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ABSTRACT

MIXED CARBORANETHIOL SELF-ASSEMBLED MONOLAYERS
ON GOLD SURFACES

Sohrabnia, Nima
M.S., Chemistry Department
Supervisor: Assoc. Prof. M. Fatih Danisman

Co-Supervisor: Prof. Dr. Aysen Yilmaz

February 2017, 118 pages

Thiolated derivatives of dicarba-closo-dodecaborane, HS-C2B1oH11 (carboranethiols,
CTs), with icosahedral molecular structure are one of the promising candidates for
self-assembled monolayer (SAM) applications. CT SAMs possess various advantages
relative to organic counterparts, such as high stability towards chemical, oxidative and
thermal degradations as well as having fewer defects. In this study, pure and mixed
SAMs of three different positional isomers of carboranethiols (namely M1, O1 and
M9) on template stripped gold surfaces were grown from solution and characterized.
Global properties of the SAMs were studied by means of contact angle (CA) and
ellipsometric spectroscopy measurements. The ellipsometric thickness of all SAMs
were found to be about 1 nm which is consistent with the reported thickness, measured
by scanning tunneling microscopy, in the literature. In case of pure SAMs, M1 was
observed to have the highest CA (85.4+1.8) whereas O1 SAMs have the lowest CA
value (71.2£0.7). The dominant component that governs surface wettability was found
to be M1 in mixed M1:M9 and O1:M1 SAMs. This is due to head to tail dipole-dipole
interactions of M1 molecules on the surface. In case of M1:M9 co-deposited SAMs,

CA was observed to increase with increasing M1 concentration in the growth solution.



Such a clear trend was only present, however, in the advancing CAs for O1:M1 co-
deposited SAMs. On the other hand, contact angles of O1:M9 co-deposited films were
observed to increase linearly with increasing M9 ratio in the growth solution. The
morphological properties of the SAMs were investigated by atomic force microscopy
and all SAMs were found to have similar properties with the exception of low defect

concentration observed for O1:M9 films.
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Figure 1. Overview of various preparation routes of crystalline organic thin films.
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1.2 Thiol SAMs: kinetics and mechanism of SAM formation

Extensive studies have been conducted on SAMs of thiols and disulfides on Au(111)
after their discovery by Nuzzo and Allara in 1983. [9] Since then, tunable interfacial
properties and their applications in molecular technologies have become the focal



point of attention in SAM studies. Fundamental phenomena and processes of great
importance such as adhesion and bonding [10], surface wetting, friction and
lubrication [2], biocompatibility [11], protein and cell adhesion [12,13] and interfacial
electron transfer [14,15] have been studied using SAMs of thiols on Au(111).

To determine/control the structure of SAMS, thiol molecules’ chemical composition is
the main parameter for consideration. Intermolecular interactions (e.g. van der Waals,
n-1 interactions), extent of which is found to be dependent on the spacing between the
molecular backbones, and endgroup-endgroup interactions cause the two-dimensional
ordering in SAMs. [7] More interestingly, conformation of the individual molecular
backbones within the assembly, their packing orientation and ordering with respect to
each other are determined by the interplay between intermolecular interactions, inter-
terminal group interactions and the interaction of the headgroup with the surface

together with entropic effects as depicted in Figure 2.

) — endgroup

backbone

headgroup
substrate

/r

a)

AE, 4
-« »

AE, W
AE .
4

AE..
e
b)
Figure 2. a) Schematic representation of a SAM. b) Representation of different

energy scales in SAM system. Retrieved from ref [7].

The thiol SAMs on an Au(111) surface are the most comprehensively studied and well
characterized SAM systems. These systems were scrutinized by numerous

experimental techniques such as FTIR [16,17], surface-enhanced Raman spectroscopy



[18,19], diffraction of electrons, x-rays [20,21], helium atoms [22], atomic force
microscopy [23,24] and scanning tunneling microscopy. [25,26] All of these
characterization tools suggest that for full coverage films the sulfur atoms of thiols
form a (+/3x+/3)R30° unit cell corresponding to a molecule-molecule spacing of 5 A
and an area per molecule of 21.6 A? as depicted in Figure 3 A. Concluded from the
results of FTIR and GIXD [17,16,27,28], the alkyl chains exhibit a twist angle (¥) of
about 52° defined by the zig-zag of the carbon atom structure in the chain and are tilted

14° away from the direction of nearest-neighbor (¢) with a tilt of 30° from the surface

normal (6). The corresponding angles are depicted in Figure 3 B.

Xy

Figure 3. A) A model showing the structure of monolayer and the primitive unit cell
(small oblique) of the Au(111) surface. The rectangular unit cell shows the c(4x2) or
(2V3x3)rect superstructure (rectangle), while the large oblique unit cell shows the
(V3xV3)R30°. B) Schematic of angular degrees of freedom of alkanethiol. 6 is tilt
angle from normal of surface, ¥ is twist angle and ¢ projection of molecule in

substrate plane.

Earlier calculations done for the alkanethiol-gold bonding were pointing to 3-fold
hollow site with hcp packing (Figure 4) to be the most stable site for adsorption of
thiols on Au(111) with bond energy of about 100 KJ/mole. [29] However, diffraction
patterns suggest that 2 of the 4 molecules in the c(4x2) unit cell are distinct to a certain
extent. Initially, it was thought that this secondary structure was caused by various



reasons including twist angles of the alkyl chains, different tilt angles and/or
nonequivalent adsorption sites. [30-32] Therefore, it was logical to investigate short

alkanethiols (eliminating/minimizing intermolecular interactions) and methylthiol was
expected to have pure (v3xv/3)R30° structure. Though, GIXRD and LEED results

confirm formation of (v/3x+/3)R30° structure for methylthiol [33], some scattered
reports on formation of a (3x4) phase were also published. [34,35] The (3x4) structure
indicates two sulfur atoms to be bonded to gold adatoms at both high coverage and
low coverage at room temperature (in HUV or air). [36—-38] That is, formation of RS-
Au-SR species which is commonly known as the staple motif takes place on the gold
surface (the structure of these species will be discussed in section 1.5.3.1). [39,40]
Later, this structure also was also observed by using helium diffraction and LEED.
[41] It is worth to indicate that (3x4) structure was also observed for ethanethiol SAMs
as well as propylthiol monolayers. [40,42]

Determination of sulphur -gold interface structure for long chain alkanethiol SAMs is,
however, a real challenge, since the interface is buried beneath the long moleceular
backbone which inhibits direct observation (of the interface) by scanning probe
techniques. The challenge still exists for theoretical calculations, since different
structural models have similar energy and a key role may be played by intermolecular
interactions between the alkyl chains. These kinds of interactions make density
functional theory (DFT) calculations more complicated. Utilizing grazing incidence
X-ray diffraction (GIXRD) the structure of a hexanethiol (HT) SAM was investigated
in UHV on Au(111). The formation of vacancies and adatoms on topmost layer was
confirmed by best fitting condition for proposed structural model. Derived structure of
HT from this model consists of one dimensional staple motif —-S—Au-S-Au-S—as well
as thiols adsorbed on a bridge site. [43] This one dimensional chain structure was also
observed on several thiol-protected gold clusters. [44-46] According to this model,
both adatoms and vacancies are delocalized, which represents the dynamic character
reflected by DFT based molecular dynamics simulations. These observations

(formation of adatoms and dynamic character of interface) are consistent with creation



of vacancy islands ("etch pits" which will be discussed under the title of “defects in

alkanethiol monolayers” in section 1.3.2) on thiol modified gold surfaces. [47]

Figure 4. The different absorption sites on Au(111). Grey dot represents “top” site,

red dot indicates a bridge site and blue one corresponds to a hollow site (hcp or fcc).

