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1. Introduction

The importance and performance of organic electronic
devices have both increased significantly over the last 20
years, evolving from a field with great promise for new
materials and applications to a real industry with a few
commercial products on the markeBroader acceptance of
organic semiconductors will hinge on the development of
materials with competitive properties and superior process-
ability, yielding high-performance devices from a signifi-
cantly less expensive fabrication procé3se incorporation
of first-generationmaterials into commercial applications has
required impressive efforts by physicists and device engineers
to yield stable working devices. Efforts by device research
groups focused on controlling the morphology of the organic
films in these devices and, in many cases, in carefully
controlling the degree of crystallinity in the filnisThe strong
correlation between film quality/crystallinity and device
performance indicates to the synthetic chemist that the
interaction between molecules in the crystalline state is a
critical parameter to consider in the development of new
materials for electronic applications. Such intermolecular
interactions are a particularly important consideration in the
design of materials destined to be deposited by solution-
based methods, since the typical approach to the solubili-
zation of large aromatic molecules involves the introduction
of bulky substituents to at least partially disrupt the strong
intermolecular forces that lead to poor solubilttynfortu-
nately, it is these same intermolecular interactions that also
yield desirable electronic properties in many devices.

Efforts to fully understand the relationship between solid-
state (or aggregate) order and crystal color/electronic per-
formance intensified with the commercialization of xerog-
raphy, where differences in charge carrier mobility and
efficiency of photogenerated carrier production among
similar materials was found to be related to differences in
aggregate interactios.One of the earliest theoretical
investigations of this issue involved the use of extended
Huckel theory in an attempt to relate the precise nature of
mr-overlap of perylene-based dyes to the color of the cry%tals.
For this class ofr-stacked molecules, a strong correlation
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properties of the organic material and can be constructed in
two common configurations. The bottom-contact device
(shown in Figure 1, top left) places the organic semiconduc-
tor on top of the source and drain electrodes and is the most
convenient platform for the fabrication of solution-processed
semiconductor devices. The top-contact device configuration
(where the semiconductor lies between the gate dielectric
and the source and drain electrodes) typically yields higher
performance devices, both because of improved organic film
formation on the obstruction-free dielectric surface and due
to the superior contact between the source and drain
electrodes and the organic semiconductor in a top-contact
device. A variety of other factors influence transistor
performance, such as the metals used for electrodes, the
thickness and nature of the dielectric layer, whether the
measurements are carried out in air or under an inert
environment, eté? Thus it is important to remember that
mobility values for one material can vary by a factor of 2 or
more depending on device configuration and measurement
conditionst! An additional consideration in the fabrication

of FETs is the selection of the appropriate electrode material.
For p-type semiconductors (where holes, or cations, are the
dominant carrier), the work function of the metal must match
the energy of the HOMO for the organic semiconductor.
Likewise, for n-type semiconductors the work function of
the electrode must match the LUMO energy of the organic
molecule. Because there are relatively few metals used in
transistors (with gold being the most common), it is common
for the synthetic chemist to try to improve the interaction

between both longitudinal and transverse intermolecular P&fween the organic compound and the gold electrode by

offset and crystal color was found and was rationalized by
considering the overlap of HOMO or LUMO orbitals (and

tuning the oxidation potential (and thus, the HOMO energy
level) of the organic species.

the corresponding nodes) of adjacent molecules. More The key parameters extracted from organic FET devices

recently, oligothiophenesacenes$,and heteroacenthave

are the carrier mobilityy), the on/off current ratiol nor),

all been subjected to similar studies, at a variety of levels of and the threshold voltag&/). Mobility is one of the most
theory. These studies demonstrated that small changes ircommonly reported benchmarks and is essentially the drift

intermolecular orientation can lead to significant changes in

velocity of the charge carrier (cm/s) per unit applied field

the electronic properties observed in crystalline solids and (V/cm), leading to the units for mobility of ct{V s). The

emphasized the importance of “molecular engineering” to

the development of high-performance electronic materials.

This review will highlight the functionalization of linearly
fused aromatic systems specifically for their application in

on/off current ratio (the difference in source/drain current
in the “on” and “off” states) is often related to the purity of
the semiconductor, with only highly pure materials yielding
low (<1071 A) off currents. Threshold voltage is the voltage

electronic devices, with special focus on reports that describeat which the transistor turns from the “off” to the “on” state,

crystal structure/device property relationships in linearly
fused acenes and heteroacenes.

1.1. Organic Electronic Devices

Acenes are most commonly exploited in two classes of
electronic devices: field-effect transistors (FETSs, also known
as thin-film transistors, TFTs) and organic light-emitting
diodes (OLEDSs) (Figure 1). The field-effect transistor device

Cathode (Al, Ca, Mg, Ag)
LiF (<1 nm)

| ITO Glass |

Gate electrode

Figure 1. Transistor (left) and light-emitting diode (right) device
configurations.

and is a strong indicator of the quality of the interface
between the organic semiconductor and the gate insulator.
To be competitive with amorphous silicon in electronic
devices, mobility needs to be on the order of 0.5/¥hs)

or greater, the on/off current ratio should be at least 10
and Vi, should be as close to 0 as possible. In general,
aromatic compounds (and particularly acenes) exhibit almost
exclusively hole transport. In cases where electron mobility
can be measured, it is typically significantly smaller than
the hole mobility measured in similar compounds.

Organic light-emitting diodes (OLEDs, Figure 1, right)
serve as the emissive component in organic-based displays.
These devices are typically fabricated on substrates of glass
coated with a transparent conductor (indium-doped tin oxide,
ITO). The bottom layer of most OLEDs is a hole transport
layer, to facilitate the oxidation of the emissive layer by the
ITO anode. The emissive layer is comprised of an electrolu-
minescent molecule, typically an organic system with high
fluorescence quantum yield. Often this layer is capped with
an electron-transport layer; alternatively, a thin lithium

provides detailed information regarding the charge transportfluoride layer can be added to improve the interface with
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the cathode material. The cathode is typically a low work studies (Chart 132 The covalent linking of anthracene units
function metal (aluminum, magnesium, even calcium), to
facilitate injection of electrons into the device. Modern Chart1

OLEDs have good brightness at low power consumption CgH13
levels: the most significant issue still to be overcome for OOO
commercialization is device lifetime and durability. OOO
g Mot Ooths T
1.2. Common Acene Packing Motifs OOO
A key to electronic performance in all organic electronic OOO 2
devices is the intermolecular order adopted by the individual CgHq3

molecules in the solid state. In general, good electronic

performance requires strong electronic coupling between decreases the oxidation potential of the molecule (thus aiding
adjacent molecules in the solid. As will be seen in the body charge injection from the device electrode), while simulta-
of this review, there are two common packing motifs adopted neously increasing potential area of intermolecular overlap.
by acenes and heteroacenes in the solid state that yield strongVhile the X-ray crystal structure for these compounds was
intermolecular overlap. In the classic “herringbone” arrange- not reported, X-ray diffraction (XRD) analysis of thin films
ment, the aromatic edge-to-face interaction dominates, yield-shows similarity to other extended aromatic systems that
ing two-dimensional electronic interactions in the solid adopt a herringbone arrangement in the solid state. The hole
(Figure 2, top). Alternatively, the molecules can adopt a mobility of 2 was measured as 0.18 #(V s), with an on/
off current ratio of 16. Unfortunately, these values could
only be attained when the material was deposited on a
T - substrate held at 17%C, a temperature that precludes the
\ “ use of many flexible substrates.
o .
. Yamashita and co-workers more recently reported the
\ “ synthesis and characterization of a simpler series of 2,6-
—Eo—eT— diarylanthracenes (Figure 3)X-ray crystallographic analy-
e -1

- 1 E \ 1
.?‘h\._ Y %L 1Y R

1 - ] -~
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. : | . \ < 1
coplanar arrangement and stack, typically with some degree ﬁ fé Mﬁ TR, Yk
of displacement along the long and short axes of the ° ) )

molecules (Figure 2, botton’l?. The strong interaction Figure 3. Aryl-substituted anthracene} 4a, and4b. Views of

. the crystal packing ofa and4b show closer face-to-face contacts
between ther-electron-rich facest-faces) of the molecules ¢ 4b, although the packing is still dominated by edge-to-face

in thesex-stacked arrays yields strong electronic coupling, interactions (Graphics produced from data stored at the Cambridge
and further interactions with adjacent stacks can yield two- Structural Database (CSD) RefCode FINZA&Y and FINZET

dimensional electronic coupling in the solid. (4by)).

of acenes, showing HOMO orbital interactions (Spartan ‘04,
Wavefunction, Inc.). .

