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diameter and length of the nanotubes were obtained from about a
hundred nanotubes in twenty transmission electron microscopy
(TEM) images. The fNTs were characterized with a Jeol JEM-2010
TEM operating at 200 keV and a fluorescence spectrometer.

Loading Plasmid DNA into the Silica Nanotubes: The plasmid
DNA encoding green fluorescence protein (GFP) (8 ug, Clontech)
was added to the transparent nanotube (tNT) or fNT solution
(200 uL) and mixed by rocking for 24 h at 4 °C. Unbound DNA was
removed by washing with water several times. Finally, a CaCl, solu-
tion (2 uL, 2 M) was added to the DNA/nanotube complex solution,
which was incubated for an additional 24 h. As a control, free DNA
(8 ug) and tNTs without loaded DNA (200 uL) were treated indepen-
dently with the CaCl, solution and incubated for 24 h under the same
conditions as the DNA/nanotube complex.

GFP-Transfection Experiments: COS-7 cells were cultured in 10 cm
dishes in Dulbecco’s Modified Eagle Medium (DMEM) with 10 % fe-
tal calf serum (FCS) in the presence of 1 % penicillin—streptomycin.
The cells were grown at 37 °C in a CO, incubator and passaged every
2-3 days. For transfection experiments, the cells were seeded on 3 cm
dishes for 24 h. The serum-containing DMEM was then removed
from the dishes and replaced by 200 uL of the DNA/fNT complex.
After 6 h, the residual DNA/fNT complex in the solution was re-
moved by washing with phosphate-buffered saline (PBS) and replaced
with fresh serum-containing DMEM. The cells were incubated con-
tinuously for 48 h. For contrast experiments, the cells were treated
with free plasmid DNA or fNTs under the same conditions. For obser-
vation, the cells were washed with PBS and observed with an epifluor-
escence or laser-scanning confocal microscope. The number of cells
was counted by flow cytometry (Partec).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT)
Assay: Different amounts of fNTs (from 100-400 pL in 50 pL inter-
vals) were added to COS-7 cells. After 48 h incubation, the MTT as-
say (Acros) was performed as described by the manufacturer. In brief,
the serum-containing medium was replaced by the MTT solution
(200 uL). After incubation in the MTT solution for 4 h, the cells were
collected by centrifugation and treated with dimethyl sulfoxide
(500 uL). The optical density at 570 nm was measured with a spec-
trometer (Bio-TEK).
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Self-Assembly and Electronics of
Dipolar Linear Acenes**

By Qian Miao, Michael Lefenfeld,
Thuc-Quyen Nguyen, Theo Siegrist, Christian Kloc,
and Colin Nuckolls*

Detailed below is an exploratory study into the synthesis,
self-assembly, and electronics of new linear acenes (Fig. 1,
compounds 1 and 2) that are end-functionalized with a 1,4-
quinone moiety. These molecules are unique because they
have a static dipole moment incorporated into the well-known
organic semiconductor skeleton of pentacene. Organic tran-
sistors'"?! are projected to be an integral portion of new light-
weight, flexible, and inexpensive plastic electronics.’! Here
we show the utility of donor-acceptor-mediated self-assembly
in thin-film transistors and emphasize how important it is to
control the balance between the molecule-molecule and mol-
ecule-substrate interactions. The created acenes (Fig. 1a)
form antiparallel co-facial stacks with aromatic planes closer
than the m—n distance in graphite by approximately 0.1 A. In
thin films, atomic force microscopy (AFM) shows that the
molecules assemble into lamellae with the molecular long axis
upright. Tailoring the self-assembly of these lamellae on the
gate-dielectric surface!*! provides long-lived devices for this
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new class of dipolar organic semiconductors with useful field-
effect mobilities (>5x 1072 cm*V™'s™ for 1) and high ON/
OFF-current ratios (> 10°).

Even though pentacene is one of the most electrically well-
characterized of all organic-semiconductor materials, the
number of linear-acene derivatives that have been synthesized
and tested in transistors is small.’) No derivatives of the
longer acenes (e.g., hexacene) have been tested in organic
field- effect transistor (OFET) applications. Remarkably, the
hexacene quinone 1 can be quite easily synthesized in two
steps from commercially available materials as shown in
Scheme 1. The first step utilizes a reaction found by Lepage
and co-workers, where 2,5-dimethoxytetrahydrofuran is
condensed with 1,2-benzene dialdehyde.[7] The stoichiometry
controls whether naphthalene-, anthracene-, or tetracene-dial-

CHU } CHy (b} hexacene
» qumone
Cl ICI CI I‘U

Scheme 1. Synthesis of 1. a) Acetic acid, H20, piperidine, reflux [7].
b) p-Toluenesulfonic acid, reflux.

dehyde is produced. The previously unknown hexacene qui-
nones can be conveniently synthesized by a second condensa-
tion of the tetracene dialdehyde with a 1,4-hydroquinone.!®!
This method is general and has produced a number of hexa-
cene and pentacene derivatives, such as the pentacene qui-
none 2 and the internal-hexacene quinone 3 (Fig. 1a).

