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Discotic Mesogen — DNA Complex Films at Interfaces

K. A. Suresh! and Alpana Nayak?
!Centre for Liquid Crystal Research, Jalahalli, Bangalore, India
2Raman Research Institute, Sadashivanagar, Bangalore, India

In this article, we review our studies on discotic mesogen — DNA complex films at
interfaces. Discotic molecules are known to form highly anisotropic structures at
the air-water (A-W) interface. We have studied films of a novel ionic discotic meso-
genic molecule, pyridinium salt tethered with hexaalkoxytriphenylene (PyTp) and
its complex with DNA (PyTp-DNA) at A-W and air-solid interfaces. The PyTp
monolayer was formed on the aqueous subphase containing small amount of
DNA. The electrostatic interaction between PyTp and DNA molecules results in
a PyTp-DNA complex monolayer. Compared to the pure PyTp monolayer, the
PyTp-DNA complex monolayer exhibits higher collapse pressure and lower limit-
ing area. Surface manometry and Brewster angle microscope studies of the
PyTp-DNA complex monolayer film indicate the molecules to be in the edge-on con-
figuration. With increase in surface pressure, the complex monolayer undergoes a
transition from a loosely packed monolayer phase to a compactly packed mono-
layer phase. The PyTp-DNA complex films on silicon wafers were prepared using
Langmuir-Blodgett (LB) technique. We find that several tens of layers of
PyTp-DNA complex monolayer can be transferred with good efficiency. We have
carried out nanoscale electrical conductivity measurements for the pure PyTp
and PyTp-DNA complex LB films using current sensing atomic force microscope.
We have studied the current-voltage (I-V) characteristics for the metal-LB
film-metal junction and our analysis shows that the I-V curves followed the
Fowler-Nordheim tunneling model.

Keywords: current-sensing AFM; Langmuir-Blodgett films; mesogen — DNA complex;
nanoscale electrical conductivity
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I. INTRODUCTION

The thin films of discotic mesogenic molecules (discogens) have
technological applications in the fabrication of gas sensors, field-effect
transistors, photovoltaic solar cells and light emitting diodes [1]. As
compared to the conventional discogens, ionic discogens differ signifi-
cantly as they combine the properties of liquid crystals and ionic
liquids. This makes them promising candidates to design anisotropic
ion conductive materials because of the anisotropic structural organi-
zation and the presence of ions as charge carriers [2]. Discotic
molecules can self-assemble into one-dimensional columnar super-
structures due to the overlapping of the IT-orbitals of adjacent mole-
cules and can arrange in a two-dimensional lattice at the air—-water
(A-W) interface, thereby forming stable Langmuir monolayers [3].
These thin films need to be transferred to solid supports for practical
applications, and employing Langmuir-Blodgett (LB) technique is an
efficient method to obtain highly ordered layers over large areas [4].

In recent years, the interaction of DNA with molecules in a mono-
layer at A-W interface has received considerable attention, with a view
to understand templated supramolecular organization as well as the
transfer of DNA across biological bilayer membranes [5-7]. A variety
of cationic surfactants, such as linear and branched polymer, glycopep-
tides, and dendrimers, as well as lipid membranes, have been shown to
be capable of complexing with DNA [8,9]. Langmuir-Blodgett (LB)
films are useful for immobilization of nucleic acids (DNA, polynucleo-
tides) on solid supports in the designing of nucleic acid-based biosen-
sors [10]. The immobilization of DNA molecules on a solid substrate
by means of electrostatic interactions has a clear advantage, as com-
pared with chemical bonding. Although there have been many studies
on the formation of DNA-cationic lipid complexes, there have been no
reports on the interaction of DNA with cationic discotic molecules at
the A-W interface. Recently, Cui et al. reported DNA complexes with
cationic discotic surfactants in the bulk [11]. The interaction of DNA
with a discotic surfactant in the bulk is different from such an interac-
tion at the A-W interface.

Discotic mesogenic molecules possess unique molecular electronic
properties, like two-dimensional delocalizations of electrons, which
are not observed in linear oligomers and polymers [12]. In addition,
these molecular electronic properties are amplified at the supramole-
cular level due to the extended interactions between I1-systems. There-
fore, discogens are a truly new generation of organic semiconductors
[1]. In addition, the DNA molecule has drawn lot of attention in
nanoelectronic devices due to its intrinsic electronic properties. The
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charge-transfer reactions and conductivity measurements show a
large variety of possible electronic behavior [13]. Since both DNA
and discogens have their own intrinsic electronic properties, complex-
ing DNA with cationic discogen molecules is a novel approach for
developing advanced materials with interesting electronic properties.
To study electron conduction at molecular level, scanning probe tech-
niques (scanning tunneling microscope (STM) and current sensing
atomic force microscope (CS-AFM)) are the most suitable methods
[14,15]. CS-AFM provides an attractive approach to electrically
contacting monolayer films under controlled load and the formation
of metal-molecule-metal junction. Additionally, in CS-AFM, the
images of topography and current are simultaneously obtained,
enabling direct correlation of local topography with electrical proper-
ties at nanoscale. The conventional CS-AFM operates in contact
mode. For soft systems, the damage due to lateral shear forces in con-
tact mode imaging is an important issue. However, for systems like
self assembled monolayer and polymers, the contact mode can still
be used [16].

