Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 12 Journal of Materials Chemistry C

Journal Name RSCPublishing

ARTICLE
Design of indigo derivatives as environment-friendly

organic semiconductors for sustainable organic
electronics

Cite this: DOI: 10.1039/x0xx00000x

. V. Klimovich,? L. I. Leshanskaya,? S. I. Troyanov,” D. V. Anokhin,>® D. V.

Received 00thMarch 2014, Novikov,>® A. A. Piryazev,® D. A. Ivanov,®® N. N. Dremova,? and P. A. Troshin®

Accepted 00th January 2012

DOI: 10.1039/x0xx00000x ) o ) ) ) ) o ) )
We report the synthesis and systematic investigation of nine different indigo derivatives as

promising materials for sustainable organic electronics. It has been shown that chemical design
allows one to tune optoelectronic properties of indigoids as well as their semiconductor
performance in OFETs. Fundamental correlations between the molecular structures of indigo
derivatives, structural characteristics of their films, charge carrier transport properties and
transistor characteristics have been revealed. Particularly important was lowering the LUMO
energy levels of indigoids bearing strong electron withdrawing groups which improved
dramatically ambient stability of n-type OFETs. Chemical structures of novel indigoids

www.rsc.org/

enabling truly air-stable n-channel OFET operation were proposed.

Introduction

Rapid scientific and technological progress attained in the field
of organic electronics within the last decade resulted in
commercialization of a number of innovative products,
currently dominated by OLED displays.' It is generally believed
that the next commercial products will be based on simple
electronic logics composed of organic field-effect transistors
(OFETs).A niche of single-use applications produced in
extremely large volumes (e.g. smart food packaging, RFID tags
and cards, tickets and etc.) will be particularly pursued.’
However, massive production and use of disposable plastic
in the
environment.® This problem might be solved via design and

electronics might cause severe pollution -effects
implementation of biodegradable or biocompatible electronics
which is based entirely on environment-friendly non-toxic
materials. This approach was pursued by M. Irimia-Vladu in
collaboration with our group.*?

Indigoids represent a family of organic compounds which have
very low acute toxicity and are widely used as textile dyes, food
colorants and pigments for contact lenses.® The application of
ancient organic dye indigo and its derivatives as organic
semiconductors was first proposed in a Japanese patent
application filed in 2006.” Later on indigo was shown to be one
of the most promising biocompatible semiconductor materials
exhibiting balanced ambipolar transport in OFETs and good
Other indigoid, 6,6'-
dibromoindogo known as Tyrian purple dye also demonstrated

performance in inverter circuits.*®

ambipolar behavior in OFETs.’ Recently, two other halogenated

This journal is © The Royal Society of Chemistry 2013

indigo derivatives (6,6’-dichloroindigo and 5-bromoindigo)
were preliminary presented in a review paper as promising
ambipolar semiconductor materials for OFETs.'" Particularly
intriguing was an excellent ambient operation stability reported
for ambipolar indigoid-based OFETs.”'’Low toxicity of indigo
and its derivatives, natural occurrence of some indigoids in
combination with good semiconductor characteristics and
chemical stability open wide opportunities for their use in the
development of sustainable electronics.

We have shown recently that electrical performance of pristine
indigo can be enhanced using a strong template effect of
aliphatic hydrocarbon dielectrics.'' In the present work we
explored a potential of chemical derivatization of indigo as a
route for designing indigoid-based semiconductors with
advanced properties. Nine different indigo derivatives were
synthesized and investigated in order to identify fundamental
correlations between the molecular structures of compounds,
their crystal packing, film morphology, optical, electrochemical
and electrical properties as well as operational stability under
ambient conditions.

Results and discussion

We intentionally pursued indigo derivatives modified with
electron withdrawing groups such as halogen atoms, CN and
CF;3. Introducing electron deficient substituents is expected to
lower the LUMO energy levels of these molecules compared to

the parent indigo. Such modification should lead to an
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improved stability of their anion species required for a stable n-
channel OFET operation under ambient conditions.

The target synthesized using
corresponding substituted 2-nitrobenzaldehydes as precursors
which were treated with nitromethane and MeONa according to
the Scheme 1. The starting aldehydes were obtained by
the substituted  2-nitrotoluenes
dimethylformamide dimethyl acetal — sodium periodate system
or by lithiation of 1-bromo-2-nitrobenzenes with PhLi and
subsequent quenching of the formed intermediate with DMF
according to the previously described general procedures.'” The
latter method was not efficient in the case of compound 5 (yield
36%) presumably because of the of the
electrophilic CN group in the reaction with the nucleophilic
lithiated intermediate. On the contrary, 2-nitrotoluene route was
found to be equally efficient in all cases enabling the
preparation of various indigo derivatives on a larger scale.

indigo derivatives were

oxidation  of using

involvement
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Scheme 1 Synthesis of indigo derivatives

The corresponding toluene precursor for synthesis of 5,5'.6,6'-
tetrafluoroindigo was not available. Therefore, the compound 9
was synthesized from 2-bromo-4,5-difluorobenzoic acid in
three steps with acceptable yields (Scheme 1) following another
route reported in the literature.'?

All synthesized indigo derivatives were obtained as dark blue
or violet powders which were hardly soluble in any organic
Therefore, their NMR
characterization in solution turned to be almost impossible.

solvent at ambient conditions.
However, most of the synthesized compounds were sufficiently
soluble in DMF and acetonitrile to confirm their molecular
compositions using ESI MS spectroscopy. FTIR spectra of
indigoids 1-3 and 6-8 corresponded to the literature data.'* The
FTIR spectra of new compounds 4 and 9 as well as previously

known but non-sufficiently characterized compound 5 were in a
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full agreement with their molecular structures. Chemical
analysis data obtained for compounds 1-9 also supported their
compositions and structures (see ESI).

All indigoids exhibit very characteristic absorption spectra
which are known to be very sensitive to the electronic nature of
the introduced substituents and their positions in the indigo
core.” Indeed, all compounds demonstrated rather different
optical spectra measured for their solutions in hot 1,2-
(Fig. 1) thin films (Electronic
supplementary information, ESI, Fig. S2). In a full accordance
with the literature data,'> 6,6'-dihalogenated indigoids showed
hypsochromic shifts in comparison with the parent indigo and

dichlorobenzene and

magnitude of these shifts becomes bigger with increased
electronegativity of the halogen substituents: 1(F)>2(C1)>3(Br).
The hypsochromic shifts of the absorption bands of indigoids
1-3 vs. parent indigo observed in solution become even more
pronounced when going to thin films (Fig. 1b, Table 1), which
suggests that formation of H-aggregates'® might be responsible
for such behavior.

