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/Abstract: A series of new benzimidazole derivatives were
synthesized by the solid-state condensation and direct subli-
mation (SSC-DS) method and their physical properties were
investigated. The reaction yields and product stability were
significantly affected by the identity of the diamine and an-
hydride substituents. On the other hand, the substituents of
the benzimidazole ring allowed fine tuning of the emission
maxima, fluorescence quantum yields, and redox potentials.
The HOMO-LUMO levels were estimated by cyclic voltam-

metry in film on indium tin oxide (ITO) and compared with
values obtained by other methods. The described benzimi-
dazoles showed high crystallinity, which is attributed to
a high planarity and interactions between carbon and heter-
oatoms. These compounds showed n-type semiconducting
behavior in organic field-effect transistors (OFETs). Optimized
devices for fluorinated NTCBI (naphthalene tetracarboxylic
bisbenzimidazole) showed respectable electron mobilities of
~102cm?V's7
/

Introduction

Perylene and naphthalene benzimidazoles derived from pery-
lene-3,4,9,10-tetracarboxylic acid and naphthalene-1,4,5,8-tetra-
carboxylic acid are important classes of dyes and pigments,
and because of their semiconductor properties combined with
high stability are potentially useful for applications in organic
electronics. Perylene tetracarbox-

ylic acid diimide (PDI) derivatives

(Figure 1) have been known as R O
vat dyes since the early 1900s." R-N N-R
These pigments exhibit high d %

chemical and heat stability, ex-

cellent light-fastness, and are 9
used in high grade industrial R- N-
paints, for example, in automo- K E)

tive applications. Currently, PDIs PDI
find utility in a wide-range of ap-
plications,”” especially in organic
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electronics, including organic field-effect transistors (OFETs),”
and organic photovoltaics (OPVs).”! PDIs generally work as n-
type semiconductors as they are able to form stable radical
anions. Perylene tetracarboxylic acid bisbenzimidazole (PTCBI)
is also well known in organic electronics as it was used in the
first organic thin-film solar cell.”’ PTCBI offers the advantage of
a low energy gap and absorption over the whole UV/Vis ab-
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Figure 1. Chemical structures of carboxylic acid imido derivatives and carboxylic acid benzimidazole derivatives.

sorption spectral region. With few exceptions,” benzimidazoles
of carboxylic acids have been less investigated. For example,
naphthalene tetracarboxylic acid bisbenzimidazole (NTCBI),
a widely used pigment called perinone, is only very rarely used
in the organic electronics applications.”” On the other hand,
owing to their high electron mobilities, naphthalene tetracar-
boxylic acid diimide (NDI) derivatives are among the most at-
tractive candidates for n-type semiconductors.® Presumably,
the reason for less attention being paid to benzimidazole de-
rivatives is their low solubility in organic solvents. To alleviate
these problems, unsymmetrical materials with an imido moiety
on one end and benzimidazole moiety on the other were de-
veloped.”) However, benzimidazoles such as PTCBIs and
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NTCBIs are still less developed and there is no data regarding
their substituted derivatives. The same is true for the naphtha-
lene benzimidazoles (NBIs) that could be considered as a half
unit of PTCBIs and that are potentially interesting chromo-
phores."” Thus, this study is focused on the synthesis and eval-
uation of properties of a series of PTCBI and NTCBI derivatives,
their model compounds, such as NBI, and the benzene benzi-
midazole analogues (BBI).

Benzimidazole semiconductor derivatives were traditionally
synthesized by heating at reflux in high-boiling solvents such
as acetic acid, dimethylnaphthalene, imidazole, or quinoline in
the presence of a Lewis acid. Recently, the NTCBI and
PTCBI materials were prepared by using a solvent-

“ " . L SSC-DS
free “green” process based on heating carboxylic acid
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First, the reactions between anhydrides 1-5 with 1,2-diami-
nobenzene, a, were investigated as the model reactions
(Scheme 1). Several protic and Lewis acids were considered, in-
cluding acetic and p-toluenesulfonic acids, imidazole (both as
a catalyst and solvent), and various Zn" and Al" salts. It was
concluded that zinc acetate catalyzes the solid-state condensa-
tion and direct sublimation (SSC-DS) for 1, 4, and 5. However,
for 2 and 3, aqueous condensation conditions followed by
direct sublimation (AC-DS) (Scheme 1) provided the best re-
sults. Following the test reactions, a variety of diamines with
a wide range of functional groups were utilized.

0
. . . N - '/
anhydrides and arylene diamines in the presence of O - HaN Y Zn(OAc), D)
zinc acetate in the solid state followed by direct sub- ' . HoN Solld \ e
limation of the pure product." Here, we report the 1 2and5 ©

synthesis of a series of benzimidazole semiconduc-
tors bearing various substituents synthesized in a sim-
ilar manner. In addition, physical properties including
UV/Vis absorption, photoluminescence, electrochem-
istry, and crystal structures were investigated. Finally,
we fabricated OFET devices for some of these materi-
als to evaluate their electron-transporting properties.

AC-DS

Results and Discussion
Synthesis of benzimidazole derivatives

Benzimidazole derivatives were synthesized from dicarboxylic
acid anhydrides and diamines (Figure 2). The compounds de-
rived from the combination of 1-5 and a-d were synthesized
by the solid-state condensation and direct sublimation (SSC-
DS) method recently developed by our group.™ This circum-
vented the typical condensation reactions performed under
reflux in AcOH or high-boiling solvents as well as the column
chromatography process for which the mobile phases contain
trifluoroacetic acid (TFA).'? Furthermore, a new aqueous
method, AC-DS, based on condensation in water followed by
direct sublimation was also developed.
O y
0
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Scheme 1. Synthesis of benzimidazole derivatives.

