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Abstract
In this paper, the possibility to use diketopyrrolopyrrole (DPP) for the construction of electrical devices designed to interact 
with animal cells was studied. For this purpose, the biocompatibility and electrical properties of the selected DPP derivative 
(3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-ethyl-hexyl)pyrrolo[3,4-c]pyrrole-1,4-dione) [referred as DPP(TBFu)2] 
were researched. The electrical properties were studied using model organic field-effect transistors. Mainly investigated was 
under what conditions maximum charge carrier mobility can be achieved. Using the cumulative effect of self-assembled 
monolayers on dielectrics and electrodes and detailed thermal analysis of the DPP, a higher charge carrier mobility was 
achieved than has been previously reported (5.5 × 10−3 cm2 V−1 s−1). The biocompatibility was studied based on a culture 
of 3T3 fibroblasts. This research revealed that DPP(TBFu)2 can be used in applications involving direct contact with living 
animal cells. The conclusions found with these model devices can be applied to components suitable for biosensing applica-
tions, e.g., water- or electrolyte-gated organic field-effect transistors.

Keywords Organic transistor · DPP(TBFu)2 · Biocompatible organic semiconductor · SAMs

List of symbols
µ  Charge carrier mobility,  cm2 V−1 s−1

RC  Contact resistance, Ω
T  Temperature, °C
USD  Channel voltage, V
UGD  Gate voltage, V
ISD  Current through channel, A
L  Channel length, µm

W  Channel width, mm
Ci  Capacity of dielectric, F cm−2

Introduction

In recent years, a number of approaches for biologically 
relevant analyte sensing or diagnostics of living cells have 
been developed. For these applications, there is a significant 
demand for small portable and inexpensive sensors that can 
be used in clinical settings. Among others, the field-effect 
transistor based on organic semiconductors could be a very 
elegant way to achieve low-cost, flexible and perhaps even 
single-use sensors (Torsi et al. 2013; Kergoat et al. 2012).

The main advantage of transistors compared to passive 
devices is their ability to amplify the input signal. The tra-
ditional metal–oxide–semiconductor field-effect transistor 
(MOSFET) is the most common architecture in digital and 
analog circuits. A MOSFET is composed of two electrodes, 
a source and a drain, separated by a semiconductor mate-
rial. The current flowing between source and drain can be 
modulated by applying a voltage to the oxide-insulated gate 
electrode. However, these traditional devices based on inor-
ganic semiconductors are not very suitable for interfacing 
with living cells and tissues (Irimia-Vladu 2014).
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It has been shown that organic semiconductors provide 
attractive properties including mechanical flexibility and 
enhanced biocompatibility. Organic materials can provide 
transistors with even higher sensitivity (Reese et al. 2004; 
Kergoat et al. 2012) compared to traditional devices and 
allow using different architectures than the standard MOS-
FET, for example ion-sensitive organic field-effect transis-
tors (ISOFET), organic electrochemical transistors (OECT), 
and electrolyte-gated organic field-effect transistors (EGO-
FET). This ability makes them very attractive for creating a 
functional interface with living cells.

The electric properties of transistors are provided by their 
configuration (channel length—L, width—W, and dielectric 
capacity Ci) and by charge carrier mobility in semiconduc-
tors (µ). Whereas the three parameters (L, W, and Ci) depend 
largely on the geometry of the device, the charge carrier 
mobility refers to the intrinsic properties of the semicon-
ducting material as well as its organization, predominantly 
in the conductive channel. To maximize the transistor per-
formance, the bottom gate/top contact (BG/TC) structure is 
usually preferred; see Fig. 1 (Dimitrakopoulos and Mascaro 
2001; Klauk 2010). A higher value of charge carrier mobil-
ity in BG/TC architecture is often achieved through a larger 
area of contacts, thicker conductive channel and better order-
ing of organic semiconducting materials in the higher lay-
ers of the organic semiconductors in the conductive channel 
than in contact with dielectrics (substrate).

However, this configuration is not very suitable for use in 
applications for sensing an outer environment (e.g., biosens-
ing or monitoring of living cells). The upper electrodes in a 
BG/TC configuration would be in contact with the environ-
ment, especially with living cells, and the electrodes can be 
affected by degradation or may be non-biocompatible. A 

better configuration uses a bottom gate/bottom contact (BG/
BC) architecture, where the electrodes are covered by the 
active semiconducting material, see Fig. 1. The drawback 
of this BG/BC configuration is the position of the conduc-
tive channel. This channel is close to the interface between 
dielectrics and the semiconductor. This often leads to the 
presence of trapping states in the conducting channel and 
results in lower charge carrier mobility.

Achieving similar or higher charge carrier mobility in a 
BG/BC architecture is essential. This can be achieved by 
careful engineering of the interfaces leading to the proper 
arrangement of the semiconductor molecules. Using thermal 
annealing of the semiconductor, self-assembled monolay-
ers on dielectrics for reducing trapping states (Lim et al. 
2005) and on electrodes for optimizing their work function 
(Kuzumoto and Kitamura 2014), the measured charge carrier 
mobility can be substantially increased up to the intrinsic 
limit of the semiconductor.

So far, only a few organic semiconductors have been 
tested and used for construction of devices for sensing of 
living cells (Rivnay et al. 2018). Among other problems, this 
lack of a broader material basis greatly limits the possibil-
ity to functionalize the semiconductor for specific targets, 
e.g., neurotransmitters. The biocompatibility of the materi-
als used is also debated, since only few materials used in 
long-term working devices have been reported (Sokolov 
et al. 2009). For these reasons, we put forward this study 
where we test one (solution processable) derivative from the 
diketopyrrolopyrrole family. Diketopyrrolopyrroles (DPPs), 
as organic semiconductors, are good candidates for (bio)
electronic applications due to their high stability (David 
et al. 2011; Kucerik et al. 2012; Weiter et al. 2009) and 
relatively easily accessible modification of their structure 

Fig. 1  Structures of compared transistors and the compound under study: DPP(TBFu)2, OTS and HMDS
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(Vala et al. 2014; Frebort et al. 2014). Recently, some of the 
DPP materials showed relatively high charge carrier mobil-
ity (Stolte et al. 2016; Kovalenko et al. 2017; Glowacki et al. 
2014). Since these reported derivatives are mostly non-sol-
uble, we have chosen a soluble derivate DPP(TBFu)2 (the 
chemical structure can be seen in Fig. 1) for which a rela-
tively high charge carrier mobility obtained with the BG/TC 
architecture was reported (Liu et al. 2013a, b; Li et al. 2013).

The purpose of this work is to evaluate whether this 
DPP(TBFu)2 can be used in transistor devices that will be 
in direct contact with living cells and under what conditions 
such devices should be prepared. For this reason, we have 
chosen a model BG/BC OFET architecture that allows us 
to develop optimized preparation conditions, namely, the 
optimization of self-assembled monolayers on the dielectrics 
and electrodes and thermal treatment of the semiconductor.

Experimental

OFET devices were fabricated according to a bottom gate, 
bottom contact geometry on heavily doped Si wafers from 
Fraunhofer IPMS, with a 230 nm silicon dioxide layer with 
30 nm Au electrodes on a 10 nm indium–tin-oxide adhe-
sion layer. The interdigital electrodes had different channel 
lengths (L = 2.5, 5, 10, and 20 µm) and a width of 1 cm. 
Substrates were cleaned in an ultrasonic bath in acetone for 
10 min and dried with  N2, and then rinsed in an ultrasonic 
bath with isopropyl alcohol (IPA) for 10 min and dried with 
 N2; then, some samples were immersed for 24 h in vacuum 
 (10−6 mBar) for desorption impurities.

The OFET properties strongly depend on the charge 
injection from the source and charge collection at the drain 
electrodes. The pentafluorobenzenethiol (PFBT) self-assem-
bled monolayers (SAM) create dipoles on gold that result 
in an increase in the gold work function (Kuzumoto and 
Kitamura 2014) and positively reducing injection barrier. 
The pentafluorobenzenethiol (PFBT) SAMs were formed by 
immersing the silicon wafers in a 5 mM solution of anhy-
drous toluene for 5 min at 20 °C. After the formation of the 
PFBT SAMs, the substrates were rinsed with IPA and dried 
with  N2.

Hexamethyldisilazane (HMDS) represents a silazane 
containing Si–NH–Si groups and octadecyltrichlorosilane 
(OTS) represents a halosilane with Si–Cl groups. Both com-
pounds react with surface silanol groups (–Si–OH) on an 
 SiO2 dielectric creating strong siloxane Si–O–Si bonds. Both 
materials are known to decrease the polarity of the surface 
and reduction charge trapping states (Devynck et al. 2012). 
The OTS SAMs were formed by immersing the silicon 
wafers in a 10 mM toluene solution (anhydrous) for 20 min 
at 70 °C. The substrates were then rinsed with IPA and dried 
with  N2. The HMDS was dropped on the substrate and left 

there for 1 min. Then, the substrate was spun at 1000 rpm 
and a drop of chlorobenzene was dynamically spincoated 
until dry. The preparations of all monolayers proceeded in a 
nitrogen glovebox. The coverage of the  SiO2 layer by OTS 
and HMDS was controlled by measuring the contact angle. 
DPP layers were deposited by spincoating a 15 mg ml−1 
solution at 1500 rpm.

On the basis of the previous reports about DPP(TBFu)2 
(Liu et al. 2013a) and its increased charge carrier mobil-
ity after thermal annealing, all samples were followed by 
one step of thermal annealing on a hotplate at 110 °C for 
10 min. Analysis of the thermal behavior of charge carrier 
mobility was performed at different temperature heated on 
a hotplate for 10 min under nitrogen for sample III (for the 
specific treatment, see Table 1) to correlate thermal material 
behavior and charge carrier mobility. The thermogravimetric 
studies were performed using a TA Instruments TGA Q5000 
(New Castle, DE, USA) device in 100 µl open platinum 
pans. The samples, typically 1.5–5.5 mg, were heated by a 
thermal ramp of 10 °C min−1 from 40 to 700 °C in either a 
nitrogen (thermal stability) or in the air (thermo-oxidative 
stability) purge of 25 ml min−1. In an isothermal experiment, 
the sample was equilibrated at 100 °C for approx. 9 min 
and its thermal stability in  N2 was observed. Calorimetric 
analyses were carried out employing a TA Instruments DSC 
Q200 calorimeter (same producer) equipped with an external 
cooler RCS90 allowing an experimental temperature range 
from − 90 to 500 °C. Experiments were conducted in TA 
Tzero™ aluminum pans with a hermetically closed lid. The 
thermal history of the sample was set up to be the same 
using the heating ramp of 10 °C min−1 from 40 °C to a tem-
perature of 30–40 °C before degradation onset, which was 
previously determined using TGA under nitrogen. Next, the 
slow cooling ramp (− 0.5 °C min−1) was applied to reach 
− 50 °C followed by 1 min of the isothermal stage to simu-
late a slow temperature decrease. A further segment was per-
formed using a heating ramp of 10 °C min−1 from − 50 °C to 
the temperature before degradation onset. The last segment 
was run using the same thermal ramp after the rapid cooling 
ramp (− 10 °C min−1) of the sample down to − 50 °C and 
1 min of the isothermal stage. All DSC experiments were 
carried out under 50 ml min−1 nitrogen purges. Before analy-
ses, the device was calibrated for temperature and enthalpy 
using deionized water (of our own production) and indium 
and tin standards (Perkin Elmer, Waltham, MA, USA).

The formation of large crystalline domains before 
and after thermal annealing was investigated by atomic 
force microscope images. The samples were measured 
using an NT-MDT (Moscow, Russia) NTEGRA Prima 
ambient AFM microscope with ETALON tips (tip cur-
vature radius < 10 nm, frequency = 140 kHz, force con-
stant = 3.5 Nm) in a semicontact mode; the resolution of the 
images was 256 × 256 points.
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The field-effect output and transfer characteristics were 
measured via a probe station with a Keithley 6487 picoamper-
meter and a Keithley 617 electrometer in a dry nitrogen glove 
box in the dark at room temperature. The hole mobility was 
extracted from the slope of the transfer curves in the saturation 

regime by means of Eq. (1) at the maximum of derivation of 
transfer curve (inset gray line on the background of Fig. 2).
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Table 1  Electrical properties 
of prepared transistors under 
different conditions

The tag “vac” represents vacuum cleaning
a TA represents thermal annealing
b VT is the threshold voltage
c RC is the contact resistance at VGD = − 60 V

Samples Treatment TAa Hole mobility 
 (cm2 V−1 s−1)

VT
b (V) RC

c (Ω) On/off ratio

Au SiO2

I – – 110 °C 2.3 × 10−4 − 4.8 8.86 × 106 1.9 × 104

II vac vac – 1.9 × 10−5 − 11.9 1.10 × 106 4.9 × 104

110 °C 2.7 × 10−4 − 19.5 1.08 × 106 5.3 × 104

III vac OTS – 8.2 × 10−4 − 5.5 3.74 × 106 2.4 × 104

110 °C 1.3 × 10−3 − 11.5 3.00 × 105 6.3 × 104

IV – HMDS – 6.7 × 10−4 − 9.5 6.73 × 105 7.7 × 103

110 °C 2.0 × 10−3 − 10.3 7.22 × 105 9.5 × 103

V PFBT OTS – 8.5 × 10−4 − 2.9 3.08 × 105 2.7 × 104

110 °C 2.8 × 10−3 − 3.6 9.61 × 104 3.7 × 104

VI PFBT HMDS – 1.3 × 10−3 − 13.3 3.99 × 105 2.9 × 104

110 °C 3.6 × 10−3 − 15.9 3.66 × 105 1.1 × 105

Fig. 2  Transfer and output characteristics of DPP(TBFu)2 OTFT 
devices (L = 10  µm, W = 1  cm) without PFBT (sample III) (a, b), 
and with PFBT and OTS treatment (sample V) (c, d) after thermal 

annealing. The gray inset at a, c is the current derivative, the red line 
indicates the area for calculating the mobility of charge carriers, and 
its extension indicates the threshold voltage



Chemical Papers 

1 3

The contact resistance was determined by the so-called 
transmission-line method (Xu et  al. 2010). Using this 
method, the resistance is obtained by extrapolation of the 
resistance derived from the linear part at the beginning of 
the output characteristics with ohmic character. To identify 
this linear part, the derivation of the output characteristics 
was performed.

The biocompatibility of DPP(TBFu)2 was studied by 
means of a culture of 3T3 fibroblasts and it was compared 
with standard cell culture plastics. All cell culture plastics 
were purchased from TPP (Switzerland). Non-sterile materi-
als were soaked in 70% ethanol and washed extensively in a 
phosphate buffered saline (PBS) solution before subjecting 
them to cells. Mouse 3T3 fibroblasts were routinely grown 
in Dulbecco modified Eagle medium, high glucose supple-
mented with 10% fetal calf serum, 100 U ml−1 penicillin, 
and 0.1 mg ml−1 streptomycin (all from Gibco–Invitrogen). 
Inocula for experiments ranged from 8300 to 28,000 cells 
per 1 cm2 in a standard 24-well culture plate. Cells were 
grown for 48 h.

Results and discussion

Under ambient conditions, the surface of gold in the air 
is covered with adsorbed molecules such as water, gases, 
and hydrocarbons, which are residues from wafer cleaning 
and other processes (Carabineiro and Nieuwenhuys 2009). 
These molecules form monolayers that influence the metal’s 
work function (Carabineiro and Nieuwenhuys 2009; Mugo 
and Yuan 2011). To elucidate the impact of these adsorbed 
impurities on contact resistance and measured charge carrier 
mobility, we placed the substrate in a vacuum  (10−6 mBar 
for 24 h) to clean the Au surface. The organic semiconduc-
tor was subsequently deposited in a nitrogen glovebox to 
prevent contact between the electrodes and ambient air. We 
observed an eight-fold reduction in contact resistance for 
samples which were left in vacuum prior to semiconductor 
deposition (sample II) compared to the reference samples 
(sample I), see Table 1. This shows that absorbed impurities 
on the Au surface change the work function and thus that 
vacuum-induced desorption can improve OFETs’ proper-
ties. This vacuum cleaning also resembles the bottom gate 
situation, where the gold source–drain contacts are vacuum-
deposited on the OSC layer. Instead of vacuum cleaning, a 
much simpler treatment by SAM can be utilized (Kuzumoto 
and Kitamura 2014) and was used further.

It has been shown that since the nature of semiconductor/
metal interfaces is complex and leads to interfacial charge-
density redistribution and modifications in molecule geom-
etry (Heimel et al. 2008), an alteration of the metal interface 
with self-assembled monolayers (PFBT) represents a very 

efficient way to improve the quality of the contact (Lee et al. 
2014; Kuzumoto and Kitamura 2014). In our study, the tran-
sistors with the PFBT monolayer exhibited a further reduc-
tion in contact resistance (“RC”, see samples V and VI in 
Table 1 and Fig. 2), and thus, PFBT turned out to be a suit-
able electrode surface modifier. Since  RC decreases with the 
reduction of the mismatch between the metal Fermi level and 
the ionization potential (IP) for p-type organic semiconduc-
tors, we can assume that the injection energetic barrier was 
lowered by PFBT treatment, and therefore, all samples with 
PFBT SAM exhibited lower contact resistance compared to 
non-treated and vacuum-treated transistors. For the respec-
tive output and transfer characteristics of all samples, see the 
Supporting Information.

The influence on the gate dielectric/DPP semiconduc-
tor interface can be determined from a comparison of the 
transistors without dielectric treatment (samples I and II) 
and treated with SAMs: samples treated with octadecyl-
trichlorosilane (OTS) (sample III) and hexamethyldisilazane 
(HMDS) (sample IV); see Table 1. Both SAMs led to a dra-
matic increase in the extracted charge hole mobilities. The 
mobility increased by more than one order of magnitude for 
the HMDS-treated transistors, which suggests an improve-
ment of the molecular orientation and reduction of defects 
(trap states) within the conducting channel (Zen et al. 2005; 
Matsubara et al. 2015; Lee et al. 2010). Due to the pres-
ence of unreacted halogens, the halogenated SAMs (OTS) 
can accumulate holes on the  SiO2 surface near the gate 
dielectric/semiconductor interfaces (Lee et al. 2010). This 
resulted in the observed decrease of the threshold voltage. 
Organosilane-based SAMs, therefore, turned out to be suit-
able gate dielectric surface modifiers for solution-processed 
small-molecule semiconductors with a planar π-conjugated 
system such as the diketopyrrolopyrrole molecule.

The lowest average (out of 16 transistors) mobility 
(2.3 × 10−4 cm2 V−1 s−1 for sample I) was observed for tran-
sistors without any modifications of the electrodes or dielec-
trics as was expected. Transistors with modified electrodes 
and simultaneously modified gate dielectric exhibited the 
highest average mobility (3.6 × 10−3 cm2 V−1 s−1 for sample 
VI). This represents an order of magnitude increase, which 
can be attributed to the combined effect of the gate dielectric 
and electrode treatments.

The highest mobility achieved in our experiments was 
5.5 × 10−3 cm2 V−1 s−1 (sample VI). This value represents 
the highest hole mobility achieved so far experimentally for 
the DPP(TBFu)2 derivative. It is even slightly higher than the 
mobility observed for the best stereoisomer (mesomer form) 
isolated by preparative chiral high-performance liquid chro-
matography HPLC 2.8 × 10−3 cm2 V−1 s−1 (Liu et al. 2013b). 
The theoretical hole mobilities for our studied material were 
calculated for two trap-free packing structures (cofacial and 
herringbone) of this derivative by Li et al. The hole mobility 
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5.2 × 10−3 cm2 V−1 s−1 for cofacial structure was found and 
3.1 × 10−4 cm2 V−1 s−1 was determined for herringbone 
structure (Li et al. 2013). Experimentally, Liu et al. (2013a) 
found a hole mobility of 6.4 × 10−6 cm2 V−1 s−1 for as-cast 
films and 5.3 × 10−4 cm2 V−1 s−1 after thermal annealing. 
Since these values were far from the theoretical expecta-
tions, they performed an isolation of individual mesomers 
and after thermal annealing achieved the highest mobility of 
2.8 × 10−3 cm2 V−1 s−1 for (R,S) type mesomers. However, 
the costly isolation of the mesomers has no significance for 
practical applications.

Recently, published works dealing with charge carrier 
mobility for the DPPs with ethyl-hexyl side chain (that is 
used also in this studied derivative) (Yoon et al. 2013; Qiao 
et al. 2012; Stolte et al. 2016) show that a different charge 
carrier mobility can be obtained due to stereoisomerism of 
the ethyl-hexyl group. As was published by (Stolte et al. 
2016), the mixture of the enantiomers (R,R), (S,S), and the 
mesomer (R,S) was obtain in a ratio of 10:10:80 by vacuum 
deposition. This mesomer form has the highest crystalliza-
tion tendency and is present in a higher content in crystals 
that were prepared by fast crystallization.

From the comparison of the charge carrier mobility val-
ues obtained in this work and those reported, we can specu-
late that the first molecular layers at the gate–dielectric inter-
face modified with SAM organosilanes have this mesomer 
form. The existence of such a crystalline form leads to a 
reduction in the density of defects and thus to higher hole 
mobility. Note that the highest observed value is in the range 
that was predicted for a trap-free packing structure by quan-
tum chemical calculations at zero- field (Li et al. 2013): 
theoretical 5.2 × 10−3 cm2 V−1 s−1, and our experimental 
1.2 × 10−3 cm2 V−1 s−1 (extrapolated from the measured 
mobilities at different channel length to zero field, i.e., zero-
channel length). This concurrence supports the hypothesis 

that the crystal structure formed at the SAM-treated dielec-
tric/semiconductor interface is close to the ideal trap-free 
configuration with minimum defects.