Strongly electron deficient non-halogen substitutents such as
CF; (4) and CN (5) afforded small (4) or substantial (5)
bathochromic shifts similarly to 6,6'-dinitroindigo reported
previously.'® At the same time, halogen substituents introduced
in 5 and 5' positions of indigo core induced weak bathochromic
shifts and their magnitude also increases with increase in the
electronegativity of the halogen atom 8(Br)<7(C1)<6(F).

Absorbance, a.u.

(=}
N

Absorbance, a. u.
o
o

0,0

Wavelength, nm

Figure 1. Visible-range absorption spectra of indigo derivatives 1-9 in 1,2-
dichlorobenzene (a) and in solid films (b). Full spectra are given in Figs. S1-S2, ESI

This journal is © The Royal Society of Chemistry 2012
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The case of tetrafluoroindigo 9 is rather specific since it
contains fluorine substituents in positions 5 and 5' as well as 6
and 6' which cause opposite electronic effects. Therefore, the
absorption band of 9 has its maximum at 586 nm which lies in
between the maxima of the bands of bisfluorinated compounds
1 (525 nm) and 6 (618 nm). The observed bathochromic and
hypsochromic shifts of the absorption bands of indigoids 1-9 vs.
parent indigo in solution become even more pronounced when
going to thin films (Fig. S2, Table 1).

Cyclic voltammetry measurements were performed for thin
films of 1-9 deposited by thermal evaporation on glassy carbon
disc electrodes to reveal onsets of the oxidation and reduction
waves for these compounds. A standard approach described in
the literature'” was also used to estimate HOMO and LUMO
energies of the investigated indigoids based on their
electrochemical properties using the Fermi energy of -5.1 eV
for the Fc'/Fc redox couple. The obtained data are summarized
in Table 1. It is seen from the table and Figs. S3-S4 (ESI) that
introducing chlorine and bromine atoms to the indigo core
affects mostly HOMO energies of the resulting compounds,
while their LUMO levels remain unchanged compared to parent
indigo. Such behavior can be explained by the fact that LUMO
in indigo is localized mostly on the carbonyl groups and,
therefore, it should not be very sensitive to the substitution in
the benzene rings.

600 _
Indigo
—3
< 40 — a4
= 9
200 \
o )
5
O o ~=
200+
-400 T T T T T T
2000 -1500 -1000  -500 0 500 1000

Potential, mV vs. Fc/Fc'

Figure 2. Cyclic voltammograms of the parent indigo and some representative
indigoids

It is somewhat surprising that 6,6'-difluoroindogo 1 shows the
same electrochemical properties as indigoids bearing two
chlorine (2) or bromine (3) substituents (Fig. S3). However,
fluorine substitution at the positions 5 and 5' induces different
electronic effects: HOMO energy of the resulting compound 6
remains equal to that of unsubstituted indigo, while LUMO
energy is decreased by ~100 meV down to -3.97 eV (Fig. S4,
Table 1).

The increased reduction potentials correlated with the
decreased LUMO energy levels are observed for indigoids
bearing strongly electron withdrawing groups such as CF;- and
CN- (Fig. 2). It is seen from the table 1 that compounds 4 and 5

This journal is © The Royal Society of Chemistry 2012
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have ca. 200 mV lower LUMO energies compared to the parent
indigo. This behavior resembles closely 6,6'-dinitroindigo
which also possesses electron withdrawing nitro
groups.'>'® Most probably, the polarization induced by the
electron deficient substituents changes localization of LUMO
towards benzene rings. Similar explanation was provided in the
literature based on the resonance theory. ">

two

Table 1 Optical and electrochemical properties of 1-9 and parent indigo

No | Mmax | Amaf | Ee | E™ons | HOMO | E®, | LUMO | E,
sol., | ilm,n | film, V vs. eV V vs. eV ElL
nm m eV | Fe/Fc" Fc/Fc' eV

1 | 525 | 498 | 2.06 | 0.78 | -5.88 | -120 | -3.90 | 1.98
2 | 579 | 529 | 194 | 078 | -5.88 | -1.20 | -3.90 | 1.98
3 | 583 | 526 | 193 | 078 | -5.88 | -120 | -3.90 | 1.98
41604 ) 587, 0y g6 | 075 | 585 | <100 | 410 | 175
626
5| 617 215% 167 | 080 | 590 | -096 | -414 | 176
6 | 618 22557’ 164 | 067 | 577 | -1.13 | -3.97 | 1.80
7o o146l g | 073 | 583 | -119 | 301 | 1.92
657
8 | 603 2%53’ 170 | 073 | -583 | -120 | -3.90 | 1.93
9 | 586 | 643 | 175 | 082 | -5.92 | -1.13 | -3.97 | 1.95
I* | 600 | 665 | 171 | 0.67 | 577 | -120 | -3.90 | 1.87

* “I” corresponds to the parent indigo

Summarizing the obtained results, we can conclude that it is
indeed possible to lower LUMO energy of indigoids by
chemical design using strongly electron deficient substituents
such as CN, CF; and NO,. At the same time, introducing two or
even four fluorine atoms leads to relatively small decrease in
the LUMO energy levels of the corresponding indigoids.

The indigoids 1-9 were investigated as semiconductor materials
in organic field-effect transistors which had an architecture
shown in Fig. 3. It is known that use of AlO, as gate dielectric
provides for low operation voltages of the devices.?

Indigoid

Gate
Dielectric

(AlOy +TC or BCB)

Figure 3 General layout of the OFET

To fabricate these devices, aluminum gate electrodes were
subjected to anodic oxidation (anodization) in a citric acid

J. Name., 2012, 00, 1-3 | 3




Journal of Materials Chemistry C

solution using potentiostatic regime (10 V). The anodized
electrodes were washed with deionized water and dried in air.
Afterwards, an organic dielectric coating was applied by spin-
coating. We have shown recently that aliphatic hydrocarbon
dielectrics serve as templates modifying the crystal structure of
indigo and improving charge transport properties of this
material. Therefore, in this work we also investigated two types
of dielectric coatings: normal-chain hydrocarbon tetracontane
(C4Hgy, TC) and a cross-linked benzocyclobutene derivative
(BCB). We emphasize that we did not apply a hot wall epitaxial
growth (HWEG) for deposition of semiconductor films like it
was done in the previous studies.*” On the one hand, simple
thermal evaporation of the semiconductor materials on a non-
heated rotating substrate results in less crystalline films which
show lower charge carrier mobilities compared to the films
obtained using HWEG. However, simple thermal evaporation
technique allows for processing all materials under very similar
conditions which is a strong advantage for purpose of their
direct comparison.

