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Adamantane substitutions: a path to
high-performing, soluble, versatile and
sustainable organic semiconducting materials†

Alexander Kovalenko, *a Cigdem Yumusak,b Patricie Heinrichova,a

Stanislav Stritesky,a Ladislav Fekete,c Martin Vala,a Martin Weiter,a

Niyazi Serdar Sariciftcib and Jozef Krajcovica

Novel ethyladamantyl solubilization side groups were found to induce p–p interactions between the

conjugated cores through adamantyl–adamantyl stacking in soluble diketopyrrolopyrrole (DPP) derivatives.

The closeness of the DPP cores amplifies charge transfer in the material, as far as the p–p interaction is a

dominant charge-hopping pathway. As a result, tenfold enhancement of hole mobilities exceeding those

obtained for insoluble derivatives was reached. Moreover, due to high crystallinity and co-planarity of the

conjugated cores, electron transfer was preserved with a mobility of 0.2 cm2 V�1 s�1 for dithiophene-DPP.

At the same time, the material remained soluble, which is a significant advantage for purification and

processing. This approach can be universally applied for many types of semiconducting organic materials

containing the imide motif, where solubilization is achieved by side-group substitution.

1. Introduction

Soluble organic semiconducting materials have particular applica-
tion potential for easily processed low-cost sustainable electronic
devices. The solubility of organic p-conjugated small-molecule
derivatives, such as diketopyrrolopyrroles (DPP),1–6 epindoli-
diones,7 indigos,8 squaraines9 and many others, is usually
achieved by a side-chain alkyl substitution, which is meant to
interrupt inter- and intramolecular H-bonds. However, because
of these bonds, soluble organic semiconducting materials are
usually less stable;10–12 moreover, because of the tight aggrega-
tion of p-conjugated cores through intermolecular H-bonds,
insoluble materials have shown high charge-carrier mobilities
for both electrons and holes.10,13,14 On the other hand, insolu-
bility brings its obverse case: such materials are difficult to
purify and they cannot be deposited by coating or printing
techniques, which are promising ways towards the cheap mass
production of organic electronics devices.15 A large diversity
of organic semiconducting materials’ applications is spread

throughout many fields – devices for energy storage and
conversion, such as photovoltaic cells,16–18 batteries,19 light-
emitting diodes,20,21 inverters,22 photoelectrochemical cells,23

field-effect organic transistors,24,25 devices for medical applications,
such as artificial retina26 or biosensors27 – which are only part of
the possible applications of organic semiconductors.

In this paper, we offer a strategy to synthesize thermally stable
and soluble high-performing DPP-based organic semiconductors
for a wide range of electronics applications. The crucial compo-
nent of the present approach is using adamantyl substitutions
in solubilizing side groups. Because of its specific rigid, but
strain-free structure, adamantane forms a face-centred cubic
lattice, which is unusual for organic compounds.28 Namely,
molecules perfectly fit each other forming a rigid and stable
crystal. The effect of this unusual structure on the physical
properties is outstanding: the relatively small adamantane
molecule has one of the highest melting points of all known
hydrocarbons. This ability to self-organize into crystals with an
unusually high melting point29 was used to reinforce packing of
p-conjugated dyes in the solid state. The above-mentioned side
chain can improve solid-state fluorescence quantum yields
of the materials29 and significantly increase the melting point.
Considering the electrical properties, a soluble DPP derivative
with ethyladamantyl solubilization side groups showed an
ambipolar behaviour with both hole and electron mobilities
higher than the insoluble analogue. It was confirmed by X-ray
diffraction (XRD) analysis that the distance between p-conjugated
cores is shorter than the distance for insoluble material due to
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Purkyňova 118, 612 00 Brno, Czech Republic. E-mail: kovalenko.alx@gmail.com
b Linz Institute for Organic Solar Cells (LIOS), Physical Chemistry,

Johannes Kepler University Linz, Altenbergerstraße 69, 4040 Linz, Austria
c Institute of Physics, Academy of Sciences Czech Republic v.v.i, Na Slovance 2,

CZ-182 21, Prague 8, Czech Republic

† Electronic supplementary information (ESI) available. CCDC 1542005. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
c6tc05076j

Received 22nd November 2016,
Accepted 13th April 2017

DOI: 10.1039/c6tc05076j

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 1
3 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 B
rn

o 
U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 9

/3
0/

20
19

 3
:0

1:
23

 P
M

. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-7194-1874
http://crossmark.crossref.org/dialog/?doi=10.1039/c6tc05076j&domain=pdf&date_stamp=2017-04-28
http://rsc.li/materials-c
https://doi.org/10.1039/c6tc05076j
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC005019


This journal is©The Royal Society of Chemistry 2017 J. Mater. Chem. C, 2017, 5, 4716--4723 | 4717

adamantyl–adamantyl aggregations, which resulted in high
charge-carrier mobilities.