In this article, we review our studies on the films of a cationic
discogen, pyridinium salt tethered with hexaalkoxytriphenylene
(PyTp) and its complex with DNA (PyTp-DNA) at both A-W and
air-solid (A-S) interfaces [17,18]. We find that, at A-W interface, the
PyTp-DNA complex monolayer exhibits a higher collapse pressure,
compared to the pure PyTp monolayer, indicating better stability.
Using LB technique, we have transferred these films onto solid sub-
strates. We find that the formation of the DNA complex enhanced
the transfer efficiency over several tens of layers. The efficiency of
the PyTp-DNA complex to form multilayers on a substrate can find
application in devices such as thin film transistors and nucleic acid
based biosensors [10,19]. Our AFM studies show that the PyTp-DNA
complex films transferred onto silicon wafers are quite compact. In
addition, the electrical conductivity measurements at nanoscale were
performed on the LB films of both pure PyTp and PyTp-DNA complex
employing CS-AFM. Our measurements show that the conductivity of
PyTp-DNA complex film is much less compared to the pure PyTp film
[20]. The ability to rationally design molecular electronic components
hinges on a fundamental understanding of the charge transport
mechanism in metal-molecule-metal junctions. To this end, we look
for a possible mechanism for electron transport at nanoscale in such
a system. The analysis of the current-voltage (I-V) curves suggests
that the electron transport mechanism in our system follows the
Fowler-Nordheim tunneling model.
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Il. EXPERIMENT

The material PyTp was synthesized by Sandeep Kumar and Santanu
K. Pal [21]. The thermotropic liquid crystalline properties of this mate-
rial were investigated by polarizing optical microscopy and differential
scanning calorimetry.

The surface manometry experiments were carried out using a
NIMA 611M trough. The subphase used was ultrapure deionized
water (pH 5.8) obtained from Millipore Milli-Q system. The surface
pressure (n)-area per molecule (A,,) isotherms were obtained by sym-
metric compression of the barriers with a constant compression rate
of 0.103 nm?/molecule/min. The surface pressure (1) was measured
using the standard Wilhelmy plate technique. For complexation with
DNA, sodium salt of DNA (Sigma) was dissolved in the ultrapure
water subphase. This is a double-stranded DNA from Salmon testes
with approximate molecular weight of 1.3 x 10 (~2000bp). The
n-A, isotherm for the complex monolayer was obtained by spreading
the stock solution of PyTp on the subphase containing DNA at various
concentrations. A Brewster angle microscope (BAM), MiniBAM (NFT,
Nanotech, Germany) was employed to observe the films at the A-W
interface. LB technique was employed to transfer various layers of
the films onto hydrophilic and hydrophobic substrates at different
target surface pressures (ny) with a dipping speed of 2mm/min. To
obtain hydrophilic surfaces, the polished silicon wafers were treated
for about 5min in hot piranha solution (mixture of concentrated
H,S0O4 and H505 in 3:1 ratio) which were then rinsed in ultrapure
deionized water and later dried. For hydrophobic surfaces, clean
silicon substrates were dipped in hexamethyldisilazane (HMDS) for
12 hours and then rinsed with HPLC grade chloroform. Horizontal
transfer technique was used to obtain films on substrates at low .

The atomic force microscope (AFM) studies on these LB films were
performed using model PicoPlus (Molecular Imaging). The topography
of the films were obtained in the AC mode AFM using silicon tips with
spring constant of 21 N/m and resonance frequency 250 kHz (Nano-
sensors, USA). To obtain the thickness, the films were scratched with
the same tip in contact mode. The topography of the scratched region
was imaged in the AC mode.