H
-
>,
-
e -

Figure 2. Herringbone (top) and-stacking (bottom) arrangements % fé %
. g

sis of 3 showed that these molecules favor edge-to-face
interactions in the solid, adopting the typical acene her-
S - ringbone arrangement, with mobility fota measured at
2.1, Anthracene Derivatives in Field-Effect 0.0904 cni/(V s) f%r a vapor-deposited);ilm of this material.
Transistors Although the substituents do not radically alter the solid-
- _— , state order of these materials compared with unsubstituted
_Anthracene’s high oxidation potential, smaiburface, and ~  gnthracene, they do have a profound effect on the electronic
high fluorescence quantum yield usually relegate materials yroperties of the material. For example, anthracene func-
based on this aromatic core to applications in light-emitting tionalized with electron-withdrawing 4-trifluoromethylphenyl
SyStemS. However, recent reports of functionalized an- groups 6) behaves as an n_type Semiconductor, with FET
thracenes have placed derivatives of this compound within devices fabricated from vacuum-deposited films showing
the realm of materials used for organic field-effect transistors. electron mobility as high as 0.003 c#{V s). While this
One of the simplest examples was reported in 2003, mobility value is not high, the use of anthracene as the core
consisting of a series of anthracene dimers and trimers thatof the semiconductor imparts significant stability advantages
were then subjected to detailed device and morphological over larger acenes such as tetracene and pentacene, and this

2. Functionalized Anthracenes
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Figure 4. Silylethyne-functionalized anthracene derivatives for OLED applications (top) and the crystal pacKirgma8 (bottom).

approach may prove useful in applications where durability, are designed to be amorphous (in order to minimize issues
rather than performance, is the deciding factor. with crystal grain boundaries leading to irregular illumination

Another report of the synthesis and characterizatiofieof  across the device), significant crystallographic studies of
(along with alkyl-substitutedb) showed that significantly  solid-state interactions are typically not performed.

improved device performance could be achieved by optimiz-  one recent example of a unique acene derivative for use
ing the deposition conditior$.For the simple dithienylan- i electroluminescent applications is compoud& This
thraceneda, FET devices showed a hole mobility of 0.06 material, consisting of seven linearly fused aromatic rings,
cn¥/(V s) and on/off current ratios of 20The addition of s essentially an anthracene core sandwiched between two
alkyl groups led to material with significantly improved pyrene units. The aryl substituents on the central anthracene
performance, both due to the improved morphology of the portion of the molecule cause the aromatic backbone to twist
films and due to the subtle change in packing of the sjgnificantly out of planarity, giving this class of materials
molecules, leading to both edge-to-face and face-to-faceine common name “twistacenes”, while the pyrene units
(closest face-to-face contaet3.54 A) interactions. Evapo-  improve the fluorescence quantum yield of the material. The
rated thin films of4b showed hole mobility as high as 0.5 st of the aromatic backbone, along with the steric bulk

cn?/(V s), with excellent device stability. of the phenyl substituents, eliminate significant argtyl

L . - close contacts in the crystal, making them excellent candi-
2.2. Anthracene Derivatives in Light-Emitting dates for use in OLEDs. Indeed, single-layer devices
Diodes fabricated from6 (as a dopant in a polyfluorene polymer)

More often, the anthracene chromophore is used for its Yielded high-luminancevhite-lightemitting OLEDs, con-
fluorescence characteristics, where any significant electronicStituting a key technological breakthrough for the develop-
interaction in the solid leads to an undesired broadening of Ment of organic systems for ambient room lighting or display
the emission spectrum and a decrease in fluorescence yieldback-lighting=
In this case, bulky substituents at the 9,10-positions are An alternative to creating amorphous materials to minimize
typically employed to break up aggregation in the solid state, aromatic interactions in the solid state is to design molecules
and a myriad of such compounds have been reported in thethat crystallize with their chromophores completely isolated
literature!” One benchmark material among these compoundsby electronically insulating functional groups. One such
is the 1-naphthyl-substituted derivatige(Chart 2), where compound is triisopropylsilylethynyl derivativé for which

X-ray crystallographic analysis showed the closest-Ca,
Chart 2 contact is 3.7 A (Figure 4).

Crystalline films of this material incorporated into a simple
OLED structure (Figure 1) yield devices with bright blue
emissior?! The devices reach a maximum emission of 1000
Cd/n? and, at a common display intensity of 100 Céd/m
(requiring a bias of 7.8 V), produce 1.7 Cd/A. Substitution
of 7 with two methoxy groups increases thg €Cx, close-
contact to 5.7 A, and while the light yield at 100 Cd/far
the rigid substituents effectively isolate the chromophore in compound8 is roughly the same as that f@r(1.4 Cd/A),
the solid, yielding an amorphous compound with efficient the voltage, and thus power, required to attain this brightness
blue electroluminescenéé Because all of these materials level is significantly lower (7.0 V). Offsetting the functional
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group of7 to the 1,4-positions9) exposes significantly more  Chart 3

m-surface. The resulting material is an amorphous glass, s NS N
which formed working (but inefficient, 0.4 Cd/A at a HR
brightness of 100 Cd/fh devices that showed weak green 10: R=H
emission. Examination of the electroluminence spectra of 11: R=CgHy3
and9 (Figure 5) demonstrates the detrimental effect of solid- g CeHi3
12: R=- J\j
80 T T T v T T
. = = Electroluminescence (7) WCSHH
6ol — Solution Photoluminescence (7) 13 S
og -
I I film of 10). To further probe substituent effects in this class
= 40} Iy of materials, alkyl-substituted derivativdd and 12 were
2] ..
€ i f \ prepared, although the alkyl groups used were not sufficient
3 \ \ ,"\ to provide good solubility in any solveAtThese derivatives
O 20} '\ . arrange in the crystalline state with significant face-to-face
I\, TSN interactions, and compourid forms vacuum-deposited films
L = with mobility of 0.016 cni/(V s). Extending the conjugation
0.0 I L I : : of 10 by functionalization with alkylthienyl groups1p)
450 500 550 600 significantly decreased the solubility of the molecule without
Wavelength (nm) improving device performance: (= 0.001 cni/(V s) for a
60 — ———— vacuum-deposited film).
L — — — Electroluminescence (9) As with anthracene derivativeésand4, heteroanthracenes
50+ Solution Photoluminescence (9) functionalized with simple aryl substituents have also proved
. L ~\ successful in forming functioning thin-film transistors. One
S 40 / N\ of the earliest reports involved benzodithiophene function-
= L / \ alized with a single alkylthienyl groud.8, Chart 3)?® This
o 30k / \ highly soluble compound yielded uniform films from solu-
c L \ tion, and chlorobenzene-cast films df3 showed hole
3 20l f \\ mobility as high as 1.2« 1073 cn#/(V s).
© - / N Further developing the class of functionalized benzodi-
10 / ~ ~ (chalcogenophene)s, Takimiya and co-workers synthesized,
t 1 characterized, and fabricated transistor devices from the series
0.0 1 L I L of diphenyl derivatives shown in Figure ?6.The best
450 500 550 600

Wavelength (nm)

X 14: X=S
Figure 5. Solution photoluminescence and thin-film electrolumi- Q N O N O 15: X =Se
nescence spectra of anthracene derivatiasd9. X 16: X=Te

state aromatic interactions on OLED devices, leading to :
broadened emission and significantly reduced device ef- B C - -
ficiency. T a3, WS |
2.3. Heteroanthracenes for Organic Transistors P2 ﬁ ﬁ:

In marked contrast to the relatively few examples of B o s

transistor applications of anthracene derivatives, heteroan- s % B
thracenes (throughout this review, the term “heteroacene” 3

will refer to acene derivatives where a carbocyclic ring or Figure 6. Diphenyldi(chalgogenophenels—16 and the crystal

rings have been replaced by a heteroaromatic ring) constitu_tep(,ﬂcking of compoundl5 (CSD RefCode AXICUF), showing
one of the most common classes of small-molecule semi- herringbone arrangement of the molecules in the crystal.
conducting materials. Just as with anthracene, two different

approaches to the functionalization of these compounds haveperforming of these compounds, the diphenyl benzodisele-
been explored, the formation of dimeric (or trimeric) nophenels, yields FET hole mobility as high as 0.17 &m
heteroanthracene derivatives anq the functionalization of (V s) from a vacuum deposited film. Crystallographic
heteroanthracenes with aryl substituents. analysis of this compound revealed that the phenyl substit-
uents are coplanar with the heteroacene and that the material
packs with extensive edge-to-face interactions similar to
One of the earliest reports of a high-mobility organic unsubstituted pentacene, with a herringbone angle &f 64
semiconductor described the synthesis and characterizatioicompared with pentacene’s herringbone angle 6j.5he
of benzodithiophene dimetO (Chart 3)?? This material high polarizability of the selenium atoms likely contributes
exhibited high air stability and reasonable thin-film device strongly to this molecule’s ability to undergo electric-field
properties 4 = 0.04 cni/(V s) from a vacuum-deposited doping, leading to the relatively high observed mobility.