The reactions between 1 and diamines under SSC-DS condi-
tions gave products in good yields (~80%). The exceptions
were 3,4-diaminothiophene, I, and 4,5-diaminopyrene, n,
(Table 1) presumably owing to the instability of these diamines.
Note that 2,5-disubstituted-3,4-diaminothiophenes have better
stability than compound |, resulting in higher yields for the
condensation reactions.”) SSC-DS of 11 with zinc acetate gave
only a small amount of product (~10%). Further investigation
revealed that the reaction proceeds via the imide intermediate
6. The imide derivative 6 was then synthesized from com-
pound 1 and diamine | by heating at 60°C in EtOH as shown
in Scheme 2. The imido compound 6 was relatively stable
(compared with diamine 1) at 200°C giving a trace amount of
product 11. Similarly, heating of 6 in the presence of zinc ace-
tate gave only a small amount
of product. On the other hand,
the imide compound 6 could be

0 O.O condensed at 200 °C with imida-
zole in moderate yield (~70%).

5 Thus, imidazole appears to be

a suitable solvent for the con-

20
o¥” "O” Yo
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densation of 3,4-diaminothio-
phene with carboxylic anhy-

H,N  NH, H, NH2 NH,  HoN drides.
2 In the reaction between com-
NO, pound 1 and n, the crude prod-
uct consisted of unreacted
Q Q Q S_z Q 1 (sublimed at lower tempera-
HN- - NHp  HoN : NHz HN _ NH; HZN NHz HN- NH HZN ture), the expected product 1n
" and dipyreno[4,5-b:4',5-e]pyra-
Figure 2. Chemical structures of starting materials. zine, 8, sublimed at a relatively
Chem. Eur. J. 2014, 20, 11835 - 11846 www.chemeurj.org 11836 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. The reaction yields of condensation products after sublimation, photophysical and electrochemical
properties, and estimated HOMO-LUMO energies.

Solution'? Film Solution DPVM

Compound  Yield A, Aem Dabs Aem o T Eed B~ LUMO HOMO

% ™ ml@ [m]®™ [nm]® [ns] V] vV eV [ev)™
1a 92 384 499 430 500 071 1.1 -172 122 -306 —586
1b 80 382 466 374 480 082 9.0 -161 162 -316 —6.06
1c 779 475 682 468 670 1l -1.82 048 —296 —507
1d 86 436 589 430 560 015 55 -1.71 094 —3.08 —551
1e 918 390 513 370 558 056 11.0 -1.73 115 -306 —576
1f 91@ 389 514 397 510 060 9.7 -174 116 —3.05 —575
19 842 410 554 393 520 0.15 84 —-1.71 096 —3.07 —569
1h 81 397 457 390 520 005 15 —147 M 329 —6.12
1i 799 384 467 390 480 076 83 -158 M 319 —6.02
1j 88 376 457 355 490 069 82 -160 160 —3.17 —6.06
1k 81% 382 472 355 490 076 98,09 —162 159 -3.16 —6.01
11 66" 382 520 355 525 042 7.0 —-1.74 101 —3.04 —586
m 588 423 484 474 670 0.01 - -129 M _343 —6.15
n 16® 460 635 353 585 o il -167 076 —3.10 —586
2a 779 340 519 350 515 0.04 5.1 —1.80 144 —298 —584
2b 524 337 485 344 475 022 95 -161 181 —3.15 —6.18
2¢ 80° 448 596 545 670 0.02 086 —1.82 066 —294 —521
2d 66 441 616 421 585 N -173 101 -3.05 —539
2e 5219 344 528 363 510 004 19 -1.79 133 —-297 578
2f 419 350 525 358 505 002 1.9 -1.81 138 —296 582
2g 229 392 558 321 530 0.04 26 -1.79 106 —298 —560
2h 609 330 483 341 450 001 1.9 -142 M 337 633
2i 534 347 485 341 485 018 117 -160 - 317 —6.15
2j 544 334 466 330 460 058 194 -165 - 312 —6.17
2k 699 358 490 375 485 015 64,134 —166 - —3.09 —6.03
2m 389 391 501 315 450 ! 10,90 -131 - _345 _6.18
2n 189 466 660 320 380 e il -169 082 —308 —532
3a 429 392 579 376 604 002 27,11 —-1.18 159 —362 —581
3b 339 388 544 389 578 0.11 36 -1.02 - 38 —6.05
3c 53@ 536 693 563 744 002 - —-131 078 —346 —528
3d 209 493 —nl 500 —nl n —nl —-124 113 -351 —531
4a 92! 481 585 487 665 0.02 49 —-1.03 140 —378 —579
4b 81 a7 549 460 640 0.11 40 —0.87 - —-392 —6.01
4c 779 609 —tnl 640 —n tn —tnl -113 066 —3.63 —5.17
4d g7 M nl 562 —nl n —nl -1.08 117 —-370 -537
4e 89 483 609 494 703 012 36 —1.00 133 -—374 —565
4f 85 477 590 496 688 0.19 3.8 -1.05 133 —-370 -564
49 28 484 671 475 764 001 07,36 -1.04 113 —-370 -553
4h 24 446 540 467 632 0.51 35,43 -0.84 MM —400 —6.10
4i 739 451 557 474 658 0.01 38,50 -087 M —-393 —599
4j 11 451 552 468 630 038 54,37 —08 - 391 —6.06
4k 679 47 571 465 663 028 3.9 -089 173 —-38 —594
5a goe M —tn 541 >800 - —tn —-099 084 381 532
5b (AR ) 530 780 ol -0.76 131 —407 —568
5¢ 3l M ol 648 In] ol _Inf -1.18 034 —362 —498
5d 6 —n ol 643 ) ol = _Inf -109 060 —373 —518
S5e 279 —tn 546 >800 - —tnl -1.04 079 -375 526
5f 25t ol 551 >g800 - M -104 072 -375 —526

signal.