For electrical conductivity measurements, we have formed the films
on gold coated mica substrate. These substrates were very clean and
hence just rinsed with HPLC grade chloroform before film deposition.
The conductivity measurements were carried out using a contact mode
CS-AFM. We have used platinum coated silicon cantilevers having
spring constant in the range of 0.02 to 0.8 N/m, tip radius ~30nm
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and resonance frequency in the range of 5 to 25kHz for CS-AFM
measurements. The conductive tip behaves effectively as a metal
electrode with an area mainly determined by the tip-sample contact
region. With the tip at virtual ground, a selectable bias voltage was
applied between the tip and sample. A preamplifier, with a sensitivity
of 1nA/Volt and operational range from 1 pA to 10nA was used. In our
CS-AFM apparatus, the rms noise level was 2 pA and hence any signal
above this was detectable. The deflection of the cantilever was moni-
tored and kept constant to maintain a constant force between the tip
and sample, and simultaneous topographic and current images were
generated. During I-V measurements, the feedback loop was enabled,
meaning that the force applied by the cantilever was held constant. In
addition, after every I-V measurements, we have scanned the same
region of the film to confirm that the film was not damaged.

lll. RESULTS AND DISCUSSION

The material PyTp exhibits the following liquid crystal phase
sequence: solid (S) — columnar phase (Col); 83.7°C, Col — isotropic;
95°C. On cooling, the columnar mesophase appeared at 92°C and
remained stable down to room temperature [20].

Surface Manometry

The =n-A,, isotherms for the PyTp molecule with different molar
concentrations of DNA in the subphase are shown in Figure 1. The iso-
therm for pure PyTp (which is formed on ultra pure deionized water
subphase) shows a gradual rise in 7 up to 9 mN/m followed by a sharp
rise and finally collapses at a = of about 44 mN/m. The limiting area
per molecule (A,) values obtained by extrapolation to zero surface
pressure were 1.15nm?/molecule at the steep increasing region and
3.1nm? /molecule at the gradual increasing region respectively.
Figure 2 shows the molecular structure of PyTp according to standard
bond lengths and angles. The computed surface area of the aromatic
core is equal to 0.785 nm?. The surface area occupied by the molecule
increases to 4.5nm? if the extended peripheral hydrocarbon tails are
included. The observed A, values for the first transformation suggest
an expanded phase, whereas for the second transformation, the
observed A, values suggest a condensed phase. The nature of the
isotherm of the PyTp monolayer changes with the addition of DNA
in the subphase. We find that, the collapse pressure increases and
the A, value of the isotherm decreases with the increase in the
concentration of DNA in the subphase.
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FIGURE 1 Surface pressure (n)-area per molecule (A,,) isotherms for the
monolayer of PyTp-DNA complex for different concentrations of DNA in the
subphase. Reprinted with permission from reference 18. Copyright 2008
American Chemical Society.

However, beyond 10 M concentration of DNA, there was no further
change in the isotherm. The decrease in the A, value and the increase
in the collapse pressure as compared to the pure PyTp monolyer indi-
cates condensation and enhanced stability of the PyTp-DNA complex
monolayer. For the 10 M concentration, the collapse pressure was
about 58 mN/m, which is 25% higher as compared to the pure PyTp
monolayer. The isotherm exhibited a clear slope change at 0.95nm?/
molecule, indicating a phase transformation. The A, value was
1.9nm?/molecule for the first transformation and 0.9nm?/molecule
for the second transformation. Comparing with the molecular dimen-
sion, we suggest that the molecules adopt the edge-on conformation
with a value of 1.9 nm? /molecule, corresponding to an expanded phase,
and a value of 0.9nm?/molecule, corresponding to a condensed
phase. In addition, the isotherm cycles performed by compression
and expansion of the PyTp-DNA complex monolayer at the condensed
phase showed a negligible amount of hysteresis. However, if the iso-
therm cycles were performed after the complex monolayer reached
the collapsed state, an appreciable amount of hysteresis was observed,
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~1.88 nm

-~ 2.46 nm

FIGURE 2 Molecular structure of PyTp according to the standard bond
lengths and angles. The triphenylene disc area shown in dotted circle is about
0.785nm”.