As previously reported, DPP(TBFu)2 exhibits a needle-
like crystal morphology with a melting point at 226 °C (Liu 
et al. 2013a). Our AFM images (Fig. 3) also show that the 
formation of a highly crystalline film after thermal anneal-
ing occurs. The heating thus provided the necessary energy 
to reorganize the semiconductor molecules, resulting in 
densely packed films with a high degree of crystallinity.

To elucidate the influence of the thermal annealing on 
OFETs, the influence on charge carrier mobility and contact 
resistance was analyzed; see Fig. 4 and Table 1. The thermal 
annealing was performed stepwise: after each heating to a 
certain temperature, the samples were cooled down to room 
temperature and the OFETs’ characteristics were measured. 
We observed that with increasing temperature, the threshold 
voltage was reduced slightly but the hole mobility increased 

Fig. 3  AFM pictures of the active layer (for sample III) for a as-cast, b annealed for 10 min at 110 °C

Fig. 4  Charge carrier mobility dependence on thermal annealing
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gradually from 80 °C to reach 2.73 × 10−3 cm2 V−1 s−1 at 
130 °C. We can deduce that the main reason for this hole 
mobility increase was the stronger crystalline character of 
the films rather than improved contact (lowering of the injec-
tion barrier).

To explain the thermal behavior of the studied 
DPP(TBFu)2 which show a maximal charge carrier mobil-
ity at 130 °C—far from the melting point (226 °C)—we 
performed a detailed calorimetric analysis; see Fig. 5 for 
DSC results and the Supporting Information for TGA.

To erase the material thermal history, a slow heating was 
first performed. During this heating (cycle 1 in Fig. 5), a 
minor melting peak (Tons. 135.0 °C, ΔH 2.66 J g−1) and 
a further main “triplet-like-shaped” melting peak (Tons. 
225.3 °C, ΔH 81.15 J g−1) were observed. These obser-
vations are approximately in accordance with the cited 
values (Liu et  al. 2013a). The following slow cooling 
(0.5 °C min−1) showed no thermal phase changes (cycle 2). 
Subsequent heating (cycle 3) revealed two melting peaks. 
This time, the first, very small peak was observed at Tons. 
29.2 °C, ΔH 1.49 J g−1 and the second, main one at Tons. 
188.5 °C, ΔH 15.64 J g−1. The following cooling (cycle 4) 
showed two crystallizations. The main one was observed at 
Tons. 152.6 °C, ΔH 15.76 J g−1 and the second, minor one 
at Tons. 47.2 °C, ΔH 0.34 J g−1. We can see that the main 
melting/crystallization phenomena occur at a temperature 
range of 140–190 °C, but some changes in film morphology 
are expected also for much lower annealing temperatures 
(30–50 °C). The TGA analysis revealed that the degradation 
onsets were observed at 391 °C in  N2 and at 357 °C in the 
air, see the Supporting Information.

We can conclude that the first melting/crystallization 
(30–50 °C) has a very low impact on the measured charge 
carrier mobility. To significantly increase the charge car-
rier mobility, the second melting/crystallization region 
(150–190 °C) has to be reached. These temperatures are so 

high that degradation of other components in the devices 
usually occurs.

Having established the electrical parameters of 
DPP(TBFu)2, the ability to host animal cells was then 
assayed. Thus, a biocompatibility test based on a culture 
of 3T3 fibroblasts was carried out. The data indicate good 
coverage of DPP(TBFu)2 with cells, but it is slightly lower 
than in the case of the standard cell culture plastics. The 
viability of the culture at DPP(TBFu)2 was, however, about 
20% lower than in the case of culture plastics, but it is 
comparable to the one grown on glass (p = 0.05, see Fig. 6) 
(Šafaříková et al. 2018). Taking the data together, it shows 
that DPP(TBFu)2 can support living cells, which renders 
it applicable for bio-electronic devices. This finding is in 
accordance with the general opinion on better performance 
of organic semiconductors in bio-electronic applications 
(Balint et  al. 2014; Otero et  al. 2012; Strakosas et  al. 
2015). On the other hand, the data provide an incentive to 
improve DPP(TBFu)2 biocompatibility to reach the level 
of cell culture plastic—a golden standard in cell biology.

Fig. 5  Detailed analysis of DSC curve

Fig. 6  Biocompatibility assay of DPP(TBFu)2: 3T3 fibroblasts were 
grown on DPP(TBFu)2. Culture plastics and glass served as con-
trol. Cellular viability was determined by means of total intracellu-
lar adenosinetriphospate (ATP test). ATP is a molecule found in and 
around living cells, and as such it gives a direct measurement of bio-
logical concentration and health. Data are shown as mean value ± SD 
(N = 5). Letters a, b indicate the level of statistical significance 
(p = 0.05). Representative images of 3T3 cells in a particular variant 
are shown. Black scale bar indicates 50 µm
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Conclusions

To develop the preparation conditions that lead to optimized 
OFET, we used self-assembled monolayers of OTS and HMDS 
on gate dielectrics for decreasing the charge trapping states 
on the interface with the organic semiconductor. Using this 
modification, increased charge carrier mobility was observed. 
To eliminate contact barriers (decrease contact resistance), a 
PFBT monolayer on the gold electrodes was used. The trans-
mission-line measurement method was performed to quanti-
tatively describe the observed change in contact resistance. 
It was found that thermal annealing increases the amount of 
microcrystals. This observation correlated with the measured 
charge carrier mobility. A detailed differential scanning calo-
rimetry study was conducted to understand the large differ-
ence in temperatures at which the melting is observed and 
the charge carrier mobility is improved. The study showed 
that more crystalline transitions than previously reported (Liu 
et al. 2013a) are present at lower temperatures and that they 
depend on the different thermal history of the DPP(TBFu)2. 
We showed that the maximal charge carrier mobility can be 
achieved at 130 °C.

We showed that using appropriate self-assembled monolay-
ers and thermal annealing, a higher charge carrier mobility 
(5.5 × 10−3 cm2 V−1 s−1) than the best previously reported 
value can be achieved. In addition, this mobility can be 
obtained for a transistor architecture that is compatible with 
devices designed to interact with living cells (BG/BC). To fur-
ther test the suitability for biologically relevant analyte sensing 
or diagnostics of living cells, the DPP(TBFu)2 was also tested 
for biological compatibility based on assays of 3T3 fibroblasts. 
The preliminary results demonstrated the suitability of the 
material for the bio-electronic applications.

Despite higher operating voltages that do not allow using 
this model OFET in an aqueous environment, this architecture 
can be easily converted to low-voltage operating devices such 
as electrolyte-gated OFET, or double-gated electrolyte-gated 
OFET, where dielectric gating is achieved through the for-
mation of a Debye–Helmholtz double layer at the interface 
between the electrolyte solution and the semiconducting layer 
as well as between the electrolyte and gate contact (Kergoat 
et al. 2012; Torsi et al. 2013).
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Abstract. Organic semiconductors are suitable for application in biosensors and sensors based on 

transistors. The influence of position solubilization group on diketopyrrolopyrrole core bonded 

throught oxygen (O) or nitrogen (N) on the performance of diketopyrrolopyrrole-based organic 

field-effect transistors (OFETs) is studied. The lowest mobility 1·10
-9

 cm
2
/Vs was observed for non-

symmetric substitution O,N of “EthylAdamantyl” solubilization group. Measurable charge carrier 

mobility was observed due to reduction of the density of charge trapping states after application of 

organosilane self-assembled monolayers (SAMs) on thinner gate-dielectrics (90 nm). We report 

similar drift mobility 1·10
-7

 cm
2
/Vs for smallest solubilization group “butyl” as for the biggest 

group “EthylAdamantyl” in N,N and O,O substitution prepared by spin-coating. 

Introduction 

Organic electronics is a new research area, which opens the chance to use electronic components 

in biocompatible electronic devices. Unlike silicon-based electronics, the concept of devices based 

on organic semiconductors is mostly compatible with biomedical implants in animal bodies: 

detectors (transistors) for monitoring of physiological functions (e.g. brain, muscles or cardio 

myocytes) or devices that generates stimuli (e.g. for suppression of essential tremor or Parkinson’s 

disease, pain release), implants of photo responsive devices (retina implants), etc.[1]  

One of the most important devices represents organic field effect transistors (OFET). A typical 

composition of a transistor is a semiconductor film, gate dielectric and three electrodes (source, 

drain and gate). When a voltage is applied between source and drain, conducting channel is created 

and electrical current flows through organic semiconductor layer. The current channel can be then 

modulated by the gate electrode. The transistor-based sensor has high sensitivity because the device 

is combination of a sensor and an amplifier. Therefore, the sensors based on transistors have many 

advantages such as high sensitivity, miniaturization and amplification of signal. The organic 

transistor based sensors have a broad range of application, such as light sensing, food safety 

detection, medicial diagnostic, measurement of glucose concentration in blood, etc.[2, 3]  

In OFET-based sensors, the active semiconductor layers are exposed to the target analytes. The 

current channel can be affected by charge doping or charge trapping due to the change in the 

analytes or by ion reaction of the analyte with functional coating of the semiconductor. The organic 

semiconductor creating the channel is one of the most critical element for the transistor function and 

thus for sensing performance. The parameter of charge carrier mobility in current channel depends 

on many properties such as semiconductor morphology, molecular packing, chemical structure, 

presence of charge traps and different geometry of OFETs et al. At the present time exist several 

organic semiconductors with relatively high charge carrier mobilities, which are suitable for 

construction of organic field-effect transistors (OFETs). Small molecules[4] such as derivatives of 

pentacene, rubrene and perylene, and polymers such as P3HT, PEDOT and PCDTBT, have been 

widely studied so far. The derivatives of diketopyrrolopyrrole (DPP), which represents the family of 

high performance pigments with high thermal and light stability, are aim of this study.[5] 

Materials Science Forum Submitted: 2015-08-31
ISSN: 1662-9752, Vol. 851, pp 189-193 Revised: 2015-12-07
doi:10.4028/www.scientific.net/MSF.851.189 Accepted: 2015-12-08
© 2016 Trans Tech Publications, Switzerland Online: 2016-04-01

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (#68937765, University of Pennsylvania Library, Philadelphia, USA-08/08/16,14:57:08)

http://dx.doi.org/10.4028/www.scientific.net/MSF.851.189


 

The performance of organic field-effect transistors (OFETs) is strongly dependent on the 

movement of charge carriers within the first several organic semiconductor (OSC) monolayers at 

the interface with the gate dielectric. The charge carriers are injected from the source electrode and 

transported through channel to drain electrode. It is therefore preferable to improve OFET 

performance using diverse treatments of the electrodes and dielectric with the aim of modifying the 

electrode work function and improving the molecular arrangement and morphology of the deposited 

semiconductors.[6]  

The charge carrier mobility is strongly related to the molecular and morphological structure of 

the semiconductor molecules and can vary over several orders of magnitude due to relatively weak 

electronic couplings; the electron vibration couplings are often of the same order, and disorder 

effects play a significant role in charge transport. Therefore the molecular orientation of the 

semiconductor strongly reflects the nature of the surface, the dielectric surface is therefore adjusted 

to improve the packing and arrangement of OSC molecules.[7] 

The field-effect transistor behaves as a capacitor with a conducting channel between a source and 

a drain electrode. Applied voltage on the gate electrode controls the amount of charge carriers 

flowing through the system. The charge carriers travel in channel parallel to the surface of the gate 

dielectric. The source and drain electrodes provide access to the channel and are engineered for 

good inject charge under bias. The gate is separated from the channel by the gate dielectric forming 

a capacitor to the cannel charge sheet. By applying a voltage VDS between source and drain 

electrodes, the holes injecting from electrode to the OSC (in case of p-type OSC) through a 

Schottky barrier occurs. Applied a gate voltage VG between source and gate electrodes induces the 

formation of an accumulation layer at the interfaces semiconductor-insulator and it forms a 

conducting channel. Gate voltage induces charges in the conducting channel and Source-Drain 

voltage drives these charges from source to drain. 

The charge carrier mobility is relationship between the carrier speeds in a materials and the 

applied electric field. Macroscopically, carriers accelerate due to the force applied by the electric 

field and periodically scatter and experience other momentum transfer phenomena which dissipate 

the acquire momentum. The carrier velocity appears constant for a given electric field and is linearly 

depend on the field. [8] 

The aim of the presented paper is to characterize the influence of N-substitution of thienyl based 

diketopyrrolopyrroles on resulting charge carrier mobility. The dependence between structure and 

properties is important to know for future design of semiconducting materials for the construction of 

OFET based sensor. The group of materials addressed in this contribution is shown in Table 1. 
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Table 1. The studied diketopyrrolopyrrole derivatives. 

 

Experimental 

OFET devices were fabricated in a bottom gate, bottom contact geometry on heavily doped Si 

wafers obtained from Fraunhofer IPMS, with a 90 nm SiO2 layer 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 µm) and a width of 1 cm. Substrates were cleaned in an ultrasonic bath in acetone for 10 min 

and isopropyl alcohol (IPA) for 10 min and dried with N2. The octadecyltrichlorosilane (OTS) self-

assembled monolayers (SAMs) were formed by immersing the silicon wafers in a 10 mM toluene 

solution (anhydrous) for 10 min of 70 °C. Then the substrates were rinsed with IPA and dried with 

N2. The preparations of monolayers proceeded in a nitrogen glovebox. DPP layers were deposited 

by spincoating of 15 mg/ml solution at 1500 rpm.  

The field effect output and transfer characteristics were measured via a probe-station with a 

Keithley 6487 picoampermeter and a Keithley 617 electrometer in a dry nitrogen glove box in dark. 

The hole mobility was extracted from the slope of the transfer curves in the saturation regime. [8] 

 

Result and Discussion 

As mentioned above, the field effect mobility is strongly dependent on molecular and 

morphological structure, i.e. packing of molecules and electronic coupling of studied DPPs. The 

mobility of five DPPs materials were studied (Figure 1.). The worst results 1·10
-9

 cm
2
/Vs was 

observed for N,O EthylAdamantyl substituted thiophenyl DPP. It was probably caused by 

nonsymmetrical character of molecule which resolves in molecular organization with larger 

Number Substitution Group “R” Main group 

I N,N – Butyl (C4H9-) 

R

O

O

N

NS

S

R

 

II N,N – Dodecyl (C12H25-) 
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intermolecular distances and thus absence of π-π stacking, and thus with very small charge carrier 

mobility. Slightly larger drift hole mobility 1·10
-7

 cm
2
/Vs was observed for smallest soluble group 

“butyl” as well as for biggest group “EthylAdamantyl” in N,N and O,O substitution. 

On the other hand, the N,N–EthylAdamantyl substitution shows higher mobility than N,N–odecyl 

substituted DPP even if EthylAdamantyl group is relatively bigger or equally size to dodecyl. It 

shows that relatively bulky substituents EthylAdamantyl group has good molecular π-π stacking. 

 The ability to induce self-organization represents interesting alternative in case where high 

solubility and at the same time high molecular packing in solid state is required. 

N,N Butyl

N,N Dodecyl

N,N EthylAdamantyl

N,O EthylAdamantyl

O,O Ethyladamantyl

1·10
-10

1·10
-9

1·10
-8

1·10
-7

1·10
-6

 

 

 

H
o

le
 m

o
b

ili
ty

 [
c
m

2
/V

s
]

 
Figure 1. The hole mobilities of studied DPP materials. 

Conlusion 

The influence of chemical structure modification on charge carrier mobility was studied on five 

diketopyrrolopyrrole derivatives. The self-assembled monolayer of octadecyltrichloro silane used on 

dielectric layers led to improved OFET properties. Measurable charge carrier mobility was observed 

due to reduction of the charge trapping states density after application of organosilane self-

assembled monolayers on thinner gate-dielectrics (90 nm). The worst results 1·10
-9

 cm
2
/Vs was 

observed for N,O EthylAdamantyl substituted thiophenyl diketopyrrolopyrrole due to the non-

symmetry of the substitution. Similar drift hole mobility 1·10
-7

 cm
2
/Vs was observed for two 

derivatives: the smallest group used (butyl) and for the biggest group (EthylAdamantyl) in N,N and 

O,O substitution. It can be thus concluded that even the EthylAdamantyl group represents relatively 

bulky substituents, the ability to induce self-organization represents interesting alternative in case 

where high solubility and at the same time high molecular packing in solid state is required.  
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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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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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A B S T R A C T

A series of new naphthalene derivatives with (50-hexyl-2,20-bithiophene-5-yl)ethynyl side arms attached
to the central naphthalene core at positions 1 and 4 (H2TA14N), 1 and 5 (H2TA15N), and 2 and 6
(H2TA26N) were synthesized by a sequencing of alkynylations performed according to a Negishi cross-
coupling protocol. This synthetic approach provides higher yields compared to Sonogashira-based
alkynylations, particularly when aryl bromides are used as starting materials. Compared to the analogous
derivatives with hexylbithienyl arms directly attached to the naphthalene core (H2T14N,H2T15N, and
H2T26N), an ethynylene linker ensures the planarity of the molecules, causing a change in the order of
derivatives by intramolecular conjugation from H2T15N < H2T14N < H2T26N to H2TA15N � H2TA26N
< H2TA14N, as can be seen from the solution, and thin film optical and electrochemical properties as
well. However, the order of derivatives by the hole mobility in a field effect transistor remains unaltered
by an ethynylene linker (H2TA14N < H2TA15N < H2TA26N). The tendency in charge mobility can be
explained by different packing motifs affected by molecular symmetry and was revealed by single crystal
X-ray analysis and 2D X-ray GIWAXS and AFM characterization of the thin films.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

One of the major research areas of organic semiconducting
materials is focused on their design, synthesis and application in
organic field effect transistors (OFETs) [1–6]. The continuously
growing interest in OFETs is the result of an extensive investigation
which has revealed the possibility of manufacturing low-cost large
area and flexible circuits with a broad range of potential
applications [7–14]. Moreover, material properties can be tuned
by chemical modification of the molecular structure [15–19].
However, the relationship between the structure and properties of

these materials in the field of organic electronics is challenging, as
it is still far from trivial.

An important class of semiconductor materials for OFETs are
oligothiophene-based compounds [20–26] due to their stability,
possibility of well-defined chemical functionalization [27–29] and
ability to form tightly stacked structures [30]. One especially
common molecular setup of oligothiophene derivatives is repre-
sented by those containing thienyl or oligothienyl units directly
attached to a central acene core (Fig. 1a) [31–48]. Although
oligothienyl units themselves are planar, such derivatives are
usually non-planar due to steric repulsion between hydrogen
atoms neighboring on the linkage between the acene core and the
adjacent thiophene ring. Therefore, the degree of twist between
these adjacent aromatic rings primarily depends on the spatial
position of the hydrogen atom at the acene core. It has been shown

* Corresponding author.
E-mail address: putala@fns.uniba.sk (M. Putala).
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that the planarity of these systems can be achieved by insertion of a
linear, sterically non-demanding ethynylene linker (Fig. 1b) [49–
57]. Such derivatives containing an ethynylene linker exhibit
reasonable charge carrier mobility in OFET (ranging from 8 � 10�4

to 4.5 �10�1 cm2/V s), but the influence of the ethynylene linker on
molecular packing and, in particular, on the semiconducting
properties is not fully understood, because a direct comparison
with analogous linker-void derivatives is often lacking. A direct
comparison is available for the series of anthracene derivatives
with hexylthienyl arms where insertion of an ethynylene linker
caused a 4- to 17-fold enhancement of the hole mobility, up to
0.24 cm2/V s [53]. Insertion of the ethynylene linker to the benzene
derivative with hexylbithienyl arms resulted in a 2-fold enhance-
ment of hole mobility, from 0.042 to 0.084 cm2/Vs [33,49].
However, the report for each compound originates from different
groups of authors and the measured mobilities can be affected by
differing details in transistor preparation. Although more papers
are extant that deal with the structure-properties relationship of
the ethynylene-linked and analogous linker-free derivatives of
oligothiothienyl-acene type, they provide information only about
the optical and electrochemical properties [58,59] or other
applications, e.g. in solar cells [60].

In this work we report the synthesis and full characterization,
including charge carrier mobility in a transistor device, of a series
of new derivatives H2TAxyN (Fig. 2, left) where the hexylbithienyl
units are attached to a central naphthalene core via an ethynylene
linker at positions 1 and 4 (H2TA14N), 1 and 5 (H2TA15N), and
2 and 6 (H2TA26N). Following on our previous work [48]

investigating an analogous series of disubstituted naphthalene
derivatives H2TxyN without an ethynylene linker (Fig. 2, right), our
aim is to contribute to a systematic examination of the relationship
between the molecular structure, particularly the positions for
attachment of bithienyl units at the naphthalene core, and the
semiconducting properties. In addition, the closely related series of
compounds H2TxyN and H2TAxyN which are distinguished only
by the presence of the ethynylene linkers, should allow evaluating
the effect of the ethynylene linker as well.