[a] 220°C, 2 h, with catalytic amount of Zn(OAc),. [b] 200°C, 2 h, with 10 equiv of imidazole. [c] 100°C, 1 h in
H,0, then heated at 300°C for 1 h. [d] 100°C, 1 h in H,0, then heated at 300°C for 2 h. [e] 250°C, 3 h, with cat-
alytic amount of Zn(OAc),. [f] 300°C, 3 h, with catalytic amount of Zn(OAc),. [g] In CH,Cl,. [h] The lowest energy
maxima. [i] Excited at the lowest energy maxima. [jl Absolute fluorescence quantum yield determined by a cali-
brated integrating sphere (errors < 10%). [k] Determined by differential pulse voltammetry in 0.1 m solution of
Bu,NCIO, in CH,Cl, (1 and 2) or film (3, 4 and 5) (vs. Fc/Fc*). [I] Estimated versus vacuum level from Ej o=
—4.80—E,,Y, where E,,*® was determined by cyclic voltammetry in 0.1m solution of Bu,NCIO, in CH,Cl, (1
and 2) or film (3, 4 and 5) (vs. Fc/Fc*). [m] Estimated from HOMO =LUMO—E,, where E; was calculated from
the onset of absorption spectra (1 and 2: solution, 3-5: film). [n] Not estimated due to low solubility or weak
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high temperature (280°C). Di-
pyreno[4,5-b:4',5"-elpyrazine, 8,
was found as the main product
of this reaction, presumably
owing to the decomposition of
diamine n followed by reaction
with  4,5-diaminopyrene. To
confirm this hypothesis, 9,10-di-
aminophenantherene, d, or 4,5-
diaminopyrene, n, were heated
alone at 250°C (Scheme 3). At
that temperature, almost all d
and n reacted to form pyrazine
products 7 and 8. The conclu-
sion is that this side reaction
prevents the condensations
with the carboxylic anhydride
in the solid state. Thus, the re-
action conditions using imida-
zole was attempted; although
the yields of 1d and 1n were
improved, the pyrazine side-
products were still formed.

The asymmetric diamines e-
k gave two isomers of the
products, which were not sepa-
rated. The ratios of isomers de-
termined by NMR spectroscopy
were not 50:50 because the
electron-donating/withdrawing
properties of the functional
groups affect the nucleophilici-
ty of the amino group. The
amino groups with an electron-
donating methyl or methoxy
group at the o-position or p-po-
sition display stronger nucleo-
philicity compared with the dia-
mines with substituents in m-
position. Particularly, the p-sub-
stitution results in rapid forma-
tion of the imide unit while the
remaining amino group reacts
to close the imidazole ring.
Thus, the products with elec-
tron-donating substituents at
the 11-position were obtained
in higher yields, which is consis-
tent with the literature."® Simi-
larly, the products with elec-
tron-withdrawing groups at the
11-position were obtained in
lower yields (Figure 3).

An exception was the 1,2-dia-
mino anthraquinone, m, which
provided only the product 1m.
This is believed to be caused

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthesis of thiophene derivatives.
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Scheme 3. Competing side reaction for d and n.

n

by steric hindrance between carbonyl and quinone oxygen
atoms.

In the reaction of 2 with a, the relatively strained fused five-
membered rings of the formed BBIs led partly to a dispropor-
tionation reaction and the formation of sideproducts 11 and
12 (Scheme 4). As mentioned previously, the reactions to yield
2 and 3 were carried out in water heated to reflux and the
formed precipitate was subsequently heated to give BBI and
pyrrone products (Figure 1). Although these conditions dra-
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Figure 3. The yield of the isomers differs with the position of the substituent as well as electronic nature of the

substituent.
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Scheme 4. Competing side reaction for 2a.
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matically decreased the formation of side products
11 and 12, this reaction could not be completely sup-
pressed. Furthermore, in the case of diamines with
electron-donating substituents, the formation of de-
rivatives of 12 might further accelerate owing to the
higher nucleophilicity of diamines. For example, the
reaction yields of 2e, 2f, and especially 2g were
lower than that of 2a. Conversely, the diamines with
electron-withdrawing groups gave lower yield of the
side product 12, presumably owing to the lower nucleophilici-
ty of the diamines. The reaction yields were moderate for
those derivatives. The ratio of isomers 2e-2k displays the
same trends as the mixtures of isomers 1e-1k. The yields of
the products and methods used are listed in Table 1.