and the monolayer did not exhibit reversibility on expansion. This
behavior was unlike the pure PyTp monolayer, which showed comple-
tely reversible collapse. This indicated a stable complex formation
between DNA and the cationic PyTp molecules at the A-W interface.
The rigidity of the films were calculated from the compressional
elastic modulus, |E| given by |E| = A, (dn/dAy). The |E| value charac-
terizes the nature of a monolayer’s stable phases [22]. Specifically, a
maximum value of the |E| in the range of 12.5 mN/m to 50 mN/m is
characteristic of liquid expanded phase, whereas a value between
100 and 250 mN/m is characteristic of the liquid condensed phase
[23]. The variation of |E| with A, obtained from the isotherms of pure
PyTp monolayer and PyTp-DNA complex monolayer are shown in
Figure 3. The variation of |E| with A, showed a maximum of 83 mN/m
at A,, of 0.871nm?/molecule for the pure PyTp monolayer, whereas,
the |E| value showed a maximum of 283mN/m at an A, of 0.78 nm?/
molecule for the PyTp-DNA complex monolayer. Interestingly, the
maximum |E| value attained by the complex monolayer was more than
three times the value attained by the pure PyTp monolayer, indicating
a much better packing of molecules in the complex monolayer as
compared to that of a pure PyTp monolayer. We find a sharp change
in the value of |E| at an A, of 0.95nm?/molecule for the complex
monolayer, indicating a phase transition. The phase above an A, of
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FIGURE 3 Variation of compressional elastic modulus (|E|) with area per
molecule (A,,) for the pure PyTp monolayer (dotted line) and the PyTp-DNA
complex monolayer (continuous line) with a 1078 M concentration of DNA in
the subphase. Reprinted with permission from reference 18. Copyright 2008
American Chemical Society.

0.95nm?/molecule has a much lower value of |E| as compared to the
phase below this A,,,. This suggests that the complex monolayer under-
goes a phase transition in the edge-on configuration from an expanded
phase to a condensed phase.

Brewster Angle Microscopy

The BAM images of PyTp monolayer show that the brightness
increases gradually upon compression from nearly zero surface pres-
sure (Fig. 4a). This transforms to 3D crystals (Fig. 4b) at the collapsed
state. On expansion, these crystalline domains disappeared, and the
PyTp system reverted back to the uniform intensity region indicating
a monolayer state. This observation confirms the reversibility of the
PyTp film. The BAM images of the PyTp-DNA complex monolayer
with 107®M concentration of DNA in the subphase are shown in
Figure 5. Similar to the pure PyTp monolayer, the intensity in the
BAM image of the PyTp-DNA complex film increases gradually upon
compression (Fig. 5a). But in the collapsed state, the 3D domains were
markedly different. Pure PyTp film showed small crystalline domains
filling the whole surface of water in a mesh-like texture. On the
contrary, the PyTp-DNA complex film showed long, thread-like 3D
crystals (Fig. 5b) at collapse. On expansion, these thread-like domains
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(b)

FIGURE 4 BAM images of PyTp. (a) Condensed phase (A,,=1.2nm?), (b)
collapsed state (A, = 0.7 nm?); coexistence of 3D crystals and condensed phase.
The scale bar in each image represents 500 um. Reprinted with permission
from reference 17. Copyright 2007 American Chemical Society.

continued without change, and the PyTp-DNA complex monolayer did
not revert back to its original state. These results, together with
surface manometry, indicated the stable complex formation between
the DNA molecules and the cationic discotic PyTp molecules at the
A-W interface. Here, the interaction is mainly electrostatic between
the pyridinium group of discotic mesogen and the phosphate group
of DNA, which play an important role in the formation and stability
of the complex films.

VR

(@) (b)
FIGURE 5 BAM images of PyTp-DNA complex monolayer at (a)
A, =0.85nm? and (b) A,, =0.35nm?, for DNA concentration of 10 8M in the

subphase. The scale bar in each image represents 500 um. Reprinted with
permission from reference 18. Copyright 2008 American Chemical Society.
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Atomic Force Microscopy

Topography

The AFM topography images of the PyTp monolayer transferred
at expanded phase (5mN/m) by horizontal method on a hydrophilic
silicon substrate (Fig. 6a) shows the height of the film to be about
0.7 nm with reference to the substrate. This corresponds to the thick-
ness of the molecules lying parallel to the A-S interface. When the
monolayer was transferred at the condensed phase (35 mN/m) by LB
technique (Fig. 6b), the topography shows a uniform and homogeneous
film with a height of about 2 nm with reference to the substrate. This
corresponds to the thickness of the molecules lying normal to the A-S
interface.

The n-A,, isotherm of PyTp and its |E| values indicate a phase trans-
formation from an expanded phase to a condensed phase. The A, values
obtained in the expanded phase was 3.1nm?/molecule and in the
condensed phase was 1.15nm?/molecule. Also, the AFM topography
images showed a height of about 0.7 nm for the PyTp film transferred
at expanded phase and a height of about 2nm for the PyTp film

E €
£ £
= =
> Ry
[} [9]
T T
0 0.5 1 1.5 2 0 0.5 1 1.5
Position (um) Position (um)

@ (b)

FIGURE 6 The AFM images of PyTp monolayer transferred onto hydrophilic
silicon substrates at target surface pressures; (a) 7y=5mN/m, (b) 7=
35mN/m. The respective height profiles corresponding to the white line on
the images are shown below.
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transferred at condensed phase. Comparing all these results with the
molecular dimensions (Fig. 2), we infer the molecules to have a face-on
structure at the expanded phase and an edge-on structure at the con-
densed phase. This also indicates that the structure of the Langmuir
films was maintained throughout the transfer process from the A-W
interface to the A-S interface. On the basis of these results, we repre-
sent the face-on and edge-on configuration at the A-W interface as
shown in Figure 7.