2.3.1. Benzodithiophenes
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2.3.2. Dithienothiophene

Further increasing the heteroatom content of ben-
zodithiophenes yields the fully heterocyclic dithienothiophene
unit. Bis(dithienothiophene)l7, a dimerized version of
dithienothiophene, is an excellent early example of het-
eroacene-based organic semiconductorystallographic

analysis of this compound showed that the molecules possess

strong face-to-face and edge-to-face interactions in the solid
state, with interplanar contacts as short as 3.5 A, and sulfur
sulfur contacts as close as 3.4 A (Figure®®Blole mobility

17

S
\
S

s
RWE

S” s

S
W

Figure 7. Dimeric dithienothiophend7 and its crystal packing
(CSD RefCode NOBJET), showing significant face-to-face and
edge-to-face interactions.

as high as 0.05 cf(V s) was measured in top-contact
transistors fabricated from evaporated filmsl@f and these
devices also exhibited impressive on/off current ratio$)(10
attributed to the large HOMOGLUMO gap of the material
(which renders the compound less susceptible to oxidative
degradation, yielding fewer impurities). These results were
an important demonstration of the utility of heteroacenes,

and over the past few years the dithienothiophene core has

become a common building block in organic electronics. This
system is at the heart of a variety of soluble organic
semiconductors, including derivatives exhibiting high field-
effect mobility?” and derivatives that yield light-emitting
transistors®

3. Tetracene

Tetracene, like all unfunctionalized acenes, adopts an edge
to-face herringbone arrangement in the solid state (Figure
8).2° Tetracene provides an interesting illustration of the

Figure 8. Tetracene structure and packing (RefCode TETCENO1
from CSD), showing predominant edge-to-face orientation.

2000
18

tradeoff between stability and device performance; it is less
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higher oxidation potential and slower rate of photodimer-
ization). Recent studies on solubilized tetracene derivatives
have confirmed that a major photodecomposition pathway
is photodimerization, forming the so-called “butterfly”
dimer3® However, unlike similar dimers of pentacene, the
tetracene dimers will convert slowly back to the tetracene
monomers in solution.

Tetracene has been used in the construction of FETs with
hole mobility as high as 0.1 citfV s)*! and has recently
been paired with € to yield a solar cell with power
conversion efficiency of 2.3%. Due to the ability of this
molecule to form large, high-quality crystals by vapor growth
methods’ tetracene has been much more thoroughly studied
in single-crystal devices, where hole mobilities as high as
1.3 cn®/(V s) have been reported from devices fabricated
directly on the tetracene crystal surf&&tudying devices
formed on the surface of high-quality crystals allows the
determination of properties on material that is as defect-free
as possible and is crucial to understanding the intrinsic
charge-transport and electronic properties of organic s#lids.

3.1. Tetracene Derivatives in Organic Transistors

3.1.1. Halogenated Tetracene

The halogenation of tetracene disrupts edge-to-face inter-
actions and induces a shift from the traditional herringbone
motif to arrangements with significant face-to-face interac-
tions3 Bao and co-workers performed an elegant study
showing that mono-halo tetracene derivativiEs and 20
adopted an approximate sandwich-herringbone arrangement
in the crystal (where a pair of molecules adopt face-to-face
interactions, then interact in an edge-to-face fashion with
other molecule pairs), while the dihalo derivative 5,11-
dichlorotetracene21 packed with extensive long-range
m-overlap (Figure 9§’ The molecules’ crystalline order had

LN

Figure 9. Halogenated tetracene9—21 and representative
crystalline order of compound20 (approximate sandwich her-
ringbone) and21 (columnarsn-stacked) (RefCodes FAHTIS and
FAHTOY from the CSD).

significant impact on device performance, with devices
fabricated on single crystals of thestacking21 yielding
hole mobility (1.6 cr#/(V s)) as much as 3 orders of

stable than anthracene but decomposes in air or light at amagnitude higher than that found in sandwich-herringbone
significantly slower rate than pentacene (due to tetracene’s19 and even slightly higher than mobility typically found in
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similar devices made on crystals of unsubstituted tetracene.3.1.3. Tetracene—Thiophene Hybrid Materials
In stark contrast, devices fabricated from evaporated thin
films of 21 had field-effect mobilities less than 0.001 #m
(V s) due to the poor morphology of the evaporated films.
These results underscore both the importance of face-to-fac
interactions for high intrinsic carrier mobility and the
importance of higher-dimensional interactions for the forma-
tion to technologically important thin-film devices. Thiswork  chart 4
also demonstrates the ease with which face-to-face interac-

tions can be introduced by appropriate functionalization.

Furthering the strategy used for functionalized anthracenes
(the addition of aryl substituents to decrease oxidation
éaotential and increase total areamebverlap), an innovative
series of acenethiophene hybrid semiconductors was
recently prepared (Chart 4).Detailed analysis of vapor-

3.1.2. Tetracenes with Polar Substituents

An alternative approach to inducimgstacking in tetracene
derivatives was reported by Nuckolls and co-workers, who
prepared a series of 1,4-acenequineressentially, acenes
with strongly electron-withdrawing groups at only one éhd.
These molecules naturally possess a significant dipole, anddeposited thin films of these materials yielded the unit cell
crystallographic analysis of the 1,4-pentacenequind®e  parameters and showed that the molecules stand with their
revealed an extendedstacked array with alternating dipoles long axes almost perfectly perpendicular to the substrate
in the solid state (Figure 10). The separation betwedsces surface. The tetracene derivat®gin particular showed high

transistor mobility (0.5 ci(V s)), along with high thermal

e & and oxidative stability.
. 6] o)
electron-poor elgctron-nch & Oeee 8" 3.1.4. Rubrene
g@@e & One of the most intensively studied tetracene derivatives
OOOO‘ 0 o 5 is undoubtedly rubrene (5,6,11,12-tetraphenyl tetra@me
22 O o Oeee Figure 12). This material forms very high quality crystals

)
8" OOOO &

Figure 10. Exploitation of dipolar interactions to indueestacking
in acenequinones.

within the stack was a remarkably small 3.25 A, well within
the van der Waals radius of the carbon atoms (3.4 A). FET
devices fabricated from the corresponding hexacenequinone
had a measured hole mobility of 0.05%(¥ s) and excellent
device stability. This series of molecules constitutes a unique
approach to inducing face-to-face interaction in acenes by Figure 12. Rubrene26and its crystalline order (RefCode QQQCIG
exploiting electronic, rather than steric, interactions. from the CSD).

The Nuckolls group has also reported the synthesis and )
device study of 2,3-dihydroxytetrace® which was found by vapor transport growth methods, and is the current “gold
to bind with oxide surfaces such as Hf@r0O,, and ALO; standard” for the study of intrinsic transport properties in
(presumab]y by ester formatio?ﬁFor mono]ayer surfaces organic Crystalé.l Phenyl substitution of tetre_lcene in thiS case
of 23 formed on alumina, X-ray reflectivity measurements |eads to a stronglyt-stacked arrangement in the solid state,
demonstrated that the molecules were oriented vertically andand computational studies have shown that the particular

were tightly packed on the surface (Figure 11). Because intermolecular arrangement adopted by rubrene happens to
be optimal for charge transpd®The highest room-temper-

ature mobility measured for rubrene crystals to-date is 20

O Q O O cnm?/(V s),2 and rubrene is the first organic material in which
OH Q O O O accurate Hall measurements have been made, showing
OOOO o O Q O Q directly the density of mobile carriers in the transistor
23 O O O Q

channel, as well as their intrinsic mobility. Ambipolar
transport (measurable mobility for both holes and electrons)
0 ® 0 000 has also been reported recently in devices fabricated on
" ALO, \ rubrene single crystaf$.