Table 2 Characteristics of OFETs comprising indigo and its derivatives as
semiconductors, TC or BCB as organic dielectric coatings and gold source
and drain electrodes

. Vi 1, e/ Hn
Comp. | type | Diel. Lon/Loge e Vs (TC)
n BCB | 4.0 210° | (2.0-2.4)10° n/a
1 n TC 3.7 510° [ (0.9-1.0)107 ”
p TC -6.6 110° | (3.6-4.5y10" ~
n BCB 1.8 910° | (5.0-6.0y10° n/a
2 n TC 3.1 210* | (1.1-1.3)107 10
p TC -6.0 110 | (0.9-1.3)10°
n BCB | 32 110 | (5.0-6.2)10°
3 n TC 2.6 110* | (7.0-9.0y10° 4
p TC -3.0 110° | (1.8-2.1)10° ~
n BCB - - - n/a
4 n TC 1.0 810° | (2.3-2.8)10°
) TC ; ; - *
n BCB - - - n/a
5 n TC - - - /a
p TC - - -
n BCB - - - n/a
6 n TC 4.0 410° | (1.7-2.1)y10"*
p TC - - - *
n BCB | 4.1 2107 | (1.3-2.5y10" n/a
7 n TC 23 210° | (0.9-1.2)10° 7
p TC 4.3 510% | (1.0-1.8)10™ ~
n BCB | 3.7 100 | (4.3-7.7)10° n/a
8 n TC 3.2 50 (2.0-4.1y10° -
p TC - - -
n BCB | 04 110° | (1.6-2.2y10° n/a
9 n TC 0.7 310° | (4.7-5.9)10°
p TC - - - *
n BCB | 38 3107 | (0.8-1.5y10" n/a
indigo| n TC 4.9 410° | (1.0-1.3)10° 4
p TC -5.0 | 2:10* | (1.0-3.0y10* -
symbol “-” means that no transistor behavior was observed

The OFET devices were finalized with the deposition of source
and drain electrodes. The OFETs fabricated using silver top
electrodes demonstrated only n-type behavior and their

characteristics are given in Tables S1 and S2 (ESI). Using gold

4| J. Name., 2012, 00, 1-3

electrodes was favorable for both p-type and n-type transport
and parameters of these devices are summarized in Table 2
(transfer and output characteristics are given in Table S3, ESI).

The data presented in Table 2 show clearly that chemical
the electrical
performance of the resulting indigo derivatives. In general, 6,6'-

modification of indigo affects strongly
disubstituted indigoids 1-3 outperform significantly their 5,5'-
6-8. The best

dichloroindigo 7 showed ca. 10 times lower electron mobility

disubstituted analogues performing 5,5'-
compared to 6,6'-dichloroindigo 2. This difference becomes
larger and approaches 2-3 orders of magnitude for compounds
bearing two fluorine or two bromine atoms as substituents.
Noteworthy is also the fact that only compound 7 showed
OFETs studied
5,5’-disubstituted indigo derivatives.

ambipolar behavior in among three
Halogen-substituted indigoids 1-3 showed very similar electron
mobilities which exceed by one order of magnitude the electron
mobility in parent indigo (Table 2). The hole mobilities
decreased in parallel with the increased electronegativity of the
substituents introduced to the indigo molecule as it is illustrated
by the Fig. 4. Therefore, the most balanced ambipolar transport
is delivered by 6,6-dibromoindigo 3, while compounds 4 and 9

bearing electron deficient substituents exhibited purely n-type

behavior.
: : : : O gy,
n e
0,01-‘_. n [} H,
- o
_ [ TN
‘»
'> <T u 30
NE -
o o 3
’ 1E-3 o
= 2 =3
[ J
L 10
1E-4 : - : : : 0
@ o [y [
& & & S
) o~ - o 38
<

Figure 4 Change of the OFET hole and electron mobilities in indigo derivatives
upon the chemical functionalization

It is reasonable to assume that the presence of electron
withdrawing substituents such as Cl, F or CFj; in the indigo core
increases the barrier for the hole injection and facilitates the
electron injection. This assumption is tentatively supported by
the threshold voltages (Vry) given in the Table 2. Indeed, the
6,6’-dibromoindigo 3 showed the lowest Vpy in p-channel
OFETs, while 6,6’-bis(trifluoromethyl)indigo 4 and 5,5°,6,6’-
tetrafluoroindigo 9 revealed the lowest Vry in n-type devices.
Therefore, we believe that the observed decrease of the hole
mobilities in the raw 3 > 2 > 1 might be related to increased
barriers for injection of the positive charge carriers. At the same
time, increased hole injection barrier correlates well with the
decreased stability of the respective cation species as can be

This journal is © The Royal Society of Chemistry 2012
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concluded on the basis of the previously reported effects of the
resonance stabilization of indigoids."

The influence of the dielectric material on the structure and
properties of semiconductor is other important issue which has
to be considered in more detail. In order to compare electrical
characteristics of OFETs comprising different organic dielectric
coatings we introduced two parameters: the ratio of the electron
mobilities p(TC)/u.(BCB) and the corresponding currents ratio
[Ton/Toe( TOV[1on/Ioi(BCB)]. It is seen from the Table 2 that
OFETs comprising TC as organic dielectric coating typically
outperform analogous devices where BCB was used for the
same purpose. However, the magnitude of this effect changes
significantly going from one indigoid to another. The transfer
characteristics of OFETs comprising semiconductor layers of
5,5'6,6'-tetrafluoroindigo 9 and 6,6'-bis(trifluoromethyl)indigo 4
grown on TC or BCB are shown in Figure 5. It is seen from the
figure that indigoid 9 exhibits comparable performances on
both dielectric coatings. On the contrary, the films of
compound 4 perform well on TC and do not show any
transistor behavior on BCB. The observed sharply different
behavior of the investigated indigoids allows one to divide
them in two groups: the materials which are highly sensitive to
the type of the dielectric (p(TC)/nu(BCB)>5; compounds 3, 4
and parent indigo) and the materials which perform similarly on
both dielectric coating (1, 2, 7, 8, 9).