In the field of materials science, synthesis of diarylacetylene
derivatives is almost exclusively accomplished by the Sonogashira
coupling reaction due to the simplicity of the coupling protocol
[61,62]. In general, this reaction affords target arylacetylenes in
high yields when aryl iodides are used as a starting material. The
use of aryl bromides results in a slight decrease in product yields.
The drop in product yields is more pronounced when a multiple
Sonogashira reaction takes place in a single reaction step in the
synthesis of oligoalkynylarenes. It has been demonstrated that
arylacetylenes can be alternatively synthesized by the Negishi [63–
65] or Kumada [66] cross-coupling reactions between an aryl
halide or triflate and alkynylzinc or alkynylmagnesium reagent
prepared in situ from an acetylenic precursor. These reactions
could offer comparable or even better results, but strictly
anhydrous conditions have to be applied and tolerance of the
used organometallic reagent by the present functional groups has
to be taken in account. Here, we aim to explore the possibility of
using alternative cross-coupling for a more effective synthesis of
the target acetylenic derivatives H2TAxyN.

2. Results and discussion

2.1. Synthesis

The target compounds H2TA14N, H2TA15N, H2TA26N and their
precursor 1 were synthesized by a sequence of Pd-catalyzed
alkynylations (Scheme 1). For this purpose two different cross-
coupling methods, the Sonogashira and the Negishi reactions, were
investigated. First we applied these alkynylation methods for
preparation of a bithienylacetylene precursor 1 starting from
trimethylsilylacetylene (2) and bithienyl bromide 3. After purifi-
cation on a short column of silica gel, the crude mixture of silylated
intermediate underwent a deprotection using potassium carbon-
ate in a 1:1 mixture of THF/MeOH giving the terminal acetylene
derivative 1 in a total 63% yield by the Sonogashira reaction and an

Fig.1. Molecular setup of oligothiophene derivatives with acene core: (a) those that
are interconnected directly, or (b) through an ethynylene linker.

Fig. 2. Structures of the studied derivatives H2TAxyN with hexylbithienyl units attached to the central naphthalene core through an ethynylene linker (left) that are
compared with the analogous derivatives H2TxyN with directly attached hexylbithienyl units (right).
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84% yield by the Negishi coupling. In the case of the target
compounds H2TAxyN, the efficiency of their synthesis by Negishi
reaction was shown to be even more advantageous. Synthesis of
H2TA14N derivative from a commercially available dibromonaph-
thalene 4a showed a dramatic difference in product yields in favor
of the Negishi reaction under comparable conditions (85% vs. 20%).
Even use of an acetylene precursor 1 a greater excess (4 equiv-
alents) and further optimization of the reaction conditions in the
Sonogashira approach (65% yield) did not allow reaching the
product yield by Negishi reaction. Use of diiodonaphthalene 4b
affords the derivative H2TA15N in comparable yields, still slightly
in favor of Negishi reaction (70% vs. 67%). The yields of H2TA15N
derivative are decreased by product loss during purification by
repeated washing and crystallization, as the low solubility of the
product does not allow purifing it by chromatography. Synthesis of

the H2TA26N derivative from commercially available dibromo-
naphthalene 4c proceeded smoothly via the Negishi reaction,
although the work-up and purification also had to be modified due
to the poor solubility of the product.

2.2. Computational analysis

To predict the molecular geometry and frontier orbital energies
of the studied compounds, theoretical calculations using density
functional theory (DFT) with B3LYP functional were performed. To
simplify the calculations, hexyl groups were replaced by methyls
and therefore the computed structures are designated as
M2TA14N, M2TA15N and M2TA26N. Initially, a conformation
analysis for these structures was performed with a lower basis set
6-31G** and the lowest energy conformers were further optimized

Scheme 1. Reagents and conditions: (i) via Sonogashira coupling � Pd(PPh3)4, CuI, Et3N, toluene, 18 h at 95 �C; (ii) via Negishi coupling—a) n-BuLi, THF, 40 min at 0 �C b) ZnBr2,
THF, 30 min at 0 �C then 15 min at rt, c) Pd(PPh3)4, THF, reflux, 20 h (iii) K2CO3, MeOH/THF, 4 h at rt. S—yield from the Sonogashira procedure; N—yield from the Negishi
procedure.

Fig. 3. Conformational isomerism of bithiophenyl unit (top). Possible planar conformers regarding the mutual orientation of bithienyl units and naphthalene core for each of
the derivatives M2TAxyN (bottom).
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with a higher basis set 6-311++G**. All these conformers were
predicted to be almost planar and they differ in two isomeric
features (Fig. 3): (1) orientation of thiophene rings within the
bithienyl unit, here denoted as s-cis (cisoid) or s-trans (transoid),
and (2) mutual orientation of the two bithienyl units that are
designated syn or anti. For each combination of cisoid and transoid
orientation within the bithienyl units, three syn/anti conformers
can be identified for each compound if the orientation of the
naphthalene core is also taken in account: two syn and one anti
conformers for the M2TA14N derivative, and one syn and two anti
conformers for the M2TA15N and M2TA26N derivatives (Fig. 3,
Figs. S17–S19, Tables S1 and S2). However, the differences in energy
of these conformers for each compound does not exceed
0.4 kJ mol�1 (Table S1) what can be considered as insignificant,
because this value is below the threshold of the accuracy of
calculation methods. On the other hand, change in conformation of
one transoid bithienyl unit to the cisoid one increases the
conformer energy by 3.3 kJ mol�1. As further discussed in
Section 2.5, anti conformers were exclusively found in single
crystal structures, while variability in the transoid/cisoid confor-
mation of the bithienyl unit was observed (Fig. 4). Apparently, the
small energy difference between the lowest energy conformers is
outweighed by factors that control the deposition of the molecules
into the solid state, such as intermolecular interactions and close
molecular packing.

If one considers the molecular symmetry, a higher point group,
C2h, can be identified for the anti,s-trans,s-trans-conformers of
M2T15N and M2T26N. On the other hand, such a conformer of the
derivative M2T14N lacks the inversion center and is assigned to the
C2v point group. This results in a disorder in crystal structure of
M2T14N, as discussed in Section 2.5.

As calculated for the derivatives M2TxyN with bithienyl units
directly attached to the naphthalene core, the torsion angles
between the naphthalene core and adjacent thiophene due to the
steric repulsion between hydrogen atoms are 49�, 45�, and 23� for
M2T14N, M2T15N, and M2T26N, respectively. Introduction of a
sterically non-demanding ethynylene linker which sufficiently
separates the adjacent thiophene from the naphthalene core and,
therefore, eliminates the steric repulsion resulted in planarization

of the M2TAxyN molecules with the calculated torsion angles
below 1�. The single crystal structure analysis confirmed the
planarity of the molecules with these torsion angles up to 12� for
M2TA14N, 8� for M2T15N, and 3� for M2T26 N (see Section 2.5).
According to the calculated geometry of the isolated molecules, the
only source of planarity disruption arises from the slight repulsion
between the thiophenes within the bithiophenyl unit. The
calculated torsion angles between the two thiophenes are about
12� using the 6-31G** basis set, 19� using the higher 6-311 + +G**
basis set, and even as high as 32� when the geometry of the
mentioned conformers was optimized by the MP2 method with
the 6-31G** basis set. However, benefiting from the close
molecular packing in solid state led to a decline in these torsion
angles to values not exceeding 2�, as found by the single crystal
structure analysis (see Section 2.5).

The computed frontier orbital energies with a higher basis set
(6-311++G**) and corresponding gap energies are listed in Tables 2
and S1 and they are in very good agreement with the experimen-
tally determined values in solution. Therefore, they are further
discussed in Section 2.4.

2.3. Optical properties

The basic photophysical properties of the studied naphthalene
derivatives H2TA14N, H2TA15N and H2TA26N were measured in
toluene solution and thin films by electronic absorption and
emission spectroscopy (Table 1). The optical gap energies
determined from UV–vis spectra, cyclic voltammetry and by DFT
quantum chemical calculations are listed in Table 2.

The absorption spectra of H2TA15N, H2TA26N and H2TA14N
toluene solutions exhibit one broad band characterized by one
main maximum at 395, 399 and 425 nm, respectively, correspond-
ing to a p-p* transition (Fig. 5). While the H2TA15N and H2TA26N
absorption maxima have nearly same position, the maximum of
the H2TA14N derivative is more significantly red-shifted. The
bathochromic shift results from the higher level of conjugation due
to the better orbital overlap through 1,4-disubstituted naphthalene
moiety compared to the 1,5- and 2,6-disubstituted derivatives. This
assumption is supported by the HOMO/LUMO orbital maps

Fig. 4. Conformers of the derivatives H2TAxyN found by single crystal X-ray structure analysis.
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(Figs. S17–S19) and the proposed cation-radical resonance
structures (Fig. S27). Similar results were reported for 1,4- and
2,6-bis(phenylethynyl)naphthalenes by Kaliginedi et al. [67].

Compared to previously reported linker-void analogs (Fig. 2,
right), the ethynylene linked compounds show the reversed order
of absorption maximum positions (H2TA26N < H2TA14N com-
pared to H2T14N < H2T26N). This significant change of conjuga-
tion degree results from the different molecular geometries. While
all three derivatives with ethynylene linkers possess nearly planar
geometries, their linker-void analogs adopt much more twisted
geometries. Only in the case of H2T26N is the tendency for quasi-
planarity noticeable.

Fluorescence spectra of the ethynylene derivatives in solution
exhibit a vibrational fine structure that confirms the rigid character
of these derivatives in the ground state (Fig. 5). For comparison, in
the case of the linker-free analogs, a vibrational fine structure in
the fluorescent spectra was observed only for the quasi-planar
H2T26N derivative. Another piece of evidence for the increased

rigidity (planarity) due to the ethylene linkers between the thienyl
and naphthalene units can be assumed from the comparison of the
Stokes shifts for both series. While the Stokes shift (nA–nF) for the
ethynylene-linked derivatives has practically the same value
(2381–2388 cm�1), the linker-void derivatives exhibit larger
differences in nA–nF (H2T14N—6994 cm�1, H2T15N—6033 cm�1

and H2T26N—2469 cm�1). Simultaneously, larger nA–nF indicates a
greater difference between the ground and excited state geometry
in the linker-free derivatives H2T14N and H2T15N.

Both the absorption and fluorescence maxima of H2TA14N,
H2TA15N and H2TA26N thin films show a batochromic shift
compared to the spectra in solution (Fig. 5, bottom). This shift
indicates the formation of J-aggregates, while the thin films of the
linker-free analogs exhibit hypsochromically shifted H-aggregates.
However, the aggregation motifs of the linked derivatives are quite
atypical due to relatively weak interlayer forces and have a more
complex character (see Section 2.5). The fluctuating fluorescent
quantum yield values also support the unusual aggregation type

Table 1
Basic spectral properties of the studied compounds in toluene and in vacuum-deposited thin films.

Compound Solution Thin film

lAmax

(nm)
lonset

(nm)
lF

(nm)
nA-nF
(cm�1)

FF lAmax

(nm)
lonset

(nm)
lF

(nm)
nA-nF
(cm�1)

FF

H2TA14N 425 476 473, 505 2388 0.15 485, 451 526 525, 562 1571 0.09
H2TA15N 395 436 436, 463 2381 0.11 448, 418 480 479, 511, 544 1445 0.14
H2TA26N 399 443 441, 470 2387 0.09 463, 431 474 531, 506, 565 2766 <0.01

lAmax—absorption maximum; lonset—point of inflection between high absorption and high transmittance; lF—fluorescence maximum upon excitation at lAmax; nA� nF—
Stokes shift; FF— fluorescence quantum yield.

Fig. 5. Normalized absorption (left) and emission (right) spectra of the studied compounds: solutions in toluene (top) and vacuum-deposited thin films (bottom).
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formation. The unusual aggregation with complex motifs vs. H-
type aggregation with higher molecular overlap relates also to the
lesser charge mobility of the ethynylene-linked compounds
H2TAxyN compared to the linker-void derivatives H2TxyN, as
discussed in Section 2.7.

2.4. Electrochemical properties

The HOMO/LUMO energy levels were electrochemically deter-
mined using the cyclic voltammetry (CV) technique, both for the
solution and for the vacuum deposited thin film of the studied
compounds. The CV data obtained for the scan rate of 100 mV/s
showed irreversible redox reactions with ill-discriminated peaks
(Fig. 6). Both the oxidation and reduction potentials were
determined from the onset of the anodic and cathodic peaks.
The obtained onset redox potentials vs. Ag/AgCl as the quasi-
reference electrode and vs. ferrocene as the internal standard, are
summarized in Table S4. The positions of HOMO/LUMO levels vs.
the vacuum level are summarized in Table 2. The HOMO/LUMO
energy levels were calculated also by theoretical computations
(DFT, B3LYP, 6-31G**). Comparison of the computed frontier orbital
energies and energy gaps with those determined by the
experimental methods (CV and absorption spectroscopy of
H2TAxyN solutions) shows a good agreement, especially for the
gap energies (EHLG, Table 2).

While the experimentally determined EHOMO values are almost
the same both for the solution and the thin film, the ELUMO values in
the thin film are 0.30 eV, 0.23 eV, and 0.27 eV lower for H2TA14N,
H2TA15N, and H2TA26N, respectively. Consequently, lower gap
energies are obtained for the thin films as compared to the
solutions. This is most likely a result of the intermolecular
interactions in the close-packed structure. In contrast, the
analogous derivatives H2TxyN void of an ethynylene linker
exhibited higher gap energies for the thin film than for the
solution. This observation also supports the tendency for different
aggregation behavior of the ethynylene-linked (H2TAxyN) and
linker-free (H2TxyN) derivatives, as mentioned in Section 2.3. The
observed differences in the gap estimation could also be partially
ascribed to the influence of the solvation energy and to the
different relative permittivities in the solution and in the thin film.

The gap energies increase in the order H2TA14N < H2TA26N
� H2TA15N for the solution and in a slightly different order
H2TA14N < H2TA15N � H2TA26N for the thin film. However, the
gap energy differences between H2TA15N and H2TA26N are
practically negligible.

2.5. Crystal structure

X-ray structure analyses of H2TA14N, H2TA15N and H2TA26N
were performed using single crystals grown from the hot hexane
solution (H2TA14N) and toluene solution (H2TA15N and
H2TA26N) in vials with the solutions left in a spontaneously
cooling hot oil bath. The crystallographic data are listed in Table S3.
The molecular and crystal structures are shown in Figs. 4, S21–S23
and 7–8, S24–S26, respectively.

H2TA14N crystallized in the monoclinic space group P 21/c. The
asymmetric unit consists of one complete and one half of a
molecule (Fig. S21). Two different molecular disorders appear
separately in a crystal structure. The first one originates from the s-
cis/s-trans conformation variability of the bithienyl moieties, the
other one appears as a disorder of the naphthalene ring in another
H2TA14N molecule of the crystal lattice and hence these 1,4-
substituted naphthalenes appear as molecules with an anthracene
core (Figs. 7 c , S21b). There is a center of symmetry located in the
middle of the C11-C11* bond. Atoms C11, C11*, C12, C12*, C17 and
C17* form the benzene ring, while the atoms C14, C15 and C16 are
positionally disordered. Molecules in the crystal structure adopt
planar geometries (Figs. 4 a, S21) and show a slipped herringbone
arrangement with no relevant p-p overlap (Fig. 7b–c). There are
only a very few intermolecular interactions, depicted in Fig. 7c,
which could be potentially taken into an account. Moreover, from
the viewpoint of charge transfer their role is questionable as these
interactions are involved between the disordered units and these
molecular arrangements are altered with arrangements where
such interactions are not available. Therefore, the disordered
arrangements within the solid state structure of slipped molecules
with large interplanar distances can act as charge traps.

H2TA15N crystallized in the triclinic space group P-1. The
asymmetric unit consists of one half of a molecule. The molecular
structure in the solid state is almost planar (Figs. 4b, S22) as
discussed in Section 2.2. and consists of two transoid bithienyl
moieties. The crystal structure shows molecules stacking into
slipped columnar structures along the b axis (Figs. 8 a–b , S24).
These columnar structures are interlayered in a way that evokes a
brick-wall motif (Fig. S24b). The molecules within a column are
slipped by 19.2 Å along the molecular long axis, which represents
nearly half of the molecular length, and the interplanar spacing
between them is 3.7 Å (Fig. S24b). Interactions between the
molecules of H2TA15N within a column are depicted in Fig. 8c. It is
evident from Fig. 8c that the p-p overlap of the bithienyl units is
not efficient enough and hence the molecules seem to be held
together more by C��H� � �p interactions.

Table 2
The experimental and theoretical energy values for frontier orbitals of the studied compounds.

Experimental Theoretical

Compound EHOMO vs. vac.c (eV) ELUMO vs. vac.c

(eV)
EHLG
CV (eV)

EHLG
opt. (eV)

EHOMO theor. (eV) ELUMO theor. (eV) EHLG theor. (eV)

H2TA14Na �5.43 �2.79 2.64 2.61 �5.18 �2.51 2.67
H2TA14Nb �5.46 �3.09 2.37 2.36
H2TA15Na �5.46 �2.62 2.84 2.84 �5.31 �2.34 2.97
H2TA15Nb �5.43 �2.85 2.58 2.58
H2TA26Na �5.44 �2.64d – 2.80 �5.27 �2.39 2.88
H2TA26Nb �5.54 �2.91 2.63 2.62

a solution.
b vacuum deposited thin film.
c for solution: 103 M solution in benzonitrile with 0.1 M Bu4NPF6; for thin film: with 0.1 M Bu4NPF6 solution in acetonitrile. The HOMO/LUMO levels vs. the vacuum level

were calculated according to the following equations: EHOMO eVð Þ ¼ � Eonsetox � E1=2Fc=Fcþð Þ þ 4:8
h i

and ELUMO eVð Þ ¼ � Eonsetred � E1=2Fc=Fcþð Þ þ 4:8
h i

, where Eonsetox is the onset potential for
oxidation; Eonsetred is the onset potential for reduction and E1=2Fc=Fcþð Þ is the halfwave potential for the ferrocene/ferrocenium couple.

d the value was not obtained from electrochemical reduction, it was calculated from the equation: ELUMO = EHOMO(vs.vac.)� EHLG(opt).
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The compound H2TA26N formed only crystals of poor quality
with a quite large final R-value. However, its X-ray crystal structure
provides a useful indication of the molecular packing of this
compound and it is presented in the supporting information
(Figs. S25, S26).

2.6. Thin-films structural characterization

Arrangement of the studied compounds in a vacuum-deposited
thin film onto an octadecyltrichlorosilane (OTS)-treated Si/SiO2

substrate has been studied by Grazing-incidence wide-angle X-ray
scattering (GIWAXS) and AFM measurements. The obtained XRD
patterns are shown in Fig. 9. The GIWAXS pattern of a H2TA14N
thin-film plotted in Fig. 9a clearly reveals three diffraction rings.
The positions of diffraction maxima can be read a from radial cut
integrated in the x range 80�–100� that is plotted in Fig. S28a. The
radial cut in Fig. S29a represents orientation along qz axis. The
positions of diffraction maxima are at qz equal to 4.0, 6.6 and
9.0 nm�1, respectively. The position of the first diffraction
maximum provides d-spacing between neighboring H2TA14N
molecules to be (2p)/4.0 nm�1 = 1.57 nm. In addition, the first
diffraction maxima are seen in the horizontal cut taken at
qz = 0.32 nm�1 (Fig. S29b). Here, the first diffraction maxima are
enhanced due to the grazing angle of incidence. Fig. 9a suggests
anisotropic intensity distribution in the first diffraction ring. This
proves that all orientations of H2TA14N molecules with respect to

the sample surface are feasible. However, the preferential
orientations of H2TA14N molecules are achieved at x equal to
39� and 141� (Fig. S29c). It suggests preferential tilt of H2TA14N
molecules with respect to the surface normal that is equal to 51�.

The GIWAXS pattern of H2TA15N thin-film is plotted in Fig. 9b
where three diffraction rings are clearly visible. According to the
radial cut plotted in Fig. S30a, the positions of diffraction maxima
are at qz equal to 4.0, 8.4 and 9.2 nm�1, respectively. The first
diffraction maxima can be also seen in the horizontal cut taken at
qz = 0.32 nm�1 (Fig. S30b). The position of the first maximum
corresponds to the d-spacing (2p)/4.0 nm�1 = 1.57 nm. The inten-
sity distribution integrated in the q range 3.7–4.3 nm�1 as a
function of azimuthal angle x is plotted in Fig. S30c. It shows
intensity enhancements at x = 0� and x = 180�, which suggests
preferential parallel orientation of H2TA15N molecules to the
sample surface.

The GIWAXS pattern of the H2TA26N thin-film is plotted in
Fig. 9c and reveals distinct maximum along detector scan at
qz = 3.1 nm�1 (Fig. S31a). The mentioned maximum is the second
diffraction order from d-spacing between H2TA26N molecules.
The first diffraction order along the detector scan is covered by the
beamstop and is therefore not visible. However, both the first and
second diffraction orders can be seen in the horizontal cut in
Fig. S31b. The position of the first diffraction order is at
qz = 1.55 nm�1, which shows the d-spacing between H2TA26N
molecules to be (2p)/1.55 nm�1 = 4.05 nm. The obtained value of

Fig. 6. Voltammograms of the studied compounds dissolved in benzonitrile with 0.1 M Bu4NPF6 (top) and vacuum-deposited thin films measured in acetonitrile with 0.1 M
Bu4NPF6 (bottom), both obtained at the scan rate of 100 mV/s under an inert atmosphere in a glovebox.
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d-spacing correlates with the total length of H2TA26N molecules
4.037 nm. The orientation of H2TA26N molecules can be consid-
ered on the basis of the x-plot integrated in the q range
2.9–3.4 nm�1 (Fig. S31c). The x-plot reveals three distinct maxima
at x equal to 0�, 90� and 180�, suggesting either perpendicular or
parallel orientation of linear H2TA26N molecules to the sample
surface. However, the perpendicular orientation of H2TA26N
molecules with respect to the sample surface is the most probable
considering the strength of the x-peak at x = 90� in Fig. S31c.