In face-on configuration, the core lies flat on the water surface and
the hydrocarbon tails (partially interdigited) extend away from the
interface. Such a configuration may be preferred if the core of the
molecule is capable of hydrogen bonding. It also maximizes the config-
uration space available to the aliphatic tails. In the edge-on configura-
tion the core lies normal to the interface with the polar end submerged
in the water and bottom most tails extending roughly parallel and
slightly away from the interface. Such a state allows the polar oxygen
to be in contact with water, while minimizing water contact with the
hydrophobic alkyl tails. This maximizes the I1-II interactions between
the conjugated cores with the molecules arranged into columns paral-
lel to the water surface, forming the 2D analogue of a columnar phase.
Josefowicz et al. have reported the edge-on columnar structure in the
LB films of triphenylene-based discotic molecules with the column
alignment predominantly along the film deposition direction [3]. How-
ever, they did not report face-on arrangement based on AFM. In our
system, the presence of highly polar pyridinium moiety together with
six oxygen atoms at the periphery of the triphenylene core have
enhanced the hydrophilicity of the molecules, thereby facilitating the
face-on configuration at large A,, values at the A-W interface.

The AFM image of the LB film of PyTp with two layers transferred
onto hydrophobic silicon substrates at 7y of 35 mN/m (Fig. 8) revealed a

(b)

FIGURE 7 Schematic representation of the molecules in (a) face-on and (b)
edge-on states at the A-W interface. Reprinted with permission from reference
17. Copyright 2007 American Chemical Society.
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FIGURE 8 AFM image of PyTp film with two layers on hydrophobic silicon
substrate at n; of 35 mN/m. The height profile corresponding to the white line
on the image is shown below. Reprinted with permission from reference 17.
Copyright 2007 American Chemical Society.

morphology with narrow rectangular voids elongated in the film
deposition direction. The height profile yields a value of about
4.2nm. This corresponds to the value of two layers of the molecules
in the edge-on configuration. The AFM images of the PyTp-DNA com-
plex monolayer transferred onto hydrophilic silicon substrates are
shown in Figure 9. The film transferred at a n; of 5 mN/m (Fig. 9a)
showed a height of 1.4 + 0.4 nm with reference to the substrate. Com-
paring with the molecular dimension, this value lies between the
values expected for a face-on and an edge-on configuration of mole-
cules in the film.

The film morphology depicts the heterogeneity with streak-like
features (length 200-300nm, breadth 20-30 nm). These may be due
to the DNA strands complexed with the PyTp molecules in the film.
The morphology of the film transferred at a =y of 35 mN/m (Fig. 9b)
was compact and homogeneous with some small voids. The film
showed a height of 3+ 0.2nm, which is more than the film height of
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FIGURE 9 AFM images of a monolayer of the PyTp-DNA complex film
transferred at (a) 7y=5mN/m and (b) 7,=35mN/m onto hydrophilic silicon
substrates. The respective height profiles corresponding to the white lines
on the images are shown below. Reprinted with permission from reference
18. Copyright 2008 American Chemical Society.

pure PyTp in the edge-on configuration by nearly 1nm. This extra
thickness of 1 nm can be attributed to the presence of DNA in the film.
The 7-A,, isotherm and the calculated |E| values indicated a phase
transformation from an expanded phase to a condensed phase. The
A, value obtained in the expanded phase was 1.9nm?/molecule and
in the condensed phase was 0.9nm?/molecule. Additionally, the
AFM topography images showed a height of ~1.4nm for the film
transferred at expanded phase and a height of ~3nm for the film
transferred at condensed phase. Comparing all these results with
the molecular dimension, we infer that the face-on configuration was
suppressed. The phase transition was from loosely packed molecules
in the edge-on configuration to a compactly packed edge-on configura-
tion. On the basis of these results, we have drawn the configuration of
molecules at the A-W interface in Figure 10.