Devices were fabricated””! by first growing films using vacu-
um sublimation onto a silicon wafer, and then depositing gold
source and drain electrodes through a metal mask. The device
output is shown in Figure 2 for 1. Compounds 2 and 3 are
also p-type, hole-transporting semiconductors.”'” Given the
strong electron-withdrawing nature of the quinone, it is re-
markable that these materials are able to function as hole-
transporting materials. The devices showed good stability and
showed no apparent degradation in performance when tested
periodically over the course of a few days.
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Figure 2. Transistor output for a top-contact device [10]. The channel
length (L) and width (W) are 50 um and 2 mm, respectively. The red
crosses correspond to the device on SiO, and the green circles corre-
spond to an OTS-coated SiO, dielectric layer. a) Plots of the source—drain
current (Ip) versus the gate voltage Vi at a fixed drain voltage (-20 V).
The ordinate is a logarithmic scale. b) Plots of the square root of the
drain current versus the gate voltage at a fixed drain voltage (-20 V).

As shown in the current-voltage curves in Figure 2, there is
a significant difference in the devices with the two dielectric
surfaces. When the devices had clean but unfunctionalized
SiO, as the dielectric layer (Fig. 2), the device characteristics

b) i % : @ 3 |

drain

Figure 1. a) Structure of 2,3-dimethyl-1,4-hexacene-quinone (1), 2,3-dimethyl-1,4-pentacene-quinone (2), and 5,16-hexacene-quinone (3). b) Thin-film

transistor structure highlighting the head-to-tail organization of 1.
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were poor. When a hydrophobic octadecyltrichlorosilane
(OTS) monolayer®!! was installed on the silicon oxide, the
source—drain current was over 200-times greater. While both
pentacene and tetracene show some enhancements on sila-
nized silicon oxide, the amounts that they increased were
modest, with less than ten-times improvement.[lzl We
hypothesize that such a huge effect is seen for 1 due to the
quinones being highly polar relative to the molecules tradi-
tionally!' ™ used in OFETs. (Other polar organic semiconduc-
tors can be found in the literature.!'&1-13])

Therefore, these molecules assemble very poorly on a polar
gate-dielectric surface like SiO,. Although the overall current
levels for 2 and 3! were lower, they also had enhancements
on the OTS-treated silicon oxide.'")

In order to compare the effective field-effect mobilities for
the assemblies of 1 on the two different gate-dielectric materi-
als, the capacitance of the dielectric films was measured!""
and found to be essentially the same for both the bare 100 nm
SiO, (33 nFem™) and OTS substrates (30 nFcem™). These
values are in good agreement with the calculated values for a
100 nm SiO, substrate (34.5 nF cm™)." From the saturation
regime of the data in Figure 2b and the capacitance measured
above, the lower limit!"™ on the saturation field-effect mobil-
ity for 1 was found to be 5.2x 1072 cm*V~'s™ when OTS was
used (see Appendix). The ratio of the “ON” and “OFF” cur-
rent levels was high (>10°).'! Considering that these are the
initial experiments on this class of compounds and there was
no special optimization of the evaporation procedure, device
geometry, or purity, these values are good. When the silicon
oxide dielectric layer is used, the mobility for 1 is
2.5%x10* em®V's™, which is lower than the device with the
OTS substrate by a factor of 200 (see Appendix).

To better understand the assembly of these quinones, crys-
tals of 1, 2, and 3 were grown using physical vapor transport
crystallization.[”] Crystals of 2 were suitable for single-crystal
X-ray diffraction. The top and side views of the structure re-
veal a head-to-tail, co-facial stack, as shown in Figure 3.0181
Analysis of the structure shown in Figure 3a shows that the
aromatic planes are very closely spaced (<3.25 A). This is
closer than the interplanar distance in graphite sheets
(335 A) and likely a reflection of electrostatic self-comple-
mentarity in the m-surface of 2, where an electron-rich acene
portion stacks over an electron-poor quinoid portion. This
mode of association forms one-dimensional columns. This
head-to-tail arrangement for terminal quinones likely will be
mimicked in 1 because it is seen in other quinones™! and con-
sistent with the model of Hunter and Sanders.””! The magenta
arrows in Figure 3b highlight interactions between the stacks
where the carbonyls on the quinone come in close contact
(C-O distance of approximately 2.8 A) with two hydrogens in
neighboring columns. This interaction provides the registra-
tion between neighboring columns.

