Materials Chemistry

Angewandte
itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201300209

Controlled Doping in Thin-Film Transistors of Large Contorted

Aromatic Compounds**

Shengxiong Xiao, Seok Ju Kang, Yu Zhong, Shengguo Zhang, Amy M. Scott, Alberto Moscatelli,
Nicholas J. Turro, Michael L. Steigerwald, Hexing Li,* and Colin Nuckolls*

Dedicated to Sandra Turro

Herein, we describe a new thin-film organic material that
forms the active layer in an organic field-effect transistor
(OFET)!"*! and can be switched simultaneously by using two
different inputs, that is, electrical bias and protonation. The
thin materials are formed from a new contorted aromatic
compound (c-OBCB 1) that has an expanded central core
(Scheme 1). This polycyclic aromatic hydrocarbon (PAH) can
be protonated by exposure to acid and the resulting cations
are stable under ambient conditions. In thin-film transistors,

C12H250 OC12Hz5 C1aH250

c-OBCB 1 c-HBC 2

Scheme 1. Dodecyloxy-substituted contorted aromatic compounds,
ring-expanded octabenzocircumbiphenyl (c-OBCB 1) and hexabenzo-
coronene (c-HBC 2).
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the PAH—H" formed acts as a chemical oxidant that positions
carriers at the interface of the dielectric layer by a series of
electron transfers. In the protonated films with no applied
gate bias, the device is in the on state, and the carriers can be
depleted from the channel by applying an electrical gate bias
to switch the transistor to the off state. In this way the two
inputs, protonation and electrical bias, can work synergist-
ically in this new type of multimode transistor. The effect is
reversible, and removing the dopants (i.e., protons) restores
the transistors to a typical OFET operation where the carriers
are accumulated in the channel with a gate bias. The
advantage of molecular-based electronic materials is that
they can be tailored by chemical synthesis to have functions
beyond simply carrying current.”*! This approach provides
new information processing strategies with the capacity to
switch,® actuate, and sense to modulate conductivity!!*!%1316]
and a design strategy for organic switches!"'8! employing
chemical inputs.

The dodecyloxy-substituted contorted octabenzocircum-
biphenyl (c-OBCB; 1; Scheme 1) is a ring-expanded version
of a class of electronic materials formed from contorted
aromatics known as contorted hexabenzocoronene (c-HBC;
2).”I Typical derivatives of c-HBC form hole-transporting
semiconducting thin films and have shown field-effect hole
mobility as high as 1 cm?>V~!s.'%" The c-OBCB skeleton can
be protonated when exposed to acid, and the resulting
conjugate acids are persistent; they do not degrade or
undergo subsequent irreversible rearrangements.

The design of the ring-expanded c-OBCB 1 was based on
that of c-HBC (2), which when substituted with four
dodecyloxy groups forms a columnar liquid crystalline
phase where the columns align parallel to the substrate.”
To synthesize the extremely crowded tris-olefin 5, we use
a Barton-Kellogg olefination,®?!! which joins the two
pentacene fragments 3 and 4 (Scheme 2). We cyclize 5 by
using a Katz-modified Mallory photocyclization™ > to yield
1 (see the Supporting Information for full details of the
synthesis and characterization).

