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Abstract

In this research the self-assembly of 1,3,5-tris(carboxymethoxy)benzene (TCMB) on graphite
was studied. For this purpose a scanning tunneling microscope has been used at the solid-liquid
interface. The goal of the research was to image a self-assembled monolayer which would change
its structure dependent on the applied bias voltage. To achieve this TCMB has been dissolved in
the following liquids: nonanoic acid, octyl benzene, an ethanol and toluene mixture, 1-nonanol
and 1-butanol. Only when using 1-butanol as the solvent self-assembly of TCMB on the graphite
was imaged. No dependence on the bias voltage was found.
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1 Introduction

In the �eld of surface science, a smart surface is de�ned as a surface that responds to an external
stimulus in a speci�c and controlled manner. As an outcome of such external stimuli materials
can exhibit alterations, such as a change in intermolecular structure[1, 2]. These surfaces are
developed to respond to stimuli such as light[3, 4, 5], change of a temperature [6] and electric
�eld[1, 2]. These materials could be potentially bene�cial to many technology and industry
sectors: [7] The implementation in drug delivery systems[8] and car interiors[9], to name a few.

The aim of my bachelor research was to create a smart surface that would respond to a
change of electric �eld. To do this molecules were dissolved in a liquid (solvent) and a drop of
this liquid was put on a highly oriented pyrolytic graphite (HOPG) surface. These molecules can
then be physisorbed to the surface and self assemble into patterns which depend on many factors.
Examples of these factors are temperature, the solvent used and the concentration of dissolved
molecules.[10] These patterns will then be imaged using a scanning tunneling microscope. For
the molecules 1,3,5-tris(4-carboxyphenyl)-benzene (BTB) and trimesic acid (TMA) it has been
shown that the self-assembled structure that is formed can be changed by changing the sample
bias of the scanning tunneling micrscope (STM).[1, 2] Changing the sample bias changes the
electric �eld at the surface which means that a smart surface dependent on the electric �eld is
successfully created.

In this paper the molecule 1,3,5-tris(carboxymethoxy)benzene (TCMB) is considered. TCMB
has a similar structure to TMA. This is why it is expected that TCMB will also be able to
switch its self-assembled structure dependent on the applied bias voltage. However, due to a
more �exible intramolecular structure, it is expected that TCMB will exhibit a more consistent
switching in the self-assembled structure. Since for TMA and BTB the right solvent was essential
in creating a smart surface, di�erent solvents will be tried in this current research.
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2 Materials and Methods

2.1 Scanning Tunneling Microscope

The scanning tunneling microscope(STM) is a microscope that uses a tunneling current between
its tip and its sample to create an image of the sample. It does this by scanning the surface in
the x- and y-direction. These two directions are parallel to the surface. It records the height (in
the z-direction) of the sample at every point. The z-direction is perpendicular to the surface. A
schematic �gure of the STM is shown in �gure 1.

Figure 1: A schematic drawing of a scanning tunneling microscope. [11]

I will now brie�y discuss the working mechanism of the STM. When the tip of the STM
and the sample are brought close enough together electrons can tunnel between them. When a
voltage is applied a current will �ow, consisting purely out of tunneling electrons.

The magnitude of this tunneling current depends on the applied voltage and the overlap of
the local density of states between the tip and the sample. The overlap of the local density of
states depends on the composition and shape of the tip and the sample as well as the applied
voltage. This means that an exact relation between the current and the separation distance is
impossible to calculate.

However, it is possible to approximate the tunneling current. We can model the situation
as a 1D quantum barrier problem in the z-direction. The tip and the sample are separated by
a distance d, which is the width of the quantum barrier in the model. When a voltage (V ) is
applied, a current(I ) will �ow for which the following relation holds[12]:

I / V e� kd (1)
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In this equation k is a proportionality constant. From this approximation, it can be seen that the
tunneling current is exponentially dependent on the separation distance. This relation between
separation distance and tunneling current is used to image the surface.

To be able to scan over the surface the STM uses piezoelectric tube. In this tube, piezoelectric
materials expand and contract depending on the sign and magnitude of the voltage applied
to them. This allows it to move the tip in the x-, y- and z-direction independently. These
piezoelectrics have a limited range. Therefore the next to the piezoelectrics there is also an
electric motor which moves the sample up and down. This is used to approach the surface.
The approach happens in three parts �rst the operator will approach the sample by eye as close
as possible without crashing the tip into the sample. Then the electric motor will do a coarse
approach until it registers a certain tunneling current which can be set by the operator. After
this, the piezoelectric will be used to adjust the z-position of the tip.

Figure 2: Comparison between the constant current mode and the constant height mode.