X-ray diffraction from films of 1 (approximately 100 nm
thick) on either silicon oxide or OTS-treated silicon oxide
showed a lone diffraction peak at ca. 18.7-19.0 A and peaks
derived from this main peak up to the sixth order. This spac-
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Figure 3. Views of the columnar crystal structure: a) side view, showing
the m-stacking; b) top view, looking down the columnar axis; the magen-
ta arrows show close contacts between columns.

ing is longer than the calculated length of 1, but is similar to
the expected length from models (approximately 19.0 A)
when it is stacked head-to-tail as in Figure 1b.”!) This indi-
cates that the molecules in these films are organized in layers,
with the long axis of the molecule being upright and the direc-
tion of m-stacking being parallel to the surface. Head-to-tail
upright stacking is also supported by the morphology seen in
the AFM images and the synchrotron X-ray reflectivity ex-
periments outlined below.

Support for this m-stacked arrangement can be seen in the
UV-vis spectra of 1 and 2, shown in Figure 4. The longest
wavelength transition in the UV-vis spectrum for 2 occurs at
approximately 509 nm for the dimethyl pentacene quinone 2
in tetrahydrofuran (THF) solution (Fig. 4). This absorbance is
red-shifted in films to 551 nm. Although 1 is not soluble
enough to provide a UV-vis spectrum in solution, its films also
exhibited shifted absorbances (at 680 nm) compared to the
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Figure 4. UV-vis spectrum of 1 and 2. Left axis is for the UV-vis absor-
bance from films (approx. 40 nm thick on quartz) for 1 (red trace) and 2
(blue trace). The right axis is for the absorbance from THF solution (con-
centration ¢=3.9x10° M, path length L=1cm) for 2 (dashed blue
trace).
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calculated values for the long-wavelength absorbance maxima
of 1,4-hexacene quinone."” These red-shifted absorbances re-
sult from delocalization of the excited state due to m-stacking.

To further investigate the self-organization of 1 on the OTS
gate-dielectric surface, AFM measurements were made on
films of varying thickness from sub-monolayer coverage to
ca. 40 nm in thickness on OTS-treated silicon oxide.”’ AFM
images of the thicker films (approximately 40 nm) of 1 show a
layer-by-layer organization that produces terraced grains,
shown in the representative micrograph in Figure 5a. The
height of the lamellae are approximately 2.2 nm, similar to
the lamellar spacing inferred from the thin-film X-ray diffrac-
tion experiments outlined above.

For thin films on OTS intended to be around one mono-
layer in height, the morphology shows a nearly complete ini-
tial layer of acenes covering the surface (Fig. 5b). Just as with
the thicker films, the height of the layers is approximately
2.2 nm, indicating that the molecular long axis is upright in
these initial layers. The monolayers form an interconnected
network with no obvious crystalline facets. This morphology
is distinct from the dendritic structures seen for linear acenes
grown in thin films. (Pentacene and other acenes form a two-
dimensional dendritic structure where the molecules are up-
right in the layer.!*l)

After the first monolayer is deposited, the material con-
tinues to grow additional lamellae. Bilayer and trilayer re-
gions are beginning to form in the image shown in Figure 5b.

To compare the morphology for films of 1 grown on SiO,
and OTS-coated SiO,, films of varying thickness were grown
side-by-side in the same evaporation experiment.[g’“] For the
thick films, the morphology shown in Figure 5a was essen-
tially indistinguishable no matter which substrate was used.
For the thin films of 1 shown in Figures 6a,b, again formed
side-by-side, the morphology is very different. On bare silicon
oxide, compound 1 forms small granular objects, while on

height
scale

o 0.25 0. 50 0.75 1.00

OTS compound 1 forms the interconnected layers described
above.

Synchrotron X-ray reflectivity measurements for thin films
on either SiO, or OTS-coated SiO, qualitatively showed the
same features as the AFM experiments. For monolayer cover-
age on silicon oxide, the films showed several relatively broad
Bragg reflections indicating that the film was multiphasic. On
the hydrophobic OTS surface, there was a singular and rela-
tively sharp Bragg reflection at 2.0 nm. As the films were
made thicker, up to about 7 nm, the position of this reflection
on the OTS-coated surface remained constant. The implica-
tion is that the organization of the semiconductor at the gate-
dielectric interface, when OTS is used, is similar to the bulk
organization. Moreover, the Bragg spacing is longer than the
calculated molecular length but consistent with the m-stacked
assembly revealed in the crystal structure and depicted in Fig-
ure 1b. These reflectivity data, along with the bulk X-ray dif-
fraction, AFM, and UV-vis measurements presented above,
support the m-stacked, head-to-tail configurations depicted in
Figure 1b.