2. Experimental section
Materials

2,5-Dihydro-3,6-di-2-thienylpyrrolo[3,4-c]pyrrole-1,4-dione (97%),
potassium carbonate (499%, anhydrous) and N,N-dimethyl-
formamide (DMF) (99.8%, anhydrous) were purchased from
Sigma-Aldrich. Hexane and toluene were of analytical grade and
purchased from Riedel–de Haën and used without further
purification. 1-(2-Bromoethyl)adamantane (98%) was purchased
from Provisco CS Ltd. Chromatographic separation was carried
out on silica gel 60 (230–400 mesh, Sigma-Aldrich).

Synthesis

Anhydrous potassium carbonate (3.7 g, 26.6 mmol) was added
under an Ar atmosphere to a solution of 2,5-dihydro-3,6-di-2-
thienylpyrrolo[3,4-c]pyrrole-1,4-dione A (2 g, 6.6 mmol) in dry
DMF (30 mL) and the mixture was heated at 90 1C for 100 min.
Then, 1-(2-bromoethyl)adamantane D (6.5 g, 26.6 mmol) was
added and the mixture was stirred for 10 h at the same
temperature (Scheme 1). The suspension was filtered and the
solvent was removed under reduced pressure. The crude product
was purified by column chromatography on silica gel (hexane/
toluene). Then, the isolated product was crystallized from toluene
to afford the title product C as a dark violet solid (1.6 g, 38%).
Melting point 323–324 1C, 1H NMR (500 MHz, CDCl3, d): 8.91
(d, J = 3.8 Hz, 2H), 7.64 (d, J = 4.9 Hz, 2H), 7.27 (dd, J = 6, 5 Hz, 2H),
4.14–4.11 (m, 4H), 1.99–1.82 (m, 6H), 1.75–1.72 (m, 7H), 1.68–1.65
(m, 19H), 1.53–1.51 (m, 3H), 13C NMR (125 MHz, CDCl3, d):
161.27, 140.14, 135.22, 130.57, 129.69, 128.57, 107.85, 43.23,
42.30, 37.71, 37.10, 32.21, 28.63, EI [m/z] 624.89, found 624.97,
anal. calcd for C38H44N2O2S2: C, 73.04%, H, 7.10%, N, 4.48%, S,
10.26%. Found: C, 73.15%, H, 7.08%, N, 4.42%, S, 10.38%.

NMR spectroscopy. 500 (125) MHz 1H (13C) NMR spectra
were recorded on a Bruker Avance 500 spectrometer in CDCl3.
Chemical shifts (d) are given in parts per million (ppm) relative
to TMS as an internal standard. The melting point was deter-
mined on a Kofler apparatus and the temperature was not
corrected. Elemental analysis was measured using an elemental
analyser Flash 2000 CHNS Thermo Fisher Scientific. Mass spectra

were recorded on a GC-MS spectrometer Thermo Fisher Scientific
ITQ 700 (DEP).

Vacuum-deposited organic field-effect transistor (OFET)
fabrication. Glass slides used for the device fabrication were
cleaned sequentially with acetone, isopropanol, detergent and
deionized water, and treated with O2 plasma. 100 nm of aluminium
gate electrodes were evaporated through a shadow mask. 32 nm
of anodized alumina (AlOx) was grown using the potentiostatic
method.30,31 The AlOx layer was then passivated by evaporating
oligoethylene TTC (C44H90, tetratetracontane) to create an inorganic/
organic composite gate dielectric with a capacitance of 20 nF cm�2.32

60 nm films of the DPP derivatives were evaporated at a pressure
of 1 � 10�6 mbar at a rate of 0.2–0.3 Å s�1. Finally, gold source
and drain electrodes were evaporated using a shadow mask with
a thickness of 80 nm (L = 60 mm, W = 2 mm). For the dielectric
capacitance, values from the related literature10,32,33 were used.