SAMs, in particular those that are formed by sulfur-containing organic molecules with
alkyl or functionalized alkyl backbone, possess a well-ordered and close-packed
surface structure and high stability. In addition, it is easy to control the surface
properties by introducing various functional groups at the terminals of the monolayers.
Therefore, extensive studies have focused on these functionalized thin films. Toward
exploring more on the subject, the packing arrangement of SAMs formed by HS-
(CH2)n-X molecules with X# CHs have been scrutinized. The tilt angle of the HS-
(CH2)16-OH molecules adsorbed on Au(111) as well as monolayers composed of
alkanethiols with COOH end-group have been studied. The former’s tilt angle is
determined to be ranging over 28° to 44° as a result of numerous studies based on
different techniques. [48,49] In fact, Poirier et al. found a commensurate lattice with
an oblique primitive unit cell of dimensions a= 3aau, b= 13aay (with aa,= 2.88 A), and
a packing density of 21.5 A? per molecule. [50] The average tilt angle for the latter is
32° as determined using IR. As concluded from NEXAFS data the strong interaction
of the COOH end-groups via hydrogen bonds causes alkylthiols with COOH
termination to be largely disordered and to exhibit a high density of gauche defects

which might forbid the formation of well-ordered films. [51]



Different groups’ investigations of thiol adsorption kinetics onto Au(111) using
different analytical techniques including ellipsometry and helium diffraction mostly
suggest a two-step kinetic model for alkanethiol film formation:

(@) A fastinitial adsorption step with a time scale of minutes during which 80-90 %
of the monolayer is formed.

(b) A slow adsorption step with a time scale of hours or even days during which the
monolayer undergoes orientation ordering resulting in complete film formation. The
phase in which the molecules form highest density packing arrangement (the surface
Is saturated) is referred to as full-coverage phase. [52,7]

The need for molecular level information about localized and heterogeneous events
during the self-assembly process was felt mainly because diffraction and spectroscopic
studies provide only spatially averaged information of adsorption process. The
reaction mechanism and kinetics of the self-assembly of thiols onto Au(111) from the
vapor phase and from the solution (in-situ) have been investigated and well interpreted
using scanning tunneling microscopy (STM) and atomic force microscopy (AFM).
Two-step mechanism for film formation was confirmed as a result of these studies
from molecularly resolved STM images. Lying-down or striped phase with molecular
axis being parallel to the Au(111) forms in the first step when thiol molecules adsorb
as depicted in Figure 5 i-ii. A first-order Langmuir adsorption isotherm precedes the
growth of the lying-down phase. In the final step, densely packed domains (standing-
up phase) is obtained after a two dimensional phase transition at near-saturation
coverage consisting of certain intermediate structures (Figure 5 iii). At the end of this
stage, molecules are oriented with their molecular axis nearly perpendicular to the

surface (Figure 5 iv).
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Figure 5. Scheme of the different steps taking place during the self-assembly of
alkanethiol on Au(111): (i) physisorption, (ii) lying down phase formation, (iii)
nucleation of the standing up phase, (iv) completion of the standing up phase.
Retrieved from ref [52].

1.3 Defects in self-assembled monolayers

Defects in the monolayer can be extrinsic (such as contamination or impurities of
molecules) which are not the subject of this work whereas intrinsic defects which can

be tailored are discussed in upcoming sections.

1.3.1 Defects in substrate

Polycrystalline gold is used in much of the work with SAMs. In spite of lower surface
energy of these substrates leading to strong (111) texture, gross structural defects of
varying densities exist. The nature of the gold surface determines the quality of the
monolayer, hence, defects within the monolayer are affected by substrate defects.
Pinholes, step edges, and grain boundaries are some examples of the metallic substrate
defects (Figure 6 A depicts these defects indicated with black, blue and red arrow
respectively). Because of defects in the underlying metallic surface, it is not feasible
that films adsorb on these sites of substrates and form well-ordered structures. In other
words, these defects distort favorable lateral interaction of adsorbents which reduce
the film quality. [53,54]



1.3.2 Defects in the monolayer

Commensurate adlayer is affected not only by imperfections in metallic structure but
also by defects in the monolayer. These defects are not desirable since defects
negatively affect the electronic properties and quality of the modified interface. The
major defects within monolayers are domain boundaries, collapsed sites and etch pits.
These defects impair formation of crystalline film and result in incomplete adsorption
of molecules. At any defect site, less ordered monolayer structures are formed because
of distorted lateral chain-chain interactions.

The self-assembly of thiols follows a nucleation mechanism in which small groups of
molecules grow into structured domains. Two adjacent well-ordered domains meet at
a region which is called a domain boundary. Figure 6 B shows the grain boundary by
blue arrow. The lateral interactions are disrupted at the domain boundaries since it is
not definite that two domains are oriented in the same direction. When orientation of
one domain morphs into a second positional orientation the resulting boundary is
referred to as rotational domain boundary. Much like at domain boundaries, along the
interface where neighboring alkanethiol molecules are not ordered, there are regions
of low thiol concentration which are called collapsed sites. Thiol molecules at well-
ordered domains protect the surface to a higher degree than the thiol molecules at
collapsed sites. Electrochemical properties of monolayer —modified electrodes are
affected by collapsed sites because the films are thinner at collapsed sites than at thiol-
rich domains and hence, molecules in the solution can approach the electrode surface
at a shorter distance. [55,56]

Lastly, one or two gold atom height imperfections are called vacancy islands or etch
pits which are shown by the red arrow in Figure 6 B. This type of defects forms due
to reconstruction of the gold layer during assembly process of alkanethiols and are
filled with corresponding SAMSs. It is worth to indicate that this type of defect is an
intrinsic property of SAMs and could not be eliminated. [55,57]



Figure 6. A) Tapping mode AFM image of single crystal Au(111) surface of 2 um x
2 pm. The black arrow shows a pinhole whereas red one shows a grain boundary. The
blue arrow shows step edges. Retrieved from ref [53] . B) STM image of octanethiol
SAM on gold surface. The red arrow shows a vacancy island and blue arrow shows a

grain boundaries of SAM. Retrieved from ref [56].

1.4 Types of substrates for SAM growth

Smooth metal substrates are usually used to fabricate SAMs. Types of substrates can
be planar surfaces (glass or silicon slabs coated with thin metal films or single crystals)
or highly curved nanostructures (colloids, nanocrystals, nanorods). [58,59] Planar
substrates are used widely for characterizing the structure-property relationships of
SAMs. They are convenient (easy to prepare) and compatible with a number of
techniques for surface characterization such as reflection absorption infrared
spectroscopy (RAIRS), Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), near edge X-ray absorption fine structure spectroscopy (NEXAFS), helium
atom scattering, X-ray diffraction, contact angle (CA), optical ellipsometry, and
scanning probe microscopy (SPM). Other metallic nanostructures, such as
nanoparticles also can support SAMSs, and these systems have been characterized by
many techniques including electron microscopy, SPM, edge X-ray absorption fine
structure spectroscopy (EXAFS) and X-ray absorption near-edge spectroscopy
(XANES). In this work all SAMs were prepared on planar surfaces, hence in the

following section, discussion will be on this type of substrates. The self-assembly
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process of alkanethiols on planar metal substrates depends on a number of parameters
that include; the chain length, degree of order, and topography/roughness of the
substrate (as discussed before). Therefore, the structure and properties of SAMs
significantly depend on the substrate. Acquiring detailed information on the interfacial
processes necessarily implies the use of well-defined metal surfaces. Hence, most of
the research aiming at providing a deeper understanding of interfacial processes such
as adsorption, film formation and kinetics deal with single crystal surfaces (instead of

polycrystalline ones) in UHV. [60,61]