Surface morphology study of thin films revealed polycrystalline
behavior of all investigated derivatives (Figs. Fig. 10, S32). It should
be noted here that the thin films of H2TA14N and H2TA15N
derivatives are not continuous even though the average film
thickness is 100 nm as estimated by quartz crystal microbalance
during the vacuum deposition. This phenomenon originates in the
preferred creation of large crystals instead of a continuous layer
over the whole substrate surface. The radial power spectrum
density function has been used to evaluate average grain size

Fig. 7. Crystal packing arrangement of H2TA14N: (a) view down the b-axis, (b) view perpendicular to b-axis showing the herringbone arrangement, (c) side view depicting
the intermolecular interactions. For clarity some molecules are omitted from the unit cell.

Fig. 8. Crystal packing arrangement of H2TA15N: (a) view down the b-axis, (b) view along the molecular long axes showing the columnar arrangement, (c) side view
depicting the intermolecular interactions. For clarity some molecules are omitted from the unit cell.
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(Fig. S32). The derivatives H2TA14N, H2TA15N, and H2TA26N
exhibit grains that are 555, 667, and 166 nm in size, respectively.
This stands in good agreement with the surface roughness of 29,
59, and 14 nm for the H2TA14N, H2TA15N, and H2TA26N
derivatives, respectively. Even though the H2TA26N derivative
shows the smallest grains, its organic film is the most flat and
continuous.

2.7. Charge transport in OFET

OFETs have been prepared in top-contact and bottom contact
geometries with HMDS or OTS treated Si/SiO2 substrate and
vacuum-deposited organic semiconductor layers (For more details
see Section 4.3).

The transfer and output characteristics of the fabricated OFETs
are illustrated in Figs. 11–13 , S33, and S34. All investigated organic
semiconductors H2TAxyN exhibited p-type conductivity and
common behavior with the saturation region satisfying space-
charge limited conditions. Table 3 summarizes their extracted
device parameters such as effective charge mobility (m), threshold
voltage (Vth), and the Ion/Ioff ratio and compares them with values
reported for linker-free analogs H2TxyN. The organic semiconduc-
tor H2TA26N shows the best charge transport properties, and
therefore the technology optimization had been focused on this
material only. It should be noted here that the top-contact
geometry with HMDS treatment of the gate insulator has been
applied to compare the organic semiconductor with previously

Fig. 9. GIWAXS patterns obtained from vacuum deposited thin films of H2TA14N (a), H2TA15N (b), and H2TA26N (c) on OTS-treated SiO2/Si substrates.

Fig. 10. AFM images of vacuum deposited thin films (top) and their height profiles at selected white lines shown in the AFM image (bottom) of compounds H2TA14N (left),
H2TA15N (middle) and H2TA26N (right).

164 R. Mišicák et al. / Synthetic Metals 217 (2016) 156–171



reported s-bond linked analog (H2T26N) under the same
fabrication conditions.

Although the ethynylene linker brings planarity to bithienyl-
naphthalene derivatives, this was not reflected by an increase of
the charge mobility as we anticipated. The ethynylene linked
compounds H2TAxyN show charge mobilities several orders of
magnitude lower compared to their linker-free analogs H2TxyN.
Besides the numerous factors that can affect charge mobility, the
proper molecular arrangement is one of the main prerequisites.
The lower mobilities of the studied compounds can be explained
by the lower degree of the intermolecular overlap of p-orbitals
which is evident from the mutual spatial orientation of molecules
and their intermolecular distances in a crystal lattice as discussed
in Section 2.5. Another factor which significantly aggravate the
charge mobility is the lower level of molecular order in thin films
indicated by GIWAXS and AFM measurements. The best charge
transport properties of the H2TA26N derivative are probably
related to the tightest molecular arrangement from the H2TAxyN
series and mainly to the fact that only molecules of this derivative
are oriented perpendicularly with respect to the substrate surface
which is a crucial factor for effective charge transport between the
drain-source contacts. Although the derivative H2TA15N crystal-
lizes into slipped columnar structures, the coplanar orientation of
the molecules to the surface in the thin film results in decreased
hole mobility. The compound H2TA14N—despite the highest level
of intramolecular conjugation (the narrowest HOMO-LUMO gap)—
forms the most disordered solid state structure, which results in
seriously diminished charge mobility. The disordered solid state
structure originates from the molecular asymmetry of this
derivative, possessing an unsubstituted benzene ring laying out
of the axis connecting the bithienyl units, while the other two
derivatives are centrosymmetric with a more rod-like molecular
geometry that results in a tighter molecular arrangement.

Although introduction of the ethynylene linker altered the
order of the molecular properties of the studied derivatives
H2TAxyN compared to the derivatives H2TxyN, the charge
mobility within the ethynylene-linked and linker-free series
remains in the same order, i.e. xy: 14 <15 < 26. This indicates

that the molecular symmetry within this series is a crucial factor
for the tightness of the molecular arrangement and affects the
charge mobility.

3. Conclusions

In summary, we synthesized a series of new bithienyl-
naphthalene derivatives H2TAxyN with ethynylene linkers. For
alkynylation reactions, we utilized Negishi cross-coupling that
affords higher yields when starting from aryl bromides compared
to the Sonogashira reaction. In contrast to the linker-free analogs
H2TxyN with the twisted molecular geometry, the presence of an
ethynylene linker ensures the planarity of the molecules and was
confirmed by single crystal X-ray analysis. This results in a higher
level of conjugation within the ethynylene-linked compounds
H2TAxyN that increases in the altered order (H2TA15N � H2TA26N
< H2TA14N compared to H2TA15N < H2T14N < H2T26N), as it is
documented by the positions of electron absorption maxima and
electrochemically determined HOMO-LUMO gaps. While the
absorption and fluorescence maxima of H2TAxyN thin films are
batochomically shifted compared to those in solutions, the
maxima of linker-free H2TxyN thin films vs. solution are
hypsochromically shifted. This indicates the formation of the
different aggregate types. Crystal structure analysis of the
compounds H2TA14N and H2TA26N revealed a herringbone
packing motif, with higher disorder in the case of the former
due to the lack of a molecular inversion center. H2TA15N
molecules are packed into slipped columnar structures evoking
a brickwall motif, but with parallel orientation to the substrate in
the thin film. The derivative H2TA26N is the only one that exhibits
a desirable perpendicular orientation of the molecules with
respect to the substrate surface. This orientation, together with
the tightest intermolecular interactions and the best film-forming
properties result in the highest hole mobility, m = 5.5 �10�3 cm2/
Vs. However, the observed mobilities of the ethynylene-linked
derivatives H2TAxyN are several orders of magnitude lower than
those previously determined for the linker-free analogs H2TxyN.
Although the tendency in molecular properties such as

Fig. 11. Transfer characteristics of OFETs with the organic active layer based on the studied compounds H2TAxyN fabricated by vacuum deposition according conditions (ii)
(OTS treated SiO2/Si; PFBT treated Au electrodes; PVD by radiative heat; BC with 90 nm SiO2). These characteristics were measured at a drain-source voltage of �40 V.
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conjugation within the molecules has been altered by introduction
of the ethynylene linker, the tendency in charge mobility remains
the same for both series (xy: 14 <15 < 26) and is most likely
associated with the retained molecular symmetry characteristics.

4. Experimental

4.1. Material and methods

Solvents were dried and purified by standard methods before
use. The 2,6-dibromonaphthalene, 1,4-dibromonaphthalene and
Pd(PPh3)4 were purchased from Alfa Aesar. 5-Bromo-50-hexyl-2,20-
bithiophene, ethynyltrimethylsilane and n-BuLi (1.6 M solution in
hexane) were purchased from Sigma Aldrich.

Thin-layer chromatography was performed on Merck TLC plates
of silica gel 60, F-254. Melting points were determined with a
Melting Point M-656 Büchi apparatus and were uncorrected. NMR
spectra were recorded on the Varian Mercury Plus Instrument
(300 MHz for 1H and 75 MHz for 13C) at 20 �C (H2TA14N) and at
45 �C (H2TA15N, H2TA26N) in CDCl3. Chemical shifts are reported
in d ppm referenced to an internal SiMe4 standard for 1H NMR.
The following abbreviations are used: s = singlet, d = doublet,
dd = doublet of doublets, ddd = doublet of doublets of doublets,
m = multiplet, Np = naphthalene, Th = thiophene. IR spectra were
determined with a Thermo Scientific Nicolet iS10 apparatus and
are given in cm�1. The following abbreviations are used: s = strong,
m = medium, w = weak. Electronic absorption spectra were
obtained on an Agilent HP8453 diode array spectrophotometer.

Fig. 12. Transfer characteristics of H2TA26N OFET with the organic active layer prepared by vacuum deposition according conditions (ii) (see Table 3). The transfer
characteristics of H2TA26N OFET was measured at a drain-source voltage of �40 V.

Fig. 13. Output characteristics of H2TA26N OFET for various gate-source voltages with the organic active layer prepared by vacuum deposition acording conditions (ii) (see
Table 3).
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Fluorescence measurements were performed on an Edinburgh
Instruments FSP 920 fluorescence spectrometer. The solution
fluorescence was measured in a 1 cm fluorescence cuvette in the
right-angle arrangement at 25 �C. The fluorescence quantum yields
(FF) were calculated relative to a standard solution of anthracene
in cyclohexane (F = 0.36) [68]. Thin-film fluorescence was
measured in front-face arrangement and the corresponding
quantum yield of fluorescence was determined using an integrat-
ing sphere. Elemental analyses were performed with a Vario
MICRO CUBE analyzer (Elementar). The single-crystal X-ray
diffraction data were collected on an Oxford Diffraction Gemini
R four-circle diffractometer for H2TA14N using Cu-Ka radiation at
100(1) K and for H2TA15N and H2TA26N using Mo-Ka radiation at
298(1) K. Data reduction was done by CrysAlis PRO [69]. The
structure was solved by charge-flipping algorithm superflip [70]
using OLEX2 [71]. Refinement was carried out on F2 and scattering
factors incorporated in SHELXL2014 [72] were used. All non-
hydrogen atoms were refined with anisotropic thermal param-
eters. Crystal data collection procedures, structure determination
and refinement are summarized in Table S3. The positions of all H
atoms were geometrically optimized and constrained to ride on
their parent atoms, with C��H = 0.93 Å (aromatic), 0.96 Å (methyl),
0.97 Å (ethyl) and with Uiso(H) = 1.2Ueq(C). DIAMOND [73] and
Mercury [74] program packages were used for visualization of
molecular and crystal structures.

The 2D X-ray diffraction analysis of thin films were realized by
grazing-incidence wide-angle X-ray scattering (GIWAXS) method.
The GIWAXS measurements were performed on a Nanostar system
(Bruker AXS, Germany) with integrated metal-jet X-ray source
(Excillum, Sweden). The Nanostar system is primarily designed for
small-angle and wide-angle X-ray scattering (SAXS and WAXS)
measurements. The metal-jet X-ray source uses a stream of liquid
Ga as an anode. The wavelength of the emitted GaKa radiation is
0.134 nm, which corresponds to an X-ray photon energy of 9.2 keV.
The angle of incidence of the X-ray beam to the sample surface was
set to a shallow angle of 0.2�. The scattered X-ray photons were
collected by a silicon-based 2D X-ray detector Pilatus 300K
(Dectris, Switzerland). The major advantage of the use of a 2D
X-ray detector is the possibility to record the sample texture in a
single measurement. The pixel size of the detector was
172 �172 mm2. The exposure time was set to half an hour. The
recorded GIWAXS patterns were calibrated by calibration stand-
ards such as silver behenate and corundum. The position of the
detector with respect to the sample provided us access to �5 nm�1

in the qy (horizontal) direction and 10 nm�1 in the qz (vertical)
direction. Surface morphological study of organic films was
performed with the Dimension Edge atomic force microscope
(AFM) system (Veeco Instruments Inc., Santa Barbara, CA, USA)
operating in the tapping mode with the “RFESP” silicon probes
(Bruker, Camarillo, CA, USA). The surface was homogeneous and
surface morphology was identical in all investigated areas.

Calculations were performed using the Gaussian 09 program
[75]. All molecules were optimized using a hybrid density
functional [76,77] and Becke’s three-parameter exchange func-
tional combined with the LYP correlation functional (B3LYP)
[78,79] and with the 6-311++G(d,p) basis set.

4.2. Synthesis

4.2.1. General procedure for the preparation of bis[(5'-hexyl-2,2'-
bithiophen-5-yl)ethynyl]naphthalenes (H2TAxyN) by the Negishi
procedure

A dried Schlenk flask was charged with a terminal alkyne 1
(777 mg, 2.83 mmol), evacuated and filled with argon. Dry THF
(8 mL) was successively injected into the flask, stirred for 5 min at
room temperature and then cooled down to �10 �C. n-BuLi
(1.86 mL, 2.97 mmol,1.6 M solution in hexane) was added dropwise
to this solution. After addition, the mixture was stirred at �10 �C
for 40 min. Then 1.5 M solution of dried ZnBr2 (766 mg, 3.4 mmol)
in THF (2,3 mL) was added dropwise at �10 �C to it and the reaction
mixture was stirred at this temperature for 30 min and then for
another 15 min at room temperature. (For better solubility of ZnBr2
in THF, sonificating the solution is adviced).

For the next step, a dried two-necked flask equipped with a
condenser was loaded with dihalonaphthalene 4 (1.23 mmol) and
Pd(PPh3)4 (142 mg, 0.123 mmol), evacuated and filled with argon.
Dry THF (6.2 mL) was added via cannula followed by addition of the
prepared alkynylzinc bromide solution. The reaction mixture was
stirred under reflux for 20 h. Because the solubilities of H2TA14N,
H2TA15N and H2TA26N differ, the work up and the purification
procedures are mentioned separately.

Note: Derivatives H2TA14N and H2TA26N were prepared by the
above-mentioned general procedure starting from the correspond-
ing commercially available dibromonaphthalenes 4a and 4c, while
1,5-diiodonaphthtalene (4b) was used for synthesis of the
derivative H2TA15N. 1,5-Diiodonaphthalene (4b) was prepared
from naphthalene-1,5-diamine (Merck) according to the procedure
described in the literature [80,81].

4.2.2. 1,4-Bis{[50-hexyl-(2,20-bithiophen)-5-yl]ethynyl}naphthalene
(H2TA14N)

After cooling to room temperature, the reaction mixture was
quenched by addition of a saturated aqueous solution of NH4Cl. The
organic layer was washed with water (20 ml) and then dried over
Na2SO4. The residual water layer was twice extracted with CHCl3
(30 ml portions) and then the resulting organic layer was dried
over Na2SO4. Both the THF and CHCl3 organic layers were put
together and the solvents were evaporated off under reduced
pressure. The crude product was purified by flash chromatography
on a short column of silica gel starting elution with hexanes to
eluate the residual starting material (the product is poorly soluble
in hexanes) and then changed to a mixture of hexanes/CHCl3 (15/1)
affording a red powder (704 mg; 85%) which was recrystallized
from a mixture of n-hexane/toluene (4/1) to obtain small red
needle crystals. M.p. 112–113 �C. 1H NMR (300 MHz, CDCl3, Me4Si)
d: 8.44-8.35 (m, 2H, AA’XX’, Np), 7.70 (s, 2H, Np), 7.61-7.69 (m, 2H,
AA’XX’, Np), 7.27 (d, J = 3.8 Hz, 2H Th), 7.045 (d, J = 3.6 Hz, 2H, Th),
7.039 (d, J = 3.9 Hz, 2H, Th), 6.71 (d, J = 3.6 Hz, 2H, Th), 2.81 (t,
J = 7.5 Hz, 4H), 1.77–1.60 (m, 4H), 1.47–1.23 (m, 12H), 0.91 (t,
J = 6.8HZ, 6H). 13C NMR (75 MHz, CDCl3, Me4Si) d: 146.42, 140.15,
134.04, 133.13, 132.74, 129.43, 127.38, 126.58, 124.98, 124.08,
122.89, 121.23, 120.91, 92.30, 89.58, 31.56 (two overlapped signals),
30.22, 28.76, 22.58, 14.09. IR (powder) nmax: 3070 (w, Ar��H),
2953-2853 (m, C��H), 2188 (m, C¼C), 1430-1475 (w, CH2, CH3)
cm�1. Elemental analysis (%) for C42H40S4: calculated C 74.95, H
5.99, S 19.06; found C 74.74, H 6.32, S 19.51.

Table 3
Comparison of average values of evaluated OFET parameters.

Compound Conditions m (cm2/V s) Vth (V) Ion/off

H2T14N [48] (i) 5.1 �10�6 �3 102

H2TA14N (ii) 1.8 � 10�8 �6 101

H2T15N [48] (i) 1.6 � 10�2 �23 105

H2TA15N (ii) 1.1 �10�6 �11 102

H2T26N [48] (i) 1.2 � 10�1 �15 106

H2TA26N (i) 2.2 �10�4 �1 103

H2TA26N (ii) 5.5 �10�3 �6 105

(i) HMDS treated SiO2/Si; untreated Au electrodes; PVD from a Knudsen cell; TC
with 40 nm SiO2. (ii) OTS treated SiO2/Si; PFBT treated Au electrodes; PVD by
radiative heat; BC with 90 nm SiO2.
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4.2.3. 1,5-Bis{[50-hexyl-(2,20-bithiophen)-5-yl]ethynyl}naphthalene
(H2TA15N)

Due to the poor solubility of the product it partially precipitates
even during the reflux. After cooling to room temperature, the
reaction mixture was quenched by addition of water. Then reaction
mixture was poured onto a fritted funnel and the precipitated
crude product was filtered off under vacuum suction and several
times (3–4 times) washed alternately with water (20 ml), hexane
(20 ml) and toluene (10–20 ml). The obtained product was
recrystallized twice from toluene giving small plate-like orange
crystals (580 mg, 70%). M.p. 128.5–129.5 �C. 1H NMR (300 MHz,
CDCl3, Me4Si) d: 8.38 (d, J = 8.5 Hz, 2H, Np), 7.79 (d, J = 6.8 Hz, 2H,
Np), 7.63–7.51 (m, 2H, Np), 7.26 (d, J = 3.6 Hz, 2H, Th), 7.042 (d,
J = 3.5 Hz, 2H, Th), 7.036 (d, J = 3.7 Hz, 2H, Th), 6.71 (d, J = 3.6 Hz, 2H,
Th), 2.81 (t, J = 7.8 Hz, 4H), 1.77–1.60 (m, 4H), 1.47–1.23 (m, 12H),
0.91 (t, J = 6.7 Hz, 6H).

13C NMR (75 MHz, CDCl3, Me4Si) d: 146.36, 139.94, 134.05,
132.97,132.85,130.80,127.06,126.23,124.96,124.04,122.83,121.12,
120.97, 91.93, 88.12, 31.56 (two overlapped signals), 30.21, 28.75,
22.58, 14.08. IR (powder) nmax: 3100-3060 (w, Ar��H), 2950–2854
(m, C��H), 2194 (s, C¼C), 1430-1475 (w, CH2, CH3) cm�1. Elemental
analysis (%) for C42H40S4: calculated C 74.95, H 5.99, S 19.06; found
C 75.04, H 5.99, S 18.59.

4.2.4. 2,6-Bis{[50-hexyl-(2,20-bithiophen)-5-yl]ethynyl}naphthalene
(H2TA26N)

The work up was done in the same manner as in the case of
H2TA15N. The crude product was further purified by two
recrystallization from toluene giving a yellow powder (679 mg,
82%). M.p. 188.5–190 �C. 1H NMR (300 MHz, CDCl3, Me4Si) d: 7.98–
9.00 (m, 2H, Np), 7.77 (d, J = 8.5 Hz, 2H, Np), 7.56 (dd, J = 8.5, 1.2 Hz,
2H, Np), 7.20 (d, J = 3.8 Hz, 2H, Th), 7.02 (d, J = 3.5 Hz, 2H, Th), 7.00 (d,
J = 3.8 Hz, 2H, Th), 6.70 (d, J = 3.6 Hz, 2H, Th), 2.80 (t, J = 7.5 Hz, 4H),
1.77–1.60 (m, 4H), 1.47–1.23 (m, 12H), 0.90 (t, J = 6.8 Hz, 6H).

13C NMR (75 MHz, CDCl3, Me4Si) d: 146.42, 140.00, 134.18,
133.03, 132.50, 130.99, 128.92, 127.93, 124.97, 124.11, 122.88, 121.31,
121.23, 94.29, 84.16, 31.59, 31.57, 30.26, 28.78, 22.58, 14.03. IR
(powder) nmax: 3069 (m, Ar��H), 2957–-2852 (m, C��H), 2191 (w,
C¼C), 1440-1465 (w, CH2, CH3) cm�1. Elemental analysis (%) for
C42H40S4: calculated C 74.95, H 5.99, S 19.06; found C 74.83, H 5.97,
S 18.65.