a b
1E6 _ 1E6
< < < Vos=TV <
I B 27 3
= =2 = s €T T
€ E g
g g 8 g
3 3 3 Es 1Es 3
= o < o
© T © ©
a O O e s ©
1E-10 1y ¥ & 1E-10
12 3 4 5 6 7 8 9 1011 40 1 2 3 4 5 6 7 8 9
c Gate voltage V, V d Gate voltage V, V
1E6 166 1E6
< < < <
2 PR =
8 _8 3 3
z F1E7 z = 1E7 V_=6V BT
15} g o s
5 5 5 =
3 1E8 3 3 Es €8 3
£ 2 c [}
s 3 E 2
S ful i
18 O e .- s O
Lo
’ =10 1E10 ’ 1E-10
12 275 6 1 8

40 1 2 3 4 5 86 7 8 9 10

3
Gate voltage V , V Gate voltage V, V

Figure 5. Transfer characteristics of OFETs based on indigoids 9 (a, b) and 4 (c, d)
and comprising TC (a, c) and BCB (b, d) dielectricts given in the same scale for
purpose of comparison.

Different morphology of the semiconductor films deposited on
different dielectric underlayers has to be considered as a
possible factor influencing the performance of OFETs.'® The
films of all nine indigoids grown on TC and BCB dielectric
coatings were investigated using atomic force microscopy
(AFM) and scanning electron microscopy (SEM). Indeed, it
was revealed that the surface topography of the films grown on
BCB and TC might be very different for some materials (Fig. 6,
Tables S4 and S5, ESI).

However, the changes in the surface topography of the films
failed to explain the observed differences in the electrical

This journal is © The Royal Society of Chemistry 2012
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performance of OFETs fabricated wusing the same
semiconductor and different dielectrics (TC or BCB). For
instance, indigoid 2 shows much more crystalline films when it
is deposited on TC rather than on BCB (Fig. 6). However, the
electrical performances of both types of films are very
comparable (Table 2). At the same time, indigoid 3 shows very
similar morphology of the films deposited on BCB and TC,
while their performances in OFETs are drastically different.
Similar observations can be made also for other indigoids (see
Tables S4 and S5, ESI). Therefore, the bulk morphology of the
semiconductor films cannot be directly correlated with the
effects of underlying dielectric coatings on the characteristics of
OFETs.

Recently we showed that aliphatic hydrocarbon dielectrics such
as TC serve as templates which induce serious changes in the
crystal structure of indigo in the adjacent layers leading to its
advanced performance in OFETs.'" It is possible that similar
effects also play a role in the case of indigoids 1-9. To verify
this hypothesis, one has to compare the real 3D crystal
structures of indigoids (bulk structures) with the structures of
polymorphs formed in thin films at the semiconductor/dielectric
interface (surface structures).

a b
c d nm|]
60
40
o 20
. N 0

0 05 10 15um

0 05 1.0 15pum

Figure 6 AFM images of thin films of 2 (a, b) and 3 (c, d) grown on TC (a, c) and
BCB (b,d)

The bulk structures of indigoids 1, 4, 6, 7 and 9 were
determined in this work using x-ray single crystal diffraction.
The crystal structures of parent indigo and indigoids 2 and 3 are
known from the literature."” Figure 7 shows the arrangements
of molecules in the m-stacks of different indigoids as revealed
for their crystals. In the case of some indigoids the neighboring
molecules in the stack are strongly shifted with respect to each
other which is very typical of J-aggregates. The shift can be
quantified by measuring the angle ® between the equal groups
of the neighboring molecules and one of their plains (zero shift
corresponds to the angle ®=90°, Fig. S5, ESI). In the case of the
parent indigo and indigioids 1 and 6 this angle approaches
~145-147 degrees. However, it is significantly reduced to ~130
degrees for indigoids 3, 7 and 9. The structure of 6,6'-
dicloroindigo 2 is rather remarkable since in this case the o is

J. Name., 2012, 00, 1-3 | 5
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very close to 90° which means that the molecules are virtually
not shifted with respect to each other.

P
V//
e
74 // 4/

/ 7

Figure 7. Arrangement of molecules in the crystals of some indigoids according
to the single crystal X-ray diffraction data. Data for indigo (1) and compounds 2
and 3 are taken from literature.”

o
=—\
—

.
O\
N

N

Assuming the orientation of the molecules on the dielectric
substrate as revealed previously for the parent indigo,®
compound 2 should have advanced charge transport properties
due to the structure of its m-stacks and demonstrate advanced
performances in OFETs. Indeed, this expectation agrees well
with the transistor characteristics presented in Table 2.

Due to the presence of two bulky trifluoromethyl substituents in
the 6,6"-bis(trifluoromethyl)indigo 4, the molecules are
arranged in pairs (Fig. 4). The distance between the molecules
in the pair (3.42 A) is considerably shorter compared to the
distance between the pairs (3.92 A). At the same time, the
molecules in the pair are less shifted with respect to each other
(shift angle ~108°) than the molecules belonging to the
neighboring pairs (shift angle ~146°). These structural
peculiarities result in the zig-zag shape of the m-stacks of
indigoid 4 which should not favor the charge transport.

The crystal structures formed by indigoids in thin films were
analyzed using grazing incident wide angle x-ray scattering
(GIWAXS). The GIWAXS measurements allowed us to obtain
few important parameters characterizing the surface structures
of indigoids. The most intensive peak on the GIWAXS pattern
reflects the m-stacking of the planar molecules in the film and
reveals directly the characteristic d, value. The azimuthal
position of this peak was used to determine o angle. The tilt
angle B was calculated as (90-a) degrees. The intermolecular
distance was calculated as d,= d,/sin(a) (Fig. 8). The simple
relation between d,, and d, is based on suggestion that the shift
of the molecules along the short molecular axis direction is
relatively low. This is proved by comparison of the
corresponding unit cell parameters for the bulk and surface

6 | J. Name., 2012, 00, 1-3
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structures. It was found that the parameters are close for most
of the compounds.