1.4.1 Single crystal gold films

Metal single crystals are very frequently used in traditional surface science, and they
constitute well-defined substrates. Moreover, they offer the possibility to freely choose
the crystallographic orientation. The Au(111) single crystal surfaces can be prepared
by sputtering with 1 keV Ar ions and annealing at 500 °C repeatedly until a clean
surface is obtained in UHV. [62] The clean gold surface is not only identified by the
lack of surface contaminations, but also by the well-known (22x+/3) reconstruction.
[62,63] SAMs of thiol-functionalized molecules on single-crystal Au(111) surfaces
have been studied by numerous groups since their discovery. For example, the
transformation of alkanethiols between (v3xv/3)R30° and ¢(4x2) structures have been

confirmed by STM on single crystal surfaces as depicted in Figure 7. [64]
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Figure 8. (a) STM image with size of 200 nm x 200 nm. The clean Au(111) surface.
Inset arrows indicate the FCC and HCP stacked regions and the elbow sites. (b) STM
image showing the surface at the early stage of adsorption with size of 150 nm x 150
nm. Arrow 1 indicate molecules at an elbow site; arrow 2 shows molecules at a step
edge; arrow 3 shows molecules within the FCC region; arrow 4 shows a dense
molecular island. (c) STM image (150 nm x 150 nm) indicates selective population of
the FCC stacked regions by well-spaced molecules. (d) STM image (150 nm x 150
nm) shows the completion of the first molecular layer. The herringbone reconstruction
could be observed through the molecular layer. All images were obtained at 120 K.

retrieved from ref [37].

1.4.2 Polycrystalline gold films

Particularly for thiols on Au(111), in many cases evaporated Au films have been
employed since preparation of single crystalline Au is expensive and require rather
complicated equipment. However, while evaporated Au films predominantly exhibit
(111)-oriented terraces, as this is the lowest-energy surface of Au, the crystalline
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quality, the number of non-(111)-oriented crystallites, the density of defects, etc. can
vary substantially depending on the evaporation conditions, the thermal treatment and
other parameters. [65] The criteria important for selecting the type of substrate and
method of preparation depend on the application for which the SAM will be used. For
example, polycrystalline films are sufficient for many applications on planar substrates
such as etch resist templates for crystallization, and model surfaces for biological
studies because a wide range of materials can be deposited easily and these substrates
are inexpensive relative to single crystals. Other applications, such as measurements
of electron transport through organic molecules, benefit from substrates that are single
crystals or polycrystalline films with minimal grain boundaries called pseudo- “single
crystal”.

Polycrystalline gold films which were shown to be polycrystalline with a predominant
(111) orientation, can be prepared by thermal evaporation of 20-300 nm of gold onto
mica as well as silicon wafer or glass. [66-68] Figure 9 shows AFM image of a
thermally evaporated film and its corresponding line scan. Root mean square (RMS)
roughness of the film is high, therefore, it is not possible to do a molecular
investigation on this substrate. Smooth surfaces can be produced by other methods of
substrate preparation from evaporated Au films. Ultra Flat Gold Surfaces, RMS
roughness of which ranges from 0.3 to 2 nm, are often prepared by means of flame-
annealing and template stripping methods. The discussion in the following sections

will give more information about these procedures.
350nm

Figure 9. Thermally evaporated gold on Mica and corresponding line scan. Retrieved
from ref [66].
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1.4.3 Flame annealing

History of flame-annealing of polycrystalline gold goes back to long time ago. To
homogenize the material and/or exclude gas inclusions, jewelers used to anneal gold.
Annealing reduces crystallographic defects and introduces smoothness and epitaxy on
the surface of films, foils or wires. As a result of thermal annealing of metal films
larger grains are produced because of diffusion of grain boundaries. [69-73] During
annealing process flame temperature is not uniform over all the regions. As a matter
of fact, the flame temperature radially decreases therefore, size of terraces varies from
hundreds of nm to some microns while the surface roughness is maintained below
1nm. Flame annealing procedure is mostly applicable to freshly evaporated gold film
which interact with air or solvents minimally. Delamination induced by rapid
vaporization of water which slowly intercalates between the gold and the substrates
(mica, silicon or glass) upon exposure to air seems to be the reason for failure in flame
annealing of hours old films. [74-76] Figure 10 A and B represent AFM image of

freshly evaporated and flame annealed gold respectively. [77]

Figure 10. A) AFM image of thermally evaporated gold. B) Hydrogen flame annealed

gold. C) Cross-section area from green square in (b). Retrieved from ref [77].
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1.4.4 Template stripping

Template stripping is another technique in which surface of a metal film deposited on
silicon wafer or mica is glued, and then the metal film is peeled from the wafer to
expose the surface that had been in direct contact with the substrate. This technique
generates surfaces with roughness below 1 nm which is governed by the roughness of
the substrate surface on which the gold film is grown. A method reported by Chen et
al. and commonly referred to as “remote mechanical annealing” is used in fabrication
of ultra-flat Au surface with low RMS roughness of nearly 0.2 nm. [78] Compared to
commonly use direct deposition methods, surfaces obtained from template-stripping
method are dominated by large smoother grains on which SAMs can pack well and
containing only small areas of exposed grain boundaries. In Figure 11, one can
observe preparation of an ultra-flat surface using gold in the process of template
stripping. To produce a homogeneous ultra-flat gold surface, a thin gold film is
deposited onto the smooth template (mica or silicon) surface by thermal evaporation
or sputtering. Usually a rough gold surface is obtained after this stage. Next, to attach
a solid support (often a glass slide) an adhesion layer which is usually thermally
curable epoxy resin, is added on top of the gold surface. Lastly, at the Mica-Au or Si-
Au interface, a cleavage occurs due to the mismatch between gold and the template
material when the sandwich structure is mechanically cleaved at the point of weakest
adhesion. [78-81]

-=’==> =-=-=

Figure 11. Automatically flat surface preparation by template stripping procedure.

Wagner et al. [80] made a survey of glues and developed protocols for the successful
application of Panavia 21 (dental adhesive) and Cerastil C7 (inorganic adhesive) as
well as epoxy based glues (Epo-tek 301-2 and Epo-tek 377). In case of epoxy resins,

gold-deposited mica sheets were glued gold face down onto silicon wafer or glass and
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cured. However, in case of inorganic adhesives additional adhesive mediators are
required to improve stickiness of gold to supporting substrates. Representative STM
image of template stripped (TS) gold produced by above-mentioned glues is depicted
in Figure 12 (mean roughness values are provided in the figure). In whole, all
substrates have high quality and comparable roughness relative to the upper surfaces
of epitaxially grown gold . The inorganic adhesives (that is Cerastil C7 and Panavia
21) are inert against moderate acids as well as to all organic solvents and alcohols,
whereas epoxy based TS gold surfaces swell in chloroform and acetone after several
hours. However, epoxy based TS is economically beneficial and applicable for visible
light transmissive applications.

