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ABSTRACT

Hole transporting

Electron transporting

Perylenediimide—pentathiophene systems with varied architecture of thiophene units were synthesized. The photophysical, electrochemical,
and charge transport behavior of the synthesized compounds were studied. Both molecules showed a low band gap of ~1.4 eV. Surprisingly,
the molecule with pentathiophene attached via S-position to the PDI unit upon annealing showed a predominant hole mobility of 1 x 10~* cm?
V-' s~" whereas the compound with branched pentathiophene attached via -position showed an electron mobility of 9.8 x 1077 cm?V~'s™",
This suggests that charge transport properties can be tuned by simply varying the architecture of pentathiophene units.

Donor—acceptor conjugated molecules have gained tremen-
dous scientific interest due to their unique optoelectronic
properties and have been successfully employed in applica-
tions such as organic field effect transistors, light-emitting
diodes, and photovoltaic devices.! Perylene diimide (PDI)
belongs to the class of n-type semiconductors which exhibits
high molar extinction coefficients and high electron mobil-
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ity.? Significant research efforts have been focused on the
modification of PDI structuresto improve their optoelectronic
and charge transport properties.® The bay substitution of PDI
is an easy approach to fine-tune the properties of PDI by
modifying its frontier orbital energy levels.® Oligothiophenes
are a well-known class of donor moieties with excellent
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charge transport properties and have been used as the active
material in organic electronic devices.* Understandably, when
considering donor—acceptor systems, oligothiophenes at-
tached to PDI molecules have been the focus of many
studies.®> Among the oligothiophenes, pentathiophene absorbs
in the spectral region where the PDI absorption is minimum
and the fluorescence of pentathiophene overlaps well with
the absorption of PDI, which makes the PDI —pentathiophene
pair a favorable system for effective light harvesting and a
photoinduced electron transfer process.® In our previous
work, we studied the effect of substituents on the electron
transport properties of bay substituted PDI derivatives.” More
recently, the color tuning in PDI—terthiophene systems with
varied architecture of thiophene units has been reported in
the literature.® In our work here, unlike the conventional
D—A—-D systems, we have designed and synthesized
D—A—D systems 1 and 2 with restricted conjugation. Hence,
they are expected to interact via an energy transfer process
(pentathiophenes interact well with PDI units)® which does
not require conjugation. More specifically, we were interested
in investigating which of these molecules exhibit low band
gap features, while allowing for tuning the charge transport
properties.

The structures of the targeted molecules are shown in
Figure 1. In molecule 1, the linear pentathiophene units are

Figure 1. Chemica structure of PDI—pentathiophene compounds
1and 2.

attached to the bay position of the PDI moiety via the central
thiophene unit through a f linkage, leading to a cross
conjugated D—A—D system. Whereas in molecule 2 the
donor unit (pentathiophene) is cross conjugated and attached
to PDI through a centra thiophene through an a linkage.
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Syntheses of target compounds 1 and 2 are depicted in
Schemes 1 and 2, respectively. N,N’-Bis(2-ethylhexyl)-1,7-

Scheme 1. Synthesis of Compound 1
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dibromoperylenediimide (4) was synthesized from 3,4,9,10-
perylenetetracarboxylic acid anhydride following a procedure
reported earlier.” The dibromo compound 4 was reacted with
3-thiopheneboronic acid by a Suzuki coupling reaction to
get compound 5 in 87% yield. The compound 5 was
effectively brominated under Br,/CHCI; conditions to obtain
the tetrabrominated product 6. This product upon Suzuki
coupling with 5’-hexyl-2,2’-bithiophene-5-boronic acid pi-
nacol ester yielded the target compound 1 in 78% yield
(Scheme 1).

Compound 2 was obtained from 4 following a similar
procedure. In this scheme compound 4 was coupled under
Suzuki conditions with 2-thiopheneboronic acid to afford
compound 7, followed by tetrabromination to obtain
compound 8. Compound 8, upon afinal Suzuki coupling with
5’-hexyl-2,2’-bithiophene-5-boronic acid pinacol ester, yielded
the target compound 2 with an overall yield of ~45%
(Scheme 2). The synthesized molecules are highly soluble
in common organic solvents such as dichloromethane,
chloroform, and THF.

The absorption spectraof 1 and 2 in solution (chloroform)
are shown in Figure 2. Both 1 and 2 showed two absorption
maxima with a weak low energy absorption band around
650 nm. The absorption spectrum of a-linked 2 is blue-
shifted compared to the -linked compound 1. This may be
due to the branched nature of the thiophene segment, which
prevents the effective conjugation of the pentathiophene unit.®
The peak around 500 nm can be assigned to the PDI-based
transition. The high energy peak at 426 nm for 1 and 340
nm for 2 can be assigned to the thiophene centered transition
(terthiophene Anax = 354 nm, pentathiophene An = 428
nm),'° and the weak low energy absorption to the thiophene—
PDI charge transfer band.** While PDI itself exhibits
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Scheme 2. Synthesis of Compound 2

significant fluorescence (®¢ = 0.95),*° neither 1 nor 2
exhibits any fluorescence. This is attributed to the possible
photoinduced intramolecular electron transfer between the
oligothiophene moiety and the perylene core.®

The electrochemical properties were investigated by cyclic
voltammetry. Both compounds 1 and 2 showed ambipolar
redox behavior (Figure S2). During the positive potential
sweep, 1 and 2 showed two reversible oxidation peaks
corresponding to the oxidation of thiophene units.*? In the
negative potential regime, two characteristic reversible
reduction waves of the PDI moiety were observed. The
HOMO and LUMO energy levels were determined from
oxidation and reduction onset potentias, respectively, and
their values are summarized in Table 1.