4.2.5. Preparation of 1,4-Bis{[50-hexyl-(2,20-bithiophen)-5-yl]ethynyl}
naphthalene (H2TA14N) and 1,5-Bis{[50-hexyl-(2,20-bithiophen)-5-yl]
ethynyl}naphthalene (H2TA15N) by the Sonogashira procedure

4.2.5.1. Procedure A. Dihalonaphthalene 4a or 4b (1.05 mmol),
tetrakistriphenylphosphine palladium (121 mg, 0.105 mmol),
copper(I) iodide (20 mg, 0.105 mmol) and the terminal alkyne 1
(664 mg, 2.42 mmol) were loaded into a two-necked flask
equipped with a condenser. The apparatus was evacuated and
then refilled with argon. Degassed triethylamine (4.3 mL) and
toluene (4.6 mL) were transferred via cannula into the reaction
mixture under a positive argon pressure. The resulting reaction
mixture was stirred at 95 �C for 24 h under an argon atmosphere.
Because the solubilities of the H2TAxyN derivatives differ, the work
up and the purification procedures are mentioned separately.

4.2.5.2. Preparation of H2TA14N. The triethylamine and toluene
mixture was distilled off. The concentrated reaction mixture was
dissolved in chloroform (40 mL) and poured into a saturated
solution of ammonium chloride. The water phase was extracted
twice with chloroform (40-mL portions). Combined organic layers
were washed with water and brine, and dried over anhydrous
Na2SO4. After filtration of the solution and evaporation of the
solvent, the residue was purified by the same way as mentioned

above in the text for the Negishi procedure. This procedure
afforded the product H2TA14N in a 20% yield (141 mg).

4.2.5.3. Preparation of H2TA15N. After cooling to room
temperature the product precipitates. Water was added to a
reaction mixture and the work-up was done in the same manner as
in the case of the Negishi procedure. This procedure afforded the
product H2TA15N in a 67% yield (473 mg).

4.2.5.4. Procedure B
4.2.5.4.1. Preparation of H2TA14N. Except for a few changes this
procedure follows the procedure A. The changes in comparison to
procedure A are the following: the Pd(PPh3)4 catalyst is changed to
Pd(PPh3)2Cl2; four equivalents of terminal alkyne 1 are used
instead of 2.3 equiv.; Et3N is used also as a solvent (20 mL) instead
of toluene; and the reaction time is prolonged from 24 h to 48 h.
These changes result in a 65% (459 mg) yield of the product
H2TA14N.

4.3. Film fabrication

The organic field-effect transistors (OFETs) have been prepared
in top-contact and bottom contact geometries to find the optimum
conditions for device fabrications of an organic semiconductor
with the best charge transport properties. Heavily doped silicon
wafers were used as the substrates, where the thermally grown
oxide (SiO2) served as a gate insulator layer. The tested SiO2

thicknesses were 40, 90, and 240 nm. Prior to the organic film
deposition, the substrates were washed in an ultrasonic bath by
isopropyl alcohol and pure water, consecutively, and then cleaned
up by oxygen plasma to remove organic residues. The SiO2 surface
had been treated by hexamethyldisilazane (HMDS, Sigma-Aldrich)
or octadecyltrichlorosilane (OTS, Sigma-Aldrich) to improve the
organic semiconductor growth conditions. Organic semiconduc-
tors were deposited by thermal evaporation from a Knudsen cell
(boron nitride crucible) or by radiative heating in a vacuum better
than 10�4 Pa and the deposition rate was fixed at 3 nm/min,
monitored by a quartz crystal microbalance. Since the energy level
of HOMO reaches a value of 5.4 eV for all investigated organic
semiconductors, we employed a gold electrode with the work
function of 5.3 eV for hole injection electrodes (source and drain
electrodes). For bottom-contact (BC) geometry gold electrodes (Au,
30 nm) were deposited on an indium tin oxide (ITO, 10 nm)
adhesion layer (provided by FraunHofer IMPS), while in top-
contact (TC) geometry gold (Au, 50 nm) source/drain electrodes
were evaporated through shadow masks directly on the organic
semiconductor surface. In the case of bottom-contact geometry the
source and drain electrodes were modified by perfluorobenzene-
thiol (PFBT, Sigma-Aldrich). The channel length varied from 2.5 to
20 mm for the bottom-contact geometry, whereas in the top-
contact geometry the channel length ranged from 20 to 100 mm.
The channel width was 2 mm for all fabricated devices.

4.4. Electrochemical measurements

A home-made electrochemical analyser [82] was used for the
determination of HOMO levels. The electrochemical cell was
equipped with the AC1.W2.R2 sensors supplied by BVT Technolo-
gies, Inc. (Pt working electrode of dw= 2 mm, Ag/AgCl reference
electrode, Pt auxiliary electrode). Thin films of the studied
compounds were vacuum evaporated onto ITO glass. For measur-
ing the CV of thin films we chose a similar set of electrodes (i.e. an
Ag/AgCl reference electrode, Pt auxiliary electrode, only the Pt
working electrode was changed to ITO). Based on the recom-
mended potential ranges for electrochemistry in non-aqueous
environments [83], the electrochemical HOMO/LUMO levels were
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measured in a PTFE membrane filtered (pore size 220 nm) �10�3M
solution prepared in benzonitrile (for spectroscopy, 99%). Acetoni-
trile (anhydrous, 99.8%) was used for HOMO/LUMO determination
of the vacuum-deposited thin films. In all the above-mentioned
cases, 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6)
was used as the supporting electrolyte. In compliance with IUPAC
recommendations [84] the ferrocene couple was used as the
reference redox system for calculating the HOMO/LUMO level
energetic position vs. vacuum. All experiments were performed
under a nitrogen atmosphere in a glovebox.

The positions of the HOMO/LUMO levels vs. the ferrocene redox
couple Fc/Fc+ (Fig. S28) were recalculated to the vacuum level by
the most commonly used value of �4.8 eV for the ferrocene
reference level vs. vacuum [85]. The onset values of the respective
voltammetric waves were used for determining the HOMO/LUMO
levels. Such an approach is based on the quantum chemical
calculations of Brédas et al. who found a linear correlation between
the ionization potential and oxidation potential and also between
electron affinity and reduction potentials [86]. These values refer to
the first oxidation and reduction potentials (for removing or adding
one electron), which corresponds to the onset values of the
electrochemical process.
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a  b  s  t  r  a  c  t

The  use  of organic  semiconductors  in  bioelectronic  devices  has  received  considerable  attention  over  the
past decade,  since  they  have  the  potential  to  form  an excellent  biointerface  for  living  cells  and  tissues.
The  aim  was  to  determine  multiple  aspects  of  the  biocompatibility  of selected  organic  semiconductors
with  high  conductivity  and  to further  improve  their  potential  for cell  cultivation.  Two  representatives  of
low-molecular  weight  organic  semiconductors  triisopropylsilyethynyl  pentacene  (TIPS-Pentacene)  and
diketopyrrolopyrrole  (DPP(TBFu)2) were  selected  together  with  two  semiconducting  organic  polymers
poly(3-hexylthiophene-2,5-diyl)  (P3HT)  and  poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS).  The  stability  of  these  materials  in physiological  environment  and  their  wetting  proper-
ties,  which  are  preconditions  for  biocompatibility,  were  determined.  TIPS-Pentacene,  DPP(TBFu)2 and
P3HT  were  stable  but PEDOT:PPS  produced  some  leachates.  Native  TIPS-Pentacene,  DPP(TBFu)2 and  P3HT
exhibited  lowered  wettability.  Their  biocompatibility  was  studied  by  means  of fibroblasts  and  differen-
tiated  cardiomyocytes.  It  was  limited  compared  to standard  cell culture  plastics,  thus  coating  of surface
by proteins  was  applied.  Among  others  collagen  IV  coating  was  shown  to significantly  improve  biocom-
patibility  of all  tested  organic  semiconductors.  Finally,  cultures  of spontaneously  beating  cardiomyocytes
were  established  on TIPS-Pentacene,  DPP(TBFu)2, P3HT  and  PEDOT:PSS.

©  2018  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The use of organic semiconductors in bioelectronic devices
in order to create an interface with living cells and tissues has
received considerable attention during the last decade. The main
reasons why these materials are successful include, in particu-
lar, the ability of organic semiconductors to form a close contact
with the biological material. In addition, favorable mechanical and

Abbreviations: ATP, Adenosine triphosphate; DPP(TBFu)2,
3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)
pyrrolo[3,4-c]pyrrole-1,4-dione; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-difenyl-
2H-tetrazolium-bromid; PBS, Physiological buffered saline; PEDOT:PSS, Poly(3,4
ethylenedioxythiophene) :poly(styrenesulfonate); P3HT, Poly(3-hexylthiophene-
2,5-diyl); TIPS-Pentacene, Triisopropylsilyethynyl pentacene.
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E-mail address: jan.vitecek@ibp.cz (J. Víteček).

chemical properties of organic semiconductors allow them to be
processed by highly scalable industrial approaches (e.g. printing).
This has led to the demonstration of plastic bioelectronic devices
that can be used as efficient substitutes for devices based on inor-
ganic semiconductors and precious metals. Their utility has already
been shown in the case of cell cultures with respect to sensing
or modulating the electrical activity of cells [1–4]. Electrogenic
and electroexcitable cells such as neurons and (cardio)myocytes
are the subject of particular interest since the analysis or modula-
tion of their activity is of significant use in biomedical science and
biomedical applications [5,6]. Moreover organic semiconductors
can be processed into implants for neural recording, drug deliv-
ery, or ultraflexible, ultralightweight and stretchable sensor arrays
[4,7–9]. Such organic bioelectronic devices can operate on vari-
ous principles. They can work as simple conductive electrodes.
More sophisticated devices can operate on the principle of an
organic field-effect transistor or an organic electrochemical tran-
sistor [1–3]. In spite of these significant advances, many challenges

https://doi.org/10.1016/j.snb.2017.12.108
0925-4005/© 2018 Elsevier B.V. All rights reserved.
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need to be overcome before organic semiconductors can be used in
practical bioelectronic devices. Among them, the need for a better
understanding of electronic-biological interfaces is one of the most
crucial [4].

Organic semiconductors which form an interface with biolog-
ical material have to meet certain requirements regardless of the
form or function of the bioelectronic device. Specifically, an organic
semiconductor has to be sufficiently conductive, i.e. it has to have
high charge carrier mobility [10–13]. Further, it has to be stable
enough in physiological environment to allow for unbiased opera-
tion of the bioelectronic device [14]. Finally, it must be sufficiently
biocompatible (i.e. there must be no adverse effects on the biologi-
cal material which is in contact with the bioelectronic device). In the
context of working with living cells, biocompatibility is defined in
terms of the absence of cytotoxicity and the ability to provide sup-
port for cell adhesion and spreading (i.e. the establishment of close
contact with the surface). This results in cells with correct morphol-
ogy and sustained viability. Such aspects are largely determined by
the release of potentially cytotoxic compounds [15,16] as well as by
wettability and the presence of specific surface functional groups
or molecular structural motives [17–20].

Except for some preparations of polyanilines [21], organic semi-
conductors are, according to recent reviews [14,22,23], generally
regarded to be biocompatible. Detailed insights into the biocompat-
ibility of organic semiconductors are, however, scarce. In addition,
some papers highlight the need to modify the surface of organic
semiconductors in order to host living cells efficiently [1]. Thus,
expanding the knowledge base with respect to optimising organic
electronic biointerfaces is an important goal for both the scientific
and industrial communities.

In this study, we investigated multiple aspects of the bio-
compatibility of representatives of both classes of organic
semiconductors: the low molecular weight semiconduc-
tors triisopropylsilyethynyl pentacene (TIPS-Pentacene)
and diketopyrrolopyrrole (DPP(TBFu)2) and the polymers
poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS);
for structural formulas see Supplementary Fig. 1. All the exam-
ined organic semiconductors were selected on the basis of their
substantial charge carrier mobilities and had been tested in high
conductivity requiring applications [10–13]. The wetting proper-
ties and stabilities of these organic semiconductors in physiological
media were determined. In addition, their biocompatibilities were
studied using fibroblasts and cardiomyocytes. Further, trials to
improve their biocompatibilities by means of surface coating
were successfully carried out. Finally, cultures of spontaneously
beating cardiomyocytes were established on the selected organic
semiconductors. Overall, the developed methodology can be
applied to improve the biocompatibility of wide range of organic
semiconductors. This should improve the functioning of bioelec-
tronic devices employing organic semiconductors and enhance
their potential for use in practical applications.

2. Material and methods

2.1. Organic semiconductors

Solutions of the organic semiconductors triisopropylsi-
lyethynyl pentacene (TIPS-Pentacene, Ossila ltd., cat. No.
M151); 3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione (DPP(TBFu)2,
synthetized by the Centre for Organic Chemistry Ltd. Pardu-
bice, Czech Republic); Poly(3-hexylthiophene-2,5-diyl) (P3HT,
Ossila Ltd., cat. No. M102); and poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS, Sigma-Aldrich, cat. No.

739316, conductive ink jet printing formulation) were deposited
onto circular glass slides (Greiner 15 mm,  No. 1). The slides
were cleaned by subsequent sonication in 5% NaOH, deionized
water, and isopropanol (each step 10 min) and blown dry with
nitrogen. The organic semiconductors TIPS-Pentacene, P3HT, and
DPP(TBFu)2) were dissolved in chloroform and filtered through
a 0.45 �m PTFE filter. The PEDOT:PSS dispersion was  filtered
through a 0.45 �m RC filter. Fifty �l of the solution or suspension
was spin-coated at 1500 rpm and dried under vacuum. The glass
with PEDOT:PSS was baked for 30 min  at 150 ◦C, then covered
by ethyleneglycol and subsequently washed with water and
isopropanol. Further, it was  blown dry with nitrogen and baked
for 10 min  at 150 ◦C. The thickness of the layer was 30–50 nm
as determined by stylus profilometer (DektakXT, Bruker). The
deposited organic semiconductors were kept under nitrogen
atmosphere until used.

2.2. Surface treatment

Protein coating was carried out using murine collagen type
IV (BD Biosciences, cat. No. 354233), human fibronectin (BD Bio-
sciences, cat. No. 354008), matrigel (BD Biosciences), and gelatine
(Sigma-Aldrich, cat. No. G9391). The proteins were diluted with
sterile PBS to a pH of 7.4 and to a concentration of 0.1 mg/ml, or
100 mg/ml  in the case of gelatin. PBS for dilution of collagen IV
contained five times more phosphate (50 mM,  pH 7.4) to provide
enough buffering capacity. A minimal volume of the solution was
layered over the surface and incubated at 37 ◦C for one hour. Excess
solution was aspirated and the coated material was  either used
immediately or stored at 4 ◦C to maintain the biological activity of
the protein coating.

2.3. Wetting angle

The wetting angle was determined by means of the sessile
droplet method (Supp. Fig. 2). Images of 5 �l water droplets were
processed with the ContactAngle plugin (https://imagej.nih.gov/
ij/plugins/contact-angle.html) in ImageJ (v1.47, http://rsbweb.nih.
gov/ij/) [24]. Six droplets were evaluated per variant.

2.4. Cell cultures

All cell culture plastics were purchased from TPP (Switzerland).
Cells were routinely maintained in 100 mm culture dishes (made
out of polystyrene, cat. No. 93100, growth-enhanced treated).
Experiments were carried out in 24 well plates (made out of
polystyrene, cat. No. 92024, growth-enhanced treated). Nonster-
ile materials were soaked in 70% ethanol and washed extensively
in PBS before being subjected to cells.

Mouse 3T3 fibroblasts (ATTC) were routinely grown in high-
glucose Dulbecco modified Eagle medium, supplemented with 10%
fetal calf serum, 100 U/ml penicillin, and 0.1 mg/ml  streptomycin
(all from Gibco-Invitrogen) as described previously [25]. The inocu-
lum in a particular experiment was constant for all variants. Since
3T3 cells showed temporal changes in growth rate over long peri-
ods of time, the inocula ranged from 8300 to 28000 cells per 1 cm2

to keep cells in the exponential phase of growth for the whole
period of the experiment. Cardiomyocytes were differentiated from
the mouse HG8 line of embryonic stem cells (ATTC) and puri-
fied as described previously [26]. Subsequently, the culture was
maintained in ITS medium (serum-free Dulbecco modified Eagle
medium with 100 U/ml penicillin, 0.1 mg/ml  streptomycin, 5 mM
glutamine and insulin-transferrin-selenium supplement, all com-
ponents from Gibco-Invitrogen)
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2.5. MTT  assay

Stock solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-difenyl-2H-
tetrazolium-bromid (MTT, Sigma-Aldrich, cat. No 13,503-8) at
2.5 mg/ml  was added to a final concentration of 0.25 mg/ml. Incu-
bation was carried out at 37 ◦C in a 5% CO2 atmosphere for 4 h.
The medium was removed and cells were extracted with 300 �l
of 10% triton X100 in 0.01 M HCl per well on a shaker for 15 min.
The extract was clarified by centrifugation (5000g, 5 min) and the
absorbance was read at 570 nm.

2.6. ATP assay

The level of intracellular adenosinetriphosphate (ATP) was
determined by ATP assay kit (BioVision, K355-100): the medium
was removed and cells were lysed with 250 �l cold lysis buffer on
a shaker at 4 ◦C for 15 min. Lysates were clarified by centrifugation
(5000g, 4 ◦C, 5 min). The rest of the procedure was carried out as
per the instructions of the kit manufacturer.

2.7. Statistics

Data were processed in MS  excel. The statistics were calculated
using ANOVA and Dunnet post hoc test at a significance level of
0.05.

3. Results and discussion

In this work, the biocompatibilities of several organic semi-
conductors with significant potential for use in bioelectronic
applications were investigated thoroughly in cell culture. TIPS-
Pentacene [13], DPP(TBFu)2 [12], P3HT [11] and PEDOT:PSS [10]
were chosen on the basis of their high charge carrier mobility.
Indeed, our thin layers (30–50 nm)  of the above mentioned semi-
conductor materials showed suitable electrical properties (Supp.
Table 1)

The method of organic semiconductor deposition strongly
affects the semiconductor’s surface microstructure. Since this can
largely influence biocompatibility [27], thin layers of the tested
materials were deposited by means of spin coating to ensure a
reproducible surface. Glass slides served as an inert substrate to
avoid artifacts resulting from chemical modification of the sub-
strate during the semiconductor deposition procedure.

3.1. Biocompatibility-related organic semiconductor
characteristics

The application of a conductive material in a bioelectronic device
requires such material to be stable in physiological aqueous envi-
ronment (i.e. with a pH of 7.4 and the relevant concentration of
salts). An assay for stability in PBS was carried out by means of
determining the release of UV/VIS absorbing matter, as all tested
materials and their building blocks show intense absorption in the
UV/VIS spectrum. TIPS-Pentacene, DPP(TBFu)2 and P3HT were sta-
ble, whereas PEDOT:PSS showed the minor release of UV absorbing
compounds (Supp. Fig. 3). Since such leachates may  affect a biologi-
cal system, extensive washing was applied (ethanol and PBS) in the
manner reported in a study in which PEDOT:PSS electrodes were
used for neural interfacing [28].

Further, wettability can play a significant role in a material’s
biocompatibility [18]. TIPS-Pentacene, DPP(TBFu)2 and P3HT were
rather hydrophobic, as demonstrated by contact angles of between
70 and 80◦ (Fig. 1). Such levels of wettability could be limiting for
some cell lines. In contrast, the contact angle for PEDOT:PSS was

Fig. 1. Wetting characteristics of selected organic semiconductors suitable for bio-
electronic device construction: The wetting angle was determined using the sessile
drop method. Data are shown as mean ± SD N = 6 (B).

about 60◦ (Fig. 1), which should render it suitable for the cultivation
of a broad range of cells [18].

3.2. Biocompatibility of organic semiconductors

The biocompatibility assay was carried out with murine fibrob-
lasts (line 3T3). These cells require contact with a substrate [29]
and are commonly used in compatibility testing. Further, they
prefer rigid substrates [30]. 3T3 fibroblasts were grown on TIPS-
Pentacene, DPP(TBFu)2, P3HT and PEDOT:PSS deposited on glass
slides for 48 h. Cells grown on standard culture plastic and glass
were used as controls.

First, cell adhesion and morphology were evaluated. Compared
to standard culture plastics, glass, TIPS-Pentacene, DPP(TBFu)2 and
P3HT exhibited lower coverage by cells, and some non-adherent
cells (i.e. with a round shape and bright perimeter) were present.
Attached cells showed slight morphological disturbances (more
variable cell shapes) compared to standard culture plastics. This
indicates that these materials caused minor stress to cells. Strik-
ingly, the coverage of PEDOT:PSS by cells was  very low and they
were poorly attached and totally misshapen (Fig. 2B–F). In some
runs of PEDOT:PSS spin coating (about 10%), the resulting thin layer
showed low mechanical stability in culture media, as strips of the
PEDOT:PSS layer detached from the glass support upon mechanical
agitation (e.g. the removal of culture media at the end of the assay).

To provide further insight into the biocompatibilities of the
tested organic semiconductors, cell viability assays were carried
out. They were based on different principles: the level of intra-
cellular adenosinetriphosphate (ATP test) and the conversion of a
tetrazolium salt to colored formazan by active redox metabolism
(MTT test). Both assays provided similar data and revealed no
interference with the tested materials. Compared to cells grown
on standard cell culture plastics, the viabilities of cells grown on
glass, TIPS-pentacene, DPP(TBFu)2 and P3HT were lower but sim-
ilar among themselves. The viability of cells grown on PEDOT:PSS
was considerably lower than the viabilities of cells grown on glass
and the other organic semiconductors (Fig. 3A and B).