When compared to commercially available Au(111) substrates or flame annealed
substrates with atomically flat gold terraces, template stripping yields substrates of
arbitrary large areas of flat surface which are limited only by the dimensions and
quality of the template material (silicon or mica). In addition to being atomically flat,
they are also smooth and amorphous without any terraces or steps as shown in Figure
13 A. However, in some cases pinholes could be seen to form in TS gold which is
correlated to imperfections during thermal evaporation of gold on the substrates as
depicted in Figure 13 B. [81]
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1.5 Characterization of thiol SAMs

There are many surface sensitive techniques to characterize SAMs topography,
structure and composition such as STM, AFM, FTIR and diffraction of electrons, x-
rays and helium atoms. Moreover, global properties of SAMs can be characterized by
means of contact angle (CA) and ellipsometry. In this work, three common techniques
were utilized to characterize these films and will be discussed in the upcoming

sections.

1.5.1 Surface wettability

One of the most common methods to tune the wettability of metal surfaces is altering
the end group of the SAMs. The wettability of the surface can be tuned by means of
the hydrophobic and hydrophilic tails (end groups) on thiols. For example, the
hydrophobic CHz end group increase the hydrophobicity of the surface (greater than
90°), whereas COOH or OH end groups make the surface hydrophilic. Hence, the
surface wettability can be tailored by changing the polarity of interface which have
interaction with commonly used probe (water). To further tuning the surface
wettability, distinct molecules can be co-deposited simultaneously. By controlling the
surface coverage of these molecule desired wetting properties can be designed. Figure
14 shows static CAs of various end groups. In Figure 14 Ry denotes a SH-(CH2)11
group and R2 corresponds to HS-(CHa)2(CF2)s. [82] The most hydrophobic surface is
flouroalkyl one, whereas, hydroxyl or carboxyl terminated SAMs shows zero angle.
The data point labelled as 7 in this graph represents the co-deposited hydroxyl and
carboxyl terminated SAM which has a CA value between methyl and hydroxyl
terminated SAMs. [83-86]

Besides the chemical structure of alkanethiols, nature of substrate also influences the
surface wettability. Surface roughness plays a crucial role in static and dynamic CAs.
The impact of the surface quality on surface wetting properties can be rationalized by

considering odd-even effect (the odd or even number of carbon on chain). Thuo and
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his coworkers investigated alkanethiol SAMs with structure of S-(CH2)aCH3z (where
n=9-17) on two distinct substrates with different roughness (thermally evaporated gold
and template stripped gold with RMS roughness of 2.27 £ 0.16 nm and 0.36 £ 0.01 nm
respectively). They observed a zigzag trend in static CA as the number of carbons in
the chain increased from 9 to 17, on smooth metal surface. However, such a trend was
not seen on rough deposited gold surface. The surface roughness and CA of
corresponding alkanethiols are shown in Figure 15. These results support their ideal
model (in which there is no gauche rotation) on ultra-flat surfaces. In their proposed
model the conformation of the end group (hence dipole of surface) result in such a
zigzag oscillation as shown in Figure 16. Also the increase in CA value with
increasing number of carbon atoms was attributed to enhancement in the crystallinity
of the SAMs. [87,88]
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Figure 14. Static contact angle of various SAMs on Au(111).
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Figure 15. a) AFM image of template stripped gold. b) Contact angle of alkanethiols
on template stripped gold. ¢c) AFM image of thermally evaporated gold on mica. d)

contact angle of alkanethiols on thermally evaporated gold. Retrieved from ref [87].

Figure 16. Model representing end group conformation of even and odd carbon

containing alkanethiols. Retrieved from ref [87].

1.5.2 Thickness Characterization via Spectroscopic Ellipsometry

The thickness of thin-films can be measured by means of spectroscopic ellipsometry.
[82,83,89,90] Operations in ambient conditions as well as non-destructive nature of
characterization are the two main advantages of ellipsometry. This useful
characterization tool is widely used for measuring the thickness and coverage of

SAMs. As an example, Yasuhiro et al. have studied fluorinated alkanethiols and non-
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fluorinated analogues which have structure of CF3(CH2)nSH and CH3(CH2)nSH where
n=9-15. As can be seen in Figure 17 a, as the number of carbon on the backbone
increases the thickness increases systematically. [82] Since the length of the molecule
and thickness of SAMs on gold are different, the tilt angle of the molecules should be
taken into account. Figure 17 b shows a model that is used for simple calculation of
SAMs’ thickness. Lo is the distance between gold surface and first carbon atom next
to the sulfur atom. This thickness (2.8 A) is almost the same for all alkanethiol SAMs.
Hence, the systematic addition of each carbon can be calculated from the equation
below.

Lg = dncos(a) + Ly Equation 1

Where a is tilt angle, n is the number of carbon atoms, d is the length of the projection

of the C-C bond onto the backbone of chain and Lk is the ellipsometric thickness.
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Figure 17. a) Ellipsometric thickness of SAMs. Line indicates calculated thickness by
the equation. b) Schematic representation of relationship between the components of
the equation. Retrieved from ref [82].

1.5.3 Scanning Probe Microscopy

SPM (scanning probe microscopy) techniques are used to characterize local properties

of non-periodic or periodic structures with molecular and atomic resolution. STM
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(scanning tunneling microscopy) and AFM (atomic force microscopy) are two
versatile and common techniques of SPM which are used for real time imaging in
ambient conditions as well as in UHV. The resolution of STM generally is better than
AFM. However, for alkanethiols which contain more than 18 carbons in the backbone,
it is difficult to get STM image because of unstable tunneling condition. Hence, AFM
is more preferable than STM to get molecular resolution images of SAMs. In addition,

AFM is usually used for micro scale topographic imaging for SAMs.
1.5.3.1 Scanning tunneling microscopy

STM is one promising tool to characterize films structure on gold. For example, the
existence of a c(4x2) superstructure with respect to the basic (v/3xv/3)R30° lattice on
Au(111) was revealed for octanethiol by STM at saturation coverage (see Figure 7)
Similar results can be seen for hexanethiol, dodecanethiol and decanethiol monolayers
with same lattice structure. [91,92] Besides these, in recent years STM resolved some
controversial concepts about film formation and nature of superstructures. For
instance, atomic resolution STM image of striped phase (at 0.11MLcoverage) of
octylthiol revealed head to head arrangement of molecules as shown in Figure 18 A.
[93] However, this head to head structure of the striped phase brings up the question
of “how the repulsive interaction of sulfur atoms allows formation of the film in this
arrangement?”. In fact, formation gold adatoms and RS-Au-SR motif assists to explain
this question. Insertion of gold atom between two sulfurs suppresses the electrostatic
repulsion between them and promotes formation of stripped phase. As discussed
earlier (see section 1.2), recent studies show that short alkanethiols (CHs (CH2)» SH
where n=0,1 and 2) form (3x4) lattice structure on gold surface. To shed light on the
interface structure, methylthiol was investigated in HUV at low temperature and low
coverage. STM results as well as diffraction studies in these conditions revealed that
sulfur atoms of two methylthiol are joined by one gold adatom as depicted in Figure
18 B. [94] It is worth noting that there are trans and cis conformations of CHsS-Au-
SCHa. This kind of structure was also observed at full coverage of methylthiol as well

as for ethanethiol and propylthiol monolayers. [36,93,95] As can be seen from Figure
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18 C, at full coverage of these molecules only trans conformation exists. Guo and his
colleagues also observed (3x4) structure for propylthiol SAMs and explained how
(3x4) relate to c(4%2) structure. [93] They discussed that for alkanethiol SAMs with n
>2, the van der Waals interaction plays crucial role in the structure of superlattice and
force cis—trans isomerization. This kind of isomerization results in formation of c(4x2)
which is a superstructure of (v3x+/3)R30° as depicted in Figure 18 D-F. [95] The
DFT calculations support these results as well. However, there is no solid experimental
evidence against the standard (v3xv/3)R30° lattice structure of longer chain
alkanethiol SAMs. Hence, more investigations are required to resolve sulfur-gold

complex structure.
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Figure 18. A) STM image of octylthiol SAM on gold with surface coverage of 0.11
(striped phase). B) STM image of methylthiol at low coverage The middle atom
corresponds to gold adatom. As can be seen there is cis and trans conformation related
to methylthiol. C) STM image of methylthiol at full coverage. The proposed

relationship between 3x4 structure (D) and c(4 x 2) phase (F) is also shown. Both have
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zig zag structure. As the length of alkane chain increases interaction of chains increases

as well, resulting in the more ordered trans structure. Retrieved from ref [36,93-95].