Interestingly, 1 and 2 possess similar energy gaps (Eg)
of 1.38 and 1.36 eV respectively, even as the positions of
HOMO and LUMO levels were different. In compound
1, the HOMO energy level resembles that of pen-
tathiophene while the LUMO level resembles that of PDI
due to the effective decoupling of these two functional-
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Figure 2. Absorption spectra of PDI—pentathiophene compounds
1, 2, and PDI in chlorofom at room temperature.
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Table 1. Optoelectronic Properties of Compounds 1 and 2

AMmax Eoxia Eb.  HOMO® LUMOY E
compd (nm) V) V) (eV) eV) (V)

1 426,534 0.64,0.51 —1.08,-1.38 —5.18 —-3.80 1.38
2 340,508 0.74,0.61 —1.01, -1.20 —5.29 —3.93 1.36

@ Recorded in chloroform. ° Versus Ferrocene in 0.1 M BusNPFs in
dichloromethane, platinum disk as working electrode with a scan rate of
100 mV s, © Calculated using the relationship Epomo = —(Eoi®™* + 4.8).
9 Calculated usingtherelationship Ep yvo = — (Ee™ — 4.8). © Electrochemical.

ities.*>*® This is supported by the calculated frontier
molecular orbitals by density functional theory (Figure 3).
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Figure 3. Optimized geometric structure of compounds 1 and 2
and their frontier orbitals were calculated by density functional
theory (DFT) at the BLYP/3-21G level.

On the other hand, the HOMO and LUMO energy levels
are both lowered in the case of 2. We resorted to DFT
calculationsto rationalize this experimental observation. The
DFT calculations showed a subtle distribution of HOMO
lobes on the PDI units and LUMO lobes on the thiophene
units, which is not present in compound 1 (Figure 3). We
speculate that, in the absence of an alternate explanation,
this leakage in electron density stabilizes the frontier mo-
lecular orbitalsin 2.
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Next, we were interested in analyzing the charge transport
characteristics of these molecules. Bottom contact field effect
transistors were fabricated by spin coating the compounds
from 1 wt % solution in chlorobenzene on prepatterned
substrates. Thermal annealing was carried out under an inert
atmosphere at 80 °C for 1 h. The channel width and channel
length of the transistors were 10 mm and 5 um, respectively.
Output characteristics of these transistors are as shown in

0.0
-2.0x10™ —-2V
-4.0x10" .
—  -6.0x10™' —50V
S
— -8.0x10" —-80V
-1.0x10° — 100V
-1.2x10°
7.0x107% —
—10
6.0x10™ b
5.0x10°- —80Vv
T 4.0x10% —0V
= 2
= 3.0x107% -
2.0x10™
1.0x10* g0
0.0

0 20 40 60 80 100
Vv, (V)

Figure 4. Output characteristics of bottom contact field effect
transistors (a) 1 and (b) 2 at W/L = 2000.

Figure 4. The charge transport properties are summarized
in Table 2. In as cast films, 1 showed ambipolar behavior

Table 2. Mobility Data of Compound 1 and 2
mobility (cm? V71 s71)

compd charge beforeannealing afterannealing
1 hole 6.85 x 107¢ 1.04 x 1074
electron 2.23 x 1077 9.13 x 1078
2 electron 6.21 x 1077 9.83 x 1077
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with an electron mobility of 2.23 x 1077 cm? V™! s™* and
hole mobility of 6.85 x 107% cm? V! s™*. The compound 2
showed only electron transport behavior which is expected
for the PDI-based systems, with an electron maobility of 6.21
x 1077 ecm?2vts

The PDI—thiophene-based systems generally show elec-
tron transporting behavior.** The predominantly hole trans-
porting feature of 1 is unusual for PDI-based systems. In
compound 1 the PDI unit is buried between the pen-
tathiophene chains which are not in plane with the PDI unit
(Figures 3 and $4). As a result of this, the interaction of
PDI units with adjacent molecules is likely to be restricted
and the mobility is dominated by thiophene units. Upon
annealing, the hole mobility of 1 increasesto 1.04 x 104
cm? V~1 s71 and the electron mobility decreases to 9.13 x
1078 cm? V1 s71, which is attributed to the better ordering
of pentathiophene units terminated with hexyl chains result-
ing in a more effective isolation of PDI units. Annealing
has margina effect on the transport behavior of 2.

The low electron mobility of 2, compared to other reported
systems,™ can be attributed to the branched nature of the
side chain, which is expected to affect the packing of the
molecules.

In summary, we have synthesized highly stable and soluble
PDI —thiophene systems with varied thiophene architecture.
Such variations provide the ability to tune the charge
transport properties, while retaining the advantage of lower-
ing the band gap. Photovoltaic studies of these molecules
are currently underway in our laboratory.
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