The STM has two modes of operation which di�er in how the z-position is controlled. They
are shown in �gure 2. In constant height mode, the z-position of the tip is kept constant and the
current is recorded at each point. Using relation 1 an image of the height pro�le can be created
or the current pro�le itself can be used. The second mode of operation is the constant current
mode. In this mode, the current is kept constant by a feedback loop which measures the current
and adjusts the z-position accordingly.

Both methods have advantages and disadvantages. The constant height mode can scan
quicker than the constant current mode since there is no feedback loop that needs to be up-
dated. The downside of this mode is that the sample needs to be very �at otherwise the tip will
crash into the sample. The constant current mode is less likely to crash into the sample. Because
of this reason, the constant current mode will be used in this research.

In our setup, we use a proportional integral (PI) controller as the feedback loop. A PI
controller has two parts, a proportional gain, and an integral gain. For both gains it calculates
the error(� ) using the setpoint current(I set ) measuring the current(I ). The error is de�ned as:

� = I � I set

It will then adjust the output voltage by multiplying the error with a gain factor( K p) and adding
it to the voltage applied to the Z-piezoelectric(Vz ). The factor with which the gain is multiplied
can be changed by the user. Since there is a slight delay between adjusting the z-position and
measuring a change in current the proportional gain should not be too high. If the proportional
gain is too high the I will overshoot and could start to oscillate. This could cause damage to the
tip and the sample in case of a crash.

The integral gain is there to reduce any constant error. It integrates the error from time zero
to the current time, multiplies this with an integral gain factor( K I ) and adds this to the z-piezo
input. This stabilizes the z position since this integral takes time to change. Putting this all
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together gives

Vz (t) = K p� (t) + K I

Z t

0
� (� )d� (2)

In our experiments, we used the constant current mode since it is less prone to crashing. This
means that the values forK p and K I have to be determined such that the feedback loop is stable
and responds quick enough to create a sharp image.

The STM that was used is the Molecular Imaging Keysight N9700C scanner. In �gure 3 a
picture of the setup is shown. This STM works at ambient conditions inside of a wooden box.
This box has been insulated to reduce any external vibrations from in�uencing the images. The
STM itself hangs by four elastic ropes inside of this box also to reduce vibrations. The images
were obtained using the program Picoscan 5 and processed afterwards using WSxM.[13]

Figure 3: A image of the used STM

2.2 Measuring at the solid-liquid interface

The STM can be operated at many di�erent conditions, varying from vacuum to air to even
inside a liquid. In the current work, we will be measuring at the solid-liquid interface. This
means our STM tip is inside of a drop of liquid which will be referred to as the solvent. A
schematic depiction of this is shown in �gure 4. This means that there is no air gap between
the tip and the substrate. However, if the solvent is non conducting still the main contribution
to the current between the tip and the substrate is the tunneling current. Even if the solvent
is conducting it might still be possible to use the STM by scanning at a higher current. This,
however, requires that the tunneling current is still a signi�cant part of the total current. The
additional current coming from conduction through the solvent will be called leakage current.
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Figure 4: A schematic depiction of measuring at the solid-liquid interface using the STM.

The goal of scanning at the solid-liquid interface is to be able to image molecules being
adsorbed to a surface inside of a solution. These molecules will be dissolved inside the solvent
and then physisorbed to the surface. These molecules can then form patterns depending on
which solvent is used, which substrate is used, the concentration of the dissolved molecule and
many more factors. Since the molecules are free to move around in the solution self-assembly
into patterns is more easily possible then at a solid air or solid-vacuum interface.

2.3 Unit Cell

If the structure on the surface repeats itself it can be described by a unit cell together with a
lattice. A unit cell is a cell containing a single repeating unit. If the unit cell is put on each
point of the lattice the entire structure can be created. We will be using the conventional unit
cell which is a parallelogram created by the lattice vectors. This is shown in �gure 5. The unit
cell will be parameterized by the length of its sidesa and b and the angle between them� . In
this report, the unit cell will be indicated in each image using a black parallelogram.

Figure 5: A schematic of a unit cell. The red arrows are the lattice vectors and the red parralel-
ogram made by them is the unit cell.

2.4 Drift

Since the STM tip scans the surface line by line it takes some time for an image to be made. When
the substrate is not stationary with respect to the tip during this time period the image produced
will be deformed. We call this phenomenon drift. Drift is mainly due to thermal gradients and
transients in the sample and the STM itself.[14] Drift causes any length you measure to be
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inaccurate. Since at ambient conditions drift is almost always present this is something we can
not avoid. In most of our measurements, the distortions meant that the image was stretched or
skewed. If the drift is small it can be accounted for by averaging values between an up and a
down measurement. A more detailed analysis of this is given in Appendix A. It can also be shown
that the area of a unit cell is conserved inside of a single scan if the drift velocity is constant,
this is explained in Appendix A.