c-OBCB 1 forms a rectangular arrangement of molecular
columns, as seen in the powder X-ray diffractogram (see the
Supporting Information, Figure S1). In a related study, we
have shown that films of the c-OBCB act as the p-type organic
semiconductor in an OFET, and they can serve as a donor
material in an organic photovoltaic device when mixed with
fullerenes. The HOMO (—5.4 ev) and LUMO (—3.0 eV) were
measured by using cyclic voltammetry with a ferrocene
standard.”¥
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Scheme 2. Synthesis of the dodecyloxy-substituted c-OBCB 1. Reaction
conditions: a) PPhs; b) hv, |,, propylene oxide, anhydrous benzene.
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The property that we exploit here is the well-known
ability of coronenes to act as Brgnsted bases.”>" Our
hypothesis is that c-OBCB would be more easily protonated
because it has an expanded core, and would produce a more
stable, delocalized cation than its smaller aromatic analogues.
Figure 1 and Figure S2 (see the Supporting Information)
show the UV/Vis spectra of solutions (dichloromethane) and
films c-OBCB treated with triflic acid (CF;SO;H). Upon
treatment with acid, the solutions change color from yellow to
deep blue. After exposure to triflic acid, long-wavelength
absorbance is seen in the UV/Vis spectra of both the solution
in dichloromethane and the film (25 nm thick; Figure 1 and
Figure S2B in the Supporting Information). This absorption is
similar to that seen for the aromatic radical cation of
dicoronylene.’! We see similar long-wavelength features
when trifluoroacetic acid (Figure S2A in the Supporting
Information) or HBr gas are used in solution. We did not
detect these long-wavelength absorbances in films that were
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Figure 1. A) Comparison of the UV/Vis spectra of c:OBCB 1 in solution
(1x107°M in CH,Cl,, 1 cm path length) before (red curve) and after
(green curve) addition of triflic acid (15 pL to 3 mL of solution).
B) UV/Vis of a thin film of c:OBCB 1 on quartz before (red curve) and
after (green curve) exposure to triflic acid vapor.
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exposed to trifluoroacetic acid (Figure S2C in the Supporting
Information), but we detected the protonation through OFET
measurements described below.

The films and solutions containing these cations are stable
in an ambient atmosphere. We have not been able to obtain
a crystal structure to determine the site or sites of protonation
on the c-OBCB. We speculate that the protonation sites are in
the core of the c-OBCB (the red region of 1 in Scheme 1)
because the exterior phenyl groups provide an insulating
sheath around the outside of the molecule.”” The band at
550 nm in the spectrum of the unprotonated solution and that
of the film of 1 is attributed to the absorbance of the triplet
band in UV/Vis.P? It is difficult to assign this band in the
protonated spectra owing to the multitude of long-wavelength
absorbances.

In the films exposed to triflic acid, the long-wavelength
absorbance (ca. 700 nm, marked cation in Figure 1B) char-
acteristic of the cation, ccOBCB—H", is clearly present. The
change in intensity of this absorption with exposure over time
is shown in Figure S2C (see the Supporting Information). The
band at approximately 500 nm, which is indicative of the
unprotonated c-OBCB, is still present, thus implying that only
a fraction of the material is protonated in the films. By
exposing the films to triflic acid at higher temperatures, we
confirmed that only a fraction of the material is protonated;
the spectra of the resulting films contained a more intense
band corresponding to the cation (Figure S2C in the Support-
ing Information). The films do not have sufficient porosity to
allow penetration of the proton and the corresponding
counterions into the bulk of the film. When we neutralize
solutions of the protonated compound the long-wavelength
absorbance disappears, and the original spectrum of the
unprotonated c-OBCB is recovered. When the acid-treated
films are placed in a vacuum, the long-wavelength absorbance
disappears as the acid is removed, thus indicating that the
protonation is reversible and does not chemically degrade the
sample. We were able to repeat this at least ten times.

When protonated through intermolecular electron trans-
fer, coronene and other aromatic compounds form radicals
that can serve as one-electron oxidants in both solution and
the solid state.”>*"%34 To confirm the presence of the radical
cation, c-:OBCB™, the EPR spectrum of ¢c-OBCB 1 was
recorded, in the absence of oxygen, both in dichloromethane
and in the solid state, before and after exposure to triflic acid.
The steady-state spectrum is shown in Figure S3 (see the
Supporting Information), and in both protonated cases
a strong, featureless resonance at ca. 3480 G is observed
that is typical of carbon-centered radicals. We do not observe
any hyperfine coupling in these spectra at room temperature
under these conditions; however, the resolution of the EPR
spectrum and the intensity of hyperfine couplings are
sensitive to the environment and influenced by sample
concentration, temperature, and the physical properties of
the solvent, therefore varying these parameters empirically
may result in a more resolved EPR profile.>?"333 Treat-
ment of c:OBCB 1 with either triflic acid or trifluoroacetic
acid results in qualitatively similar EPR spectra, however, the
magnitude of the EPR signal is greater in the triflic acid case
(when equivalent molar amounts of the acids were used).