Figure 11. 2,3-Dihydroxytetracen@3 and its close-packed self- . Intere_stlngly, thermally evaporated rut_)rene films do not
assembly on an alumina surface. yield high-performance transistors, typically due to the

difficulty in growing high-quality crystalline films of rubrene
alumina is a common gate dielectric used in FETs, a devicein the proper polymorphic forrtf A recent detailed study
was constructed using single monolayerof 23 as the of this issue showed that, in general, functionalized aromatic
semiconducting layer. While these nanoscale monolayercompounds that have significantly different vapor phase and
devices were not ideal transistors, they did show gate-voltage-solid-state conformations will not easily form highly crystal-
dependent conductivity and demonstrated a promising tech-line films#” An interesting and potentially groundbreaking
nique for the fabrication of self-assembled transistors or approach to the formation of rubrene-based thin-film transis-
sSensors. tors utilizes rubrene-doped polyméfsA mixture of 9,10-
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Scheme 1. Synthesis of Gel-Forming 2,3-Dialkoxytetracene 27

o)
H
o) OH H o)
OMe Zn / AcOH OMe (o) OMe
OMe Ultrasound OMe Na,CO, OMe
o) (95%) OH CF;CH,0H 0
(83%)
0 or ,él(l:)cf(;)HHﬂ)3 oR
1) HBr / AcOH (90%) 6H11 ~:
2) K,CO3 / RBr/ DMF OO‘O OR (61-67%) OOOO OR
(71 - 76%) O 27a: R =n-Decyl

b: R = n-Hexadecyl

diphenylanthracene, rubrene, and polystyrene, when deposbenzoselenopheno benzoselenoph@8esd30 (Chart 6)%3
ited on a bottom-contact FET substrate and thermally
annealed, yielded devices with hole mobility as high as 0.7 Chart 6

cn?/(V s). The ability to combine the high intrinsic mobility Se
of small-molecule aromatic semiconductors with the film- RR
forming ability of high molecular weight polymers is one o Se

: . > 29: R=H
potential approach to the long-anticipated capability of 30: R = Phenyl

forming high performance devices by simple solution-

processing methods. Both of these compounds packed in a herringbone arrange-

3.1.5. Alkyl- and Alkoxy-Functionalized Tetracene ment similar to pentacene, with herringbone angles 6f 63
and 58 for 29 and30, respectively. Importantly, compound
30 also exhibits some close face-to-face interactions (3.39
mA) between the aromatic carbons in adjacent molecules
(notably, there are no S€Se close contacts between
molecules in the crystal). Mobility measured from vacuum-
evaporated films o080 was as high as 0.31 &V s), and

the devices showed very high operational stability.

A recent report of the synthesis and study of 2,3-dialkoxy
tetracenes (Scheme 1) showed that such molecules for
surprisingly robust gel¥. A strong red shift of the absorption
edge for the tetracene chromophore, coupled with significant
hypochromism of théL, band, indicate that the tetracene
units in the gel are in close contact and that there is some
alignment of the long axes of these molecules. The use of
long alkyl chains to align the chromophores may allow the Nt ; ;
use of such materials in solution-cast semiconducting devices.3? Bht-_rg;[,rr]%[(t:%neDDednvamcl)eLSEB Organic
A similar approach has been used to prepare analogoug‘Ig itting Diodes ( )
derivatives of pentaceri&eading to self-assembled fibers While tetracene itself has not found widespread use in
with unusual optical properti€s. OLEDs (since its emission wavelength is blue-shifted from

A recent report from Swager and co-workers detailed the that necessary for saturated green emissibiije high hole
synthesis and crystallographic analysis of a series of tetracenenobility of tetracene films, coupled with reasonably high
derivatives, each possessing one aromatic ring substitutedfjyorescence quantum yield, makes tetracene an ideal semi-
with four fluorine atoms and one ring with a long-chain alkyl - conductor of light-emitting field-effect transisto¥sLight
or alkoxy group (Chart 55 All of these derivatives showed  emission from these devices is low, making them unsuitable

Chart 5 for display applications, but data gleaned from electrolumi-
F R R nescence in these devices can provide many details about
F \ electronic processes taking place in the semiconductor

OOOO channeP8 For display applications, however, tetracene must

F F R R be functionalized to emit light at a useful wavelength,

typically by adding substituents to lower the energy of the
28b: R = OCgH43,R'=H fluorescence and yield red emission. Becaushe the Ij]fllghly
28¢c: R=H, R = CgHq7 conjugated §ubst.|tuents.requ_|reclj.to induce such a significant
28d: R = CgHz, R'= H bathochromic shift provide significant-surface for strong
o o _ _ solid-state interactions, the materials must be further sub-
strongz-stacking interactions in the solid state, with face- stituted with bulky insulating groups to prevent such
to-face distances as short as 3.18 A. Deriva@8 was  glectronic communication in the solid. Only a few function-
unique in this series as the only compound showing strong jized tetracenes for red OLEDs have been presented, and

2-D m-stacking interactions, a common feature among the only derivative to yield reasonable red emission was
materials exhibiting high mobility in thin-film devices. The compound31 (Figure 13)7

authors report that electronic characterization of these
materials is underway. 4. Pentacene

3.2. Heterotetracenes for Organic Transistors While rubrene sets the performance standard for single-
Extending their work with benzodiselenophenes, Takimiya crystal devices, pentacene is the benchmark for thin-film
and co-workers reported the synthesis of two derivatives of devices. Like its lower homologues, pentacene crystallizes

28a: R=H,R'= OCgH13
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Figure 13. Red-emitting tetracene derivati®& and its absorption, 3
emission, and electroluminescence spectra. Po o = oy e S, w22, om0, < 0.
3 Figure 15. 2,3,9,10-Tetramethyl pentaceB8 and its crystalline
™~ order (CSD RefCode ASEPUJ), showing 2-D edge-to-face interac-
. %\ tions (center) and increased spacing between pentacene ends
> (bottom) caused by the methyl functional groups.
UL e
32 & > should lead to improved charge injection into the organic

D material from gold electrodes. Devices made from thermally

3

evaporated films 083 show hole mobilities as high as 0.3

cn?/(V s), with on—off current ratios of 6x 10°.
I:ﬁf:I:I:X W Another functionalization strategy that strongly influences
N 2 A 20 B e G S e both the electronic and intermolecular ordering properties

of pentacene is perfluorination. Suzuki and co-workers
reported an impressive synthesis of perfluoropenta&dne

W b (prepared in five steps from tetrafluorophthalic anhydride
ik b Ak 2 Sk Y Y Y Y v and hydroquinone) and performed detailed characterization
Figure 14. Pentacene and its crystal packing (RefCode PENCENO1 of Its device perfprnjanc‘é*.CompouncB4 crystallized in a

from the CSD), showing predominant 2-D edge-to-face interactions Nerringbone motif similar to that adopted by pentacene but

and weak interactions between the ends of the acenes. with a nearly 90 edge-to-face angle (compared with°52
for pentacene) and closer contact between the pentacene rings

in the classic acene herringbone motif (Figure $4)ithough (as close as 3.25 A, Figure 16). Transistor devices fabricated
it can potentially adopt any of a number of polymorghs.

This polymorphic nature further complicates device studies, F FF FF
since band structure calculations have shown significant F F
electronic differences between polymorphic forfh3hese F GGGGG F
issues have instigated numerous studies of nucleation and FFFFF
film formation during vapor deposition of pentacéfas 34
well as intensive studies of surface treatments to improve

the quality of vapor-deposited filnf8. High-quality FET ey AEE
devices made from thin films of pentacene typically show

mobilities greater than 1.5 ¢V s),%® values as high as 5

cn?/(V s) have been reportéd, and ambipolar charge ,
transport has been observed in pentacene thin films (although

electron mobilities were very low and n-type behavior was :

only observed under vacuuff)Pentacene has also been used =k S

as the p-type. mate_rlal.ln organic solar cejls (W't.&.es t_he Figure 16. Perfluoro pentacer® and its edge-to-face interactions
n-type material), yielding power conversion efficiencies as (bottom left, CSD RefCode BEZLUO) compared with those of

high as 2.796° pentacen&?2 (bottom right, RefCode PENCENO1).