1.5.3.2 Atomic force microscopy

AFM can also be used to characterize thiol films. [96,97] Figure 19 a shows a bare
Au(111) surface structure in atomic resolution. Figure 19 b,c and d reveals lattice

structure of octadecanethiol, decanctiol and hexanethiol, respectively. Clearly

(v/3x+/3)R30° lattice on Au(111) can be deduced from these images.

Figure 19. a) AFM image of bare Au(111) with hexagonal structure. b) AFM image
Octadecanethiol on gold surface. Hexagonal structure of SAM is shown by vectors. c)
AFM image of decancthiol. d) AFM image of hexanethiol. Retrieved from ref [96].

It is worth to discuss time dependent domain formation of alkanethiols on Au(111)
surface. Tamada and his coworkers investigated domain formation of partially and
fully covered Au surface by controlling time of immersion in ethanolic solution of
butanethiol (C4H9eSH), dodecanethiol (C12H2sSH) and octadecanthiol (CigHs7SH) by
AFM. [98] By comparing AFM images with same time of immersion they concluded
that as length of alkanethiol increases diffusion of the molecules decreases, hence
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shorter chains cover the surface in shorter time. For example AFM image of
butanethiol SAMs are shown in Figure 20 which demonstrate the change in coverage
with changing immersion time. After 3 min immersion, full coverage was observed

whereas after 10 seconds only a partially covered surface was observed.

Figure 20. AFM images of butanethiol at different time of immersion in 1mM
solution. a) 1 second. b) 10 seconds. ¢) 30 seconds. d) 3 minutes where surface covered

completely. Retrieved from ref [98].

One interesting and promising way to systemically alter surface properties is to use
mixed SAMs. The properties of metal surfaces such as wettability and work function
can be tuned by varying tail group and chain length. For example, mixed SAMs of
butanethiol/octadecanthiol (with solution ratio of Rsoin= 1/1, 10/1, 20/1, 40/1, 100/1)
was studied. 1/1, 10/1 and 100/1 mixed SAMs exhibit homogenous films without any
domain formation due to phase separation. However, at Rsoin = 20/1 and 40/1 clear
phase separation was observed as depicted in Figure 21. Octadecanthiol was observed
as bright islands, while shorter butanethiol phases act as a sea matrix in which
octadecanthiol grow from. In fact, this hypothesis was supported by difference of the
domains height (Ad = 1.0—1.4 nm) which is consistent with the difference of thickness

of butanethiol and octadecanthiol (see Figure 21).
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Figure 21. AFM image of butanethiol/octadecanthiol mixed SAMs. a) 20/1 .b)40/1.
Retrieved from ref [98].

1.6 Utilizing SAMs for tuning work function of gold

Minimum energy needed in order to remove an electron from a solid to a point in
vacuum immediately outside the solid surface is called the Work Function (WF).
Presence of any adsorbates on the surface affects the WF of a metal. Based on
observations from experiments WF is shown to be affected by physisorbed atoms of
inert gases like argon and xenon. [99] Utilizing chemisorbed or physisorbed organic
molecules on metals have greater impact on work function, however. Among thin films
of organic molecules on noble metals, thiol-SAMs are employed extensively in
semiconducting industry. There are two main advantages/possibilities that SAMs offer
in tailoring work function of the metals:

(@) Possibility of formation of monolayer films of high conformation degree
ordering and exact orientation of molecular components within a well-defined
array of molecules.

(b) Possibility of shaping magnitude and direction of the surface dipole moments

by modifying structure of molecular adsorbates.
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In the upcoming section, the effect thiol-SAMs on gold substrate work function will
be discussed in detail. When studying the relationship between WF and thiol SAMs,
Evans and Ulman performed ellipsometry and Kelvin-probe measurements on a series
of alkanethiol (HS (CH2)nCH3z with 6< n <22). Ellipsometry measuremtns confirmed
formation of dense thiol-bound monolayers on gold implying an increase in the
thickness of the monolayers with the alkyl chain length. They proposed that total
dipole moment consists of two dipole sheets where monolayer/Au interface is
considered as the first layer and monolayer end group/air interface as the second layer.
The total dipole moment is sum of these two dipole sheets. They reported that work
function of the metal decreased with a slope of -9.3 meV per methylene group. As
demonstrated in Figure 22, a model involving a dipole layer resting on top of the metal
was used for interpretation of the situation. The reason for reduction in work function
with respect to bare gold is due to dipole moment charge. Since positive tail of dipole

moment stands on monolayer/air interface, a reduction of work function occurs. [100]

”net

- - b - - - -

Figure 22. Schematic diagram of an alkanethiol SAM on gold. The organic adlayer
can be envisaged as two layers of dipoles with dipole moments p1 and po. The net

dipole moment, pnet iS also shown.

The work function of metals can be tuned by changing the tail group of SAMs which
results in changing the dipole moment direction and magnitude of molecules on the
surface. The surface dipoles for fluorocarbon-terminated gold surfaces exhibit a
polarity opposite to the surface dipoles associated with the hydrocarbon-terminated
gold surfaces (i.e., those coated with n-alkanethiol SAMSs). In other words, terminal

fluoroalkyl raises the work function of gold (as much as 0.75 eV), whereas, n-alkane
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terminated one decreases as much as 0.45 eV. (For more details about tuning work
function by SAMs see APPENDIX section 1). [101-103]

1.7 Carboranethiol SAMs

Dicarba-closo-dodecaboranes (C2BioH12), or carboranes, have three isomers
depending on position of carbons in the cluster. The carbons separated by one or two
boron atoms are referred as Meta (m) and Para (p) respectively and adjacent carbons
in the cage is denoted as Ortho (0). Electron deficiency and bond delocalization in
carboranes lead to pseudo-aromaticity of the borane cage which have typical aromatic
reactivity. Advanced synthetic approaches in preparation of this compound offers
substitution on both boron and carbon. These pathways propose thiolation of cluster at
different positions about the three isomers which make carborane an auspicious
compound for surface modification. For instance, o-carborane-1-thiol (O1) ,m-1-
carboranethiol (M1) and m-9-carboranethiol (M9) are three thiolated derivatives of
ortho and meta isomers. In case of Mland O1 which are meta and ortho isomers of
carborane, thiol group is attached to carbon. On the other hand, M9 which is meta
isomer of carborane, the thiol group is attached to the boron. In our naming system the
position of thiol groups is denoted by a number and the letters indicate the
corresponding isomer. The structure of the above mentioned three compounds are