The literature regards organic semiconductors to be biocom-
patible. Indeed, compared to more commonly used inorganic
conductive materials, they have served favorably in many exper-
imental bio-applications designed to demonstrate their utility, as
reviewed by [14,22,23]. Should they be largely applied, state of the
art standards with respect to biocompatibility levels in cell cultures
and biomedical devices should be devised.

Our data, however, showed that the biocompatibility of all
tested organic semiconductors towards adherent cells was  lower
than in the case of standard cell culture plastics, both at the level
of cell adhesion and morphology, as well as cell viability. We  can
exclude the possibility that this was  due to differences in substrate
stiffness. In principle, animal cells can recognize a limited range of
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Fig. 2. Coverage with living cells and their adhesion and morphology on selected organic semiconductors suitable for bioelectronic device construction: 3T3 fibroblasts were
grown on the indicated materials for two days. Representative microscopic images were taken. (A) Standard culture plastic, (B) Glass, (C) TIPS-Pentacene, (D) DPP(TBFu)2,
(E)  P3HT, (F) PEDOT:PSS. Images show representative data out of five independent biological replicates. Bar represents 50 �m.

this parameter: up to few hundreds kPa in terms of elastic modu-
lus. Whatever exhibits higher stiffness is sensed as extremely rigid
by cells [31]. Thus, cells are not able to distinguish between glass
(elastic modulus 65–75 GPa) or culture plastics/polystyrene (elastic
modlulus 3-3.6 GPa) or the tested organic semiconductors (typical
elastic modulus about 1–15 GPa) [32]. This further indicates that
the possible increase in thin film stiffness due to the presence of
glass at the base had a negligible impact on cells.

Since the tested organic semiconductors were mostly stable,
or the minor release of UV-absorbing compounds could be reme-
died by extensive washing, the possible explanation for the lower
compatibilities of these materials lay in their surface proper-
ties. The biocompatibility of a surface towards adherent cells is
largely dependent on wettability. Thus, hydrophobic or extremely
hydrophilic surfaces usually do not support cell adhesion. A further
factor is the quantity and quality of surface functional groups or
structural motives. Indeed, positively charged groups like amines
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Fig. 3. Viability of cells grown on selected organic semiconductors suitable for
bioelectronic device construction: 3T3 fibroblasts were grown on the indicated
materials for two days. Viability was assayed by means of (A) intracellular ATP con-
tent  and (B) MTT  assay. Response from the control (cell grown on culture plastics)
was  taken as 100%. Data are shown as mean ± SD N = 9. Asterisks and circles indi-
cate  statistically significant differences from culture plastics and glass, respectively
(�  0.05).

mostly support cell adhesion, as do specific structural motives
which are recognized by cell adhesion receptors. On the other
hand, negatively charged groups like sulfonates may  restrict cell
adhesion [17–20]. The lower biocompatibility of TIPS-pentacene,
DPP(TBFu)2 and P3HT found in this study can be attributed to the
rather hydrophobic character of their surfaces (a wetting angle of
70–80◦, Fig. 1) and a lack of cell adhesion promoting functional
groups or structural motives. The unexpected dropdown in bio-
compatibility of the more hydrophilic semiconductor PEDOT:PSS
compared to standard cell culture plastics (a wetting angle of about
60◦, Fig. 1) can be linked to the presence of sulfonate groups that
restrict contact with cells. Altogether, these data highlight the
need to manipulate surface wettability and to introduce cell adhe-
sion promoting functional groups or structural motives in order
to increase the biocompatibility of organic semiconductors. This
would be even more important for long term cell culture or for
highly sensitive animal cells such as cardiomyocytes or neurons.

3.3. Biocompatibility enhancement

In order to increase the biocompatibility of the materials in
question, surface coating was evaluated. We  found that most of
the organic semiconductors included in tests demonstrated a level
of biocompatibility comparable to glass. Thus, glass was  used for
screening in order to identify an agent that would increase biocom-
patibility towards 3T3 fibroblasts. Glass inserts were coated with
gelatin, collagen I, collagen IV, fibronectin, and matrigel (a complex
mixture of extracellular matrix proteins). All these proteins are well
established with respect to increasing cell adhesion and fitness [33].
Indeed, gelatin, collagen I, fibronectin, and matrigel have all been
used previously in the coating of organic semiconductors to support
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Fig. 4. Screening for treatments to improve biocompatibility: 3T3 fibroblasts were
grown on glass slides which were treated as indicated. Untreated glass slide served
as  control. Viability was assayed by means of (A) intracellular ATP content and (B)
MTT  assay. Response from the control (cell grown on glass) was taken as 100%. Data
are  shown as mean ± SD N = 4. Asterisks indicate statistically significant difference
from control (� 0.05).

living cells [6,34–37]; collagen IV was  tested in this study for the
first time. Viability assays indicated that collagen IV significantly
increased biocompatibility towards 3T3 fibroblasts (Fig. 4). In addi-
tion to proteins, a set of silanes, which are able to give surfaces
a different degree of wettability and introduce specific func-
tional groups, was  used in parallel. 3-aminopropyl triethoxy silane,
3-(Trimethoxysilyl)propyl methacrylate, trimethoxyphenylsilane,
and dichlorodimethylsilane were used. None of them increased
biocompatibility (Supp. Fig. 4).

To provide further support for the benefits of using collagen IV,
3T3 fibroblasts were grown on each material with or without col-
lagen IV coating. Standard culture plastics served as control. Cell
viability increased remarkably upon collagen IV coating of each
tested material (Fig. 5). The cellular morphology of 3T3 fibroblasts
was very similar on standard culture plastics and all collagen IV
coated materials, indicating healthy cells (not shown). The wetting
angle of all tested organic semiconductors coated with collagen IV
was about 60◦ in dry state. Such a value is suitable for animal cells
[18].

Collagen IV can self-assemble into a compact nonfibrillar net-
work [38]. The thickness of the layer prepared under conditions
very similar to those in our study was 4 and 18 nm on hydrophilic
material (glass) and hydrophobic material (octadecylsilane treated
glass), respectively [39]. This could explain the unification of the
wetting angle, because a compact layer of collagen IV can mask the
initial surface properties. Surface stiffness could also be manipu-
lated to some extent with the adhesion of collagen IV [40]. Since
the other proteins used for coating did not succeed in increasing
biocompatibility, such a phenomenon is unlikely to be the basis of
the collagen IV effect.

Additionally, collagen IV contains structural motives that specif-
ically mediate cell adhesion [38], which provides a further clue
to the very high biocompatibility of collagen IV-coated materi-
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Fig. 5. The effect of collagen IV treatment on the biocompatibility of selected organic
semiconductors suitable for bioelectronic device construction: 3T3 fibroblasts were
grown on glass slides which were treated as indicated. Viability was assayed by
means of (A) intracellular ATP content and (B) MTT  assay. Response from the control
(cell grown on culture plastics) was taken as 100%. Data are shown as mean ± SD
N  = 4. Asterisks indicate statistically significant differences from untreated material
(�  0.05).

als. Interestingly, collagen IV coating also made PEDOT:PSS more
resistant to mechanical agitation, as no detachment from the glass
support was observed. This indicates that the collagen IV network
could also protect the semiconductor.

3.4. Cardiomyocytes

Having established a procedure to increase the biocompatibility
of organic semiconductors, a trial regarding the construction of a
bioelectronic device which could support cardiomyocytes was  car-
ried out. These cells show beating and electrical responses as in
the heart, yet also in a cell culture. They can attach and grow on
substrates with a broad range of stiffness [41]. On the other hand,
they are sensitive to a wide spectrum of stressors and require high
biocompatibility with respect to culture support.

Thus, collagen IV-coated TIPS-Pentacene, DPP(TBFu)2, P3HT, and
PEDOT:PSS were seeded with cardiomyocytes differentiated from
murine embryonal stem cells. The cardiomyocytes showed good
attachment to all substrates (not shown) and similar viability when
seeded on cell culture plastic, glass, TIPS-Pentacene, DPP(TBFu)2
and P3HT. The viability was, however, slightly reduced (by about
15%) on PEDOT:PSS (Fig. 6). All variants showed the spontaneous
beating of cardiomyocytes, indicating healthy cultures.

The data indicate that the high biocompatibility exhibited by
all of the tested materials towards very sensitive cells such as car-
diomyocytes can be achieved by means of suitable coating. Indeed,
in most of the tested materials, the gold standard of cell culture
plastics was reached, confirming the previous results obtained
with 3T3 fibroblasts. In three recent works dealing with a car-
diomyocyte beating sensor in which an organic semiconductor
(PEDOT:PSS, PEDOT:gellan gum) was in contact with cells, surface
coating was also applied to promote biocompatibility. There was,

Fig. 6. Viability of mature mouse cardiomyocytes grown on selected substrates
suitable for bioelectronic device construction: cardiomyocytes were grown on the
indicated substrates coated with collagen IV for five days. Viability was assayed by
means of MTT assay. Response from the control (cell grown on culture plastics)
was  taken as 100%. Data are shown as mean ± SD N = 4. There were no statistically
significant differences from culture plastics (� 0.05).

however, no indication of the extent to which the biocompatibility
was improved [5,6,10]. Our work introduces an approach that can
increase the biocompatibility of a broader range of water-stable
organic semiconductors towards hosting a healthy cardiomyocyte
culture.

3.5. Insights into bioelectronic device function and production

The electrical interaction of cells with an organic semiconduc-
tor is generally realized by capacitive effects. The electric field
generated by a living cell polarizes the organic semiconductor. In
specific cases such as PEDOT:PSS, an additional interaction based
on ion exchange occurs [21,3]. Both interactions are negatively
influenced by the distance of the cell from the semiconductor sur-
face. The intensity of the electric field decreases with the second
power of distance. The diffusion time for ions to reach the semi-
conductor surface is proportional to the distance. Coating with
collagen IV adds a certain barrier to both mechanisms. The col-
lagen IV layer therefore would decrease the response. Considering
a layer thickness of 4–18 nm [39], it is unlikely that such a coating
would be detrimental to the reasonable capacitive coupling of cells
to an organic semiconductor. Further, the collagen IV network is
porous [38,39], which is why it allows for ion diffusion and why the
abovementioned distance is negligible for the rate of the diffusion
process.

Organic semiconductors are generally regarded as cost efficient
substitutes for standard inorganic semiconductors and precious
metals in bioelectronics devices [3,21]. In spite of the relatively
high costs of organic semiconductors themselves (see catalogue
prices of organic semiconductors used), the relative ease of labo-
ratory or industrial procedures to deposit a thin layer render them
very attractive. Thus, in our hands, the material costs of laboratory
scale procedures for the spin coating of organic semiconductors
were about 0.2 USD/cm2 and about 2 USD/cm2 for collagen IV coat-
ing. This indicates that the material costs of such procedures to
make organic semiconductors highly biocompatible could repre-
sent a bottleneck in the development of practical applications on
a large scale. This, therefore, presents a challenge with respect to
making organic semiconductors highly biocompatible in a more
efficient way. The problem could be overcome by using composites
of organic semiconductors and biomolecules [5].

4. Conclusions

In this study, multiple aspects of the biocompatibility of selected
organic semiconductors suitable for biointerfaces in bioelectronic
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devices were investigated. Biocompatibility was defined in terms of
the zero release of potentially cytotoxic compounds and the ability
to support cell adhesion and viability. Comparison to standard cell
culture plastic was drawn in order to support the credibility of the
data.

First, the stabilities of TIPS-Pentacene, DPP(TBFu)2, P3HT, and
PEDOT:PSS in physiological medium and their wetting properties,
which markedly influence the potential for biocompatibility, were
assayed. All materials were found to be stable in physiological
media. The minor release of water-soluble matter from PEDOT:PSS
could be remedied by extensive washing. The lower biocompat-
ibility of these organic semiconductors towards 3T3 fibroblasts
compared to cell culture plastics was later associated with the
rather hydrophobic character of TIPS-Pentacene, DPP(TBFu)2 and
P3HT and the natural absence of cell adhesion promoting functional
groups or structural motives. Meanwhile, the limited biocompati-
bility of moderately hydrophilic PEDOT:PSS towards 3T3 fibroblasts
was probably due to the presence of cell adhesion-restricting sul-
fonate groups of PSS moiety. Taken together, the work emphasized
the need to manipulate surface wettability and to introduce cell
adhesion promoting functional groups or structural motives. This
was achieved by means of collagen IV coating. Indeed, the biocom-
patibility of all tested organic semiconductors was  improved to the
level of standard cell culture plastics. Further, the self-assembled
layer of collagen IV appeared to provide protection to the organic
semiconductor.

Once the procedure for improving the biocompatibility of TIPS-
Pentacene, DPP(TBFu)2, P3HT and PEDOT:PSS was  established, it
was shown that these materials can support healthy cultures of
cardiomyocytes which show spontaneous beating.

In summary, our data indicate that organic semiconductors
which exhibit suitable electrical properties and stability in phys-
iological aqueous environment could be surface modified for use
in a cardiomyocyte beating sensor.
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Abstract: Biocompatibility tests and a study of the electrical

properties of thin films prepared from six electroactive poly-

mer ink formulations based on poly(3,4-ethylenedioxythiophe-

ne):poly(styrene sulfonate) (PEDOT:PSS) were performed. The

aim was to find a suitable formulation of PEDOT:PSS and con-

ditions for preparing thin films in order to construct printed

bioelectronic devices for biomedical applications. The stability

and electrical properties of such films were tested on organic

electrochemical transistor (OECT)-based sensor platforms and

their biocompatibility was evaluated in assays with 3T3 fibro-

blasts and murine cardiomyocytes. It was found that the thin

films prepared from inks without an additive or any thin film

post-treatment provide limited conductivity and stability for

use in biomedical applications. These properties were greatly

improved by using ethylene glycol and thermal annealing.

Addition or post-treatment by ethylene glycol in combination

with thermal annealing provided thin films with electrical

resistance and a stability sufficient to be used in sensing of ani-

mal cell physiology. These films coated with collagen IV

showed good biocompatibility in the assay with 3T3 fibro-

blasts when compared to standard cell culture plastics.

Selected films were then used in assays with murine cardiomy-

ocytes. We observed that these cells were able to attach to the

PEDOT:PSS films and form an active sensor element. Sponta-

neously beating clusters were formed, indicating a good physi-

ological status for the cardiomyocyte cells. These results open

the door to construction of cheap printed electronic devices for

biointerfacing in biomedical applications. VC 2018 Wiley Periodi-

cals, Inc. J Biomed Mater Res Part A: 106A: 1121–1128, 2018.
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INTRODUCTION

Poly(3,4-ethylenedioxythiophene) (PEDOT) has become one
of the most widely-used organic semiconductors today. A
mixture of it with poly(styrene sulfonate), leading to macro-
molecular salt (PEDOT:PSS), has been used as a charge car-
rier injection or extraction barrier reducing material and
hole-conducting and/or charge (electron) blocking layer in
various organic electronic devices such as (printed) organic
solar cells (OPV) and organic light emitting devices
(OLED).1–3 Beside these applications, a new and particularly
interesting field has recently arisen. It has been shown that
PEDOT:PSS and its derivatives can be used as a part of a

sensing device for detection of a myriad of chemical com-
pounds, including biologically relevant ones such as dopa-
mine, ascorbic acid, and so forth.4

However, PEDOT:PSS is today probably mostly studied
for its ability to conduct both electrons (holes) and ions.
This mixed electronic–ionic conductivity allows creating
devices with new modes of operation such as batteries and
supercapacitors, electromechanical actuators, electrochromic
windows, solid electrolyte capacitors and, most importantly
(with respect to this work), organic electrochemical transis-
tors (OECTs).5 PEDOT:PSS-based electronic devices can act
both as efficient transducers of living cells’ activity
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(sensors) or produce stimuli by ion injection (ion pump) for
living tissue engineering.6 Due to the favorable mechanical
compatibility of PEDOT:PSS with living tissues (this remains
true for most of organic semiconductors, not only
PEDOT:PSS), this material is becoming a cornerstone of
applications where functional electrical devices interact
with living tissue, such as biosensing, neural interfacing,
implant or prosthesis engineering, drug delivery applica-
tions, and so forth.7

To fabricate such devices, several technologies can cur-
rently be used. Among them, mainly material printing is
believed to be the most suitable for high-throughput manu-
facturing. Printing can bring substantial cost reductions
compared to other technologies such as lithography and still
provide adequate lateral resolution and repeatability8–10 for
a variety of applications. However, to fabricate devices for
biointerfacing by any of the printing techniques, several
requirements for the printing inks (formulations) have to be
met. These concern mainly viscosity, surface tension, proc-
essing conditions, ink aggregation, and so forth. A common
strategy to prepare the printing formulations is to adjust
the inks’ properties using additives. As a result, the inks
contain several chemical compounds (each manufacturer
uses different ones, which usually remain unknown) that
can affect the resulting electrical properties but mainly the
biocompatibility and stability of the devices in a biological
environment.

In the context of working with living cells that require a
solid support (the vast majority of animal cells), biocompati-
bility is defined in terms of the absence of cytotoxicity and
the ability to provide support for cell adhesion and spread-
ing (i.e., the establishment of contact with the surface). This
results in cells with correct morphology and sustained via-
bility. Such properties are largely determined by the release
of potentially cytotoxic compounds11,12 as well as the ability
of the surface to provide loci which allow cells to attach
and spread.13,14

In order to determine the suitability of commercially
available PEDOT:PSS print inks for the construction of bioe-
lectronic devices (namely OECT), biocompatibility tests of
five commercially available PEDOT:PSS formulations were

performed. One formulation prepared in our labs was used
as a reference. To improve the biocompatibility and electri-
cal conductivity, additional treatments of the prepared thin
films were used. Thermal annealing and treatment with
higher glycols (an ethylene glycol in our case) were tested.
The tests were done for thin films deposited on an elec-
trode system of an OECT device to provide higher reliability
of the obtained results. The stabilized films were then suc-
cessfully tested for biocompatibility using 3T3 fibroblasts
and murine cardiomyocytes.

EXPERIMENTAL

Materials
Five commercially available PEDOT:PSS inks (Ink A–D and
Ink F) in the form of water suspension were used, see Table
I. Ink E was prepared in our laboratory and since we know
its exact composition, it was used as a reference material
here. The PEDOT:PSS was prepared following the procedure
reported in Ref. 15. The polystyrenesulfonic acid (PSS) had
a molecular weight (Mw) of 1,000,000.

Samples preparation and characterization
To prevent possible errors arising from different properties
of the tested films prepared by different printing techniques,
we used spin-coating to create the films with a comparable
film morphology and thickness for all ink formulations.
Prior to the spin coating, the substrates were cleaned,
rinsed in isopropanol and sonicated for 10 min, The
PEDOT:PSS formulations were filtered using 0.45 lm
syringe filters before the spin-coating to avoid deposition of
large aggregates. The films were spin-coated at 3000 rpm.
The films’ thickness was measured by means of a mechani-
cal profilometer (Bruker DEKTAK). The thicknesses were in
the range of (3065) nm. Thermal annealing of the films
was performed on a hot-plate at 1508C for 15 min in ambi-
ent atmosphere. Whenever ethylene glycol treatment is
referred to, a drop of ethylene glycol was placed on the film
for 15 min and then washed with deionized water and dried
with dry air.

The films’ stability in the aqueous environment was
monitored with a UV-Vis spectrophotometer Varian Cary 50.

TABLE I. The Studied Materials: Notation, Commercial Name and Description from the Supplier

Notation Commercial name Description

Ink A Heraeus CleviosTM P VP AI 4083 Standard dispersion for hole injection layers (OPV,
OLED), pH acidic

Ink B Heraeus CleviosTM P JET HC V2 Ink-jet formulation, high conductive version of Cle-
viosTM P, acidic

Ink C Sigma Aldrich 739 316 Optimized for ink-jet, contains 1–5% ethanol, 5–10%
diethylene glycol, concentration 0.8% in H2O, acidic
(pH 1.5–2.5)

Ink D Sigma Aldrich 483 095 Conductive grade, contains PEDOT 0.5 wt %, PSS 0.8
wt %, concentration 1.3 wt % in H2O

Ink E PEDOT/PSS-AS Contains PEDOT 0.4 wt %, PSS 0.6 wt %, concentration
1 wt % in H2O, no additives

Ink F Sigma Aldrich 560 596 Hole injection layer in OLED, low conductivity grade,
contains PEDOT 0.14%, PSS 2.6%, concentration 2.8
wt %, acidic (pH 1.2–1.8)
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The prepared thin films were immersed in deionized water
and absorption was measured as a function of time. The
measured absorption at 226 nm was compared against the
calibration curve and a relative percentage (V/V) of the dis-
solved material was evaluated.

Electrical properties of the PEDOT:PSS films were meas-
ured using a Keithley 2100. The samples were deposited on
glass substrates with interdigitated ITO electrodes of differ-
ing channel width (50, 75, 100, 150, and 200 mm) and con-
stant channel length (30 mm) (Ossila Ltd.).

Biocompatibility assay
Thin films of PEDOT:PSS on a 15 mm glass circle (Cover
Glass No. 1) were sterilized by immersion into 70% (V/V)
ethanol for at least 5 min and washed in physiological buf-
fered saline (PBS 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4; pH 7.4) three times for at least
2 min. Biocompatibility was determined by means of 3T3
fibroblasts (ATCC CRL-1658). These were routinely grown
in Dulbecco modified Eagle medium, high glucose supple-
mented with 10% fetal calf serum, 100 U/mL penicillin,
0.1 mg/mL streptomycin (all from Gibco-Invitrogen) as
described previously.16 Inoculum for the biocompatibility
assay was set to 15,000 per 1 cm2. Cells were grown for
48 h.