From the perspective of organic semiconductors, most im-
portant are the compounds of the series 4 and 5 (NTCBIs and
PTCBIs). Here, the reaction requirements are similar to the NBI
1, and SSC-DS was successfully employed. However, to prevent
incomplete reactions, an excess of diamines (3 mol equivalent
for 4 and 4 mol equivalent for 5) was used. In the reactions be-
tween 4 and 4-methoxy-1,2-benzenediamine, g, or 4-nitro-1,2-
benzenediamine, h, the yields were relatively low as the prod-
ucts 4g and 4h decomposed during the sublimation (300-
400°C under a vacuum of 107° Torr). This observation was con-
firmed by differential scanning calorimetry (DSC) measure-
ments of 4g and 4h that showed a broad exothermic peak
around 400 °C. Higher vacuum conditions might be required to
increase the reaction yields for these compounds. Interestingly,
the product 4k from one of diaminopyridines was obtained in
good yield, whereas the product 4j from 3,4-diaminopyridine,
j, resulted in low yield. This also might be due to instability of
the product 4j with the stronger electron-accepting properties
of 3,4-diaminopyridine, j. Un-
fortunately, the products 41 and
4n from 3,4-diaminothiophene
and 4,5-diaminopyrene were not
obtained, presumably owing to
the low stability of the diamines
and imide intermediate. In addi-
tion, the product 4m decompos-
es before evaporating during
sublimation owing to high mo-
lecular weight.

For the perylene derivatives 5,
with the exception of compound
5a, only modest yields were ob-
tained owing to the thermal de-
composition of the products.
The compounds 5g, 5h, and 5j,
2a (BBI) which correspond to the unsta-
HoN ble products in the series 4,

D were difficult to purify by subli-
HoN mation. Here, the product purifi-
A cation would require a signifi-

cantly higher vacuum level.

O/Z\Z
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Absorption properties

The UV spectra of the compounds from series 1, 4, and 5 are
shown in Figure 4; the spectra for 2 and 3 are shown in the
Supporting Information. In addition, the spectroscopic data are
summarized in Table 1. Compared with the parent benzimida-
zole core obtained from condensation of an anhydride with
1,2-diaminobenzene a, the electron-withdrawing groups in-
duced a blueshift, and the substitution of the electron-donat-
ing group or a m-extension resulted in a redshift. The com-
pounds with electron-withdrawing groups display high molar
extinction coefficients; conversely, the compounds with elec-
tron-donating groups display low extinction coefficients. For
example, 1Th (NO,) showed 26000m~'cm™' and 11 (Th)
showed only 8000M~'cm™', compared with 13000m~'cm™' of
unsubstituted 1a. Compound 1m, with the anthraquinone
moiety, showed a redshift of absorption maximum with
a higher extinction coefficient of 24000m 'cm™', most likely
owing to the extension of the m-electron system. The UV spec-
tra for series 2 showed similar trends. The exception was pyri-

Absorbance / au
Absorbance / au
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dine derivative 2k, which showed redshifted absorption char-
acteristics compared with the parent compound 2a.

The compounds of series 3 showed a redshift of approxi-
mately 50 nm compared with monosubstituted congeners of
series 2 in solution, which appears to be due to the extension
of the m-electron system.

The compounds of series 4 also showed a redshift compared
with the monosubstituted congeners (series 1). Here, however,
the redshift was fairly dramatic, exceeding 80 nm in several ex-
amples both in the solution and in the solid state (film). Thus,
for example, 4a was found to be redshifted by 97 nm from 1a,
4b by 89 nm from 1b, etc. The most dramatic shift was ob-
served for 4¢, which was redshifted by 134 nm compared with
1c

The compounds of series 5, the PTCBI series, showed poor
solubility and their UV/Vis absorption spectra were recorded in
thin film. The films of 5a-5 f showed absorption with an addi-
tional 50 nm shift from the compounds of series 4. Thus, the
absorption bands in the region 450-800 nm give these materi-
als a purple to black appearance, a property that could be po-
tentially utilized in organic pho-
tovoltaics. The compounds 5a
and 5b show similar spectral
properties to the methyl-substi-
tuted compounds 5e and 5f.
On the other hand, compounds
. 5c¢ and 5d, derived from 1,8-dia-
Vo minonaphthalene and 9,10 dia-
FRY minophenanthrene, showed ab-
Lo sorption maxima at 648 and
N 643 nm, respectively, which is

0.0 T

Wavelength / nm

Absorbance / au
Absorbance / au

0.0

350 400 450 350 400
Wavelength / nm

450".' a0 50 600 a redshift of approximately
100 nm from PTCBI (5a). Thus,
the two naphthalene and phen-
anthrene moieties comprise an
extended m-electron system that
has a dramatic effect on the
HOMO-LUMO gap.

Emission properties

The fluorescence spectra of NBIs

"400 500 600 700 "400 500
Wavelength / nm

1.04.
08

0.6

Absorbance / au

0.44

0.2

0.0

Wavelength / nm

Wavelength / nm

Figure 4. UV/Vis spectra of 1a-1n in dichloromethane and 4a-4k and 5a-5 f in thin films.
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o0 700 soo (1a-1n) are shown in Figure 5

and Table 1; the spectra for com-
pounds 2, 3, and 4 are shown in
the Supporting Information. The
emission maxima show spectral
shifts corresponding to their UV/
Vis absorption maxima. The
Stokes shifts remained substan-
tial across the series, frequently
exceeding 100 nm. With agree-
ment to energy-gap law,"¥ the
benzoimidazole derivatives sub-
stituted with electron-donating
groups exhibited relatively lower
quantum yields. Similarly, low

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tively. The extension of m-conju-
gation in compounds 1c¢, 1d,
and 1n resulted in lower values
of oxidation potentials. These
trends in substitutions are similar
in series 3-5. However, in series
3 and 4, the values of the reduc-
tion potentials are much lower
and oxidation potentials are

400 450 500 550 600 650 700
Wavelength / nm

Figure 5. Fluorescence spectra of Ta-1n.

fluorescence intensity was also observed for the derivatives
with diamine st-moieties such as phenanthrene 1c and pyrene
1n. In these two derivatives, the low fluorescence intensity
precluded recording fluorescence quantum yields and life-
times. On the other hand, the naphthoylene benzimidazoles
with electron-withdrawing groups, such as perfluorophenyl,
pyridyl, or cyano-groups, generally resulted in higher quantum
yields (70-80%) and may have potential as blue emitters in or-
ganic electronics. The compounds of series 2 showed larger
Stokes shifts than those of series 1, resulted in lower energy
emissions, and have weak emissions with less than 5% fluores-
cence quantum yield. However, some electron-withdrawing
groups led to moderate quantum yields.