shown in Figure 23.
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diameters of these nano particles change from 2.8 to 12.3 nm. In second part of their
study SAMs of (2), (3) and (4) was investigated on gold. The XPS results showed that
sulfur 2p electrons of (4) have lower binding energy by 0.5 eV than (2). This
observation was explained by electron distribution on boron and carbon vertexes.
Boron atoms (at 9-12 position) have higher electron density relative to carbon atoms
at 1-2 position. The lower electron density at carbon atom results in stronger binding
of sulfur 2p electron. The SAMs of (3) shows two peaks corresponding to thiol bonded
sulfur and thiol bonded sulfur (sulfur at 1 and 12 positions), however, the ratio of these
peaks are not 1:1. The dominancy of thiol suggests that some of carborane clusters
were bonded to the surface from both thiol groups at step edges. The hydrophilicity
and hydrophobicity of surface modified with carboranes was also compared to have
an idea about the orientation of the molecules on surface. The static contact angle
values of these films are depicted in Table 1. The most hydrophobic surface belongs
to SAM of (2) due to from B-H nonpolar vertexes interacting with water. The SAM of
(3) shows hydrophilic characteristics because of S-H group covered surfaces (S-H
group oriented up ward) and SAM of (4) shows CA close to SAM of (3) because of
acidic C-H.
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Figure 25. Gold nano particles size coloration with mole ratio carboranethiol (2) to
HAUCI4.3H20. Retrieved from ref [104].
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Table 1. Contact angle of Carboranthiol (2),(3) and (4) SAMs.
SAMPLE Bare gold 2-SAM 3-SAM 4-SAM
contact angle 74° 88° 57° 53¢

More comprehensive work was done by Weiss and coworkers on M1 and M9. The
structure of these compounds are shown in Figure 26 a. As can be seen from Figure
26 b by altering the position of carbon atoms in the cage, dipole moment and its

direction can be manipulated. [105]

(a) (b)
M1 M9 M1 M9
S I
Yo TIH
¢ ¢ 1 1

Figure 26. a) Chemical structure of m-1-carboranethiol (M1), m-9-carboranethiol
(M9). b) Dipole moment direction of carboranes. The dipole moment vectors are

pointing from negative pole to positive pole. Retrieved from ref [105].

By utilizing STM and CA measurements, they characterized SAMs of these moieties.
STM results show that hexagonally close-packed M1 and M9 are indistinguishable
with apparent height of 9.840.3 A as depicted Figure 27 (There is no discernible
change in height or close packing structures, also it is worth to say that the height of
carboranethiols was measured relative to 1-dodecanethiol from mixed SAM of
carboranethiols and the alkanethiol). Fourier transformed STM image (inset in Figure
27) yields a nearest-neighbor spacing of 7.2+ 0.4 A for both M9 and M1 SAMs. By
considering the nearest-neighbor spacing and commensurate overlayer on gold, they
concluded two possible unit cell structures as (5x5) and (v'19xv/19) R23.4°. Moreover,
STM images indicate defect (such as collapsed sites and etch-pits) free monolayer
films since the full monolayer of these molecules show robust and well organized
structure. In order to investigate importance of direction and magnitude of dipole
moment on film properties, they performed DFT calculations, water CA, Kelvin probe
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force microscopy (KPFM) and grazing incidence FTIR measurements. Using DFT in
gas phase, dipole moments of M1 and M9 were calculated as 1.06 and 4.08 D,
respectively. The directions of dipole moments are shown in Figure 26 b. In both cases
the positive end of dipole moment vectors points between two carbons. In fact, this
calculation explains higher acidity of M1 reported earlier. The acidity of thiol on
carborane isomers was reported be pKa.=9.45 and pK.=5.30 for M9 and M1,
respectively. The relation of dipole moment direction and acidity was explained by
stabilization of negative sulfur atom. In other words, the positive end of the dipole
stabilizes the negative sulfur atom resulting in higher acidity of M1. Utilizing KPFM,
work function of modified surfaces was shown to decrease for both carboranethiol
isomers (M1 and M9). The reduction in work function upon M1 adsorption was
measured as 9020 meV and 480+£20 meV in case of M9. These results are strong
evidence of calculated dipole moment direction by DFT. As expected parallel dipole
moment to surface normal (M9) have more effective impact on the work function than
parallel dipole moment to surface (in case of M1). Also, positive pole of dipole
moment pointing away from surface reduces the work function, while negative pole
increases the work function. The assigned magnitude and direction of dipole moments
explain the difference of hydrophilicity and stability of the SAMs. The CAs of the M1,
M9 and co-deposited M1:M9, and 1-dodecanethiol (C12) were measured and are
shown in Table 2. CA values of all carboranethiol SAMs are more hydrophilic relative
to C12. M9 has smaller CA relative to less polar M1. The hydrophilicity of M9 SAMs
was explained by relatively larger dipole moment than M1. However, co-deposition of
M1 and M9 in different ratios suggests higher percent coverage of M1 on the surface.
For example, M1 and M9 co-deposition from 1:3 solution ratio results in dominancy
of M1 (CAs are close to the M1). This fact can be correlated to dipole moment
direction of M1. Since this molecule has dipole moment parallel to the surface, there
is favorable interaction between dipole moments of M1 on surface in head to tail
fashion which shows curial role of orientation of dipole moments in SAM properties.
To support CA results, Grazing incidence FTIR spectra of M1, M9 and co-deposited
M1:M9 were collected in range of 800 to 4000 cm™. The B-H stretching peaks were
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observed in 2500-2700 cm™ region. The distinct B-H starching features were observed
for M1 and M9 as depicted in Figure 28 A. The difference of spectra of the isomers
are shown in Figure 28 B by overlaying the peaks. The peaks at 2585 cm™ which
belongs to M1 were well resolved when the peaks were overlaid, hence this peak was
chosen to analyse co-deposited samples (to have idea about relative coverage of
isomers on surface by using relative peak areas). The coverage results that were
concluded from this peak analysis are compiled in Table 1. In all samples, M1 was the
dominant component in the film (even in 1:3 ratio of the M1:M9 in growth solution
dominant compound in the SAM was M1). Hence, grazing incidence FTIR results
justify their hypothesis that M1 molecules have head to tail dipole-dipole interactions.

Figure 29 shows this interaction schematically.

Figure 27. STM images of SAMs of a) M1. b) M9 and c) an adlayer prepared from a
1:1 solution on gold surface. Onset in a and b correspond to fourier transforms image

A and B showing reciprocal lattice. Retrieved from ref [105].

Table 2. Contact angle of Carboranthiol of M1, M9 and M1:M9 mixed SAMs.

Contact angle (deg) Hysteresis

SAMPLE Advancing Receding A
m-1-carboranethiol (M1) 8242 71x1 11+1
m-9-carboranethiol (M9) 7244 5241 20+4
3:1 MI1:M9 82+1 67+1 15+1
1:1 M1:M9 82+2 66t1 16=+1
1:3M1:M9 82+1 68+1 14+£1
I-dodecanethiol (C12) 107+1 97+1 10+£2
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Figure 28. Grazing incidence FTIR spectra of M1 (red) and M9 (blue) on gold surface.
The righ figure show the overlap of the M1 and M9. Retrieved from ref [105].
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Figure 29. Head to tail dipole moment of M1 and perpendicular dipole of M9.
Retrieved from ref [105].