It has been shown that 5 out of 7 structurally characterized
indigoids form new polymorphs in thin films (Table 3). The
presence of two polymorphs was revealed for the thin films of
indigoids 1, 2, 7 and 8. The 6,6'-dibromoindigo 3 forms a single
phase which has a different structure compared to the bulk one.
It is surprising that this phase was not observed in the previous
study of this material involving very similar technique.” The
thin films of 4 and 6 also demonstrated single phases which,
however, correspond to the bulk structures of these indigoids.

a

_ d,—m-distance
N Ny

Tilt angle

d.,=d, /sin(a)

d,, —intermolecular

distance
b
B=0 =90
S D
dielectric dielectric
G G

Figure 8 The meaning of the main parameters extracted from the GIWAXS
measurements (a) and schematic illustration of the charge transport in OFETs
based on the semiconductor films with tilt angles =0 and =90 degrees (b).

Table 3. Geometrical parameters determined for bulk and surface crystal
structures of indigoids 1-9*

Page 6 of 12

Bulk structure Surface structure*
Comp Tilt In.termoL T Tilt InFermol. T
* | angle distance | distance, | angle distance | distance,

B, deg. du, A dr, A B, deg. dm, A dr, A
1 56 6.06 3.40 5 3.61 3.58
2 4 3.40 3.36 0 3.60 3.57
3 40 4.01 3.34 67 3.66 3.37

4 30 366796’ 334;22’ The same as bulk structure
5 N/A N/A N/A 90 | NA | 340

6 57 6.03 3.37 The same as bulk structure

7 29 4.32 3.34 59 4.22 3.6
8 N/A N/A N/A 56 4.3 3.57
9 42 4.39 3.30 36 443 3.58
Indigo 54 5.77 3.40 40 4.46 343

* - all indigoids formed the same polymorphs on TC and BCB with except
for the parent indigo and 9 which showed epitaxial structures on TC only.

The 5,5',6,6'-tetrafluoroindigo 9 forms an epitaxial structure on
TC with the intermolecular distance (d,,) of 4.43 A (Fig. S6).

This journal is © The Royal Society of Chemistry 2012
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This value is very close to the distance between the neighboring
linear aliphatic CH;3(CH,),CH; chains known, for example, for
(110) crystal plane in orthorhombic phase of polyethylene.”
Very similar epitaxial structure was observed for the films of
indigoid 9 grown on paraffin wax. At the same time, the
structure of thin films of 9 grown on BCB dielectric
corresponds to the bulk structure determined by the single
crystal structure analysis. Thus, the tetrafluorindigo 9 behaves
similarly to the parent indigo while undergoing epitaxial growth
on aliphatic hydrocarbons.'' However, in contrast to the parent
indigo, two different crystal modifications of 9 formed on TC
and BCB dielectrics showed very similar performances in
OFETs (Table 2).

We note that tilting of molecules in the stack might affect
significantly lateral charge transport required for efficient
OFET operation. This effect is schematically illustrated in
Fig. 8b. In the case of the zero tilt angle (B=0°) the molecules
stay perpendicularly to the substrate, while their stacks lay
horizontally thus facilitating the charge transport between the
source and drain electrodes in OFET. Other extreme case with
B=90° is characterized by the vertically aligned m-stacks. The
lateral charge transport depends in this case entirely on the
hoping of charges between the neighboring stacks which is
known to be inefficient. This explains why the films of
dicyanoindigo 5 with the tilt angle B=90° did not reveal
semiconductor behavior in OFETs. On the contrary, the surface
structures of 1 (tilt angle B=5°) and 2 (B=0°) are the most
favorable for the lateral charge transport. Indeed, these two
indigoids exhibited the best performances in OFETs (Table 2)
as compared to all other investigated semiconductors.

A correlation between the electrical performance of indigoids
1-9 in OFETs and angle 3 as a structural characteristic of their
thin films is shown in Fig. 9.

2
1,4x10% 4,
1,2x107 1

1,0x10°1 A

e
Ow

8,0x10°
3 ] 9
6,0x10° A
4,0x10°
’ 4 IS
] A A
2,0x10°

Electron mobility i, cm?V's™

1B 1
Y
M55
0 10 20 30 40 50 60 70 80
Tilt angle B, deg.

0,0

5
A
90

Figure 9. Correlation of the electron mobility with the tilt angle of the molecules
in the surface structure revealed from the GIWAXS measurements. Compound
numbers are given nearby the corresponding symbols; I-S and I-B correspond to
the surface and bulk structures of pristine indigo, respectively.
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Indeed, the electron mobility decreases rapidly with increase in
the tilt angle. Surprisingly, all 5,5’-disubstituted indigoids
showed rather big tilt angles in thin films which might explain
their poor semiconductor performance. The presence of two
bulky trifluoromethyl substituents in indigoid 4 damages its
charge transport properties to some extent and prevents it from
showing a higher mobility comparable to that of indigoid 9 with
a similar tilt angle. The most unexpected was good electrical
performance of indigoid 3 in spite of the relatively big tilt angle
(B=67). However, remarkably short n-distance of 3.37 A
indicating strong intermolecular electronic coupling in the
charge this  effect
counterbalances strong tilting of the molecules. The unusual

stacks  facilitates transport  and

surface structure of indigoid 3 deserves more detailed
investigation in subsequent studies. Summarizing these results,
we conclude that geometry of m-stacks in semiconductor thin
films is a factor of crucial importance which affects
dramatically their performance in OFETs.

The observed drastically different performance of indigoids 3
and 4 on TC and BCB dielectrics was also addressed using the
GIWAXS data. Thus, the thin films of 4 grown on BCB did not
reveal the presence of any crystalline phase (Fig. S7). It is very
likely that BCB prevents substrate-induced crystallization of
indigoid 4 due to non-periodical surface structure and the
resulting disordered semiconductor films do not show any
transistor characteristics. At the same time, the crystalline films
of 4 grown on TC demonstrated reasonably good operation in
OFETs. The observed considerable difference in the ordering of
thin films of 6,6’-dibromoindigo 3 grown on TC (highly

ordered) and BCB (poorly ordered) account for their

performance in OFETs. Thus, TC and BCB dielectrics
influence on the local ordering of the grown above
semiconductor layers thus affecting their electrical

characteristics. These examples suggest that supramolecular
interactions between the semiconductor and dielectric deserve a
special attention.