Electrochemical properties and HOMO-LUMO energies

Cyclic voltammetry (CV) measurements are frequently used to
determine the HOMO-LUMO levels of materials from their oxi-
dation and reduction potentials. Thus, the electrochemical
properties of products were investigated by CV and differential
pulse voltammetry (DPV). Table 1 summarizes the first redox
potentials measured by DPV and the corresponding HOMO-
LUMO energies. As the structures of the compounds in this
study are based on an electron-deficient core, the reduction
potentials could be measured for all products. Although some
of the compounds also showed oxidation peaks, to enable
comparison among the derivatives, the HOMO energies were
calculated from the optical energy gap and LUMO levels were
estimated from the first reduction potential. The reduction pro-
cesses were found to be mostly quasi-reversible (Figure 6);
however, irreversible oxidation processes were also observed
(see the Supporting Information).

When comparing the redox potentials recorded for series
1 and 2, one can see that series 2 displays larger energy gaps
and corresponding redox potentials than series 1. The effect of
substituents was very similar in series 1 and series 2. The redox
potentials are correlated to the electron-withdrawing or elec-
tron-donating nature of the functional groups attached to the
benzene ring. Thus, compounds with electron-withdrawing
groups have small reduction and large oxidation potentials
and electron-donating groups have the opposite properties,
trends that are described by the inductive effect of functional
groups and the stabilization of anion or cation radicals, respec-

Chem. Eur. J. 2014, 20, 11835 - 11846 www.chemeurj.org
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a little bit higher compared with
those of series 2 and 1, respec-
tively. Compounds of series 5

Wavelength / nm

film

1a

T T T T T T T T T T T 1
-22-20-18-16-14-12-10-08 -06 -04 -0.2 0.0
Voltage / V

Figure 6. Cyclic voltammetry measurement for 1a and 2a in dichlorome-
thane, and 3a, 4a, 5a, and 5b in thin films (vs. Ag/AgNO,).

showed two reduction peaks. The first reduction potentials of
series 5 were only slightly shifted to the positive side from
those of series 4. Therefore, the electron-accepting properties
in series 4 and 5 should be similar despite larger m-conjugation
in perylene derivatives, 5. The oxidation potentials in series 5
were lower compared with series 4.

Figure 7 summarizes the experimental and theoretical
HOMO-LUMO levels of products 1a-5a and related materials,
and shows the effect of the structural features on the HOMO-
LUMO levels." Thus, 1a (NBI) has a slightly smaller gap than
2a (BBI) owing to a larger conjugation length in 2a. 3a (pyr-
rone) and 4a (NTCBI) show a similar trend. The extension of x-
conjugation by an additional benzimidazole site from 1a to 3a
or 2a to 4a, significantly lowers the LUMO levels while show-
ing only a small upward shift in the HOMO levels.

These trends are in agreement with the trends revealed by
DFT calculations (B3LYP/6-31+G(d,p) level). The extension of
the m-core in 5a (PTCBI) compared with 4a affected the LUMO
level less, but resulted in the HOMO level shifting to a higher
level.

The HOMO-LUMO energy levels of organic semiconductors
are a crucial and necessary factor for the design of multilayer
devices. However, their values depend on the method of esti-
mation. The HOMO-LUMO level of PTCBI has been investigat-
ed owing to its application in organic photovoltaics. The
HOMO level is expected to be —6.2 eV from ultraviolet photo-
electron spectroscopy (UPS)."® The LUMO level of PTCBI is esti-
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Figure 7. The HOMO-LUMO energy diagrams of 1a-5a and related materials.

mated from optical energy gap to be —4.5 eV. These values are
significantly different from the DFT calculations and our estima-
tion using electrochemical measurements in film (Figure 7).
The LUMO level of PTCBI determined from electrochemical
measurements in film was —3.78 eV, which is consistent with
the DFT calculation. In addition, the related materials, NDI-8,
PDI-8, and PDI-1T, have similar LUMO energies, suggesting the
accurate estimation of the LUMO level for PTCBI. The LUMO
energy of —4.5 eV in literature is not a directly observed value,
but one calculated from the HOMO-LUMO gap measured by
absorption spectroscopy. In fact, inverse photoelectron spec-
troscopy (IPES) for PTCBI revealed the LUMO energy to be
—4.0 eV, which is close to our result. Our estimation of the
HOMO level is —5.64 eV, which is also different from the result
from UPS. Importantly, the HOMO-LUMO levels from UPS and
IPES or even from redox potentials give large energy gaps
compared with the estimation from optical measurement. This
suggests that the absorption spectra are significant effected by
aggregation of the large m-conjugated molecules, a fact that
generally leads to redshifted onset resulting in unrealistically
low estimates for the HOMO-LUMO gap.