Work function, film quality as well as the theoretical calculations show that
electronic properties of metal substrates can be further improved by carboranethiol
SAMs. In another paper published in 2014 by Weiss and his coworkers, they showed
that Organic Field Effect Transistor conductivity can be improved by 2 orders of
magnitude when the gold electrodes were modified by M1: M9 mix SAMs. To shed
light on this work, the work function of SAMs was investigated comprehensively by
Weiss and will be discussed below. [106] It is known that appropriate work function
of metals in OFETs is crucial to facilitate charge transfer at the electrode. Besides, the
compatibility of the electrode surface (metals) with the organic layer effects the

performance of OFETSs. Hence, by introducing carboranethiol SAMSs on metal surfaces
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not only work function can be tuned but also the compatibility of organic and inorganic
interfaces can be enhanced. Therefore, Weiss group manipulated work function by
employing M1 and M9 mixed SAMs. These isomers were chosen because of two main
reasons: dipole moments of them are almost perpendicular and they have large dipole
moment (the direction and magnitude of these isomers discussed earlier in this section
see Figure 26 b). The tunability of work function was confirmed by UPS results as
depicted in Figure 30 A. The SAMs were deposited from solutions of 3:1, 1:1 and 1:3
ratio of M1:M9 and resulting work functions were 5.39 + 0.03, 5.25 £+ 0.03, 5.16 +
0.02, and 5.01 = 0.05 eV, respectively. As discussed earlier since M1 have head to tail
dipole-dipole interaction the surface coverage of M1 is higher than M9. Hence,
surface coverage of M1 and M9 is important and coverage of these moieties was
calculated by using polarization modulation infrared reflection adsorption
spectroscopy (PM-IRRAS) peak areas. By plotting work function against M1 surface
coverage, almost linear increase in work function with increasing M1 surface coverage
was observed. This correlation is depicted in Figure 30 B. Furthermore, surface
wettability of these SAMs was measured by using two different probes (water and
hexadecane). In all cases, hexadecane wets surfaces completely. When CA was
measured by water, the observed trend is depicted in Figure 31 A. By decreasing M1
surface coverage CA decreases from 85.8 + 1.1° (100% M1) to 77.7 + 0.8° (100%
M9). It is worth to emphasize that these CA results are not in agreement with the
previous work of the Weiss group (the dynamic CAs in their previous work were
shown in Table 2. Contact angle of Carboranthiol of M1, M9 and M1:M9 mixed
SAMs.). In other words, the static CAs do not lie between dynamic CAs. The
performance of OFET devises was evaluated by measuring on/off current ratios
(lon/loff). Current ratios of OFET devices constructed by using bare gold source/drain
electrodes were measured as 4.78 + 1.28 x 10° and the field-effect mobility was (1.67
+0.51) x 10* cm? V! s7! on average. Comparing this result with the result of gold
modified electrode devices, it was concluded that M1 deposited on gold electrode
enhances performance of the device to (4.53 + 1.19) x 10° and mobility to 1.30 + 0.42
x 1072 cm? V's7!. However, M9 coated electrode reduces device performance to an
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on/off current ratio of 1.68 + 0.62 x 10% and mobility of 1.94+ 0.58x 10> cm? V' s™!
as depicted in Figure 31 A. These results were explained through injection barrier
between gold and organic layer. Bare gold and organic layer have significant hole
injection barrier (about 0.25 eV) as shown in by Figure 31 B. Introducing M1 on gold
surface reduces this barrier, hence performance increases exponentially. In contrast,

M9 increases the barrier.
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Figure 30. A) UPS spectra of Au surfaces decorated with pure or mixed SAMs. B)
calculated work function of the gold surface covered by carboranethiols with respect

to M1 mole fraction. Retrieved from ref [106].
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Figure 31. A) Water contact angle and hexadecane contact angle. Water contact angle
shows direct relation to M1 ratio. In all cases hexadecane wets surface completely. B)
Performance of OFET constructed by using bare and SAM decorated gold electrodes.
M1 shows best result by reducing injection barrier. C) Schematic representation of the

injection barriers. Retrieved from ref [106].
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Theoretical calculations of supper-lattice structure and dipole-dipole interaction of
carboranes was further confirmed by Danisman and coworkers. [107] They calculated
dipole moment and total energy of 8 different CT isomers in the gas phase by using
both the standard PBE and modern vdW-DF functionals. The dipole moments were
calculated as 1.78, 3.89 and 3.70 D for M1, M9 and O1 respectively. Also they showed

5x5 unit cell to be more stable than the (vV19xv/19) R23.4° unit cell and confirmed
that M1 binds to the surface stronger than M9 due to dipole-dipole interactions. All
of these results indicate that carboranethiol isomers have intrinsic molecular dipoles
which enable to tune surface properties of Au by co-deposition of them without
altering the geometry of the assembly. In addition, CTs are highly stable towards
chemical, oxidative and thermal degradations which promote films quality

significantly.

1.8 Motivation of the study

In this study our motivation was Weiss group’s work, which shows that head to tail dipole-
dipole interaction of M1 on surface affects the film properties significantly which were
also confirmed by the theoretical calculations performed in our group. [105,107] To be
able to reach a safe conclusion regarding the effect of dipole moment on the CT SAM
structure and stability further studies are necessary in which the dipole moment is changed
in a systematic way by using the appropriate CT isomers. To this end here in we studied
the mixed SAMs of three CT isomers on Au(111) surface with dipole moment vectors
parallel to the surface (M1 isomer), pointing above the surface (M9 isomer) and pointing
towards the surface (O1 isomer), with magnitudes of 1.76, 3.87, and 3.66 D in the gas
phase, respectively as shown in Figure 32. Since the direction and magnitude of these
isomers are distinct, co-deposited SAMs are expected to have different properties relative
to their pure SAMs. We systematically changed concentration ratio of the isomers in the
growth solution to correlate their solution ratio to surface ratio and film morphology by
means of wettability, ellipsometry and atomic force microscopy (AFM) measurements.
All experiments were conducted on template stripped Au (111) surfaces in order to

investigate the effect of surface roughness on film properties.
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CHAPTER 2

EXPERIMENTAL

2.1 Experimental techniques

In this section theoretical background regarding the working principles of the

experimental techniques used in this study will be provided.

2.1.1 Atomic force microscopy (AFM)

AFM is one type of scanning probe microscopy. The working principle of the AFM is
based on measuring the interaction of sample surface and a sharp tip (which originates
from various forces such as, van der Waals forces, electrostatic or magnetic). AFM
consists of three major components which are cantilever with a sharp tip as probe,
piezo-electric scanner to move sample and/or tip and the split photodiode to measure
deflection of cantilever. The deflection of cantilever is measured by means of a laser.
The laser is focused on the reflective back side of the cantilever. The reflected laser
beam from cantilever then is focused on the center of quadrupole photodiode.
Therefore, as cantilever deflects due to interaction with the surface, laser will be
deflected too and quadrupole photo detector measures this deflection. The working
principle of AFM is depicted in Figure 33.
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Figure 33. Schematic illustration of AFM working principle. Retrieved from ref [108].