To determine cell viability MTT or ATP assay were
employed. A stock solution of 3-(4,5-dimethylthiazol-2-yl)-
2,5-difenyl-2H-tetrazolium-bromide (MTT, Sigma-Aldrich,
cat. No 13,503-8) at 2.5 mg/mL was diluted 10 times to the
cell culture. Incubation was carried out at 378C in 5% CO2

for 4 h. The medium was removed and cells were extracted
with 300 lL of 10% triton X100 in 0.01 M HCl per sample
on a shaker for 15 min. The extract was clarified by centrif-
ugation (5000g, 5 min) and the absorbance was read at
570 nm.

The intracellular adenosinetriphosphate (ATP) assay was
carried out using an ATP assay kit (BioVision, K355-100) as
per the instructions of the kit manufacturer.

Cardiomyocytes and beating analysis
Cardiomyocytes were differentiated from mouse HG8 line of
embryonic stem cells (ATTC) and purified according to
Radaszkiewicz et al. 2016.17 Cardiomyocytes were inocu-
lated into the sensor and beating was quantified by means
of video analysis17 after 24 h.

RESULTS AND DISCUSSION

The PEDOT:PSS polymer films suitable for any of the bio-
medical applications as an electroactive material should
have high electrical conductivity. For example, in the case of
devices based on OECT, the higher the conductivity, the
higher the resulting transconductance. The transconduc-
tance reflects the OECT amplification of the signal that can
be obtained18 and hence the sensitivity of the device. In the
case of PEDOT:PSS, the conductivity is primarily dependent
on the ratio of the two components. The higher the PSS con-
tent, the lower the conductivity. This can also be seen from
our results (see Fig. 1) where several orders of magnitude
higher resistances were measured for Ink A and Ink F than
for the rest of the formulations in the test. While the
PEDOT:PSS ratio used in Ink A is not known (the supplier
does not provide it), Ink F can be directly compared to Ink
D with significantly lower PSS concentration (2.6% vs.
0.8%) and thus with higher conductivity (see Table I).

The other factors that influence the PEDOT:PSS films’
conductivity are mainly related to the polymer chains’ con-
formation and packing. This is greatly influenced by the
preparation method and conditions during the film forma-
tion. A common strategy is to use additives that regulate
the solvent evaporation. The additives can be applied prior
to the deposition (additives are part of the ink formulation)
or can be applied afterwards, upon the prepared thin film.
Another condition that has been reported that causes struc-
tural changes of the PEDOT and PSS polymer chains is ther-
mal annealing of the prepared films.3,19

In this study, we used these additional film-improving
techniques in order to find the best conditions for utiliza-
tion of the commercial PEDOT:PSS inks for the preparation
of electroactive thin films for a sensor to detect the activity
of living cells for biomedical applications. The thermal treat-
ment will be referred here as “A” and exposure to ethylene
glycol will be referred as “EG.”

Electrical resistance of the thin films
First, the electrical resistance of the studied materials was
compared. Figure 1 shows the measured resistance of the
thin films prepared from the studied inks immediately after
the preparation and after 35 and 100 days of storage in the
dark at room temperature. The resistance was measured for
(i) spin-coated films only (as-cast), (ii) thermally annealed
films (A), (iii) ethylene glycol treated films (EG), and (iv)
both thermal annealed and ethylene glycol-treated films
(A-EG). It can be seen that the inks that have not been opti-
mized for high-conductivity applications (Ink A and Ink F)
have substantially higher resistance than the other inks in
the test. Although the additional procedures to modify film

FIGURE 1. Electrical resistances of PEDOT:PSS thin films prepared

from studied ink formulations using various treatments. The films

were stored in the dark at ambient atmosphere and temperature.
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properties partially lowered the resistance, these inks are
not suitable for low-electrical resistance bioelectronic appli-
cations (e.g., OECT) and were not further analyzed.

The observed influence of immersing the films into eth-
ylene glycol can be seen from the results obtained for Ink D
and the reference Ink E. In both cases the ethylene glycol
treatment led to a substantial reduction of the initial films’
electrical resistance. On the other hand, Ink C that already
contained ethylene glycol shows neither reduction nor
increase of the electrical resistance. Ink B for which the sup-
plier does not provide the exact composition showed similar
results, suggesting that ethylene glycol (or another additive)
is also already included in the ink formulation. We can con-
clude that it does not matter how the ethylene glycol is
applied. The resulting electrical resistances for as-cast films
of Ink B and Ink C (both have ethylene glycol added already
in the solution) are comparable to the resistances of the Ink
D and Ink E after the annealing and ethylene glycol treat-
ment. We can also say that the additional treatment (neither
annealing nor ethylene glycol) does not help in further
reduction of electrical resistance once the ethylene glycol is
included in the ink formulation.

Comparison of the results for freshly prepared and
stored films (shelf-life stability testing) does not show a
clear trend, see Fig. 1. In some cases (Ink B, Ink D, and Ink
E), we observed an increase of the electrical resistance over
time for the as-cast films. For Ink D and Ink E and partially
for Ink C, we can see that this unwanted aging can be
solved by annealing of the films. The films that were treated
with ethylene glycol were stable during the testing period
and additional annealing did not reduce the obtained resist-
ance fluctuation. The only exception was the reference Ink E
where additional annealing of the ethylene glycol-treated
films was necessary to stabilize the films for longer term
storage. As a very well prepared ink formulation Ink C can
be considered. This formulation provides stable films
already for as-cast samples.

We can conclude that the thin films prepared from inks
without any additive will not provide sufficient performance
(electrical conductivity) and stability for use in bioelectronic
applications. This can be solved by the treatment used in
this work that provides thin films with sufficiently low elec-
trical resistance and its stability over time. In our case,
when we used the electrode platforms for OECT with 100
lm channel length and 30 mm channel width, the resistivity
has to be below 1 kX to provide a reasonably measurable
electrical current (for VSD 5 0.5 V and transconducance 1
mS the ISD 5 0.5 mA).16,20 This range was met by Ink B and
Ink C without additional treatment and Ink D and Ink E
with treatment.

Stability of the thin films in H2O
Electrical stability and performance in dry conditions (shelf-
life) is a necessary prerequisite for bioelectrical sensors, but
stability in a cell cultivation medium is even more impor-
tant. PEDOT:PSS is hydrophilic and thin films immersed into
water quickly swell and can partially dissolve. As a result,
such a layer undergoes changes to its mechanical and elec-
trical properties and a PEDOT:PSS-based sensor can release
compounds that are not naturally occurring in living tissues
or culture media. These compounds are potentially harmful
and therefore the chemical stability of the PEDOT:PSS surfa-
ces in the physiological aqueous environment can be
regarded as a prerequisite for its biocompatibility. There-
fore, a simple method to determine PEDOT:PSS thin film
dissolution by means of UV-Vis spectrophotometry of the
solution above the films was adopted.

To quantify the dissolved material, we compared the
observed UV-Vis signal at 226 nm with a calibration curve
and calculated the volume percentage of the leached mate-
rial. Figure 2 shows a typical observed response and its
evolution from thin film prepared from Ink B. We can see
that the main increase of the signal is within the first few
minutes. After this rapid change, the films slowly stabilize.
It is also apparent that films that were thermally annealed
(A and A-AG) show slower initial leaching. Knowledge of

FIGURE 2. Leaching from thin films prepared from Ink B into deion-

ized water. Leaching was evaluated as a volume percentage of the

material leached to solvent above the film. � as cast films, •

annealed, � ethylene glycol treated and � combination of ethylene

glycol and annealing.

FIGURE 3. Fraction of leached material after30 min exposure to water

from thin films prepared by different methods. A, thermal annealing;

EG, ethylene glycol treated; A-EG, annealed.
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the process dynamics is important for further manipulation
of the films before the cells are seeded onto the material. It is
common in laboratory practice that prior to cell cultivation,
the films are sterilized (e.g., 70% ethanol and three times sub-
sequent washing with PBS) and coated with proteins (appli-
cation of coating solution for tens of minutes) to increase cell
growth and viability.16 These procedures take from several
minutes up to about 1 h. Our data showed that PEDOT:PSS
leachables equilibrate with a solution in <2 min (Fig. 2).
Hence, preparation of PEDOT:PSS for cell cultures ensures
removal of leachables prior to the contact with cells.

The fact that substances from thin films are leached
shows that the layer is not stable enough from a long-term
point of view and changes in electrical properties can also
be expected. Therefore, additional treatments to stabilize
the films were performed. The influence of the treatments
is shown in Fig. 3. The figure shows the amount of released
material after 30 min of exposure to water. We can see that
annealing was always beneficial to the tested ink formula-
tions. Ethylene glycol treatment also improved films’ stabil-
ity for Ink B, C, and D but an increase of the released
material was observed for Ink E. The combination of the
two treatments had a further positive influence in Ink B
and Ink C. We can thus conclude that subsequent treatment
of the thin films by each of the methods used here or by a
combination of them brings substantially improved film sta-
bility against water and potential cultivation media. Interest-
ingly, this remains true also for inks with ethylene glycol
already included in the ink formulation.

The same test was repeated for thin films stored in the
dark at ambient conditions for two months. We did not
observe any subsequent differences in the results (data not
shown). This means that once the films are stabilized by
proper treatment, further storage does not influence the
films’ stability.

The duration of contact of the sensor with the biological
material is highly variable depending on the specific appli-
cation. In the case of animal cells it can cover a period of
up to several days.21 Thus, to develop a conductive polymer
film suitable for working with most animal cell types, the
stability of PEDOT:PSS films was tested over a period of
300 h. The films’ stability was monitored in the same man-
ner as described previously. Prior to the resistance measure-
ment after the 300 h test, the samples were dried with dry
air. The obtained data are displayed in Fig. 4.

Films without any post treatment and films treated with
ethylene glycol showed limited stability as they were com-
pletely released after 300 h. We observed that thermal
annealing is always necessary in order to obtain films stable
for several days. However, only thermal annealing alone is
not always sufficient. A combination of thermal annealing
after the ethylene glycol treatment was always beneficial
and improved the films’ electrical resistance and stability.
The best average results were obtained for Ink C and a
combination of annealing–ethylene glycol–annealing.

In Fig. 4, we can again see the positive effect of ethylene
glycol treatment on electrical resistance for inks without
ethylene glycol in the ink formulation (Ink D and Ink E) at
the beginning of the test. However, the long-term stability of
thin films prepared from these inks was much worse than
for films from Ink B and Ink C that already contain ethylene
glycol in the ink formulations. This worse stability can be
improved by a second annealing after the ethylene glycol
treatment; see the resistance decrease of A-EG-A samples
vs. EG-A or A samples of Ink D and E. The resistance of Ink
B and C is not greatly increased after 300 h in water.

Biocompatibility studies
The post-processing procedure based on EG and annealing
treatment, which results in the lowest degree of leaching
and an electrical resistivity well stable over time regardless
of whether in a dry or wet state, was used to prepare
PEDOT:PSS films on OECT sensor platforms for biocompati-
bility assays. This procedure involved ethylene glycol which
is likely to be retained in the PEDOT:PSS layer and can be
released into the culture medium during biocompatibility

FIGURE 4. Electrical resistance (left axis) and material leaching from

the thin films (right axis) prepared by different methods after 300 h

exposed to deionized water.

FIGURE 5. Biocompatibility assay of PEDOT:PSS inks: PEDOT formulation spin-coated on OECT substrates was treated with collagen IV. A cul-

ture of murine 3T3 fibroblasts was established on them. After two days of culture, coverage with cells and cell morphology was evaluated.

Images show typical results out of three biological replicates.
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assay. This compound, however, did not affect 3T3 fibroblast
cell culture in terms of viability and cellular morphology up
to a concentration of 1% (V/V) in culture medium (data not
shown). Thus, the potential release of small amounts of eth-
ylene glycol out of PEDOT:PSS layer cannot lower the sensor
biocompatibility.

In previous sections, we established that a minor pro-
portion of the PEDOT:PSS ink can be released into the aque-
ous environment. The compounds released could potentially
be toxic to cells. Such leaching, however, reaches a plateau
within a few minutes (Fig. 2). Hence, it is very likely that
the water-soluble components of PEDOT:PSS layers were
washed out during the sterilization and subsequent washing
steps, indicating that their release into the culture medium
during the biocompatibility assay was negligible. Thus, it
could be concluded that the most decisive factor affecting
the biocompatibility assay was the character of the depos-
ited PEDOT:PSS films.

The biocompatibility was determined using murine 3T3—
a cell line commonly applied for such purposes. These cells
are anchorage-dependent (i.e., they require a solid support for
growth)22 and are relatively sensitive to exogenous adverse
factors. Additionally, they prefer rigid substrates,23 which
matched our purpose as the elastic modulus of most organic
semiconductors including PEDOT:PSS is 0.5–20 GPa.24 Fur-
thermore, they can be scaled up very easily, which makes
them a perfect cell line for biocompatibility assays before run-
ning experiments with rare and more sensitive cell lines.16

Organic semiconductors are generally regarded as bio-
compatible, as reviewed by recent papers.25–27 However, in
our previous work we have established that a protein coat-
ing of PEDOT:PSS is a requisite to achieve high biocompati-
bility to adherent animal cells. In particular, a coating with
collagen IV remarkably increased the ability of PEDOT:PSS
to host animal cells.16 Thus, in order to maximize the bio-
compatibility of PEDOT:PSS ink-based thin films on OECT
sensor platforms, such coating was carried out in this study
as well.

All collagen IV-coated PEDOT:PSS inks showed coverage
with cells at the level of the culture dish. Furthermore, the

morphology of cells grown on collagen IV-coated PEDOT:PSS
was very similar to that of cells grown on the culture dish
(Fig. 5). This indicates a high level of biocompatibility of col-
lagen IV-coated PEDOT:PSS inks.

The Ink C-based PEDOT:PSS layer showed low electrical
resistance and stability over a long time (Figs. 1 and 4) as
well as low dissolution in an aqueous environment (Fig. 4).
Thus, we have explored its biocompatibility in detail. The
culture of 3T3 fibroblasts grown on this material showed a
viability 84611% (mean value6 SD, N5 3) compared to
control cells grown on the culture plastics (1006 12%;
mean value6 SD, N5 3) as determined by the ATP assay.
Having established the high biocompatibility of Ink C upon
a collagen IV coating, it was checked to see if an OECT
device based on Ink C can support murine cardiomyocytes.
These cells are generally more sensitive to adverse factors
than 3T3 fibroblasts. We observed that these cells were able
to attach to the active element of the sensor. Moreover,
spontaneously beating clusters were formed, indicating
good physiological status for the cells (Fig. 6, Supporting
Information, video).

To date most electrical sensors to determine cardiomyo-
cyte physiology have been based on inorganic conductive
materials28–30 and references herein. A breakthrough article
describing the use of a PEDOT:PSS-based OECT for this pur-
pose has recently been published.31 However, that sensor
was prepared by employing photolithography. The
PEDOT:PSS inks that are included in our study are ink-jet
ready, which improves the scalability of the production pro-
cedure greatly and reduces the potential cost of the sensor
and overall analysis. This could have a major impact on bio-
medical research.

CONCLUSIONS

We can conclude that the thin films prepared from
PEDOT:PSS inks without an additive (ethylene glycol in this
work) will not provide sufficient conductivity and stability
for use in biomedical applications as exemplified by the
OECT-based bioelectrical sensor platform tested in this
work. The observed high resistance for as-cast films was

FIGURE 6. The Ink C-based OECT supporting beating murine cardiomyocytes. Left: OECT made using Ink C coated with collagen IV and seeded

with embryonic stem cell derived murine cardiomyocytes. s, source electrode; d, drain electrode. Right: Beating of cardiomyocytes quantified by

means of video analysis.
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successfully reduced by the treatment proposed in this
work: additional exposure to ethylene glycol in combination
with thermal annealing provided thin films with electrical
resistance and its stability in aqueous media comparable to
the inks with additives. However, the long-term test of thin
films exposed to water revealed that addition of ethylene
glycol in the ink rather than subsequent treatment of the
films is favorable. While the initial resistances are compara-
ble, long-term exposure to water (12 days) is much less
harmful to the films prepared from inks with ethylene gly-
col included directly in the ink.

Also, the resistance toward water is mostly poor for as-
cast films. We observed leaching of the PEDOT:PSS into the
water above the films for all of the studied PEDOT:PSS ink
formulations. After an initial release, the films are stabilized
within a few minutes. The films’ stability was greatly
improved using treatment with ethylene glycol and anneal-
ing. Both procedures can decrease the leaching and improve
the films’ electrical properties and resistance against water,
but the actual influence differs for the ink formulations.
Generally, to obtain stable films, mainly annealing is neces-
sary. After 12 days, non-annealed films were completely
released from the surface. The best electrical stability was
achieved using a combination of thermal annealing followed
by ethylene glycol treatment and again thermal annealing.

All PEDOT:PSS inks included in the study were found to
be highly biocompatible upon collagen IV coating. Indeed
their biocompatibility reached the level of standard cell cul-
ture plastics. Such results indicate that any PEDOT:PSS ink
formulation which provides films stable in an aqueous envi-
ronment could reach high biocompatibility upon suitable
coating. Thus, the main requisites for selection of a
PEDOT:PSS ink for production of films for biointerfaces for
biomedical research are good conductivity and aqueous sta-
bility of the films. These parameters can be greatly
improved by the procedures described here. The minor
leaching of PEDOT:PSS films documented in this work can-
not in principle affect the cells since the water-soluble com-
pounds are well washed during their preparation for the
cell culture. Furthermore, the obtained high level of biocom-
patibility after collagen IV coating allowed establishment of
a culture of stem cell-derived cardiomyocytes in a sensor
prototype. A regular spontaneous beating of these cells
documented their good physiological status. Such achieve-
ments open the door to construction of printed bioelec-
tronic devices for biomedical applications as exemplified
here by an OECT-based sensor for determination of the car-
diomyocytes’ physiology.
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Featured Application: The intended application is in drug toxicity testing on cardiomyocytes,
replacing experimental animals and investigating the signal of electrogenic cells.

Abstract: Human cell cultures provide a potentially powerful means for pharmacological and
toxicological research. A microplate with a multielectrode array of 96 organic electrochemical
transistors (OECTs) based on the semiconductive polymer poly(3,4-ethylenedioxythio-phene):poly
(styrene sulfonic acid) PEDOT:PSS was developed and fabricated by the screen printing method.
It consists of a microplate of a 12 × 8 chimney–well array with transistors on the bottom. The OECT
is circular with a channel of 1.5 mm2 in the centre surrounded by the circular gate electrode.
The device is designed for electrogenic cell monitoring. Simulations with the electrolyte revealed
good electrical characteristics and indicated the setup information of the experimental conditions.
A transconductance of g = 1.4 mS was achieved in the wide range of gate voltages Vgs = ±0.4 V
when the drain potential Vds = −0.735 V was set and the long term relaxation was compensated
for. The time constant 0.15 s limited by the channel-electrolyte charge electrical double layer (EDL)
capacitance was measured. The device was tested on a 3T3 fibroblast cell culture and the sudden
environmental changes were recorded. The living cells can be observed on the channel of the OECT
and during electrical stimulation by gate voltage, as well as during the source current response.

Keywords: OECT; screen printing; organic electrochemical transistor; PEDOT:PSS; microplate;
multi-electrode array; cell culture

1. Introduction

The current trend in toxicology and pharmacology focuses on the substitution of experimental
animals with in-vitro cell-based systems. This requires the introduction of approaches for the real-time
determination of cell physiology. Electrochemical sensors can serve this purpose. Furthermore,
the use of organic semiconductors allows for the production of disposable sensors at a low cost.
Poly(3,4-ethylenedioxythio-phene) mixed with poly(styrene sulfonic acid)—(PEDOT:PSS) has become
the most convenient material among organic semiconductors for bioelectronic applications because
of its high conductivity and biocompatibility. The theoretical model of an Organic Electrochemical
Transistor (OECT) based on PEDOT:PSS, which was published in 2007 [1], has enabled the optimization
and further development in bioelectronic applications. The model describes both the steady state and
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transient response of the ionic and hole channel current on gate voltage. An amended model taking
into account nonlinearities in charge carrier mobility and optical absorption variation was presented
in 2015 [2]. The functional improvement consists of geometry optimization in order to maximize the
OECT transconductance [3], working point setting to zero gate voltage [4], miniaturizing for one cell
monitoring down to a channel length of 6 µm, and a fast response down to a 100 µs time constant [5].

The OECT architecture can be planar, when the PEDOT:PSS channel and gate are deposited by
spin coating, inkjet printing [6], and screen printing methods, as well as using the microlithographic
technique. The gate electrode can either be situated in the electrolyte bulk above the channel using
gold or Ag/AgCl wire as a biocompatible material or be deposited as a part of a planar electrode
system on a substrate.

Several reviews have been dedicated to both the investigation of general properties [7] and
biological applications [8–10]. According to a recent review [11], biological applications can target
several specific goals: ion sensors, enzymatic sensors, and immunosensors-nucleotide sensors, coupled
with entire cells for electrophysiology, the integration of OECTs with nonelectrogenic cells, OECT for
stimulations, and the recording of electrogenic cells. These have already been tested in human biology
and experimental medicine either for diagnostics or treatment [12]. Others have combined optical and
electrical sensing for the investigation of epithelial cells [13]. The OECT channel coverage by cells was
evaluated by the time response of the channel current on the gate rectangular pulse. Campana et al. [14]
used OECT in a resorbable bioscaffold from poly(L-lactide-co-glycolide) for cardiographic recording.