4.1. Pentacene Derivatives for Transistors from this compound exhibited electron mobilities as high as
L 0.22 cni/(V s), demonstrating that perfluorination is a viable

4.1.1. Alkyl- and Halogen-Functionalized Pentacene route to prepare n-type semiconductors from acenes. This

The first functionalized pentacene studied for transistor same research group has also reported the synthesis and
applications was 2,3,9,10-tetramethyl pentacgBéFigure characterization of perfluorotetracene, although carrier mo-
15) 57 This material crystallizes in a herringbone arrangement bility in this compound was not as impressive as that seen
almost identical to that adopted by unsubstituted pentacenen 3459
the only substantial difference being an increase in separation o )
of the pentacene units along the crystallographéxis due ‘%réﬁéié(r)}; IS Functionalized Pentacenes for Organic
to the interposing methyl groups. While the crystal packing
changed little, methyl substitution led to significant decrease The addition of simple phenyl substituents to theri
in oxidation potential versus unsubstituted pentacene, whichpositions of pentacene was the first functionalization strategy
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Figure 17. Aryl-functionalized pentacenes studied for hole-transport properties (top) and crystal pacBihg@poftom left) and40 (bottom
right). Crystallographic data for these compounds are available for download free of charge on the Internet as Supporting Information for
ref 71 at http://pubs.acs.org.

Scheme 2. Synthesis of Alkyne-Functionalized Pentacenes with Spherical Solubilizing Groups and the Relationship between
Functional Group Diameter and Acene Length

O
COUC0 o
2) SnCl, / H30*
o) (70 - 99%)
I 42'R=Et a5
R-Si-g 43: R = i-Propyl
' 44: R = n-Propyl
45: R = SiMes

of any sort reported for this moleculgVarying the nature  as an alkyne (Scheme 2). In this case, altering the size of
and location of such groups around the pentacene perimetethe substituent on the alkyne provides excellent control over
has recently led to an array of solid-state arrangementsthe z-stacking order seen in the crystal.
(Figure 17), and detailed studies of both thin-film and single-  For roughly spherical substituents (etgpt-butyl, trialkyl-
crystal devices performed on this series of molecules silyl), a substituent diameter less than half the length of the
elucidated the effect of intermolecular order on charge acene leads to a 1-D, “slipped-stack” arrangement (Figure
transport’! Although a wide variety of intermolecular 18, 42). For a substituent diameter very close to half the
arrangements were surveyed as part of this study, only thelength of the acene, the material adopts a 2-D “bricklayer”
thienyl derivative37 exhibited long-range-stacking order,  arrangement (Figure 1843). If the substituent size is
and consequently it was the only derivative to show high increased further, the packing reverts to the slipped-stack
thin-film hole mobility in vapor-deposited films (0.1 & arrangement (Figure 18}4). As the substituent size is
V s). Perhaps this study’s most surprising result arose fromincreased further, edge-to-face interactions between the
the measurement of the hole mobility in transistor devices substituent and the aromatic chromophore begin to dominate
fabricated on the surface of high-quality single crystals of (as the volume of the substituent is able to completely cover
decaphenyl pentacer#0. While this material shows no the aromatic surface), and the herringbone arrangement
significant close contacts between the acene rings in thebecomes the preferred solid-state arrangement (Figure 18,
crystal (the closest £—Ca, contact is~5 A) and thus would 45).73
not be expected to be an efficient medium for charge Device performance of these materials in thin-film FETs
transport, single-crystal FET measurements showed a holeis clearly related to the crystal packing arrangements adopted
mobility of 0.0014 cri/(V s). This remarkable finding clearly by the molecules. Of all the functionalized pentacene
underscores the importance of single-crystal measurementsnaterials in this class studied to-dabely those that exhibit
to the understanding of charge transport in aromatic crystals,2-D z-stacking interactions yield high-performance thin-film
as well as the benefit of systematic structtpeoperty studies  devices™® In the case of thermally evaporated film FETS,
of functionalized acenes. the highest mobility found for a 1-R-stacked material (e.g.
derivative42) was less than 0.001 &V s). In contrast the
triisopropy! silyl (TIPS) derivative43, which packs with
strong two-dimensional face-to-face interactions, yielded
An alternative to adding property-modifying substituents evaporated film devices with excellent hole mobility (0.4
directly to the aromatic ring of an acene is to hold them cn?/(V s)) when deposited under similar conditions. Further
from the ring by a rigid, sterically undemanding spacer, such optimization of vapor deposited films of TIPS pentacdBe

4.1.3. Alkyne-Functionalized Pentacenes for Organic
Transistors
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to yield highly crystalline films o#3 due to the speed with
which the solvent evaporates. Even so, spin-cast filn#3of
yield FET devices with hole mobility as high as 0.2%f\W

s) and on/off current ratios of $0A better method for
crystalline film formation is drop-casting, whea 1 wt %
solution of43 dissolved in toluene is deposited on top of a
bottom-contact FET device substrate, and the solvent is
allowed to evaporate slowly. Films formed under these
conditions show molecular step terracing when analyzed by
atomic force microscopy, signifying a high degree of order
in the film. Hole mobilities greater than 1.8 éffV s) and
on/off current ratios of 1have been achieved from this
deposition method These values compare well with typical
values observed for devices fabricated from vapor-deposited
pentacene and are competitive with devices made from
amorphous silicon, the current semiconductor used in active
matrix displays. While drop-casting is not suitable for large-
area deposition, it is the technique most similar to inkjet
printing, a process predicted to yield the low-cost devices
predicted for organic electronic¢s.

Carrier mobility in single crystals and thin films of
pentacene3?), TIPS-substituted pentaced8 and triethyl-
silyl-substituted pentacend? were all investigated using
time-resolved terahertz pulse spectrosctpg,contactless
method for comparing carrier mobility between organic
solids. These experiments confirmed the strong correlation
between thin-film morphology and hole mobility for com-
pound43, and single-crystal experiments suggested that the
hole mobilities for TIPS-pentacerd3 and unsubstituted
pentacened2 should be quite simila®® In contrast to the
thin-film device measurements, which showed a difference
in hole mobility for 2-Dzr-stacked43 and 1-Dr-stacked42
of over a factor of 1000, this technique yielded a hole
Figure 18. The progression of crystal packing induced by mobility for 42 that was only a factor of 3 smaller than that
i(g{%;etaSiln%SUb?titiegz)sizehérr?wgtﬁsgig @‘Szc))r;oezs'!? Iﬂ;rtoacgl;s measured fod3.28° Here again, the lower quality films formed

) 0 1-D z-stac 0 herri : iyl grou by materials that exhibit one-dimensiomabtacking interac-
omitted for clarity. See CSD RefCodes CADMOK and VOQBIM. tions lead to significant underestimates of the intrinsic carrier

is hindered by a relatively low-temperature phase transition Mobilities of these compounds.
that leads to cracking of the crystals and crystalline films of ~ Functionalized pentaced has also been deposited from
the material (which precludes thermal annealing of the solution as the first layer in a pentaceng/@hotovoltaic
films)™ and by the narrow substrate temperature range (85 device. Careful optimization of deposition conditions, the
90 °C) under which crystalline films will grow. These issues concentration of mobile ion dopants, thermal postfabrication
arise due to thermal rearrangements of the alkyl groups thatannealing, and the addition of an exciton-blocking layer
give the material both solubility and desirable packing. yielded a device with a white-light power conversion
Solution deposition o#3 yields much higher quality films,  efficiency of 0.52%6* Further improvement in efficiency will
since slow evaporation of the solvent allows the materials require careful optimization of the p-type material’'s absorp-
to self-assemble into large-stacked arrays. Spin-casting is tion cross-section and HOMO energy level, while the
the most common method used to make uniform thin films possibility of fully solution-processed small-molecule solar
of soluble organic molecules but is the method least likely cells will require the development of compatible, soluble

Scheme 3. Synthesis of Partially Fluorinated Derivatives 46 and 47

F X

F o
FI:Q 1) LiAIH, Fj@CBr X
O >
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Figure 19. Changes in crystal packing of TIPS pentacene
derivatives due to aryfluoroaryl interactions and their effect on
hole mobility. Crystallographic data for these compounds can be
downloaded free from the Internet as Supporting Information for
ref 82 at http://pubs.acs.org.

Si i-Prg
n-type organic semiconductors.

I
4.1.4. Alkyne-Functionalized Fluoropentacenes CeHi7 @GGGG CeH17
I

In an attempt to decrease interplanar spacing of the CgHi7 CgHi7
silylethynyl pentacene units in the crystal, two partially
fluorinated derivatives o#43 (46, 47) were prepared, as
outlined in Scheme &

The overall packing arrangement of these fluorinated
species is not significantly different from that 48, except
that the spacing betweenfaces decreases with increasing
fluorine content, from 3.43 A for nonfluorinatetB to 3.28
A for octafluoro compound7 (Figure 19). Because each of
these derivatives required significantly different conditions
for optimum film formation (especially becau86 was not

49

sufficiently soluble to allow deposition by solution methods), R = SiMeg, Si i-Pr?l g‘ g-eai(t-butyl)phenyl
FET devices were formed by evaporating films of these 4-dodecyloxyphenyl ’

materials under identical conditions onto unheated substrates, . . I

. . . Figure 20. Alkyl-substituted pentacene derivativé8—50and the
Eve_n SO, th? dlff_ere_n_ce in hole '.“Ob"'ty among these th_ree crystalline order of compound8, showing 1-Dz-stacking interac-
derivatives is significant and increases with increasing tgns.
fluorine content (Figure 19). As with the tetracene derivatives
reported by Swager and co-workers, the addition of fluorine 7o nm) red shift in absorption in thin films of the materials
substituents is a simple method to control the interplanar compared with their solution absorption maxima.
spacing of acenes for electronics applications.