Crystal structures

Crystal structure analysis is important for organic semiconduc-
tors because the molecular arrangement and intermolecular in-
teractions significantly affect the charge-transport behavior.
Single crystals suitable for X-ray structure analysis were grown
by slow sublimation for some of products. The molecules have
almost planar structures and the packing motif displayed sig-
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nificant m-m stacking (Figure 8). For compound 3b, only the
cis-isomer was grown as a crystal of a good quality. Unfortu-
nately, crystals of the trans-isomer of 3b could not be obtained
thus far. Compound 1m showed only one geometry, which is
in agreement with the NMR spectra. The interatomic N--H and
O-+H contacts with adjacent molecules were observed along
the bc plane. On the other hand, short atomic contacts were
not observed in the direction of the m—m stacking, resulting in
a relatively weak intermolecular interactions with the distance
of 3.39 A between the molecular planes. As seen in the crystal
of 1b in the previous report,"" the fluorinated compounds 2b
and 3b-cis showed strong intermolecular interactions with
a number of three-dimensional interatomic short contacts.
Those molecules display O-H—C and F--H—C interactions
within 2D sheets. The structure of 3b-cis displays a rarely ob-
served F--F interaction of type II"® with the distance of 2.82 A.
Although those short contacts are relatively weak interactions,
they caused the formation of dense m-conjugation sheets. The
packing coefficients calculated by PLATON/VOID software were
74.5% for 1b, 74.4% for 2b, and 74.0% for 3 b-cis."® Molecule
2b displays a large dipole moment of 5.9 Debye calculated at
the B3LYP/6-31+4G(d,p) level; the dipole moments are aligned
in the same direction in the 2D sheets. Conversely, the molecu-
lar sheets were aligned in the opposite direction, so the dipole
moments are canceled out by interlayer interactions. The m—x
stacking of 2b included C--C contacts of approximately 3.3 A
and a C-F contact of 3.13 A. In addition, 3b-cis has strong in-
termolecular interactions along the m-stacking direction with
C-C contacts of approximately 3.3 A and other contacts such
as C-N, C-O, C~F and N--F. 3b-cis displays a small dipole
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film morphology and the growth
of grains usually correlate with
the charge transport.””

Film  morphology of the
evaporated films of 3a, 3b, 4a,
and 4b on hexamethyldisilazane
(HMDS)-treated  substrate was
studied by using tapping-mode
atomic-force microscopy (AFM;
Figure 9). The film of 3a showed
large crystalline plates growing
in perpendicular directions to
the surface. As a result, large dif-
ferences in height were ob-
served. Such surfaces may pre-
vent formation of electrodes on
the top. On the other hand, the
films of 3b, 4a, and 4b showed
relatively small grains in the
films. The film of 4b shows the
flattest surface and grains seem
to be connected to each other.
Such a microstructure reduces
grain boundary and facilitates
charge transport.

ca. 3.33A

Field-effect transistor charac-
teristics

The FET devices were fabricated
with top-contact configuration
with Au electrodes. The SiO,
gate dielectric layer was treated
with HMDS, poly(methyl metha-

crylate) (PMMA), polystyrene,
Teflon, or CYTOP™ (a fluorinated
polyether) as the organic gate
dielectric layer. The devices with
PMMA and Teflon showed slight-
ly lower performances than
others. The FET characteristics
are summarized in Table 2. The

Figure 8. Crystal structures of (a) 1m, (b) 2b, and (c) 3 b (cis-isomer) (thermal ellipsoids set at 50% probability).

moment of 0.23 Debye. It appears to be clear that the fluoro-
substitution has a great influence on the crystal structure and
is a basis for strong intermolecular interactions.

Semiconductor film morphology

The interfaces between the source/drain electrodes and semi-
conductor are important for the charge transport. Thus, film
morphology as observed by AFM is important in field-effect
transistor devices with the top-contact configuration. Although
the dielectric semiconductor interface, which is the other im-
portant region for charge transport, cannot be probed, the
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devices showed typical n-type

semiconducting behavior. The
exception was compound 3 a, where the lack of semiconductor
behavior is attributed to the film morphology shown in
Figure 9. Although the LUMO levels of 3b and 4a are similar,
the mobilities in 4a are one order of a magnitude lower. Fur-
ther, from the materials tested, the compounds 3b and to
a lesser extent 4b showed the best performance in the experi-
mental OFETs.

The films of 3b and 4b, having a lower LUMO levels,
showed almost the same mobilities, with values of 0.03 and
0.01 cm?V~'s™", respectively. This confirms our hypothesis that
the fluorine substitution aids in achieving high electron mobili-
ty. However, the differences in LUMO levels owing to the core
structures, affect the turn-on and threshold voltages. Thus, in
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Figure 9. AFM images of vapor-deposited films of (a) 3a, (b) 3b, (c) 4a, and
(d) 4b grown at room temperature on HMDS-treated substrate.

Table 2. Field-effect transistor characteristics.”!
Compound  Surface treatment  Mobility On/off ratio  Threshold
[cm?V's] \%!

3b polystyrene® 0.027 3x10° 26
HMDS 0.019 5x10° 20
CYTOP® 0.01 1x10° 29

4a polystyrene® 5x1073 1x10° 8
HMDS 9x10™* 1x10? 23
CYTOP® 3x1073 1x10? 8

4b polystyrene® 0.013 2x10° 18
HMDS 0.013 1x10° 12
CYTOP® 7x1073 2x10° 20

[a] SiO,: 200 nm, active layer: 50 nm, L/W=75um/1000 um, S/D elec-

trode: 50 nm Au. [b] Thickness: ca. 20 nm.

the transfer curves for the film of 4b (Figure 10, circles), the
current started to increase from almost 0V, suggesting a good
electron injection, whereas the rising edge of current for 3b is
somewhat shifted to higher potentials (squares; Figure 10).

