish the overall yield of charge generation.

2.2. Molecular structure analysis

Fig. 8 shows the comparison between the FT-Raman spectra of
DPP-4T-2DCV and 2DPP-6T-2DCV. Both systems show similar
spectral profiles. DFT-computed Raman spectra and selected
eigenvectors for DPP-4T-2DCV are shown in the ESL{
Beginning with the features at 1689 and 1688 cm™ " for DPP-
4T-2DCV and 2DPP-6T-2DCV, respectively, these are typical
amide I frequencies, and thus are related to DPP-centered
vibrations. To understand the implications of the energies of
these vibrations we first consider two different possible vibra-
tional couplings of the DPP unit with the surrounding core
(Scheme 3). In the case of the carbonyl coupling denoted as 1 in

'— DPP-4T-2DCV
—— 2DPP-6T-2DCV

Raman Intensity

2200 2000 1800 1600 1400 1200 1000 800
-1
)

Wavenumber (cm

Fig.8 FT-Raman spectra (Aexc: 1064 nm) of semiconductors DPP-4T-
2DCV and 2DPP-6T-2DCYV in the solid state.
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Scheme 3, the carbonyl group is «,B linked to the neighboring
vinylene fragment. Such an interaction is expected to shift the
carbonyl mode to approximately 1720 cm™'.®>% In contrast, a
typical amide carbonyl group, depicted as 2 in Scheme 3, should
exhibit the »(C=0) vibration at around 1690 cm™".®* Thus, the
presence of the »(C=0) in DPP-4T-2DCV and 2DPP-6T-2DCV
Raman spectra at 1689 and 1688 cm ™", respectively, implies
that: (i) the carbonyl vibration is more “amide-like,” in line with
the isolation of the carbonyl moiety from the principal linear
conjugation pathway and thus, corroborates the presence of a
ground state cross-conjugated structure; (ii) cross-conjugation
isolates these moieties from the remainder of the conjugated
skeleton and therefore, their frequencies are invariant with the
molecular size. In contrast, the oligothiophene v,,,,(C-C/C=C)
stretching vibration shifts from 1433 cm ™' in DPP-4T-2DCV to
1422 cm™ ' in 2DPP-6T-2DCYV, in accord with elongation of the
conjugational path. This vibrational scenario is consistent with
the MO description discussed above, which mainly highlighted
a C=C-C=C interaction through the DPP unit and conse-
quently, more “amide-like” -N-C=0, Scheme 3 (2), coupling at
the expense of a -C=C-C=0 (1). The HOMO topology (Fig. 5)
also reveals the electronic structure aspects of the CN group.
Thus, the »(C=N) frequency bands are weak and frequency
invariable in the DPP-4T-2DCV and 2DPP-6T-2DCV Raman
spectra, arguing that the wavefunction delocalization does not
extend to those terminal groups and that the reduction
processes, driven by the pronounced electron-withdrawing
character, are confined to the dicyanovinylene groups, in
agreement with the aforementioned electrochemical results.
Note that the electrochemical data shown above indicate that
the dicyanovinylene units were not greatly involved in the
conjugational pathway, consistent with the same reduction
potential for the two molecules.

2.3. Thin film properties and charge transport

Thin films of the present DPP-based semiconductors were spin-
cast on OTS-treated Si/SiO, substrates from 10 mg mL~! semi-
conductor solutions in chloroform, and characterized by XRD
and AFM techniques. The crystallinity and long range packing

e
R

Scheme 3 Scheme indicating two different possible couplings of the
DPP unit with the surrounding core.

J. Mater. Chem. C, 2014, 2, 6376-6386 | 6381


http://dx.doi.org/10.1039/c4tc00714j

Published on 05 June 2014. Downloaded by Rice University on 30/09/2014 19:25:47.

Journal of Materials Chemistry C

order of DPP-4T-2DCV and 2DPP-6T-2DCV thin films were
studied by out-of-plane grazing incidence X-ray diffraction (GI-
XRD) and data are shown in Fig. 9. The incident angle (w) was
kept low (<0.5°) to prevent the incident photons from pene-
trating into the substrate. Both semiconductors show modest
crystalline features. The diffraction peaks at 5.0° and 4.5°
correspond to lamellar packing structures with d-spacings of
17.6 A and 19.6 A for DPP-4T-2DCV and 2DPP-6T-2DCV,
respectively.

The occurrence of only weak second-order lamellar diffrac-
tion features in both semiconductor films suggests minimal
long-range crystallinity. Note that mild annealing treatment
notably enhances thin film crystallinity in both systems. In
order to further explore the semiconductors' crystal structures,
many attempts were made to grow single crystals but without
success, which is probably due to the presence of the bulky alkyl
chains in the conjugated skeletons.