Angew. Chem. Int. Ed. 2013, 52, 1-6


http://www.angewandte.org

Triflic acid itself is not an oxidant, but in the presence of an
oxidizing agent, or in the presence of UV radiation and
oxygen, the radical cations of dibenzo-p-dioxins have been
observed.® In this case and in several other examples, in the
absence of oxygen the radical cation still persists.*l The
mechanism for oxidation in the presence of triflic acid as
a Brgnsted acid, to form c-OBCB—H" is shown by the
following equations:

¢-OBCB + CF;SO,H = c-OBCB—H" + CF,S0;" (1)

¢-OBCB—H" + ¢-OBCB = ¢-OBCB—H' + ¢c-OBCB** 2)

To determine how the layer of protonated PAH in the thin
film influences electrical properties, we fabricated OFETs
with c-OBCB 1 and then subjected the devices to acid vapor
(Figure 2 A). Before it is exposed to acid, the device exhibits
characteristics of a typical OFET (Figure 2B and C). The
c-OBCB is a p-type, hole-transporting semiconductor. The
mobility, threshold voltage, and on/off ratio for this device are
24x1072 em?V's™! —5.0V, and 6.7 x 10°, respectively. The
mobility is calculated by plotting | Ipg| " versus | V| and
using the equation: Ins = (uW C/2 L)(Vg—V,)* with W (elec-
trode width)=2 mm and L (channel length) =100 um; the
source-drain voltage is fixed at —100 V, in the saturation
regime of the current-voltage curves (Figure 2B).

The electrical characteristics change dramatically when
the OFETs made from c-OBCB are exposed to trifluoroacetic
acid. This change is shown in Figure 2D and Figure 2E. The
transistor can now be operated in depletion or “turn-off”
mode. It is important to note that at zero gate bias the
protonated device already shows essentially the same current
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level as the unprotonated device at V,=0 V in Figure 2B. As
a positive gate bias is applied, the holes are depleted and the
device can be converted into the off state. The mobility, on/off
ratio, and threshold voltage are 7x 10~ ecm?V~'s™", 1.5 x 10°,
and 88V, respectively. Importantly, the device is in the on
state after exposure to trifluoroacetic acid, and the gate
electrode can deplete the carriers in the channel. This is
opposite from the operation of typical organic field-effect
transistors in which carriers are introduced by application of
a gate bias voltage. The reversibility with respect to acid
treatment and removal, which we observed in the optical
behavior of c-OBCB (see above), is observed in the electrical
behavior of these devices. After the acid-treated devices are
placed in a vacuum for a few hours, the device behaves
qualitatively as it did before treatment with acid. The carriers
are now no longer in the channel and the device operates as
a standard OFET where a bias introduces the carriers. There
are some quantitative differences in the absolute current
levels and mobility in the devices. This data is shown in
Figure S4 in the Supporting Information. We were able to
repeat this process four times.

When triflic acid, the stronger acid, is used the device is
also very conductive. Figure 3 shows the performance of
a device after it has been exposed to triflic acid vapor for
5 min. In the case of triflic acid the device is so heavily doped
that it cannot be turned off with a gate bias. The resistance of
the treated film is six orders of magnitude lower than that of
the untreated film (V5=0V). We can also reverse this
process by applying a vacuum to the sample.