Figure 11 represents AFM topography for two layers of the
PyTp-DNA complex LB film deposited at 35 mN/m on a hydrophobic
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FIGURE 10 PyTp-DNA complex monolayer shown schematically in the
edge-on configuration formed at the A-W interface. (a) Loosely packed mole-
cules (A, =1.9nm?/molecule). (b) Compactly packed molecules (A,=0.9 nm?/
molecule). Reprinted with permission from reference 18. Copyright 2008
American Chemical Society.

silicon substrate. As compared to the two layers of pure PyTp film
which had regular rectangular voids, the morphology of the
PyTp-DNA complex film with two layers was more compact, with some
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FIGURE 11 The AFM images for two layers of a PyTp-DNA complex film
transferred at 35 mN/m onto hydrophobic silicon substrate. (a) Film surface
showing circular voids. (b) Film surface showing the scratches to measure
the thickness. The respective height profiles corresponding to the white lines
on the images are shown below. Reprinted with permission from reference 18.
Copyright 2008 American Chemical Society.

circular voids (Fig. 11a) of different depth. These voids might have
developed in the film deposition process due to the drainage or eva-
poration of the entrapped water molecules within the films. To obtain
the actual film thickness, we have scratched the film using an AFM tip
in contact mode and then imaged the scratched region in tapping mode
using the same tip (Fig. 11b). The film was scratched in different direc-
tions to obtain the correct thickness of the film with better reproduci-
bility. The thickness of the film obtained by height profile across the
scratch was 5+ 0.5nm. We have studied the morphology and thick-
ness of the complex films transferred up to 20 layers. Scratching using
the AFM tips became difficult for higher layers because of a large accu-
mulation of materials at the edges. For this reason, scratching was not
performed for films with more than 20 layers, although it was possible
to transfer even 50 layers with good efficiency. The morphology of the
complex film with 20 layers (Fig. 12) showed thread-like structures
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FIGURE 12 AFM topography images for 20 layers of PyTp-DNA complex film
transferred at 35 mN/m onto hydrophobic silicon substrates. (a) Morphology of
the film surface showing DNA bundles. (b) Scratched film to measure the
thickness. The respective height profiles corresponding to the lines drawn
on the images are shown below. Reprinted with permission from reference
18. Copyright 2008 American Chemical Society.

aligned in the film deposition direction. These thread-like structures
appeared for films with more than five layers and grew in number
with increasing layers. These may be attributed to DNA bundles.
The strong I1-I1 stacking interaction between the discotic cores brings
multiple DNA strands together forming these thread-like bundles.
The typical dimensions of these bundles were ~80nm in width,
1.5-3.0 um in length, and 10-12nm in height. The notable variation
in the dimensions of these DNA bundles suggests partial coiling up
or self-folding of the DNA strands. Possible explanations for the align-
ment of these structures in the film deposition direction may be paral-
lel alignment of the DNA strands at the A-W interface and an effect
created as a result of the receding meniscus force during the transfer
process. Our observation is consistent with the reports on the orienta-
tion of DNA strands along the dipping direction of LB films [5,24]. In
the case of the pure PyTp film, it was not possible to transfer more
than two layers efficiently. Interestingly, we find that the DNA
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complexation facilitated the film deposition of several tens of layers
with high transfer efficiency. The ability to transfer several layers
gives an excellent scope for device applications such as transistors
[19]. Moreover, immobilization of nucleic acids onto solid supports by
the LB technique is a useful approach in designing nucleic acid based
biosensors [10].

Current Images

For nanoscale electrical conductivity measurements, the PyTp
monolayer film was deposited on gold coated mica substrate by LB
technique. The films were imaged by contact mode CS-AFM. By main-
taining a constant force of 4 nN between the tip and sample, simulta-
neous topographic and current images were obtained for sample bias
voltages of 1 and 2 Volts. For the sample bias voltage of 1 Volt, a
current flow in the range of 0.1 to 0.4nA was observed. The current
features were further resolved by increasing the sample bias to 2
Volts. The simultaneously acquired topography and current images
for pure PyTp monolayer film at a bias voltage of 2 Volts are shown
in Figures 13(a) and (b) respectively. At this bias voltage, a current
flow of about 1 nA was observed across the film. The inhomogeneities
observed in the current image might be due to the defects in the gold
coating on mica substrate. Similar inhomogeneities were also observed
for bare gold film coated on mica. Further, the probe works in contact
mode in our methodology. The effects of contact forces are; slight
compression of the film, changes in the contact area itself due to the
film surface roughness. These are also possible reasons for current
inhomogeneities. Such inhomogeneities in current images are also
reported in literature for organic films [16]. The PyTp-DNA complex
monolayer film formed on gold coated mica substrate was also imaged
by CS-AFM. As compared to PyTp film, the PyTp-DNA complex film
exhibited measurable conductivity only above 1 Volt sample bias.