The topologies of the DPP-4T-2DCV and 2DPP-6T-2DCV thin
films were also analyzed by tapping mode AFM. Fig. 10 shows
the AFM images for as-cast films and films annealed at 80 °C. It
is clear that DPP-4T-2DCV thin films contain much smaller
grains versus those of 2DPP-6T-2DCV. Although the debate is
still open, larger crystalline grains are usually related to
enhanced device performance. An 80 °C annealing treatment
does not remarkably change the DPP-4T-2DCV film
morphology; however in the case of 2DPP-6T-2DCV grain
connectivity is clearly diminished on mild annealing.

Solution processed bottom-gate top-contact FET devices of
structure Si/SiO,/semiconductor/Au were fabricated to assess
the charge transport characteristics of DPP-4T-2DCV and 2DPP-
6T-2DCV films. Both semiconductors show ambipolar transport
under vacuum conditions. Hole and electron mobilities were
extracted in the saturated regimes from at least three separate
devices from each substrate. The average and maximum field
effect mobilities, along with the average threshold voltages are
listed in Table 2. Some representative output and transfer plots
for DPP-4T-2DCV and 2DPP-6T-2DCV are shown in Fig. 11 and

4
—— 2DPP-6T-2DCV as-cast

31 ——— 2DPP-6T-2DCV 80°C
mg 2 —— DPP-4T-2DCV as-cast
‘>_< —— DPP-4T-2DCV 80°C
T
>

@ 0

Q9
£

1
w

5 10 15 20 25 30

20[°]
Fig. 9 Out-of-plane X-ray diffraction of as-cast and annealed (80 °C)

thin films of DPP-4T-2DCV and 2DPP-6T-2DCV on OTS-modified
Si/SiO, substrates.
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Fig. 10 Tapping-mode AFM images recorded for DPP-4T-2DCV and
2DPP-6T-2DCV under different annealing conditions.

12. These graphics clearly demonstrate the ambipolar nature of
the charge transport characteristics.

Spin-cast films of both semiconductors exhibit excellent
electron and hole transport properties under vacuum. Note that
no special film casting or annealing treatment is needed to
afford high performance, which is desirable for low-cost fabri-
cation processes. The maximum electron and hole mobilities
recorded for 2DPP-6T-2DCV are 0.159 and 0.020 cm* V™! 577,
respectively, for as-cast films. Note however that performance
notably degrades on annealing. In fact, for films annealed at
80 °C substantially lower electron and hole mobilities of 0.073
and 0.013 cm® V' s~ are found.

Note that these OFET data do not completely parallel the
XRD/AFM microstructural trends since the XRD data show that
annealed 2DPP-6T-2DCYV films are more crystalline than as-cast
films, which is frequently connected with enhanced perfor-
mance. However the lower OFET performance found for
annealed films is indeed supported by the loss of crystallite
interconnections after the thermal treatment, as shown in the
AFM images.

As-cast films of DPP-4T-2DCV also afford sizeable electron
(0.067 cm® V' s7') and hole (0.008 cm® V' s7') mobilities.
However, in this case, the electrical performance is significantly
enhanced after a mild annealing. For films annealed at 80 °C,
electron and hole mobilities of 0.142 and 0.010 cm> V™" s~ " are
observed, respectively. These data are in good agreement with
the previous thin film characterization, where a mild thermal
annealing was translated in enhanced crystallinity without loss
of intergrain connectivity.

To further understand the charge transport process we also
calculated the internal reorganization energies of the neutral
molecules under positive and negative charging. This theoret-
ical parameter is related to geometrical relaxation accompa-
nying charge transfer, and small values are desirable for
efficient charge transport.** Intramolecular reorganization

This journal is © The Royal Society of Chemistry 2014
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Table 2 OFET electrical data for vapour-deposited films of the indicated semiconductors annealed under different conditions and measured in
vacuum. Average field mobilities and standard deviations are shown (the highest mobility values are shown in brackets)

n-type p-type
Semiconductor Annealing temp. (°C) e (em®> Vs Vr (V) un (em?>vts™) Vr (V)
DPP-4T-2DCV As-cast 0.055 + 0.006 (0.067) 42 +1 0.006 & 0.001 (0.008) —43+1
DPP-4T-2DCV 80 0.088 £ 0.017 (0.142) 42 £1 0.009 + 0.001 (0.010) —44 £ 2
2DPP-6T-2DCV As-cast 0.125 =+ 0.009 (0.159) 41+1 0.014 + 0.002 (0.020) —21+£3
2DPP-6T-2DCV 80 0.071 £ 0.001 (0.073) 22+1 0.012 + 0.001 (0.013) —-12£1

1) [x10°A]

Fig. 11 Output plot data for as-cast films. (a) Left: electron transport
characteristics and right: hole transport characteristics for DPP-4T-
2DCV and (b) left: electron transport characteristics and right: hole
transport characteristics for 2DPP-6T-2DCV.