The origin of the effect of the doping process with acid is
twofold. 1) As is shown in Figure 2 A, the layer of protonated
material is on the surface of the film and in an OFET

configuration with the source and drain
electrodes. The originally formed cation,

A e g et c-OBCB—H", is not the carrier in the
OBCB film . oo ..
films, as if it were, at minimum, the
, for conduction to occur. The carriers
c q 1.6x10°
0.0} 10°F must be the electrons/holes represented
J1.2x10° 2 : o 3S
2 50000 | — ov g w0 9 2 by the radical cations®®! and pr'oduced
8 qouf = 20V g 49} 18.0x10" = through charge transfer as described by
| _ :ggx Tl {soxic* T equations (1) and (2).°%) The charge
— -80V 5 1 transport is then the thermoneutral
-2.0p | 100V 10 0.0
T 5 6 oo 2 o charge transfer between c-OBCB** and
Vs V) Ve (V) ¢c-OBCB. As with the cation, the radical
DS G . .
D £ e ar is not the carrier because then the
00F 10°} \ . movement of a hydrogen atom would
_ . . | ] . .
Z so0onk —_ ov  Z,l N\, sox0* T be reql}lred fo.r conduction to occur. We
8 — 20v 8 ., =, see evidence in the EPR spectra (Fig-
= 4oV | 3 d40x10° T  ure S3) in films for the formation of c-
-1.0p =_— 50V 10 X
— 80V . OBCB** upon protonation. 2) Impor-
T 107 e tantly, the counterion, trifluoroacetate,
Voe (V) Ve (V) will be localized at the top of the film,
DS G

Figure 2. A) Schematic of a thin-film field-effect transistor made from c-OBCB 1 after its
exposure to triflic acid. Electrode width W=2 mm and channel length L =100 um. B) Transistor
output before treatment with acid. V=0 and —100 V in —20V steps. C) Transfer characteristics
before treatment with acid. Vps=—100 V. D) Transistor output after treatment with trifluoro-
acetic acid. V=0 and 100 V in 20 V steps. E) Transfer characteristics after treatment with acid.

Vos=—100 V.
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thus creating a dipole layer. We do not
anticipate that the counterions will be
able to penetrate the entire film, based
on the UV/Vis data in Figure 1B, thus
creating a dipole field into the channel in
the same way that a gate bias introduces
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Figure 3. Performance of a thin-film field-effect transistor made from c-
OBCB 1 after its exposure to triflic acid. Electrode width W=2 mm
and channel length L=100 pm (A) S-D bias at 0 gate voltage after
exposure to triflic acid vapor. B) Transfer characteristics after exposure
to triflic acid vapor. Vps=—100 V.

a field in the channel of a transistor. This field, and the
associated electron transfers, position the carriers at the
interface with the gate dielectric to turn the device on, thus
creating a chemical capacitor on top of the unprotonated
material. To test this theory we made OFET devices where we
spin cast films from acidic solution. This method should
randomly distribute cations and cation radicals in the film but
the films will lack the dipole layer. Although the films have
spectroscopic signatures of the cations, we see only degraded
electrical characteristics.

Herein, we have presented is a new chemical method for
controlling the doping levels in organic semiconductor films.
In contrast to polymer-based electronics, there are few ways
to controllably dope molecular semiconductors. Previously,
doping techniques of OFETs were limited to doping of
thiophene-based polymer semiconductors, mostly poly(3-
hexylthiophene) (P3HT), with electrochemical dopants of
such as tetraethylammonium perchlorate,F"%¥ 235 6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane ~ (F4-TCNQ),* !
and 4-ethyl-benzenesulfonic acid (EBSA) acid.**! Doping
of pentacene-based OFETs with F4-TCNQ forms a charge
transfer complex.*** In each case, the material goes from an
off state when undoped to an on state when doped. In each of
these cases, however, the materials have not been switchable
with a gate field. Our study represents a new method for
doping of molecular semiconductors that produces films that
can be turned off with an applied gate field.

This study centers on the discovery that Brgnsted acids
protonate the contorted OBCB and the resulting cations are
stable. The protonated PAH, in the absence of oxygen,
initiates charge-transfer reactions, resulting in the doping of
the semiconducting film. The counterions localized at the
surface of the film act as a chemical version of a capacitor to
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switch the device on. The device can be switched off by
applying a gate bias. These studies open the way for the
development of other types of multimode switching based on
a variety of recognition and binding phenomenon.
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layer in a field effect transistor, which can
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source OBGB film drain protonation.
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