Solution-processed OFET fabrication. Devices were fabricated
in a bottom-gate, bottom-contact geometry on heavily doped Si
wafers (Fraunhofer IPMS), consisting of a 90 nm SiO2 layer
integrated with 30 nm thick Au electrodes on a 10 nm ITO
adhesion layer. The interdigital electrodes had different
channel lengths (L = 2.5, 5, 10 and 20 mm) with a width of
1 cm. Substrates were cleaned in an ultrasonic bath of acetone
and isopropyl alcohol (IPA) for 10 min and then subsequently
dried with N2. The octadecyltrichlorosilane (OTS) self-assembled
monolayers (SAMs)34 were formed by immersing the silicon wafers
in a 10 mM toluene solution (anhydrous) for 10 min at 70 1C. Then,
the substrates were rinsed with IPA and dried with N2. Thin layers
were prepared in a nitrogen glovebox. DPP layers were deposited by
spin coating 15 mg mL�1 of solution at 1500 rpm.

Ultraviolet-visible absorption spectroscopy. To measure
the optical characteristics of each compound, thin films were
deposited on quartz glass substrates by means of thermal
evaporation under vacuum. The thickness of the layers was
100 � 10 nm according to measurements on a Dektak XT
mechanical profilometer (Bruker). Absorption spectra of the
samples were measured using a Varian Cary Probe 50 UV-vis-near
IR spectrometer, and the fluorescence spectra were obtained
using a Fluorolog fluorimeter (Horiba Jobin Yvon). All optical
characteristics were measured under ambient conditions.

X-ray diffraction. XRD data were collected at 120 K by the
o-scan technique on a Rigaku Saturn724 + CCD diffractometer
equipped with an Oxford Cryosystem low-temperature device,
using a rotating anode with MoKa radiation. The diffraction
intensities were corrected for Lorentz and polarization effects
and an analytical method of absorption was used. Data inter-
pretation including all corrections mentioned previously was
performed by CrystalClear-SM Expert 2.1 b32 software (Rigaku,
2014). The structures were resolved in a straightforward manner
using direct methods and refined using the full-matrix least-
squares method for all F2 data. Non-hydrogen atoms were refined
anisotropically, while hydrogen atoms were inserted in the calcu-
lated positions and refined isotropically assuming a ‘ride-on’
model. The SHELXS and SHELXL programs used for calculations
and the XP program used for geometrical analysis were parts of
the Bruker SHELXTL V5.1 program package.Scheme 1 Procedure for the synthesis of the N-alkylated DPP derivative.
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Theoretical modelling (Gaussian 09). For geometry optimi-
zation, the 6-311+G** split-valence polarized triple-z basis set
was used. As a computational method, the hybrid Becke’s three-
parameter functional with the Lee, Yang and Parr correlation
functional (B3LYP) was applied.

3. Results and discussion

2,5-Dihydro-3,6-di-2-thienylpyrrolo[3,4-c]pyrrole-1,4-dione (DPP(Th)2)
(Fig. 1A), initially insoluble in organic solvents, was N-substituted
with two types of side groups. First, the 2-ethylhexyl side chain
(Fig. 1B), which has shown superior performance in both bulk-
heterojunction solar cells35–38 and OFETs.3,39 Various materials
including DPPs3 containing 2-ethylhexyl side chains have
shown high electron3 and hole40 mobilities, which are related
to a high crystalline organization in the solid state.39 Second,
DPP(Th)2 was N-substituted with ethyladamantyl side groups
(Fig. 1C). Adamantyl-containing solubilization side groups
induce high intermolecular organization in the solid, through
adamantyl–adamantyl interactions,29,41 thus thermal stability
and crystallinity can be significantly improved.

Atomic force microscopy (AFM) has shown (see Fig. 2) that
all three materials are distinct from each other. The hydrogen-
substituted insoluble derivative has a smooth fine-crystalline
surface, whereas the soluble 2-ethylhexyl-substituted sample
had separate inclusions of larger crystallites. The ethyladamantyl

Fig. 1 Molecular structures of (A) H; (B) 2-ethylhexyl and (C) ethylada-
mantyl N-substituted DPP(Th)2.

Fig. 2 AFM images of hydrogen (A), 2-ethylhexyl (B) and ethyladamantyl (C) N-substituted DPP derivatives.

Fig. 3 Absorption and emission spectra of the thin films: hydrogen (A),
2-ethylhexyl (B) and ethyladamantyl (C) N-substituted DPP derivatives.
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N-substituted sample had a well-defined structure with large
branch-like crystallites.