—— DPP-4T-2DCV
—— 2DPP-6T-2DCV,

—— DPP-4T-2DCV
—— 2DPP-6T-2DCV

-Ip) [A]
>

80 60 -40 20 0 20 20 0 20 40 60 80
Vs VI Ve IV]

Fig. 12 Bidirectional transfer plot data for as-cast films. (a) Left: plots
of DPP-4T-2DCV and 2DPP-6T-2DCV under the p-type bias satura-
tion regime (Vp = —80 V), (b) right: plots of DPP-4T-2DCV and 2DPP-
6T-2DCV under the n-type bias saturation regime (Vp = 80 V).

energies for electron/hole transport were estimated to be 0.21/
0.22 eV and 0.16/0.18 for DPP-4T-2DCV and 2DPP-6T-2DCV,
respectively. The lower values found for both electron and hole
transport for the molecule with the most expansive m-system is
in good agreement with the higher electrical performance.
There are several examples of high hole mobility and elec-
tron mobility ambipolar materials in the literature.*>* Polymers
containing diketopyrrolopyrrole motifs, especially when copo-
lymerized with selenothiophene subunits, afford impressively
high and balanced hole and electron mobilities in ambipolar

This journal is © The Royal Society of Chemistry 2014

transistors.*>*>*% However, to date such high performance
ambipolar characteristics have not been demonstrated in small
molecules.****1%%7%72 To the best of our knowledge, DPP-4T-
2DCV and 2DPP-6T-2DCV exhibit the highest balanced electron
and hole mobilities in thiophene-derived small molecule
ambipolar semiconductors, solution processed, or other-
wise.***77%7>75 Note that the n-channel mobilities of ~0.14-
0.16 cm” V~' s " reported in this contribution are among the
highest n-type mobilities reported to date for solution-pro-
cessed small molecules.*>”*”¢ Furthermore, thermal annealing
is not necessary to achieve these mobility values, while in
general it is needed to significantly enhance device perfor-
mance.*” This ambipolar transport behavior is nicely justified at
a molecular level where the electronic structure fragmentation
between donors and acceptors due to cross-conjugation imparts
well differentiated molecular parts for positive and negative
charge accommodation and more importantly a fine and
separated tuning of the HOMO and the LUMO energy level
alignment for hole and electron injection.

Further analysis of the OFET data indicates that the hole
mobility is doubled in magnitude for 2DPP-6T-2DCV versus
DPP-4T-2DCV (0.02 vs. 0.01 cm”® V™' s7'). As noted above, the
spectroscopic and quantum chemical results indicate that the
positive charge is extensively delocalized over the conjugated
skeleton. Therefore, a more expansive oligothiophene fragment
is expected to stabilize charge injection (also facilitated by a
higher HOMO energy) and transport. Note, however, that
despite the more expansive 2DPP-6T-2DCV conjugation
pathway, no great differences in FET electron mobility are
observed for 2DPP-6T-2DCYV versus DPP-4T-2DCV. Furthermore,
it is intriguing that a semiconductor having such a large accu-
mulation of acceptor units, up to four in the case of 2DPP-6T-
2DCV, exhibits quite balanced electron and hole mobility. We
hypothesize that this is related to, among other factors, the
unusual m-systems of these DPP derivatives. As shown
throughout this work, the dicyanovinylene groups, the units
mostly involved in the first reduction processes, are not effi-
ciently coupled to the m-systems. In fact, despite different
skeletal dimensions, both semiconductors have approximately
the same LUMO energies, which, considering similar thin film
characteristics, translate to similar electron mobilities (0.14 vs.
0.16 cm® V' s7'). Furthermore, the aforementioned dicyano-
vinylene “disconnection” with the conjugated skeleton also
indicates that after electron injection, the charged defect is
expected to be localized on the external parts of the molecules,
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known to be a feature which leads to charge trapping in OFETs.
This is the likely reason for the unexpected balanced ambipo-
larity in these semiconductors, and especially in 2DPP-6T-
2DCV.