I-V Spectroscopy

The I-V measurements were performed at various positions on both the
pure and complex films formed on gold coated mica substrates. The I-V
curves were acquired while the tip was held at a fixed position with a
force of 4nN and the applied voltage ramp was from —3 to +3 Volts with
a scan rate of 1 Hz. The metal substrate, the film and the conducting
tip form a nanoscopic metal-insulator-metal (M-I-M) junction as
shown in Figure 14. Representative I-V curves on pure film and
complex film are shown in Figures 15(a) and (b) respectively. The



Downloaded by [University of California, San Diego] at 14:19 08 August 2012

74/[1920] K. A. Suresh and A. Nayak

Height (nm)

0 0.5 1 1.5 0 0.5 1 1.5
Position (um) Position (um)

(@ (b)

FIGURE 13 CS-AFM images of the monolayer film of PyTp on gold coated
mica substrate at a sample bias of 2V and a constant force of 4 nN: (a) Topo-
graphy image showing the surface roughness. (b) Current image showing an
average current of about 1 nA across the film. Reprinted with permission from
Phys. Rev. E (http:/link.aps.org/doi/10.1103/PhysRevE.78.021606), reference
20. Copyright 2008 by the American Physical Society.

tunneling current rapidly increased above a certain threshold voltage
for both the films. For a given applied voltage, the value of current
for PyTp film was significantly larger than that for PyTp-DNA complex

CONDUCTING TIP

(oo ()

CONDUCTING SUBSTRATE

FIGURE 14 Metal-insulator-metal (M-I-M) junction drawn schematically for
a conducting AFM tip in contact with a monolayer film deposited on a conduct-
ing substrate. Reprinted with permission from Phys. Rev. E (http:/link.
aps.org/doi/10.1103/PhysRevE.78.021606), reference 20. Copyright 2008 by
the American Physical Society.
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FIGURE 15 I-V curves obtained by CS-AFM on monolayer films of (a) PyTp
and (b) PyTp-DNA complex, on gold coated mica substrates at a constant force
of 4nN. The solid circles represent forward voltage scan and the open circles
represent reverse voltage scan. Reprinted with permission from Phys. Rev. E
(http://link.aps.org/doi/10.1103/PhysRevE.78.021606), reference 20. Copyright
2008 by the American Physical Society.

film. With an applied bias of 1Volt, the average electrical currents
through PyTp and PyTp-DNA complex films were 0.2nA and 0.05nA,
respectively.

The shape of the I-V curves strongly suggests a barrier for electron
transport at the tip-sample interface. The barrier height at the inter-
face is an important parameter for electron transfer across the inter-
face. One can choose an appropriate model to describe the measured
I-V curves and to determine the barrier height between the film and
the metal substrate. We have considered two basic mechanisms for
electron transport across a potential barrier; thermionic emission
(Schottky emission) and electron tunneling. Thermionic emission can
occur when the electrons have enough energy to pass over the poten-
tial barrier [25]. In the thermionic emission model for a M-I-M junc-
tion, the derivative dI/dV decreases with increasing current. In
contrast, dI/dV increases with increasing current in the measured
I-V curves. Therefore, the nature of the I-V curves suggests that the
electron tunneling is the possible mechanism for electron transport
in our system. For interpreting electron tunneling, Fowler-Nordheim
(FN) model is widely used [26,27]. This model describes the electron
tunneling from a metal’s Fermi level over a barrier into an adjacent
material.

For a M-I-M structure, the FN tunneling current is given by the
following equation [28,29],
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where A is the effective contact area, E is the applied electric field,
¢y is the contact barrier height, and q, m*, m, and h are electron
charge, effective mass of the electron, free electron mass, and Plank
constant, respectively. If we assume E=V/d, where V is the applied
voltage, and d is the separation between the two electrodes, then

-B
_ 2 =
I1=AV exp(v> (2)
where
_ _Aarg'm (3)
87‘ch¢bd2m*
and
8o d32d \1/2
B = % = 6.83d m d)i/z (4)
3hq m