4.1.5. Alkyne-Functionalized Alkyl and Alkynyl Pentacenes 4.1.6. Alkyne-Functionalized Peniacene Ethers

To further improve the device characteristics of silylethy- N @n attempt to harness the stromgelectron-donating
nyl-substituted pentacenes, additional functionalization was ProPerties of oxygen substituents to improve hole injection
explored to lower the oxidation potential and facilitate charge INt0 the pentacene layer of a device, ether functional groups
injection into the organic layer. Initially, alkyl groups were Were introduced to the solubilized pentacene chromophore
added to the pentacene chromophore (buiiding on the work (Figure 21> While acyclic tetraalkoxy TIPS pentacene
by Wudl and co-workers on tetramethyl pentacene) (Figure derivatives were so unstable they could not be isolated, the
20). While the addition of alkyl groups did significantly ~cYclic dioxane-functionalized pentacebwas quite stable,
decrease the oxidation potential (0.7 V for methyl derivative €xhibiting the expected red shift in its absorption spectrum
48, 0.69 V for octyl derivative49, compared with 0.85 V and significant decrease in oxidation potential.
for TIPS-pentacenet3, all values vs standard calomel The axial hydrogens on the dioxane substituentlofere
electrode (SCE)), the crystallinity was significantly perturbed. found to inhibitzz-stacking of this compound, leading to the
In the best caself), the packing changed to yield only 1-D  synthesis of dioxolane-substituted systeB8 (o circumvent
face-to-face interactions in the crystalln the worst ¢9), this issue. Compoun®R indeed crystallizes with significant
crystals could not be grown, and X-ray diffraction analysis face-to-face interactions in the solid and has an oxidation
of spin-cast or drop-cast films showed no evidence of potential significantly lower than that of TIPS pentacdide
crystallinity. (0.69 V vs SCE). The U¥vis spectrum for52 shows an

Recently, Neckers and co-workers reported a series ofunusual blue shift in absorption (Figure 22), and quite
more highly ethynylated pentacene derivative8)(where apparent to the eye is also a significant increase in fluores-
the alkyne substituents were used to tune the redox potentialsence quantum yield; solutions &2 are not the typical
of the pentacen®. While no crystallographic analyses or “pentacene blue”, but rather the solutions are bright red, due
device data were presented for this series of compounds, thinto intense emission from this pentacene derivative at 625
film UV —vis spectra did show some degree of electronic nm. This observation led to the use of these dioxolane-based
interaction in the solid state, indicated by measurable (up to materials in red-emitting OLEDs (see below).
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Figure 23. Compoundb3is induced to form 2-Dr-stacks (bottom)
<0 G @) by carefully adjusting the size of the alkyne substituent (alkyl groups
0 0> on Si omitted for clarity).

Iil Chart 7

54: R=H, R'=CHg
55: R = t-Butyl, R'= H

Figure 21. Pentacene ethefsl and52 and their crystal packing.
Crystallographic data for these compounds are available for
download free of charge from the Internet as Supporting Information
for ref 85 at http://pubs.acs.org.
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Figure 22. Absorption spectra of pentaced@® and pentacene . . .
ethers51 and 52 4.2. Functionalized Pentacene Organic

Light-Emitting Diodes (OLEDs)

Pentacene etheB2 with a triisopropylsilyl-substituted  4.2.1. Aryl-Substituted Pentacene
alkyne crystallizes in a 1-Dr-stacking arrangement due to
the effective lengthening of the chromophore by addition of
the rigid dioxolane substituents. Altering this arrangement

to yield the more desirable 2-B-stacking motif required emitting OLEDs®” The promising results presented in the

the use of a larger functional group on the alkyne, which g,gies 0135 led to the synthesis and study of a broad array
was accomplished using the slightly bulkierrrigropylsilyl) of aryl-substituted pentacenes for this purpose (Chart 7).

group 63).%° The resulting derivative exhibited the requisitt These materials are surprisingly soluble compared with
two-dimensional stacking with excellent-overlap and a  ynsubstituted pentacene, to the point of allowing purification
closest G—Ca distance between stacked molecules of 3.40 py chromatography on silica gel. The aryl derivatives in
A (Figure 23). Unfortunately, attempts to uS8in a FET ~ Chart 7 all show good fluorescence energy transfer from tris-
device were not successful due to the molecule’s propensity(quinolin-8-olato)aluminum (1) (Alg), with pentacene

to include solvent when crystallizing, leading to poor quality concentrations as low as 0.4 mol % exhibiting excellent red
films. emission with little contribution to emission from the Alq

Aryl substitution at the 6,13-positions of pentacene to yield
diphenyl pentacen®5 was one of the first functionalization
routes investigated to yield amorphous solids for use in red-
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host. While compoundS6 and57 exhibited relatively low Chart 8
device efficiencies (which the authors attributed to morpho- y N
logical issues created by the large pendant aromatic grétps), s O O S
most of the simple diar§? and tetraaryP derivatives formed S

devices with reasonable efficiencies. The best external

S
electroluminescence quantum efficiency for red emission was
found for compound5 (1.4% efficiency as a 0.47 mol % s
dopant in Alg), an efficiency close to the theoretical 61
maximum.

. nificant interactions between the-surfaces. The nearest

4.2.2. Alkyne-Substituted Pentacene Ethers Car—Car contact between adjacent molecule$6éfis more

The absorption profile of dioxolane compoub2l(Figure than 5.5 A. Composite films d§9 with both Algg and NPD
22) shows that the wavelengths of light absorbed by this as host show bright red emission at all guest concentrations
material correspond well to the wavelengths of light emitted measured (up to 2 mol % guest), and an Aigst69 guest
by both Algs and 4,4-bisN-1-naphthyIN-phenyl-amino]- OLED device yielded bright red emission with an external
biphenyl (NPD, a common hole-transport material used in electroluminescence quantum yield of 3.3%ery close to
OLEDs). Extensive studies usiri2 as a guest emitter in  the theoretical maximum and also very close to the best value
both Algs and NPD host matrices showed efficient energy reported (3.6%) for a small-molecule red-emissive OLED.
transfer and bright red emission for very low concentrations
of 52 (less than 0.5 mol %) The appearance of aggregate 4.3. Heteropentacenes for Organic Transistors
emissions at higher concentrationsb@fled to the synthesis ) ) ]
of a new dioxolane-based derivative functionalized with ethyl 4.3.1. Thieno Bis(benzothiophene)s

groups on the dioxolane ring, designed to increase the Neckers and co-workers recently reported an isomer-

separation ofz-surfaces in the crystal. Crystallographic e ific synthesis of two thieno bis(benzothiophenes) (Chart
analysis of the resulting compoun® Figure 24) showed gy ‘510ng with thorough characterization of these mateffals.
- Crystallographic analysis of compouid showed that the
Si -Prg molecules crystallize in a coplanar arrangement and yield
I uniform surface coverage when deposited on,®ithermal
o 0 evaporation under vacuum. FET mobilities 80 and 61
D% OGGGG ' are 0.011 and 0.12 GV s), respectively. This difference
0 (0] of an order of magnitude in mobility between two very
similar isomers is likely due to the difference in grain sizes
59 observed by the authors upon AFM analysis of the thin films,
Si i-Prg with large grains and poorer surface coverage note@@or

4.3.2. Anthradithiophene and Dialkylanthradithiophenes

One of the most thoroughly studied heteropentacenes is
anthradithiophene (ADT), which was prepared as part of an
early effort to discover new materials for organic transistors
by Katz and co-worker¥ The relatively straightforward
synthesis of this compound begins with anthradithioiphene-
quinone, formed as an inseparable mixture of isomers from
the condensation of thiophene-2,3-dicarboxaldehyde with
1,4-cyclohexanedion®.This mixture of quinones is easily
reduced to the corresponding heteropentacenes (Scheme 4).