The indigoid-based semiconductors are considered as highly
promising materials for designing OFETs with excellent
operational stability under ambient conditions.’'® According to
the literature, a stable n-channel OFET operation under ambient
conditions is achieved when anion species formed by the
reduced semiconductor molecules do not react with oxygen and
moisture.?! Tt is known that water and oxygen can undergo the
following major reduction pathways:

2H,0+2& —H, +20H (1)
O, +e— 0" (2)
2H,0+ Oyt 45— 40H (3)

Typically, organic molecules having higher electron affinities
compared to the oxygen and water form anion species which
are fairly stable under ambient conditions. The electrochemical
potentials corresponding to the reactions (1) and (3) were
reported to be ca. -0.66 V and +0.57 V vs. standard calomel
electrode (SCE), respectively.?! For the oxygen to superoxide
reduction in aprotic media (reaction (2)), the half-wave
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potentials 0f-0.86 V vs. SCE (onset at ca. -0.75 V vs. SCE) in
anhydrous acetonitrile and -0.70 V vs. Ag/AgCl (onset at ca. -
0.60 V vs. Ag/AgCl) in an ionic liquid were reported.” Using
standard equations, one can estimate that reduction potentials of
water (equation (1)) and oxygen (equation (2)) correspond to
ca.-4.1 eV and-4.0 eV (based on the onset value) in the Fermi
energy scale, respectively.'” Therefore, organic semiconductor
should have its LUMO energy at least below -4.1 eV to be
stable against moisture and oxygen separately (equations (1)
and (2) above). It is notable that the redox process depicted by
the equation (3) is characterized by the Fermi energy of ca. -5.3
eV. Therefore simultaneous action of oxygen and water can
damage the n-type operation of any material with LUMO
energy above -5.3 eV. Fortunately, the concentrations of
oxygen and moisture in the semiconductor layer are very low,
therefore, the redox process outlined by the equation (3) does
not play important role at least when the devices are exposed to
air for a relatively short time. Therefore, one can practically
observe air-stable n-type operation of OFETs based on the
materials with LUMO energy below -4.1 eV. This hypothesis
was confirmed in a number of experimental studies.?’

that OFETs
6,6’-dibromoindigo 3 as semiconductor revealed completely

It was reported previously comprising
“air-stable operation” due to its low lying LUMO energy
of -4.0 eV.° However, this the

electrochemical data obtained in this work and presented in

result contradicts to
Table 1. Indeed, all indigoids bearing chlorine and bromine
substituents (2, 3, 7, 8) exhibit virtually identical reduction
waves and have the same LUMO energy levels as parent non-
substituted indigo. The absolute LUMO energy of ca. -3.9 eV
was estimated for indigo and its chlorinated and brominated
derivatives using the approach presented in the literature.'’

In order to avoid any mistakes arising from the conversion of
the electrochemical potentials to the Fermi energy scale, we
investigated a well-known reference material N,N'-didodecyl-
3,4,9,10-perylenedicarboximide (C12PDI) under exactly the
same experimental conditions as used for indigoids 1-9. The
C12PDI revealed almost the same onset of the first reduction
band as parent indigo and aforementioned halogenated
indigoids (Fig. S7). It is known that such dialkylsubstituted
PDIs have LUMO of ca. -3.8 to -4.0eV and do not show air-
stable OFET performances.?* Introducing two cyano groups at
the bay region of PDIs lowers their LUMO energy down to -4.3
eV which improves strongly ambient stability of OFETs,***
though some noticeable degradation can still occur.”®
The suggest that OFETs
6,6'-dibromoindigo 3 as semiconductor can hardly show an air-

obtained results comprising
stable operation. Indeed, experimental investigation of OFETs
comprising 1, 3, or 7 as semiconductors revealed their rapid
degradation under ambient conditions (25-27 °C, 30-35% RH,
continuous storage and periodic measurement in air) within few
hours. Surprisingly, the devices comprising 6,6'-dichloroindigo
2 were somewhat more stable and degraded in few days. The
observed minor improvement in the ambient stability of 2
might be related to its dense molecular packing in crystal phase
which might slow down the diffusion of moisture and oxygen.

8 | J. Name., 2012, 00, 1-3

The OFETs comprising indigoids 4 and 9 demonstrated a
superior ambient stability as it is shown in Fig. 10. In particular,
the electron mobility measured for 9 decreases within the first
few days and then stabilizes at some reasonable values. Thus,
the most stable OFETs operated in air for more than 70 days
(when measurements were intentionally terminated). The
storage of the air-exposed devices inside argon glove box
within few days recovered (partially or completely) their initial
electrical characteristics.

Semiconductor indigoid

14 m 1(2xF)
i‘ e 2(2xCl)
AAA 3 (2xBr)
A, A A 4(2xCF)
~ u® A m 9 (4xF)
€ 01- L. - y A
= L ] ]
= ] ° u
-
~ B -— No field effect
= o - y
0.01- No field effect
1E'3 T T T T T T T T T T T T T T T 1

0O 10 20 30 40 5 60 70 80
time,days

Figure 10. Relative ambient stability of n-channel OFETs comprising different
indigoid semiconductors (storage and measurements in air)

We emphasize that the experimental data on the ambient
operation stability of OFETs comprising different indigoids
correlate well with their electrochemical properties presented in
Table 1. Indeed, compounds 4 and 9 possessing the lowest
LUMO energy levels (except for 6,6'-dicyanoindigo 5 and 5,5'-
difluoroindigo 6, which did not reveal good semiconductor
behavior in OFETs) showed also the highest ambient stabilities.
Indigoid 9 was much more stable compared to 4 presumably
due to a denser crystal packing preventing fast diffusion of
oxygen and moisture. We emphasize that OFETs based on
indigoid 9 operate in air reasonable well even after 70 day
exposure. This reflects a dramatic improvement in the ambient
stability as compared to dihalogenated indigoids 1-3.

The deterioration of the OFET characteristics observed for both
semiconductors 4 and 9 under ambient conditions can be
expected since their LUMO levels are still somewhat higher
than required for the real air-stable operation. It is reasonable to
assume that the presence of multiple fluorine atoms in the
molecular structures of 4 and 9 increases their hydrophobicity.
Moisture is known to be much more aggressive agent compared
to oxygen,23
semiconductor layer should improve significantly the device

therefore preventing water diffusion to the

stability. Similar approach was used to improve the ambient
stability of n-type OFETs previously.?’

On the base of the aforementioned experimental results and
considerations, we can propose the structures of 4,4',6,6',7,7'-
5,5',6,6',7,7'-hexafluoroindigo
5,5',6,6'-tetrakis-

hexafluoroindigo,

4,4',5,5',6,6',7,7"-octafluoroindigo, and

This journal is © The Royal Society of Chemistry 2012
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(trifluoromethyl)indigo as promising n-type semiconductors
which should enable truly air-stable operation of OFETs. The
latter compound might exhibit low charge carrier mobility due
to the presence of bulky substituents. The synthesis of these
compounds and experimental investigation might be pursued in
the
unexpected biological activity of these strongly functionalized

future. However, there is some concern regarding
indigoids and especially regarding their biodegradability. These
aspects have to be addressed in future also for some indigoids

presented in this work.