Here the units of B, d and ¢y, are Volts, nm and eV, respectively. In our
system, the separation between the two electrodes (d) is the distance
between the probe and the gold substrate. Since the tip of the probe
is located just at the surface of the LB film, d is same as the thickness
of the film [27]. The interpretation of I-V curves in CS-AFM is
straightforward as compared to STM studies due to the absence of
an additional tunneling gap between the probe and sample surface.
Figures 16(a) and 17(a) show the log-linear representation of typical
I-V curves for the pure and complex monolayer films, respectively. In
recent reports by Casuso et al. and Beebe et al., a transition from
direct tunneling to injection tunneling was observed [26,30]. The
log-linear representation of the I-V curves in these two reports clearly
indicated the transition between the two regimes. Further, it was
highlighted by Casuso et al. that the presence of two different
transport regimes made it possible to measure effective mass, m*
and effective area, A . In our system, we did not observe an indication
of a transition in the log-linear representation of the I-V characteris-
tics. Hence, it was not possible for us to determine the effective elec-
tron mass, m* and effective contact area, A.y. Consequently, the A
value (Eq. (3)) was not very useful in our case. We have used the B
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FIGURE 16 (a) Log-linear representation and (b) Fowler-Nordheim fitting to
a typical I-V curve measured for the pure PyTp monolayer film at a constant
force of 4nN. Open circles represent the experimental data and solid line
represents the fit. Reprinted with permission from Phys. Rev. E (http:/link.
aps.org/doi/10.1103/PhysRevE.78.021606), reference 20. Copyright 2008 by
the American Physical Society.

value (Eq. (4)) for extracting the barrier heights for both the pure and
complex monolayer films. For similar reasons, when it is difficult to
calculate A.g, researchers generally use B value to extract the barrier
height [25].
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FIGURE 17 (a) Log-linear representation and (b) Fowler-Nordheim fitting to
a typical I-V curve measured for the PyTp-DNA complex monolayer film at a
constant force of 4nN. Open circles represent the experimental data and solid
line represents the fit. Reprinted with permission from Phys. Rev. E (http:/
link.aps.org/doi/10.1103/PhysRevE.78.021606), reference 20. Copyright 2008
by the American Physical Society.
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We have fitted the I-V data for the pure and complex monolayer
films with the FN model (Eq. (2)). Figures 16(b) and 17(b) show the
FN plot of In(I/V?) against 1/V for the pure and complex films, respec-
tively. The FN plot shows a straight line whose slope yields the
B value. The open circles represent the experimental data points
and the solid line represents the fit. We find that the I-V data for both
the films fit well with this model. It is to be noted that FN is an approx-
imation in the high voltage regime. Therefore, we have shown the fit-
ting of our data for the high voltage regime only. At lower voltages, the
system charging effect, thermal and Schottky effects become dominant
which deprives us from extracting any meaningful information at that
regime. On the basis of our analysis and within our experimental lim-
its, we find FN to be a possible mechanism for electron transport in our
system. We have obtained several I-V curves at different positions on
the films and fitted them with the FN model. The average B values
obtained from such measurements were 0.85 Volt for the pure film
and 6.6 Volts for the complex film. The film thicknesses, as determined
by scratching the films with AFM tip, were 2.2 nm for PyTp and 3.2nm
for PyTp-DNA complex. Using the average B values and the corre-
sponding film thicknesses in equation 4, we have calculated the
barrier heights, ¢y, to be 0.15(m/m*)/?eV and 0.45(m/m*)*/%eV for
the pure and complex films, respectively. In our system, the PyTp
molecules in the LB films are arranged in columns. The FN fitting
results suggest that for the pure film the barrier height may be as
low as 0.15eV. For PyTp-DNA complex system, we find that the
presence of DNA leads to a larger barrier to electron transport. The
higher barrier height is likely to be a direct consequence of change
in packing of the molecules. The conformation of DNA molecule and
the environment in which it is present have a crucial impact on its
conductivity [13]. On the basis of our observations, we find that
complexation with DNA makes the film more resistive.

IV. CONCLUSION

The novel cationic discotic mesogen, PyTp exhibited stable Langmuir
monolayer which showed negligible hysteresis on expanding and
compressing. As compared to the monolayers of non-ionic triphenylene
derivatives reported so far, these cationic discogens showed higher
limiting area per molecule due to the direct electrostatic repulsion
between the molecules within the film. The presence of a cationic
moiety in the PyTp molecule opens the scope for studying electrostatic
interaction between such a molecule and a negatively charged species
such as DNA at interfaces. We have shown the supramolecular
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complexation between DNA and PyTp, at air-water interface. The
PyTp-DNA complex was formed at the A-W interface primarily due
to the electrostatic interaction between the pyridinium group of the
triphenylene molecule and the phosphate group of DNA. The forma-
tion of the DNA complex has enhanced the transfer efficiency over
several tens of layers. Employing a current sensing atomic force micro-
scope, we have measured the nanoscale electrical conductivity of LB
films of PyTp and PyTp-DNA complex. We find that the I-V curves
fit well with the Fowler-Nordheim model indicating the electron
tunneling to be a possible mechanism for electron transport. Further,
analysis of the I-V curves based on the FN model yields the barrier
height of PyTp-DNA complex film to be three times higher compared
to that of the pure PyTp film.
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