Figure 24. The ethyl substituents on pentaceB® prevent . ; )
interactions between aromatic carbon atoms on adjacent molecules/Vhilé evaporated films of the parent ADG2 only yield

Crystallographic data for this compound are available for download Moderate mobility in a FET device (0.09 &ifV s)), just as
as the Supporting Information for ref 91 at http://pubs.acs.org.  With oligothiophene¥ the thiophene units of ADT can be
substituted with alkyl chains that dramatically improve film
that while the pentacene units are still coplanar, the ethyl quality. The dihexyl and didodecyl derivativé8 and 64
groups do indeed act as efficient spacers, preventing sig-both yielded evaporated films of significantly improved

Scheme 4. Synthesis of Anthradithiophene 62 and 2,8-Dialkyl Anthradithiophenes 635
(0]
R >R RWR
. ss 0" q Gos
H O=<:>=O o (OCgH11)3 .
rd M H  NaOH/EtOH 5
S5 (30 - 80%) s s
/ peeo o vy
T o0
o) 62

:R=H

63: R =n-Hexyl
64: R =n-Dodecyl
65: R = n-Octadecyl
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quality and formed transistors with carrier mobilities of 0.15 stack arrangement similar to pentacene derivat®€eThese
cn?/(V s). More importantly, the alkyl-substituted materials unique crystalline arrangements of essentially identical
were sufficiently soluble to allow film formation by solution  chromophores lead to radically different appearances of the
casting, resulting in devices with mobilities of 0.02 %t crystals; the trimethylsilyl derivative produces red/pink
s) (a similar solution deposition attempt was made with needles, the triethylsilyl derivative produces deep purple
unsubstituted pentacene but was unsuccessful due to the rapiglates, and the triisopropylsilyl derivative produces tiny,
photobleaching of the pentacene soluti%h)hese ADT bright orange cubes.

derivatives constituted one of the first demonstrations of  Analysis of solution-deposited films 66—68in a bottom-
solution-cast small molecules not requiring high-temperature contact field-effect transistor configuration further supported

annealing to achieve measurable mobility. the strong correlation between crystalline order and device
) ) o performance. Both the edge-to-face interactiitgand the
433 AlkyHE'FUnCtlonallzed Anthradlthlophenes 1-D S|ipped-stacke(58 showed re|ative|y poor device

Analogous to the previously reported pentacene function- Performance, with hole mobility only as high as 0.05%m
alization approach, a strategy involving silylethyne substitu- (V s) for 68. However, drop-cast films d7yielded devices

tion was also applied to anthradithiophene (Scheme 5). With mobilities as high as 1.0 citfV s) and on/off current
ratios of 10, both parameters well within the range necessary

Scheme 5. Synthesis of Silylethynyl-Functionalized for useful commercial devices. It should be noted tBat
Anthradithiophenes 66-68 did suffer from significant barriers to charge injection from

o the electrodes, most likely due to its very high oxidation
0
+

potential (0.91 V vs SCE). In this case, the high oxidation
o
s
o}

Starting with the samesyn- and anti-anthradithiophene-
quinone mixture used by Katz and co-workers, a variety of
trialkylsilyl acetylenes were appended to the anthra-
dithiophene core to yield several solid-state arrangements
with small changes in the size of the alkyne substituent
leading to significant changes in the crystalline orfer.

The trimethylsilyl derivative66 exhibits primarily edge-

- 66: R = Methyl potential and larger HOMOLUMO gap did not improve
1) ReSICOLE 67: R = Ethyl the photostability of this material; thin films &7 pho-
2) SnClp / H30* 68: R = i-Propyl

tobleach within minutes, requiring all measurements to be
taken in the dark.

4.3.4. Pentathienopentacene

In an approach designed to replace all of the carbocyclic
rings of pentacene with heterocyclic systems, Zhu and co-
workers reported the synthesis and device study of the
linearly fused pentathienoacers® (Chart 9)1° X-ray

Chart 9

to-face interactions in the crystal, both between the silyl S5
group and the aromatic face and between the terminal s’ s
thiophene position and the aromatic face of an adjacent 69

molecule (Figure 25). The triethylsilyl derivatie¥ adopts
crystallographic analysis of this same compound performed
%M% by the Matzger grou§* showed the molecules arranged in
the crystal in a coplanar fashion; however, the planes of the
,;)f}ﬁc ré«?’ carbon backbone of these molecules were separated by a
M%% distance (3.88 A) well outside the optimum separation (3.4
A) typically preferred for strong electronic interactiods.
66 ,é?’ These weak interactions are somewhat mitigated by several
close sulfur-sulfur contacts (3.55 A). Analysis of evaporated
films of this compound show that the molecules arrange with

their long axes perpendicular to the substrate and appear to
"’2"% "—%’ adopt in the thin films the same arrangement measured in
‘""“‘&5’ vﬂﬁa@ the single crystals. As a likely result of the significantace

separation between molecules in the crystals and films, hole
mobility measured in FET devices made fré@were low,
with the best films yielding: = 0.045 cnd/(V s).

4.3.5. Azapentacenes

Surprisingly few nitrogen-containing heteropentacenes
have been reporteéd few have been fully characterized
structurally, and fewer still have been characterized in

o ' electronic devices. Most of these compounds (Chart 10) have
Figure 25. Crystalline order of anthradithiophen&6—68 (some shown relatively low mobility, although recent results for
trialkylsilyl groups omitted for clarity). Views normal to the  ansistors fabricated amorphousilms of heteropentacenes

aromatic plane fo67 and68 show details ofr-overlap with nearest L : o
neighbor molecule(s) (CSD RefCodes MAMNUK, MAMPAS, and 70showed surprisingly high hole mobility (0.02 &V s))

68

FANGUX). and good device stabilit}f* Nuckolls and co-workers
recently performed a detailed study of the diazadihydro
a 2-D zw-stacking motif very similar to TIPS-pentacens, pentacenes71-73 (among other derivatived}> These

while the triisopropylsilyl derivativé8 adopts a 1-D, slipped-  materials are easily synthesized and purified and are readily
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Chart 10

crystallized from solution. Crystals of compouid were
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Chart 12

and poor solubility further impede their preparation, char-
acterization, and device study. Fortunately, larger het-
eroacenes do not suffer from these complications to such an
extent. Thus, one of the earliest reported high-performance
organic semiconductors was a seven-ringed dibenzothieno

subjected to X-ray crystallographic analysis, and the mol- bisbenzothiophener{, Chart 12), prepared as a mixture of
ecules were found to arrange in a herringbone fashion similarthree isomers that could not be separated by normal chemical
to pentacene. Vapor-deposited films of these molecules weremeans'®® However, careful sublimation of this compound
used in a top-contact device configuration and yielded hole during device fabrication, keeping the shutter protecting the
mobilities of 5x 107° cm?(V s) for 71 and as high as & device substrate closed until most of the material in the
1073 cn?(V s) for 72 In both cases, on/off current ratio €evaporation boat had been sublimed, led to the deposition
was ~1000. While these mobility values are not high, the of mostly77afrom the mixture. Devices made in this fashion
materials were reported to be quite stable, and the simplicity had hole mobility of 0.15 cAi(V s); without this careful
of the synthesis of these compounds gives hope that furthercontrol of sublimation conditions, the mixture of isomers is
functionalization may lead to higher-performance materials deposited, leading to low film quality and hole mobility of
or for materials for sensing applications. less than 0.03 ci(V s). The significant difference in
geometry of the three isomers o7 likely leads to different
4.3.6. Carbazole-Based Systems crystal packing arrangements for the molecules, and deposi-
Pyrrole, like thiophene, can be used in place of some of tion of the mixture of species would thus yield films with
the aromatic rings of pentacene to yield new heteropentacend®©0" morphologies for device applications.
materials. A benefit of the nitrogen heteroatom is the open :
valence available for the addition of further functional groups 2-1- Larger Heteroacenes as Models for Higher
that can extend conjugation or modify solubility. Ong and ACENes
co-workers have reported a series of N-alkyl carbazaks, The higher oxidation potential and larger HOMQUMO
76 (Chart 11) that were environmentally stable and whose gap per aromatic ring of the heteroacenes vs the carbocyclic
acenes make the former class of compounds ideal candidates
for exploring the chemistry of larger acenes. While heptacene
R 78 (Chart 13) has remained an elusive compound (both in

Chart 11

Chart 13

N 200060606
78

74: R = n-octyl S, S_ S
75: R = 4-octylphenyl BAYEYRYE
76: R = 4-methylphenyl SIS 793 S

films exhibited mobilities as high as 0.12 &ifv s) (for : , . Lo
compound’5).1% The exact nature of the nitrogen substituent ﬁééﬁ?ﬁ?:ﬁéifgfglg ufgtrtle(r:;t:rr;%gg IItSS I:/I;erl}a/ ggggﬂéfga

was shown to be critical, and the only materials exhibiting o : S
promising device performance contained groups that both ;olubll|zed versions can be easily isolated and character

111 i i i i i
extended conjugation (aryl rings) and contained alkyl groups l:zjr?]bodr?ggesjgg Ethgewﬁlr %ﬁ)l?)woann cgp;?ég?rgﬁl(')% r(')?gt]ﬁe'n
to direct the molecules’ self-assembly. The authors explored : c .