The differences in the interfacial organization on the differ-
ent substrates may arise from both the silicon oxide substrate
and the quinone being polar. This similarity of the polarities
slows the rate of surface diffusion (i.e., lateral growth) relative
to the rate of vertical growth, and thereby creates numerous
nucleation sites, defects, and imperfections in the initial mo-
lecular layers on SiO,. When the surface is capped with the
non-polar OTS group, the first layer of 1 is able to diffuse,
self-assemble, and organize into a well-connected, compact
monolayer.

The experiments above put forth a new class of dipolar line-
ar acenes that self-assemble to form close-packed, co-facially
stacked columnar superstructures. The molecule is self-com-
plementary, having electron-rich and electron-poor segments,
and forms an antiparallel association in the solid state. The
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Figure 5. AFM images of thermally evaporated films on a substrate that was held at approx. 100°C: a) T umx 1 um scan of 1 on OTS-treated silicon
oxide with a roughly 40 nm thick film, showing molecular terraces. b) 1 umx1 um AFM scan of 1 on OTS-treated silicon oxide showing monolayers,

bilayers, and trilayers.
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field-effect mobilities and ON/OFF ratios are in a range that
could be useful in plastic electronic devices. More broadly,
these dipolar molecular semiconductors provide an untested
route to “self-wiring” of organic electronic components by
using electric fields to direct the assembly of electroactive
molecules.

Experimental

Wafer Cleaning and Octadecyltrichlorosilane (OTS) Functionaliza-
tion and Transistor Fabrication: Electrical measurements were per-
formed on a highly n-type doped (<0.005 € cm) Si wafer, used as a
shared common gate, for the quinone semiconductor thin films. Top-
contact geometry was used in the transistor devices. A 100 nm or
300 nm thick, thermally grown SiO, layer served as the gate dielectric.
Two surface treatments of the SiO, were performed before vacuum
sublimation of the semiconductor film: a) for bare SiO,, exposure to
an oxidative plasma, and b) for OTS-coated SiO,, a 10 min sonication
in acetone, followed by a 70:30 (vol./vol.) H,SO4/H,0, (piranha) etch
for 1 h at 100°C, then a 1:1:5 NH3yH,O/H,O,/deionized water wash
for 20 min at 70 °C, and finally a soak in a 25 mM solution of OTS in
toluene at 28 °C for 1 h. The dielectric surface was characterized using
water-contact-angle measurements, which were <5° after cleaning
and >105° after OTS-monolayer formation. The semiconductor thin
films were vacuum-deposited by an Edwards Auto 306 vacuum coater
with the turbomolecular pump set to a pressure of 2.0x 10 Pa or
lower, with a deposition rate of ca. 1 As™ to the desired thickness.
Different substrate temperatures for deposition were achieved using a
radiant heater with a reflector, with the temperature being measured
with a thermocouple. The drain and source electrodes were vacuum-
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Figure 6. AFM cross-sectional height image
(2 wm x 2 um scan) of a) a bare SiO, substrate
with a submonolayer of 1 and b) an OTS-treat-
ed SiO; substrate with a submonolayer of 1.

deposited through a shadow mask, and the resulting semiconducting
channels were 50 um long and 2 mm wide. Thin-film transistor char-
acterization was carried out at room temperature in ambient atmo-
sphere using a Keithley 4200-SCS semiconductor parameter analyzer.
Atomic Force Microscopy (AFM) Measurements: Topographic im-
ages were obtained using a Nanoscope 111a/Bioscope Scanning Probe
Microscope from Digital Instruments. Etched silicon tips with a typi-
cal spring constant of 1-5 Nm™ and a resonant frequency of 50—
80 kHz (NanoSensors) were used. All AFM images were collected
using tapping mode and in air under ambient conditions. The topo-
graphic images were collected from multiple samples, and for each
sample, ten or more regions were scanned to ensure reproducibility.

Appendix

The mobility was calculated [1a] in the saturation region of the I-V
curves in Figure 2b using

In=(WC2L)[use(Vo - V1)l @)

where Ip is the source—drain current, g is the field-effect mobility,
Vg is the gate voltage, and Vr is the threshold voltage. The channel
length (L) and width (W) are 50 um and 2 mm, respectively. The
capacitances of the gate dielectric layer (C;) are 11.3 nFecm™ and
30 nFem™ for 300 nm and 100 nm thick OTS-treated silicon oxide
layers, respectively, while the capacitances are 11.5 nFem™ and
33 nFem™ for 300 nm thick and 100 nm thick silicon oxide layers,
respectively.
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