The devices fabricated by using polystyrene for 3b and 4b
showed higher mobilities than HMDS-treated devices, although
the threshold voltages were also higher. The same trends were
observed for a semiconductor with a similar LUMO level.”"
This is attributed to the effective passivation of surface chemi-
cal defects, reduction of trap density on polystyrene, and the
relatively small dielectric constant of polystyrene. The devices
with 3b and 4b deposited on a polystyrene substrate showed
mobilities of 0.027 cm?V~'s' and 0.013 cm?V's™', and thresh-
old voltages of 26 V and 18V, respectively.
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Figure 10. (a) Drain-source current (I,) and (I,)""? versus gate voltage (V) at

drain voltage of 100 V transfer characteristics for the device deposited on
polystyrene; squares (gray lines) are the device for 3b and circles (black
lines) are the device for 4b. (b) I, versus drain-source voltage (V) output
characteristics for 4b.

The film of 4a displayed only moderate mobility
(0.005 cm?V~"s™"), whereas the corresponding polymer, BBL,
synthesized from tetraaminobenzene showed a high mobility
of 0.05 cm?V~"s7".2? This is attributed to the difference of mo-
lecular orientations and m-electron delocalization. In the NTCBI
series of compounds (series 4) the electron transport does not
seem to be effective unless an electron-accepting moiety is
placed at the terminal position such as the multiple fluoro-sub-
stituents in 4b. It is important to note that these results are
based on the mixture of cis-/trans-isomers. Some literature re-
ports have pointed out that the mixture of isomers decreases
the field-effect mobility.”® Thus, the isomerically pure com-
pounds might show higher OFET device performances.

Conclusion

We have synthesized a series of benzimidazoles of carboxylic
acids by a green route based on solid-state condensation and
direct sublimation (SSC-DS), a method that utilizes solvent-free
reaction conditions and purification. Most of the compound of
series 1 and 2 were obtained in good yields except the com-
pounds comprising thiophene and pyrene, where the dimin-
ished yields are due to the instability of the starting diamines.
In the PTCBI series, 5, the substituents decreased the reaction
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yields and some products could not be isolated owing to the
high sublimation temperature used for purification. As expect-
ed, the electronic nature of the substituents enabled tuning of
the UV/Vis absorption and emission maxima. In several instan-
ces, the limited solubility of the benzimidazole products led to
aggregation and corresponding redshifted absorption spectra.
Such spectra, when used to calculate HOMO-LUMO energy
gap, may provide unrealistic values of the energy levels, partic-
ularly in the cases where the oxidation peaks are not directly
accessible. In all the series of compounds discussed herein, the
absorption and emission energies tend to correlate with the
extinction coefficient and the quantum efficiency. Cyclic vol-
tammetry and differential pulse voltammetry displayed quasi-
reversible reductions for the studied compounds, suggesting
n-type behavior. This has been confirmed in experimental
field-effect transistors, where use of these materials showed n-
type transistor characteristics with the mobilities of
~1072cm?V~"s7". Importantly, it was found that compounds
comprising fluorinated fragments derived from 1,2-diamino-
3,4,5,6-tetrafluoro-benzene showed the ability to form a large
number of C--F and N--F intermolecular interactions and short
contacts, contributing to the formation of small grains in the
films. We presume that these features enabled the relatively
high electron mobilities (~0.03 cm?V~"s™"). This finding will be
explored in following studies as we believe that it will enable
the design of novel n-type semiconductors for OFET applica-
tions.