Conclusions

Indigo and its functional derivatives represent a promising
group of semiconductor materials for organic electronics. It has
that
significantly optical and electronic properties of indigoids as

been shown chemical derivatization influences
well as their electrical performance in OFETs. In particular,
5,5'-disubstituted indigoids demonstrate inferior performances
compared to the 6,6'-disubstituted analogs. It is notable that
electron deficient substituents inhibit hole transport in indigoid
films, while electron transport remains almost unaffected. Thus,
6,6'-dibromoindigo shows ambipolar transport which becomes
strongly unbalanced going to chlorinated and fluorinated
analogs, while indigoids bearing two CF; groups (4) or four
fluorine atoms (9) demonstrate purely n-type behavior.

The experimental data obtained in this work revealed that
ambient stability of OFETs based on

dibromoindigo (Tyrian purple) was severely overestimated in

indigo and 6,6-

the previous publications.®*'® According to our results, these
devices degrade in air almost completely within few hours.
However, this problem was partially solved by introducing
strong electron withdrawing substituents such as two CF;
groups or four fluorine atoms which lowered the LUMO energy
of the indigo core and improved dramatically the stability of n-
channel OFETs under ambient conditions. The lifetime of the
continuously stored and periodically measured in air OFETs
based on 6,6'-bis(trifluoromethyl)indigo 4 and 5,5',6,6'-
tetrafluoroindigo 9 exceeded 60 days.

In order to reach truly air-stable device operation, it is
necessary to design some novel indigoids with further
decreased LUMO energy levels down to at least -4.3 eV. This
can be potentially fulfilled for perfluorinated indigo or 5,5',6,6'-
tetrakis(trifluoromethyl)indigo. However, going this way we
should keep in mind that so strong chemical derivatization of
indigo will change not only the optoelectronic characteristics of
this material, but also its biological properties (particularly,
acute toxicity) and biodegradability. Therefore, newly designed
materials have to be adequately assessed before recommending
them for sustainable electronics applications.

Experimental

Materials and instrumentation

Indigo and tetracontane were purchased from Sigma-Aldrich.
Other reagents and solvents were purchased from Acros

This journal is © The Royal Society of Chemistry 2012
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Organics. Toluene and chlorobenzene were purified using
standard distillation. Tetracontane and mesitylene were used as
received. The dielectric BCB was obtained under the trade
name CYCLOTENE 4024 resin as a product of The Dow
Chemical Company.

FTIR spectra were measured in KBr pellets using Perkin Elmer
Spectrum BX instrument. ESI MS spectra were measured using
Shimadzu LCMS 2020. UV-VIS spectra were obtained using
Avantes AvaSpec-2048 fiber optic spectrometer for solutions of
indigoids in 1,2-dichlorobenzene heated up to 50 degrees.

Synthesis of indigoids and their spectral characteristics

The indigoids 1-8 were synthesized using previously reported
procedures.'? The indigoid 9 was prepared using alternative
procedure.'® Purification of the prepared compounds was
achieved using multistep temperature gradient vacuum
sublimation. Indigoids 1-3, 5 and 9 were sublimed at 220-240 C
under the pressure of 1'10% mm Hg. Indigoids 6-8 were
sublimed at 240-260 °C under the pressure of 1'10° mm H.
Indigoid 4 sublimed at 200-220 °C under the same pressure.
Each compound was sublimed at least four times before
evaluation in OFETs. The spectral characteristics of the known
compounds were identical to the reported in literature.'*
Compound 1. FT-IR (KBr): 3384, 1636, 1618, 1578, 1442,
1388, 1316, 1282, 1202, 1160, 1082, 1060, 912, 850, 814, 766,
694, 642, 600, 532, 482 cm™'. ESI-MS [C;H;F,N,0,]” m/z =
298. Chemical analysis (%) caled for C;¢HgF,N,O,: C 64.43, H
2.70, F 12.74; N 9.39; found C 64.21, H 2.65, F 12.42, N 9.16.
Compound 2. FT-IR (KBr): 3342, 1684, 1644, 1622, 1442,
1388, 1320, 1286, 1168, 1112, 618 cm’'. ESI-MS
[C16H,C1,N,0,] m/z = 329. Chemical analysis (%) calcd for
CsHsCLLN,O,: C 58.03, H 2.43, N 8.46; found C 58.17, H 2.32,
N 8.39.

Compound 3. FT-IR (KBr): 3382, 1628, 1606, 1436, 1384,
1312, 1280, 1194, 1144, 1068, 1048, 896, 590, 526 cm™'. ESI-
MS [CsH7Br;N,O,] m/z=419. Chemical analysis (%) calcd for
CsHsBrN,O,: C 45.75, H 1.92, N 6.67; found C 45.64, H
1.74, N 6.69.

Compound 4. FT-IR (KBr): 3342, 1642, 1626, 1502, 1448,
1400, 1328, 1236, 1150, 1134, 1052, 918, 878, 834, 772, 702
cm™. ESI-MS [C,sH,F¢N,O,] m/z = 397. Chemical analysis
(%) calcd for CgHgF¢N,0O,: C 54.28, H 2.02, F 28.62; N 7.03;
found C 54.04, H 2.13, F 28.77, N 6.75.

Compound 5. FT-IR (KBr): 3342, 1684, 1644, 1622, 1442,
1388, 1320, 1286, 1168, 1112, 618 cm’'. ESI-MS
[C1gHgN4O,] m/z = 312. Chemical analysis (%) calcd for
CsHgN4O,: C 69.23, H 2.58, N 17.94; found C 68.97, H 2.61,
N 17.64.

Compound 6. FT-IR (KBr): 3286, 1624, 1482, 1458, 1314,
1262, 1182, 1108, 1054, 822, 684 cm'. ESI-MS
[C16H,F2N,O,] m/z = 298. Chemical analysis (%) calcd for
CsHsFoN,0,: C 64.43, H 2.70, F 12.74; N 9.39; found C 64.72,
H2.43,F12.51,N9.10.