2.5 Setup and preparation

2.5.1 Substrate

All measurements are done on a highly oriented pyrolytic graphite (HOPG) surface. The sample
has dimensions 12 x 12 x 2 mm3 and was purchased from Bruker. The reason HOPG is used
is that it is conductive, atomically �at and easy to prepare. Before each measurement, the
substrate is carefully cleaved using scotch tape. This is to prevent any contamination, such as
old molecules or solvents, on the HOPG to a�ect the current measurement.

2.5.2 Tip

The tip is created from platinum-iridium wire by cutting it. The wire has a diameter of 0.25
mm and consists of an alloy of 90 percent platinum and 10 percent iridium purchased from
Goodfellow. Preparing the tip happens in the following manner. First, all equipment such as
pliers and tweezers that will be used are cleaned with acetone and after that with ethanol. Then
the platinum-iridium wire is put between a pair of cut pliers as shown in �gure 6.

Figure 6: A schematic drawing of the cutting method. Taken from [15]

Then the wire is grabbed by a pair of cutting pliers and cut while being pulled up. If this
combination of cutting and pulling is done correctly the platinum-iridium wire breaks in such a
way that it creates a very sharp tip. Having a sharp tip will give a high resolution in the x- and
y-direction. After this, the sharp end is grabbed with tweezers and cut to be about 5 mm long.
This is then placed into the tip holder of the STM, which is a hollow cylinder with a diameter
slightly bigger than the wire. There it is pushed in and bend a little so that it sits �rmly inside.
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2.5.3 Solution

To be able to measure TCMB or TMA at the solid-liquid interface they �rst have to be dissolved
in a solvent. TMA has a sugar-like grain structure when provided to us and the TCMB is
a powder. Unless speci�ed otherwise a saturated solution is used. This is obtained from an
oversaturated solution in the following manner.

First, a certain amount of molecule is weighted. For creating an oversaturated solution this
is usually around 1 to 2 mg. This is put inside of a small glass vial. Then a measured amount
of solvent is added. Usually this is around 1 to 2 ml. This is then sonicated for 5-20 minutes.
Sonication means putting the glass vial inside of an ultrasonic bath. This breaks the grains inside
the solvent down and helps to dissolve the molecule. After this, a drop is taken from the top of
the solution and put on the substrate.
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3 Previous Research

3.1 Previous research using TMA and BTB

Figure 7: A stick and ball representation of trimesic acid
(TMA)

Previous research on creating a smart surface that responds to an electric �eld has been done
using trimesic acid (TMA).[1] A representation of TMA is shown in �gure 7. TMA consists of a
benzene ring surrounded by three carboxylic acid groups. These groups allow it to make hydrogen
bonds with itself and create stable monolayers. These monolayers can have di�erent structures
depending on the environment(e.g. the substrate used, the solvent used, the temperature). An
example of such a structure is the chicken wire structure shown in �gure 8. This is a porous
structure and all the carboxylic acid groups are in a two-fold coordination. Another structure that
can be formed is a �ower structure shown in �gure 9. This �ower structure is more closely packed
and has some of the carboxylic acid groups in a three-fold and some in a two-fold coordination.[1]

Figure 8: The chicken wire structure formed
using TMA in NA (20 � 20 nm2, Vbias =
� 1 V, I = 20 pA). [1]

Figure 9: The �ower structure formed using
TMA in NA.(20 � 20 nm2, Vbias = +0.5V,
I = 20 pA) [1]

Depending on which solvent is used one of these structures or even completely di�erent
structures can appear. In �gure 10 an overview is given of di�erent structures formed by TMA
dependent on the solvent. In this overview, it is reported that a chicken wire structure is formed
when nonanoic acid (NA) is used as the solvent.
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Figure 10: Self assembly of two di�erent patterns dependent on the used solvent. [16]

However, it has been shown that it is possible to reversibly switch between the chicken wire
and the �ower structure of TMA dissolved in NA.[1] The switch is triggered by changing the sign
of the sample bias. At negative sample bias, a chicken wire structure is observed and at positive
sample bias, a �ower structure is observed. In �gure 11 this is shown.

Figure 11: Bias dependent switching between the chicken wire and the �ower structure. (left)20
� 20 nm2, (right)40 � 40 nm2. [1]

A similar type of switching behavior has been reported using 1,3,5-tris(4-carboxyphenyl)-
benzene (BTB).[2] BTB has a similar structure to TMA but a benzene ring is added between
the main ring and the carboxylic acid groups. A stick and ball representation of BTB is shown
in �gure 12.
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