2.4. Photovoltaic activity

The aforementioned promising optical, XRD, and OFET results
motivated the exploration of the photovoltaic properties of the
two DPP derivatives. To this end, a conventional ITO/
PEDOT:PSS/semiconductor:PC,;BM/LiF/Al architecture was
employed. The solar cell device performance was optimized by
the variation of the active layer blend compositions and
annealing temperatures. Solar cells were then fabricated with
DPP-4T-2DCV and 2DPP-6T-2DCV derivatives as the donor
material and PC,;BM as the acceptor (see Table 3 and ESIY).
Negligible photovoltaic response is observed for DPP-4T-
2DCV:PC,;BM while an extremely low efficiency of 0.04% is
achieved for the extended 2DPP-6T-2DCV:PC,;BM system. As
anticipated earlier, the appearance of triplet excited state
species in these molecules in the transient absorption spec-
troscopy could be one of the reasons behind their low perfor-
mance in solar cells.”” To further support this point, we have
synthesized homologous semiconductors without the dicyano-
vinylene end groups, DPP-AT and 2DPP-6T (Fig. 13).

While synthetic details will be reported elsewhere, it can be
disclosed here that these compounds do not exhibit long-lived
triplets in the transient absorption spectroscopy, and that
optimized OPV structures with PCs;BM as the acceptor yield
solar cells with power conversion efficiencies of 2.36% and
0.52%, respectively (see photovoltaic characterization in the
ESIt). This remarkably enhanced performance versus the
dicyanovinylene derivatives may be related to the intrusion of
triplets in the carrier formation process of the latter,”” although
it could be also partially related to different bulk heterojunction
layer morphologies (see AFM images in the ESIT).

Due to the ambipolar characteristics of DPP-4T-2DCV and
2DPP-6T-2DCV molecules, their ability to behave as the acceptor
in the bulk heterojunction solar cells was investigated by
blending them with a regioregular P3HT polymer (see data in
Table 3 and ESIf). It was found that both DPP-4T-2DCV and
2DPP-6T-2DCV performed better as acceptor materials than
they did as donors, with a PCE of 0.08 and 0.09%, respectively.
However, their performances are still remarkably low.

Table 3 Device performance of DPP-4T-2DCV and 2DPP-6T-2DCV as

View Article Online
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CeHiz

DPP-4T [ CeHia

CgHiz
2DPP-6T

CgHiz

Fig. 13 Molecular structures of semiconductors DPP-4T and
2DPP-6T.

3. Conclusions

We have successfully synthesized, isolated, and characterized
new N,N-alkylated DPP-thiophene conjugated derivatives. The
effective synthetic pathways involve Pd-catalyzed homocoupling
of the asymmetric DPP intermediate to yield the dimer 2DPP-
4T. Further functionalization of dibrominated dimer 2DPP-4T-
2Br and monomer DPP-2T-2Br by Stille coupling and subse-
quent hydrolysis and Knoevenagel reactions allow new DPP
derivatives in good yields and with excellent solubilities. Optical
spectra of DPP-4T-2DCV and 2DPP-6T-2DCV exhibit distinctive
absorptions in the 400-850 nm region, comparable to those of
DPP-containing polymers. Transient absorption spectroscopy
shows the presence of long-lived excited triplet states in both
molecules, which may be related to their low performances
found in OPVs. This could be due to charge transfer state
recombination to the ground state, via an energetically favour-
able triplet state. Field-effect transistors fabricated with these
semiconductors exhibit ambipolar response with balanced hole
and electron mobilities, up to 0.16 cm* V' s~ *and 0.02 cm>Vv~*
s~' for as-cast solution processed 2DPP-6T-2DCV films. No
thermal treatment is necessary to afford high performances,
which makes this semiconductor an ideal candidate for low cost
fabrication devices. Furthermore, the conjunction of electronic
and vibrational spectroscopy studies, electrochemistry and DFT
calculations highlights the existence of a unique electronic
structure in these semiconductors, where the external cyano
groups are isolated from the m-conjugated core. These unusual
m-systems may account for the similar electron mobilities
recorded for both DPP-4T-2DCV and 2DPP-6T-2DCV, despite
their different skeletal lengths. In addition, it could also be the
reason behind the appearance of balanced hole and electron

both donors and acceptors in the bulk heterojunction solar cells

Donor Acceptor Solvent Voe [V] Jse [MA cm™?] FF [%] PCE [%]
P3HT DPP-4T-2DCV p-Xylene 0.53 0.03 61 0.01
P3HT DPP-4T-2DCV oDCB* 0.53 0.24 59 0.08
P3HT DPP-4T-2DCV CHCl; 0.60 0.006 51 0.002
P3HT 2DPP-6T-2DCV oDCB 0.53 0.40 41 0.09
P3HT 2DPP-6T-2DCV CHCl; 0.51 0.05 39 0.01
DPP-4T-2DCV PC,,BM CHCl, — — — —b
2DPP-6T-2DCV PC,,BM CHCl, 0.48 0.25 34 0.04

“ 9DCB = 1,2-dichlorobenzene. * No photoresponse.
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mobilities in semiconductors with such large accumulation of
acceptor units.
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