. o properties of the fully carbocyclic higher acenes and will
:ng (zfcfj?j(i:tti ch gjfrtﬂg{ogg]: tgrgilg: t;gntr?; tgtrajerisnéssteg;sﬂt])g yield insight into functionality required to stabilize these
aromatic core, but these additions did not improve device reactive systems.

performance?’ 5.1.1. Higher Acenedithiophenes

: Acenedithiophenes are attractive targets as models of
5. Higher Heteroacenes higher acenes because of the unperturbed acene core present
Fused aromatic compounds with more than five rings pose in these systems: increasing the length of acenedithiophene

a daunting synthetic challendf&and their usual low stability ~ requires increasing the length of this acene core, leading to
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Figure 26. Structure and crystallographic packing of functionalized tetradithiopB&nshowing degree of-face overlap (alkyl groups
on Si removed for clarity) (CSD RefCode FANHAE).

Scheme 6. Synthesis of Six-Ringed and Seven-Ringed Heteroacenes&D
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2) SnClz / H30+

a rapid evolution of electronic properties. Acenedithiophenes (as would be expected comparing the diameter of the Si
with five linearly-fused rings are also a proven class of group to the length of the acene).
organic semiconductor, which adds additional motivationto  analysis of the heteroheptacene derivati8é proved

the study of higher homologues of this system. difficult; NMR spectroscopic characterization showed sig-
Using a well-known homologation reaction on thiophene nificantly less symmetry than was expected for such a simple
2,3-dicarboxaldehyde (Scheme &),the syn- and anti- molecule. X-ray crystallographic analysis of the green

mixtures of tetradithiophene and pentadithiophene quinonescrystals revealed that the material isolated was actually the
were prepared in a straightforward manner. Application of product of a Diels-Alder reaction between one heterohep-
a simple ethynylation strategy led to soluble heteroacenestacene ring and the alkyne of another substituted heterohep-
containing six and seven linearly fused rifgs. tacene (Figure 27).

The tetradithiophen80 was isolated by chromatography BecauseB1 still contained an intact heteroheptacene ring
on silica gel (to remov@1 and 68 that also formed in the  system, it was postulated that a stable heteroheptacene could
reaction) as a blue crystalline solid. The material was be isolated by simply preventing the Diel8lder side
relatively soluble in halogenated or aromatic solvents, was reaction. By an increase of the size of the alkyne substituent
environmentally stable, and had an oxidation potential of 0.72 to tri(tert-butylsilyl), the dienophile capability of the alkyne
V (vs SCE). Crystallographic analysis (Figure 26) showed was sufficiently reducéd* that derivative 82 could be
that the material adopted a 1sDstacked order in the solid isolated as a green solid that was stable and soluble enough
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coverage by the solution-deposited film (likely because this
derivative adopts a one-dimensiomaktacked arrangement

in the crystal)t'® Despite the low thin-film mobility, this
compound has been used as the electron-donating layer of
an all solution-deposited solar cell (with the fullerene
derivative PCBM as the electron-accepting layéf\which

is only possible because of the extremely slow reaction
between acenedithiophenes and fulleréfdéghe use of
pentadithiophene82 in organic electronic devices was
hampered by it slow solubility and poor film stability.

Figure 27. Diels—Alder dimer of pentadithiophen8l (alkyl . . .

grgups on Si omitted for clarity) (CgD RefCodF()e FANGE)R))./ 5.2. ngher Acenes: Functionalized Hexacenes

to be fully characterized. Compou®@ hasAmax = 762 nm and Heptacenes

and an oxidation potential of 0.61 V vs SCE. Crystals grown  The study of the larger acenedithiophenes shed significant

from CS were subjected to crystallographic analysis, which light on the parameters required for the successful function-

both confirmed the structure and revealed that this large alization of higher acenes. When it was observed that the

heteroacene adopts a familiar 1-D slipped-stack arrangementthynylation of hexacenequinone with triisopropylsilyl acety-

in the solid state (Figure 28). lene led to a fleetingly stable derivative, it was assumed that
The performance of tetradithiophe®® in field-effect a Diels—Alder reaction similar to that seen in penta-

transistors was poou(= 3 x 107%), due to poor surface dithiopheneB1was occurring, leading to the adoption of the

casgy

Figure 28. Structure and crystallographic packing of functionalized pentadithiop@2nghowing degree of-face overlap (alkyl groups
on Si removed for clarity) (CSD RefCode FANGIL).

Figure 29. Structure and crystal packing of hexacé#g(top) and heptacen®6 (bottom). Crystallographic data for these compounds are
available for download free of charge as the Supporting Information for ref 118 at http:/pubs.acs.org.
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Scheme 7. Synthesis of Functionalized Hexacene and
Heptacene

COOCG

in organic crystals and films come to light, researchers are
beginning to focus on further tuning the properties of these
semiconductors to improve other device-critical parameters
such as solubility, stability, or interfacial issues, to maximize

1) FPrgSICCLIi their performance in devices. New generations of materials

2) SnClp / Hy0* ' exhibit many performance parameters that rival those of
| SRz traditional, amorphous inorganic semiconductor materials
SiRs (such as thin-film mobilities in excess of 3 éfvis), and the
near-infinite “tunability” of organic materials is now making
o them attractive targets for commercial applications.
OOO‘OOO 1) R3SiCCLi -
X 2)SnCla/ HsO [ 7. Acknowledgments
85: R = tButyl
SiRs ~ 86: R =SiMes We are grateful to the Office of Naval Research and the

Defense Advanced Research Projects Agency for their

bulkier tri(tert-butylsilyl) group for the synthesis 084
(Scheme 7}!® Hexacene84 is a stable, soluble, easily

support.

chromatographed deep green material that crystallizes readilyg References and Notes

from toluene. This derivative of hexacene is stable *dr
year in the crystalline state and for several weeks in solution
provided air and light are excluded. Hexace8®ehas an
oxidation potential of 0.66 V (vs SCE), yielding a better
match with the work function of gold electrodes than the
silylethyne-functionalized pentacene derivatives suchias
Crystallographic analysis (Figure 29) shows Bépossesses

an essentially planar aromatic backbone (although the alkynes
are severely distorted from the packing) and that the molecule
adopts a 2-Ds-stacked arrangement similar to TIPS-
pentacenel3, an arrangement shown to be very favorable
for the fabrication of high-mobility devices.

The isolation of a characterizable heptacene derivative
required the use of an even bulkier substituent on the alkyne.
Even with the extraordinarily bulky tris(trimethylsilyl)silyl
group pendant to the heptacene framew86kis only stable
in the crystalline state for a period of a few weeks. Heptacene
86 was sufficiently soluble for complete characterization by
proton and carbon NMR spectroscopy, as well as—ié
spectroscopy and cyclic voltammetry (showing an oxidation
potential of 0.47 V vs SCE andlhax of 855 nm). The pale
yellow-green crystals 86 were subjected to X-ray crystal-
lographic analysis, which along with confirming the hepta-
cene structure, showed a planar aromatic backbone adopting
a 1-D z-stacking arrangement (Figure 29).

6. Conclusions

For applications involving charge transport through organic
films, precise control of molecular ordering in the solid state
is crucial. The ability to functionalize acenes to control the
general type of interaction occurring in the crystal (her-
ringbone vssr-stacking) is a critical aspect for improving
the performance of organic semiconductors, and detailed
structure-property relationship studies described in this
review are bringing to light the precise types of interactions
most beneficial to device applications. Across a wide variety
of derivatives, it was shown that materials with extensive
face-to-face interactions generally exhibited hole mobilities
superior to those systems with strictly edge-to-face interac-
tions. Furthermore while one-dimensiomaktacking interac-
tions are present in systems with very high single-crystal
mobilities (e.g., rubrene), materials with two-dimensional
interactions, whether these interactions are of a face-to-face
(TIPS-pentacend3) or edge-to-face (e.g., pentaceBa)
nature, yield the highest-performance thin-film devices. As
the general parameters required for efficient charge transport
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