3.1. Optical properties

Side-chain engineering42,43 is a common way to alter the optical
and electrical properties of organic conjugated materials,
especially polymers and small molecules containing the imide
motif. DPP is known to be a versatile dye, and several appro-
aches have reported that improved properties can be reached
by side-chain engineering.44,45 Regarding the optical spectra,
side-chain engineering of DPP derivatives usually does not
result in any significant changes if alkyl-derived chains are
used because of the absence of side-group/core conjugation.
However, it was noted that, distinctively from other compounds,
the ethyladamantyl-substituted derivative (C) exhibited solid-
state blue-shifted fluorescence in comparison with 2-ethylhexyl-
and hydrogen-substituted derivatives. Optical spectra, depicted
in Fig. 2, show that material (C) has a small Stokes shift.
A negligible Stokes shift alongside well-defined vibrational
peaks on the spectra is also evidence of the high crystallinity
of the layer (Fig. 3).

3.2. X-Ray diffraction

To study the solid-state packing and molecular interactions of
compound (C), single crystals were grown from dichloromethane :
methanol (8 : 2 v/v) solution by slow evaporation of the solvents
at room temperature. XRD parameters of the 2-ethylhexyl
N-substituted compound (B) were taken from the previously
reported paper by Naik et al.46

Interestingly, according to the XRD measurements (CCDC
number: 1542005), the distance between conjugated DPP cores
in the case of plane-to-plane aggregations is only 3.37 Å (Fig. 4).
For comparison, previously reported hexyl- and 2-ethylhexyl
N-substituted dithienyl DPP derivatives46 possessed p–p stacking
separated by a distance of 3.614 and 3.785 Å, respectively.
In contrast, the insoluble basic phenyl H-bonded DPP derivative
as reported by Głowacki et al.10 showed a 3.80 Å intermolecular
p–p stacking distance. Thus, despite the fact that ‘bulky’ side
groups like adamantyl tend to ‘soften’ the crystal and result
in larger intermolecular distances, here it was observed that
ethyladamantyl side groups result in a better intermolecular
stacking between the conjugated cores. In general, compound
(C) crystallizes in the monoclinic space group of P21/c, whereas
2-ethylhexyl N-substituted materials belong to the triclinic space
group P%1 with Z = 4. Comparing the torsion angle of the thienyl
group, it should be noted that one of the materials (C) was
found to be of 1.791, which is the smallest value in comparison
with those previously reported for hexyl and ethyladamantyl
N-substituted dithienyl DPP derivatives (6.371 and 6.641
respectively46).

This phenomenon, inducing unusually short distances between
conjugated DPP cores can be related to the specific structural
properties of the adamantane molecule itself: bonded to the
DPP(Th)2 molecules, adamantyl groups create a distinctive
‘triad’ (Fig. 5) forming so-called herringbone aggregation. Thus,
the ability of adamantyl groups to self-organize arranges the
molecules in the crystal in plane-to-plane aggregation resulting
in smaller p–p stacking distances between the conjugated cores.
As far as the p–p interaction is a dominant charge-hopping

Fig. 4 Plane-to-plane stacking of ethyladamantyl-substituted DPP (XRD
measurements).

Fig. 5 Adamantyl-induced packing (in red circles) of the ethyladamantyl-substituted DPP derivative (XRD measurements).
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pathway for DPPs,10,43 this material was proposed to be potentially
attractive for electronic applications.

3.3. Field-effect mobilities

To investigate the field-effect mobilities, we fabricated OFETs with
the three above-mentioned DPP derivatives in the bottom-gate/
top-contact configuration. As can be seen from the transfer curves
in Fig. 6, materials (A) and (B) showed hole-transport mobilities
comparable with previously reported values for insoluble10 and
soluble45,47 (mh B 10�3) derivatives. It should be noted that
soluble DPP with 2-ethylhexyl side groups possessed slightly
higher hole mobilities, which is in agreement with the

previously reported results,43 where it was shown that the contri-
bution of charge transport in the hydrogen-bonding direction
is negligible, while transport mainly occurs along p-stacks or
herringbone arrangements. Despite a previously reported theore-
tical prediction,48 neither of the two above-mentioned materials
were ambipolar, however, it was predicted that even though
electron transport is advantageous in thiophene-substituted
DPP, it is more sensitive to co-planarity (DPP-thienyl rotation
angle) of the conjugated system. Indeed, looking at the absorption
and emission spectra, one can notice that materials (A) and (B)
have large Stokes shifts when the ethyladamantyl-substituted
material clearly shows absorption and emitting maxima at zero-
phonon transition with a negligible shift. In addition, inter-
molecular distances between DPP cores and thienyl rotational
angles are lower in the ethyladamantyl-substituted derivative.
A lower DPP-thienyl rotation angle can be the main reason
why the material (C) showed an ambipolar behaviour, with an
advantage of electron transport (Fig. 6C), as was predicted for
dithienyl-substituted DPP.48 It should be emphasized that hole-
transport mobility values of the ethyladamantyl-substituted
derivative exceeded by an order of magnitude those of both
insoluble and soluble 2-ethylhexyl-substituted DPPs. Moreover,
as was mentioned, more favourable electron-transport mobilities
have reached a value of 0.2 cm2 V�1 s�1, which is comparable with
the highest values for small-molecule DPP derivatives.3 However,
previously reported results in most of the cases deal with electro-
philic terminated substitution on the aromatic heterocycles,49–51