Experimental Section
Instruments

Mass spectra were collected on a Shimadzu Gas Chromatography-
Mass Spectrometry (GC-MS) QP5050 A instrument equipped with
a direct probe ionization. MALDI-TOF/MS spectra were recorded by
using a Bruker Daltonics Omniflex spectrometer. FD-TOF/HRMS
spectra were obtained on a JEOL JMS-T100GC. 'H NMR and
3C NMR spectra were recorded on a Bruker DRX-300 (300 MHz) or
500 MHz Bruker instrument. Chemical shifts were calibrated to the
corresponding deuterated solvents. Melting points were obtained
on a Shimadzu DSC-60. The UV/Vis spectra were measured by
using a HP (Hewlett Packard) single-beam spectrophotometer with
a diode array or a Hitachi U-3010 double-beam spectrophotometer,
accurate to +0.3 nm. The light source consisted of Deuterium (D2)
and Tungsten lodide (50W) lamps for the ultraviolet and visible re-
gions, respectively. The concentration of the solutions was adjust-
ed so that the measured absorbances would range between 0.1
and 0.3 for the optical measurements. Emission spectra were re-
corded by using a spectrofluorimeter from Edinburgh Analytical In-
struments (FL/FS 900). Compounds were dissolved in freshly dis-
tilled dichloromethane prior to measurements. The fluorescence
quantum yields of the luminophores were measured by absolute
measurement of the photoluminescence quantum yield (APLQY)
using an integrating sphere (Sphere Optics 70°) and an Andor CCD
camera (DU401-Fl), the spectral flux was calibrated by using a halo-
gen lamp (Sphere optics LCS-100-5W, serial number 3999). The ex-
citation sources were a 375 nm laser diode (PicoQuant, LDH-pb-C-
375B) and a 355 nm laser diode (Crystal Laser, QC 355-050), the
method was modified from previous reports.”” The steady-state
lifetime measurements were recorded in a time-correlated single-
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photon-counting spectrofluorimeter from Edinburgh Analytical In-
struments (FL/FS 900) with a photomultiplier tube in a Peltier-
cooled housing. The excitation sources used were the same
375 nm laser diode from PicoQuant (LDH-b-C-375B) and the
355 nm laser diode from Crystal Laser (QC 355-050). The lifetimes
of the samples that needed blue light as the excitation source
were measured in a LifeSpec Il time-correlated single-photon-
counting spectrometer from Edinburgh Instruments, the excitation
source used was a Ti:Sapphire laser (Chameleon Ultra Il, Coherent),
the pulses were picked at 4 MHz for the repetition rate, and the ex-
citation wavelengths were selected between 440 nm and 480 nm
by a frequency-doubling unit (APE-GmbH SHG). Cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) were carried out on
a CH instruments Electrochemical Workstation CHI430. Tetrabuty-
lammonium perchlorate (TBAP; 0.1 m) in argon-purged CH.Cl, was
used as the supporting electrolyte at room temperature. The con-
ventional three-electrode configuration consisted of a platinum or
an indium tin oxide (ITO) working electrode, a platinum wire auxili-
ary electrode, and an Ag/AgNO; reference electrode. Each mea-
surement was calibrated using ferrocene/ferrocenium (Fc/Fct) as
a standard. Cyclic voltammograms were obtained at a scan rate of
100 mVs~'. The elemental analysis was performed with a PerkinElm-
er 2400 Series Il CHNS/O system (Waltham, MA) equipped with Per-
kinElmer EA Data Manager software. The purification was carried
out in a three-zone sublimation apparatus (Lindberg/Blue Thermo
Electron Corporation). X-ray diffraction data were collected on
a Nonius Kappa CCD diffractometer, Rigaku SCX-Mini with Mercury
CCD diffractometer, and Rigaku AFC-12 with Saturn 724+ CCD dif-
fractometer with Moy, radiation (/=0.71075 A). Single crystals suit-
able for X-ray analysis were grown by slow sublimation.

General procedures for the syntheses

3,4-Diaminothiophene | was synthesized according to reported
methods® and 4,5-diaminopyrene n was synthesized in three
steps from pyrene, with a total yield of 20%, by the modification
of the reported procedure for 9,10-diaminophenanthrene d.*®

Procedure 1—solid-state condensation catalyzed by zinc acetate
and direct sublimation (SSC-DS): A carboxylic acid anhydride and
a diamine were mixed well by using a mortar and pestle. A catalyt-
ic amount of zinc acetate (less than 0.1 molar equiv) was added to
the mixture. They were stirred and heated to a certain temperature
(220-300°C depending on the combination of anhydride and dia-
mine). After 2-3 h, the reaction mixture was allowed to cool to
room temperature. The crude material was sublimed under
vacuum (107°~1077 Torr), without any other purification, to give the
pure compound.

Procedure 2—aqueous condensation and direct sublimation: A
carboxylic acid anhydride and a diamine in H,O were stirred at
100°C for 2 h. The precipitate was filtered or the reaction solution
was evaporated to dryness. The solid was collected and moved to
a tube for sublimation. The solid was heated at 300°C for 1h
under ambient pressure, then sublimed under vacuum (10°-
1077 Tor).

Procedure 3—with imidazole: A carboxylic acid anhydride, a dia-
mine, and 10 equivalents of imidazole were stirred at 200°C for
3 h. The reaction mixture was washed with water and dried. The
crude material was sublimed under vacuum (107°-10"7 Torr) with-
out any other purification.

Device fabrication: The HMDS (hexamethyldisilazane) treatment
was carried out by immersing the substrate in HMDS at room tem-
perature for >10h. The Teflon, CYTOP, polystyrene, or PMMA
layers (ca. 20 nm) were prepared by spin-coating at 4000 rpm from
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1 wt%, 1.5 wt%, 0.5wt%, and 1 wt% solution, respectively. OFETs
were constructed on heavily doped n-type silicon wafers covered
with thermally grown silicon dioxide (200 nm), which was cleaned
by piranha solution. The silicon dioxide acts as a gate dielectric
layer, and the silicon wafer serves as a gate electrode. Organic sem-
iconductors (50 nm) were deposited on the silicon dioxide by
vacuum evaporation at a rate of 0.2-0.3 As™" under a pressure of
10° Pa. During the evaporation, the temperature of the substrate
was maintained at room temperature. Gold was used as the source
and drain electrodes (50 nm) and deposited on the organic semi-
conductor layer through a shadow mask with L/W=75/1000 pm.
The FET measurements were carried out at room temperature in
a glovebox without exposure to air with a semiconductor parame-
ter analyzer (4200-SCS, KEITHLEY). The FET performances were not
observed under air. Mobilities (1) were calculated in the saturation
regime by the relationship: u., = (2IpL)/[WC,(Vs—Vy)4, where I, is
the source—drain saturation current, C,, (4 F) is the oxide capaci-
tance, V; is the gate voltage, and V,, is the threshold voltage. The
latter can be estimated as the intercept of the linear section of the
plot of Vg (I,)"2

DFT calculations

All computations were performed with Gaussian 03%” using B3LYP/
6-31+4G(d,p)//B3LYP/6-31G(d,p).

Full experimental details and characterization data are described in
the Supporting Information.
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