Wang et al. (2013) [15] investigated the influence of antiarrhythmic drugs on cardiomyocytes by
the simultaneous monitoring of the impedance signal of a cell set in a biosensor plate well containing
a gold electrode system. Later, Yao et al. (2015) [16] used a similar well plate equipped with OECTs for
signal amplification. Leleux et al. (2015) [17] successfully used OECTs in recording the cardiac rhythm,
eye movement, and brain activity of a human volunteer. Wan et al. (2015) [18] reported the fabrication
of a 3D biocompatible macroporous PEDOT:PSS scaffold supporting the fibroblast culture and the
ability to electrically monitor various cell functions. They observed a positive potential influence on
cell adherence enhancement, resulting in a higher relative number of adhered cells on an oxidized
(+1 V) surface. Hempel et al. (2016) [19] developed an electrophysiological biosensor for investigating
the electrogenic activity of cardiac cells by means of a multi-electrode array.

The goal of this study is to investigate the possibility of OECTs based on the application of
PEDOT:PSS and fabrication of a planar all-screen-printed 12 × 8 microplate array of transistors.

2. Materials and Methods

The device (see Figure 1) was constructed on a 96-well polystyrene microplate (chimney-well,
no bottom) from Greiner Bio-One (GmbH Frickenhausen, Frickenhausen, Germany), for the automated
analysis of a multitude of substances. We provided the bottom with the all-printed 12 × 8 array
of Organic Electrochemical Transistors (OECT) based on the Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) polymer (Clevios™ S V3, Heraeus Holding GmbH, Hanau,
Germany). The screen-printing method was used. Printed organic electronic technology
has generated the possibility of printing biosensor patterns on biocompatible polymer foils of
PET (Poly(Ethylene Terephthalate)) or PEN (Poly(Ethylene 2,6-Naphthalate) (both Goodfellow
Cambridge Ltd., Huntingdon, UK), the latter of which enables processing at a temperature of
up to 170 ◦C. The bottom substrate was a 0.25 mm thick PEN foil due to better thermal stability
during the subsequent annealing processing of the prints. The first printed pattern (screen mesh
count 77 threads/cm) of silver paste CB115v2 (©DuPont) Photopolymer and Electronic Materials,
Wilmington, DE, USA) creates the contact and conductive field and the paths that are 0.18 mm in width
(see Figure 1d). The foil with the silver pattern was then annealed at 120 ◦C for fixation.
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Figure 1. Encapsulated organic electrochemical transistor (OECT) 96 well microplate for electrogenic 
cell cultivation and investigation (a) with a power source-signal amplifier and current/voltage 
converter (b), foil with functional printed patterns of all OECTs in a 12 × 8 array (c), and a detail of a 
couple of OECTs with a poly(3,4-ethylenedioxythio-phene) :poly(styrene sulfonic acid)—PEDOT:PSS 
printed channel and gate electrode (d). 

The second pattern of PEDOT:PSS paste Clevios™ S V3 (screen mesh count 140 threads/cm) 
created a functional OECT gate and channel. The paste was first stirred intensively before printing in 
order to obtain a lower viscosity and better homogeneity of the resulting film. An ARG2 rheometer 
(TA Instruments, New Castle, DE, USA) was used for viscosity testing at various shear rates and 
always at 25 °C, but only the initial low rate viscosity is presented. The paste of gel consistency 
exhibits thixotropy. The static viscosity (at shear rates of 0.1/s) falls from the initial value above 1000 
Pa∙s down to ultimately 14 Pa∙s after five days of stirring in a magnetic mixer at a laboratory 
temperature of 25 °C. The stirring temperature of 90 °C shortened the time needed to 24 h. The 
viscosity did not then decrease further by further stirring. After the stirring was ceased, the viscosity 
returned to the initial value, with 100 Pa∙s measured after about 1 h, illustrating that the printing has 
to be performed within a few minutes, before the consistency of the paste returns back to the initial 
gel state. The channel dimensions are 1.5 × 1.5 mm width × length and the gate is created by printing 
a ring broken on one side for source and drain contacting. The silver conductive paste and the 
polymer patterns were annealed using a hot plate at 150 °C for 15 and 30 min, respectively, in air for 
the film’s stabilization and adhesion improvement. 

The stirring effect slightly decreased the final thickness by an average of 20% from 250 nm to 200 
nm. It also improved the thickness homogeneity in roughness from 25 nm to 18 nm and waviness 
from 25 nm to 10 nm, measured by a DetakXT profilemeter (Bruker, Billerica, MA, USA) (see 
Supplementary 1, Figures S1 and S2). Additionally, the sheet resistance decreased significantly from 
about 800 Ω/□ to 400 Ω/□. It is considered that intensive stirring acts similarly to alcohol treatment. 
Furthermore, the core–shell molecular structure changes in a linear fashion as was already reported 
in [20] and the process is reversible. This can also explain the resistance, roughness, and waviness 
reduction. The improvement in homogeneity can be observed by an optical microscope according to 
the round interference fringes on the PEDOT:PSS layer (see Supplementary 1, Figure S3). 

The system is masked and sealed by the third pattern of the Sylgard® 184 (Dow Corning, 
Midland, MI, USA) silicone elastomer (mesh count 120 threads/cm), which insulates the silver 
conducting paths from the electrolyte environment and also prevents the tested biomaterial from 
coming into contact with the non-biocompatible parts and layers of the printed device. The silicone 
elastomer pattern was left to polymerize at 60 °C for at least 8 h before further manipulation. The 

Figure 1. Encapsulated organic electrochemical transistor (OECT) 96 well microplate for electrogenic
cell cultivation and investigation (a) with a power source-signal amplifier and current/voltage
converter (b), foil with functional printed patterns of all OECTs in a 12 × 8 array (c), and a detail of a
couple of OECTs with a poly(3,4-ethylenedioxythio-phene) :poly(styrene sulfonic acid)—PEDOT:PSS
printed channel and gate electrode (d).

The second pattern of PEDOT:PSS paste Clevios™ S V3 (screen mesh count 140 threads/cm)
created a functional OECT gate and channel. The paste was first stirred intensively before printing in
order to obtain a lower viscosity and better homogeneity of the resulting film. An ARG2 rheometer
(TA Instruments, New Castle, DE, USA) was used for viscosity testing at various shear rates and
always at 25 ◦C, but only the initial low rate viscosity is presented. The paste of gel consistency exhibits
thixotropy. The static viscosity (at shear rates of 0.1/s) falls from the initial value above 1000 Pa·s
down to ultimately 14 Pa·s after five days of stirring in a magnetic mixer at a laboratory temperature of
25 ◦C. The stirring temperature of 90 ◦C shortened the time needed to 24 h. The viscosity did not then
decrease further by further stirring. After the stirring was ceased, the viscosity returned to the initial
value, with 100 Pa·s measured after about 1 h, illustrating that the printing has to be performed within
a few minutes, before the consistency of the paste returns back to the initial gel state. The channel
dimensions are 1.5 × 1.5 mm width × length and the gate is created by printing a ring broken on
one side for source and drain contacting. The silver conductive paste and the polymer patterns were
annealed using a hot plate at 150 ◦C for 15 and 30 min, respectively, in air for the film’s stabilization
and adhesion improvement.

The stirring effect slightly decreased the final thickness by an average of 20% from 250 nm
to 200 nm. It also improved the thickness homogeneity in roughness from 25 nm to 18 nm and
waviness from 25 nm to 10 nm, measured by a DetakXT profilemeter (Bruker, Billerica, MA, USA)
(see Figures S1 and S2). Additionally, the sheet resistance decreased significantly from about 800 Ω/�
to 400 Ω/�. It is considered that intensive stirring acts similarly to alcohol treatment. Furthermore,
the core–shell molecular structure changes in a linear fashion as was already reported in [20] and
the process is reversible. This can also explain the resistance, roughness, and waviness reduction.
The improvement in homogeneity can be observed by an optical microscope according to the round
interference fringes on the PEDOT:PSS layer (see Figure S3).

The system is masked and sealed by the third pattern of the Sylgard® 184 (Dow Corning, Midland,
MI, USA) silicone elastomer (mesh count 120 threads/cm), which insulates the silver conducting paths
from the electrolyte environment and also prevents the tested biomaterial from coming into contact
with the non-biocompatible parts and layers of the printed device. The silicone elastomer pattern was
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left to polymerize at 60 ◦C for at least 8 h before further manipulation. The following screen print
provided a layer with a thickness of 12 µm (see Figure S4). Other parts and materials were tested for
biocompatibility [21]. A coating to increase biocompatibility was produced with murine collagen type
IV (BD Biosciences, cat. No. 354233) at 10 µg·cm−2 according to the manufacturer’s instructions.

Patterning and microplate completing followed. The OECT’s channel visible in Figure 1d, created
by a screen-printed rectangular PEDOT:PSS layer on PEN foil, is surrounded by a planar circular
gate electrode with a 6 mm outer diameter. The rotary symmetry is expected to improve the field
distribution. The electrodes are contacted by printed silver conductors of a 0.2 mm width. The printed
transparent silicone layer covers the surface of the sensing array with the exception of the functional
PEDOT:PSS interfacing to the biomaterial and physiological solution. The exposed channel area is of a
length of L = 1 mm and a width of W = 1.5 mm, the thickness of the PEDOT:PSS layer was 250 nm
on average, and the typical resistance of the channel was 500–700 Ω. The foil was firmly fixed to the
polystyrene microplate and bolted down from the bottom by means of a Plexiglas® plate in order to
enable easier handling and transparency needed for microscope observations.

The electrical circuitry designed for OECT testing in schematic form is depicted in Figure 2.
The contact array on the microplate foil was contacted by 18-pin Molex connectors and 18-wire ribbon
conductors so that eight OECTs were connected by a single connector and individual OECTs can be
selected from the array by a proper couple of microswitches. The gate potential Vgs is set from the
outer source in a range from −0.8 V to 0.8 V with respect to preventing redox reactions on electrodes
and a source drain voltage Vds down to −0.725 V can be set. The source current Is was converted to
voltage in an I/V converter and recorded by a scope after further amplification. The offset Is at a stable
working point can be compensated for by setting the corresponding opposite current at the input of
the operating amplifier. The zero Analog OUT voltage can be set for an input voltage of Vgs = 0 V with
the aid of a Roffset resistor/potentiometer. The feedback resistor Rsense = 1 kΩ gives a conversion of
1 mA/1 V. Further amplification is enabled by switching the output jumper.
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OECTs are a promising tool for measuring the electrical pulsation of electrogenic cells.
Their electric field can penetrate through the cell membrane into the surrounding phosphate-buffered
saline (PBS) electrolyte and the channel electrode. Their pulsing potential can be simulated by the
modulation of the gate voltage Vgs. Besides the gate voltage, the size of the channel area and electrode
arrangement determine the sensitivity and signal to noise ratio. The field strength at the channel vicinity
determines the effective ion drift in and out of the channel and consequently the channel conductance.
The small channel area facing the electrolyte compared with the gate electrode area enhances the
field and lowers the electrical double layer (EDL) capacitance per unit area at the PEDOT:PSS, which
is responsible for the device speed. The capacitance of the electrode in a physiological solution of
phosphate-buffered saline (PBS) based on a 0.15 M solution of NaCl was estimated at C = 0.2 µF·mm−2.
Together with the electrolyte conductance G = 1 µS, the time constant τ = C/G = 0.2 s was anticipated.
The capacitance of the much larger gate charge EDL can be neglected due to its serial combination with
the channel capacitance. The speed of the OECT device is limited by the capacitance of the gate circuit.
It is controlled by the effective capacitance of the channel. The label ‘effective’ here takes into account
that the potential at the channel is not uniform but distributed non-linearly along its length from the
source to the drain electrode (from 0 to −0.725 V in our case). It can be, to some degree, considered
a consequence of the channel aspect ratio. Moreover, the geometry of the entire system including
the gate electrode and electrolyte can influence the channel potential distribution. Contrary to the
majority of authors, we use the planar arrangement of the electrodes for an easy optical and camera
investigation. The computer modelling of the system has still not been satisfactorily solved.

The testing and gate offset voltage, as well the modulation (simulating the cardiomyocyte pulsing),
were delivered from a function generator to the Analog IN input. An OECT was selected by a couple
of switches. The drain is supplied by a negative voltage down to Vds = −0.735 V. This value is a
factory setting and it represents a compromise between the requirement of a safety voltage against
electrode redox reactions in the event of a positive Vgs > 0 V gate voltage and the requirement of high
amplification (transconductance). Its fixed value enables comparing the amplification of our various
OECT devices at any point in time. The source is connected to a virtual zero input of the I/V converter.
The amplified signal was recorded by a digital memory scope. The offset of the stable channel current
was compensated for by a potentiometer Roffset so the Analog OUT DC signal component could
be eliminated.

Mouse 3T3 fibroblasts (cat. No. CRL-1658, ATCC, Manassas, VA, USA) were routinely grown in
Dulbecco modified Eagle medium, high glucose supplemented with 10% fetal calf serum, 100 U/mL
penicillin, and 0.1 mg/mL streptomycin (all from Gibco, Gaithersburg, MD, USA) in standard 100 mm
cell culture dishes (cat. No. 93100, TPP, Trasadingen Switzerland), as described previously [22].
The inocula for experiments ranged from 8300 to 28,000 cells per 1 cm2. Viability was routinely checked
by means of a cytometer (CASY, Roche Diagnostics Ltd., Rotkreuz, Switzerland). Cells were grown in
sensors for 48 h.

To provide proof of sensor function, cells grown within the experiment were washed with
physiological buffered saline two times and 200 µL of 0.25% trypsin (cat. No. R001100, Gibco,
Gaithersburg, MD, USA) was added. Together with the addition of trypsin, video recording
was started.

3. Results and Discussion

The first experiment tested the OECT parameters as the transfer characteristics and the derived
transconductance g. The fix drain potential was set to Vds = −0.735 V and the output source current
was measured continuously at the triangular symmetric gate voltage Vgs in a range of 0.2 to −0.8V.
The results can be found in Figure 3. As can be seen from the figure, due to relaxations, the transfer
characteristics and transconductance g = dIs/dVgs included are strongly dependent on the sweep rate
of the testing gate voltage Vgs and its direction. The sharp transconductance maximum was observed
first by Rivnay et al. [4]. Its position on the Vgs axis depends on the channel geometry, but no sweep
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rate influence was reported. The transfer characteristics in our case show significant hysteresis. In the
case of a short period of about T = 1 s, the EDL capacitance charging delays the output current Is, so
the hysteresis is oriented counter-clockwise. In the case of a long period of T = 20 s, slow relaxations of
the polymer network in the channel, reducing the output current Is, dominate so that the hysteresis is
oriented clockwise. In the case of a medium period of T = 5 s, both effects are compensated.
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A second experiment, investigating the response of an OECT’s channel current on a simulated
signal of electrogenic cells, was carried out (Figure 4). The standard PBS solution was used as an
electrolyte. In looking for the optimum working point of the OECT with the highest transconductance,
the gate voltage Vgs from the function generator was modulated by rectangular pulses of 10 mVpp

over a 5 s period. This was superposited on the offset voltage, as can be seen in Figure 4. While the
response on the offset setting showed negative relaxation with a time constant of approximately
25 s, the amplification of the pulsing signal did not change significantly according to the offset.
This means that the transconductance remains constant across a wide range of gate offsets, in our
case a transconductance of g = 0.01 mA/0.01 V = 1 mS deduced from the plot. However, this value is
limited by the frequency band pass f = (0.2–8.0) Hz corresponding to the time constants of the gate
circuit and slow relaxation processes. The measured time constant τ = 0.12 s achieved by the simple
exponential fitting corresponds to charging–discharging the channel EDL capacitance of C = 0.1 µF
and the entire gate circuit resistance of R = 1.2 MΩ. The potential on the capacitance varies and it also
controls the ion doping–dedoping process. The measured circuit current, charging the gate, achieved
1 µA in accordance with the circuit resistance. It is theoretically possible to lower the time constant
by decreasing the channel area and hence its capacitance or by decreasing the gate-channel distance
and hence its resistance. The resistivity of the electrolyte is determined by its physiological function
and so it cannot be variated. The speed of the device is then limited by the screen-printing resolution.
The lithographic technique enables the development of much smaller dimensions and quicker devices.
This is necessary for recording the shape of the electrogenic cell (cardiomyocyte) signal.
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Figure 4. Response of output voltage of the preamplifier - I/V converter (calibrated in drain current
units) on the gate input voltage at Vds = −0.735 V and variable gate voltage Vgs modulated by
rectangular pulses of voltage 10 mVpp and a 5 s period.

Using a short time range display, we found one further time constant, namely 3 ms caused by
hole extraction and injection into the channel [1]. This might play a more significant role in a smaller
channel area with a lower capacitance and time constant.

The faster rectangular modulation, applied to the Vgs simulating a signal of electrogenic cells
(cardiomyocytes), lent importance to the measurement. A period of 5 s was set in order to get the
source current Is to a sufficiently steady state (Figure 4, medium time range) for the deduction of the
time constant τ of the gate circuit. The medium current response is almost not influenced by material
relaxation. The ∆Is response on the modulation represents a consequence controlled by charging and
discharging the EDL capacitance at the electrolyte—PEDOT:PSS interface.

At the moment of the gate pulse edge, a short source current Is spike appears with an exponential
decay that is constant at about 3 ms. This is considered the effect of the hole extraction/injection
process in the PEDOT:PSS channel, as was already described by Bernards and Malliaras [1].
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The aging of the OECT structure under the voltage load described above was performed over a
period of 28 h (see Figure S5). A gradual, approximately 25% decrease of Is and the transconductance
g was recorded.

The biocompatibility of the sensor was tested by 3T3 fibroblasts. These cells were able to
grow within sensors to the same extent as in the control (standard cell culture plastics, not shown).
The viability was comparable to the control and it typically reached 90–95%. This indicated that a high
level of biocompatibility was reached. Indeed, cells were able to form a confluent layer within 48 h
(Figure 5A).

A proof-of-concept experiment for the sensor function was carried out. Due to extensive ion
exchange, the cells growing at the transistor channel modulate the current within it; hence the removal
of cells will result in changes to the channel current. Thus, the confluent layer of cells within the sensor
was treated with trypsine, an approach to detach cells from their support [9]. Indeed, the absolute
value of the current decreased in parallel with the trypsine-mediated detachment of cells (Figure 5B,
see video S1). Finally the function of the sensor was verified by means of a spike of KCl (Lachema,
Brno, Czech Republic), which resulted in a major dropdown of the absolute current value. The main
idea of the final proof of concept experiment with cells was to demonstrate that the sensor can host the
living cells efficiently and an electrogenic event related to cell physiology could be recorded.
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Figure 5. Electrochemical transistor with confluent layer of 3T3 fibroblasts: S—source, D—drain (A).
The electrical response to cell release due to trypsin. 100 mM KCl spike served as a positive control of
transistor function (B). Typical results out of three biological replicates are shown.

4. Conclusions

An all-screen-printed 12 × 8 array of OECTs for cell culture electrical response monitoring was
developed. These PEDOT:PSS-based OECTs showed long-term relaxation with problematically defined
gain and transconductance due to long-term material relaxation in the electrolyte and the electrical
field environment. On the other hand, electrogenic cells produce a periodic short-term gate potential
event up to 5 s in range. Such a corresponding signal has uniform amplification across a wide range of
gate potential offsets (±0.4 V). This is demonstrated by means of a simulation, where the stable gate
offset potential was modulated by a 0.2 Hz, 10 mVpp rectangular signal. The resulting source current
response ∆Is was 10 µA and the corresponding achieved transconductance was 1 mS. The upper
frequency limit 8 Hz was deduced from the OECT gate circuit time constant of 0.12 Hz. The measuring
circuit was equipped with a current source for the suppression of the stable offset.

Further improvement of the device speed can be achieved by decreasing the OECT dimensions
by shortening the gate-channel distance and minimizing the EDL capacitance by reducing the
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channel area below the resolution limits of screen printing, which must therefore be replaced by
a higher-resolution technology.

The usefulness of the device for working with biological material was demonstrated using
a 3T3 fibroblast. Indeed, the device showed high biocompatibility and a good response to the
trypsin-mediated detachment of cells. Therefore, the developed device is a good starting point
for the efficient monitoring of cells in biological applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/7/10/998/s1,
Figure S1: Profile of screen printed PEDOT:PSS layer Clevios SV3. The comparison of the profile of the resulting
layer (A) using non stirred (as obtained) and (B) stirred paste. (The record from the profilemeter DetakXT
(Bruker)), Figure S2: Profile of screen printed PEDOT:PSS layer Clevios SV3. The comparison of the profile of
the resulting layer (A) using non–stirred (as obtained) and (B) stirred paste. (The record from the profilemeter
DetakXT (Bruker)), Figure S3: Screen printed layers with channel resistances of stirred PEDOT:PSS paste Clevios
SV3 (A) non stirred, (B) stirred 30 min. (C) stirred 2 hours, (D) stirred 3 days. Figure S4: Thickness and roughness
of screen printed PEDOT:PSS and silicone layers, Figure S5: PEDOT:PSS OECT degradation at Vds = −0,735 V
and Vgs = 0V in PBS solution, Video S1: 3T3 fibroblast detachment.
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