which resulted in higher conjugation, and thus p–p stacking,
when in the present case an unsubstituted n-type DPP derivative is
reported and ambipolar behaviour clearly related to crystalline
organization, as far as N-substitution with ethyladamantyl groups
does not significantly affect the position of the molecular orbitals
in comparison with 2-ethylhexyl N-substitutions (Table 1).

Regarding the solution-processing technique, the above-
described procedure does not allow the use of a TTC layer, as
far as it is soluble in organic solvents. A composite low-surface-
energy dielectric – TTC in the present case – secures a high level
of molecular organization on the surface. Nevertheless,
comparison of materials (B) and (C) has shown the advantage
in the hole-transporting properties of the ethyladamantyl
N-substituted sample over the 2-ethylhexyl substituted sample
(1.4 � 10�7 cm2 V�1 s�1, 1 � 10�8 cm2 V�1 s�1, respectively).
Interestingly, no ambipolar behaviour was observed for material (C).
On the one hand, this can be associated with the absence of a TTC

Fig. 6 Transfer curves of DPP-based OFET with gold source–drain elec-
trodes (A) hydrogen, (B) 2-ethylhexyl and (C) ethyladamantyl N-substituted
DPP(Th)2.

Table 1 Energy orbitals (calculated), thiophene rotation dihedral angles
and charge carrier mobilities

Material
HOMO
(eV)

LUMO
(eV) a (1)

me

(cm2 V�1 s�1)
mh

(cm2 V�1 s�1)

A 2.83 5.35 — — 9 � 10�4

B 2.69 5.16 6.64 — 4 � 10�3

C 2.68 5.14 1.79 0.2 5 � 10�2

Where: HOMO – highest occupied molecular orbital, LUMO – lowest
unoccupied molecular orbital (B3LYP(6-311G*)52,53 calculated), a-single
crystal XRD confirmed a thiophene rotation dihedral angle, me and
mh measured OFET charge carrier mobilities.
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layer, thus it can result in low co-planarity of p–p conjugated cores
on the surface; however, observation of low n-type mobility is
generally the consequence of extrinsic effects or instability of radical
anions to water, hydroxyl groups or oxygen.54 In the present case,
however, the gate surface was passivated with OTS; the large
number of hydroxyl groups on the SiO2 surface can act as traps
for electrons injected into the organic semiconductor channel.55,56

4. Conclusion

In conclusion, it can be summarized that DPP(Th)2 derivatives
containing adamantyl-derived solubilization side groups possessed
hole mobilities of 5 � 10�2 cm2 V�1 s�1, which are notably higher
than the p-type mobilities of H- and 2-ethylhexyl-substituted
derivatives (9 � 10�4 cm2 V�1 s�1 and 4 � 10�3 cm2 V�1 s�1,
respectively). Interestingly, as distinct from all the derivatives under
investigation, the material with adamantyl-containing side groups
showed an ambipolar behaviour. This is assumed to be due to the
high crystallinity and co-planarity in the solid state. Evaluation of
the thienyl group rotational angle with respect to the DPP core has
shown that in comparison with the previously reported 2-ethylhexyl-
substituted DPP(Th)2 material, ethyladamantyl groups result in
higher co-planarity of the conjugated cores. This correlates with a
previously reported theoretical prediction where it was reported
that electron transfer in dithienyl DPP is advantageous, however,
sensitive to co-planarity (i.e. thienyl-DPP rotation angle).

In general, the above-described approach is very simple as it
contains only one synthetic step, which is an important remark
as far as both unsubstituted DPP and adamantane are commer-
cially affordable common mass-produced materials. Moreover,
the obtained mobility values were reached using a Au electrode,
which is a significant advantage when the air-stability issue is
considered. It also should be emphasized that this approach
can be applied to a large portfolio of organic dyes, which are
potentially attractive for organic electronics applications.
Reaching a high solubility while preserving or improving high
charge-carrier mobilities and thermal stability opens a path to a
wide range of low-cost solution-processing techniques, such as
coating and printing, as well as the ease of purification for the
above-mentioned materials.
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