Compound 7. FT-IR (KBr): 3280, 1628, 1608, 1462, 1448,
1306, 1258, 1186, 1120, 1046, 824, 782, 642, 594 cm™. ESI-
MS [CsH;CLLbN,O,] m/z = 329. Chemical analysis (%) calcd
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for C;cHgCl1,N,0,: C 58.03, H 2.43, N 8.46; found C 57.77, H
2.37, N 8.37.

Compound 8. FT-IR (KBr): 3280, 1628, 1606, 1458, 1442,
1386, 1302, 1256, 1184, 1118, 1078, 1042, 884, 822, 780, 616,
594 cm’. ESI-MS [CisH7Br;N,O,] m/z = 419. Chemical
analysis (%) calcd for C;cHgBr,N,O,: C 45.75, H 1.92, N 6.67;
found C 45.90, H 1.82, N 6.65.

Compound 9. FT-IR (KBr): 3302, 1634, 1596, 1472, 1384,
1336, 1316, 1214, 1144, 1120, 1038, 884, 844, 778, 744, 668,
624 cm’!. ESI-MS [CigHsF4N,O,] m/z = 333. Chemical
analysis (%) calcd for C;sH¢F4N,0,: C 57.50, H 1.81, F 22.74;
N 8.38; found C 57.19, H 2.02, F 22.49, N 8.53.

X-ray crystallography

Synchrotron X-ray data for compounds 1, 4, 6, and 9 were
collected at 100 K at the BL14.2 at the BESSY storage ring
(PSF, Free University of Berlin, Germany) using a MAR225
CCD detector. Data collection for compound 7 was carried out
at 100 K with an image-plate diffractometer (IPDS, Stoe).
Crystallographic data along with some details of data collection
and structure refinements are presented in Table S6. The
structures were solved and anisotropically refined with SHELX
package.?® In the crystal structures 6 and 7, hydrogen atoms
were refined isotropically, whereas in other crystal structures H
atoms were placed in geometrically calculated positions and
refined in a riding mode. CCDCs 991835 (1), 991836 (4),
991837 (6), 991838 (7), and 991839 (9) contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Data i
www.ccdc.cam.ac.uk/data_request/cif.

Crystallographic Centre via

Cyclic voltammetry measurements

The cyclic voltammetry measurements were performed for thin
films (150-160 nm thick) of indigo and its derivatives deposited
on glassy carbon disc electrode (working electrode, d=5 mm,
BAS Inc.) by thermal evaporation in vacuum (510 mbar) with
the rate of 1.2 A/s. The measurements were performed in a
three-electrode electrochemical cell using 0.1 M solution of
BuyNPF; in acetonitrile as supporting electrolyte, platinum wire
as a counter electrode and a silver wire immersed in 0.01 M
solution of AgNO; in 0.1 M TBAP (CH;CN) as a reference
Ag/Ag' electrode (BAS Inc.). Ferrocene was used as internal
reference. The electrolyte solution was purged with argon
before the measurements. The voltammograms were recorded
using ELINS P-30SM instrument at room temperature with a
potential sweep rate of 50 mV/s.

OFET fabrication

A 1 mm wide and 200 nm thick aluminum gate electrode was
deposited by thermal evaporation onto 1.5 x 1.5 cm” glass
slides. It was subsequently anodized by immersing in a citric
acid solution (0.2 g per 100 mL) in a potentiostatic regime at 10
V to achieve a formation of uniform AlO, coating. Afterwards,
the samples were rinsed with deionized water and dried in an
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oven at 80 °C for 30 min. Organic dielectric coatings were
deposited immediately after taking the samples out from the
oven.

Tetracontane TC (Aldrich) was dissolved in toluene to achieve
a total material concentration of 1.5 mg/ml. The resulting
solution was spin-coated onto the dried Al/AlO, electrodes at
3000 rpm.

Benzocyclobutene derivative  BCB was deposited from a
commercial CYCLOTENE 4024 resin solution diluted with
mesitylene in 1:100 v/v ratio. The obtained solution was spin-
coated onto the Al/AlO, substrates at 1500 rpm. The resulting
coatings were annealed overnight on a hot plate at 280 °C

inside argon glove box.

The capacitances of the dielectrics were measured at 1-10 MHz
frequency for conventional MIM devices. The obtained values
were 350-370 nF/cm® for bare AlO,, 250-270 nF/cm’ for
AlO,/TC and 70-80 nF/cm? for Al0,/BCB.

Semiconductor films of indigoids were grown on the organic
dielectric coating by thermal evaporation from a resistively
heated quartz crucible at a pressure of 2 x 10°® mbar at the rate
of 0.6 A/s. The typical thickness of the indigoid films was 100
nm. Silver or gold source and drain electrodes (typically 100
nm) were evaporated through a shadow mask (L = 50 pm, W=
10°°
characterization was carried out inside an argon glove box with

2 mm) at a pressure of 2 X mbar. Transistor
<1l ppm O, and <1 ppm H,O. The transfer and output
characteristics were recorded using Kethley 2612A instrument

with LabTracer software.

GIWAXS measurements

The samples were prepared in the same way as in the case of
OFET fabrication using silicon slides as substrates. A set of
samples with the thickness of indigoid films varied between 70
nm and 500 nm was prepared for every compound on both
investigated dielectric coatings (TC and BCB). GIWAXS
measurements were performed using XeuSS SAXS/WAXS
(Xenocs, France) machine coupled to GeniX3D generator (A
=1.54 A) The 2D data were collected with the incidence angle
0.2° using Rayonix HS170 CCD detector (pixel size 132x132
um) with sample to detector distance approx. 18cm. The
minimum projection method for series of images was used to
reduce background noise. The modulus of the scattering vector
s (s = 2sinB/A, where 0 is the Bragg angle) was calibrated using
The
indexing of 2D-GIWAXS patterns was performed in home-

seven diffraction orders of silver behenate powder.

made routine written in Igor Pro software.

AFM and SEM microscopy and optical spectroscopy

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) images were typically measured from the
channels of the fabricated OFETs after electrical I-V
characterization. NTEGRA PRIMA instrument (NT MDT,
Russia) was used to obtain the AFM images. SEM images were
obtained on a Zeiss LEO SUPRA 25 instrument.

The optical spectroscopy studies were performed for 300 nm
thick indigoid films grown on the borosilicate glass slides. The

This journal is © The Royal Society of Chemistry 2012

Page 10 of 12



Page 11 of 12

absorption spectra were measured using Avantes 2048 dual-
channel fiber spectrometer equipped with a sample holder
installed inside an argon glove box.
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