The force versus distance curve between surface and tip of cantilever is presented in
Figure 34. As can be seen, at larger distance there is very week attraction between the
tip and the surface. By approaching to the surface, this attraction increases till a
specific distance (about several angstrom). By means of choosing a certain interaction
regime, AFM can be operated in contact mode, noncontact mode and tapping mode.
In contact mode, tip and sample surface has physical contact, hence, short range
repulsive force is the tool to imaging topography of sample. This regime of operation
usually enables high resolution topographic image. However, due to the nature of the
force, sample may be damaged. In non-contact mode, the tip and surface are separated
1 nm to 10 nm which results in weak attractive forces between tip and sample surface.
A piezoelectric is used to oscillate cantilever at its resonance frequency. Then
amplitude, phase and frequency of oscillations are measured. In the tapping mode, the
cantilever is oscillated at a constant amplitude in a way that the tip touches the surface
gently at the bottom of oscillation. Bringing the tip intermittently in contact to the
sample, the reduction in oscillation of cantilever is inevitable due to energy lost by
touching the surface. Hence, amplitude of oscillation changes which is detected and
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from a surface (interface) its polarization changes which can be expressed by two
factors, y and A, where v is the ratio of the amplitude of the p polarized component of

the light to s polarized component and formulated as follows:
tan(y) = | :—” | Equation 2

Where rp and rs are Fresnel reflection coefficients. A is the phase difference between
the p and s polarized light and denoted as:

A= 8, -0 Equation 3
Where 6p is phase change in p polarized light and &s is the phase change in s polarized
component upon reflection from sample surface. If the sample is made up of several
different layers each with different optical properties than at each interface (between
the neighboring layers) reflection and transmission will take place. Then the total
amplitude of light reflected from the top layer’s surface with p and s polarization will
be given by total reflection coefficients R, and Rs [these coefficients are analogues to
rp and rs that are relevant for a single layer (interface) system]. As discussed earlier
these two parameters Rpand Rs(or rpand rs for a single layer system) can be correlated

to reflectance ratio as follows:
Ry iA .
p= = tan(y)e Equation 4
S

Reflectance ratio, p, is a complex function which depends on the incidence angle (¢o)
and the wavelength (X) of the light and complex refractive indices (N;j=n;+ik;j where j
labels the layers. It should be noted that N, which is also named as optical constant,
further depends on ) and thicknesses (di) of all the layers (labeled by j) in the sample
(in addition to Nair).

In spectroscopic ellipsometry, y and A are measured as a function of wavelength (A)
at fixed incidence angle (¢o). Hence by fitting the experimentally measured y vs. A
and/or A vs. A curves to a function (based on Fresnel equations) which parametrically
depends on dj and Nj, the thickness and the refractive indices of all the layers could be

determined. Of course the reliability of the results obtained strongly depends on the fit
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function used. If, on the other hand, some of the parameters (dj and/or Nj) are already
known from previous measurements (literature), the number of fit parameters can be
reduced which increases the reliability of the results significantly. The quality of the
fit is judged by using the mean square error (MSE) of the data produced by the fit
function compared to the experimentally measured data. For the best fit MSE is

expected to be minimum (as close to zero as possible).

p-plane

Elliptically polarised

Linearly polarised

Sample

Figure 35. The working principle of spectroscopic ellipsometry. Retrieved from ref
[109].

To construct the fit function a model is used which describes the number and nature
(optical constants, N) of the layers that make up the sample. There are different
dielectric function models to obtain N as a function of wavelength. For semi-
transparent and transparent films Cauchy or Sellemeier (dielectric function) models
are used commonly, whereas, for absorbing or opaque films Drude-Lorenz and
Lorentz (dielectric function) models can be used.

For modelling SAMs studied in here we used a three phase model in which the samples
are assumed to be made up of three layers as gold/SAM/air. The layer beneath the gold
film (which is epoxy resin in case of TS-Au or mica in case of FA-Au) need not be
considered because the thickness of the gold film is very high (about 100-150 nm)
through which light is incapable of passing through and reaching the layer beneath.
For modelling dielectric properties of the gold film, however, either Drude-Lorenz
model or the N values (as a function of wavelength) reported in the literature can be

used both of which yield equally good fits. The dielectric properties of the SAMs, on
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Ysv = Ys1 T+ Yiv COS eY Equation 5

Where ysv IS solid-air interfacial tension, ysi and vy are solid-liquid and liquid-air
interfacial tensions respectively. Oy is Young’s contact angle. Figure 37 shows these

interfacial tensions and contact angle.
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Ysv
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Figure 37. Related interfacial tension in contact angle.

The contact angle of an ideal (homogeneous and flat) surface and that of a rough one
(with exactly the same chemical nature) can be correlated by Wenzel equation as
follows:

C0S Oypserved = 1 €COS B;g4ea1 Equation 6

Where r represent the surface roughness and 6;4.4; is the angle in ideal case which
means roughness of surface is equal to 1. According to this model, for a hydrophobic
surface (6> 90°) as roughness decreases the observed contact angle decreases whereas
for a hydrophilic surface as roughness decreases contact angle increases.

In case of heterogeneous surfaces or for SAMs made up of two or more components,
however, different approaches should be followed in order to interpret the observed
contact angles. [110-111] One such approach is the Cassie’s law that relates the contact
angle of a two component film (surface), Gobs, to the contact angles of each of the
components, 61 and 6, as follows.

CosB,ps = g1 CosB; + g, Cos 0, Equation 7
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Where g1 and g2 (g2 =1-01) are the mole fractions of components in the film which
define the composition. In this approach, however, the components of the film are
considered to act independently and their effect on the contact angle is assumed to
change linearly with changing surface composition (ratio of the surface concentration
of one of the CT isomer to the other one). Hence for a given (measured) set of 61, 6>
and 6obs, surface composition (values of g1 and g2) can be determined. In this work
applicability of the Cassie’s law to mixed CT SAMs were investigated and will be
discussed in the Results section.

2.1.3.1 Static contact angle

In order to determine the interaction of solid and the probe liquid on homogenous and
smooth surfaces static contact angle measurements are performed. By utilizing this
method, where the droplet is stationary, the hydrophobicity/ hydrophilicity of the
surface can be determined. As an example, the picture of a static water droplet on a
gold surface modified with 1-Octadecanethiol SAM is provided in Figure 38 which
has a contact angle of 110.05°£0.02.
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Figure 38. Static contact angle of 1-Octadecanethiol SAM on thermally evaporated

gold on mica.
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2.1.3.2 Dynamic contact angle

In practice there are metastable states of a liquid droplet on the surface, hence, the
measured contact angle is not exactly equal to Young’s contact angle. Therefore,
measuring static contact angle is not adequate to characterize the surface wetting
properties. One approach to investigate detailed surface wettability is measuring
dynamic contact angles. In other words, the contact angles that are formed during
contracting and expanding the liquid (by increasing/decreasing the volume of liquid
which causes the edges of the droplet to advance or recede) is measured and
interpreted. The angle reaching to the maximum value is advancing angle and the angle
approaching to minimum value is the receding angle. Figure 39 shows water droplets
during advancing (117.96°+ 0.32) and receding (103.72°+ 1.78) contact angle
measurements on 1-Octadecanethiol SAM on the same gold substrate. The difference

of the receding and advancing angle is defined as hysteresis (H) and is formulated as:

H=0,— 6, Equation 8

Here, 0. is the advancing angle and 0 is the receding angle. The interpretation of

surface heterogeneity and roughness can be performed based on hysteresis values.
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Figure 39. a) Advancing contact angle measurement of 1-Octadecanethiol SAM on

gold. b) Receding contact angle measurement of 1-Octadecanethiol SAM on gold.

2.2 General experimental procedures

In this section technical details and working parameters of the instruments used in the
study will be provided. In addition, details of the gold substrate and SAM preparation
procedures will be explained.

2.2.1 Au film and self assembled monolayer preparation

Materials.1-octadecanethiol (ODT, 97 %), 11-Mercapto-1-undecanol (MUD, 97%),
Ethanol (99.8%) and Acetone (99.5%) were purchased from Sigma-Aldrich. The
chemicals o-carboran-1-thiol (98%), m-carborane-1-thiol (96%) and m-carborane-9-
thiol (97%) were purchased from Katchem Ltd (Czech Republic). All chemicals used
as received without any further purification. The chemical structure of these molecules
are depicted in Figure 40. Carboxylic acid functionalized m-carborane-9-thiol was
synthesized and characterized, however, due to time limitation the film properties
could not be investigated (for more details see APPENDIX section 2) . Gold pellets
(99.99%) bought from Kurt J. Lesker Company and Istanbul gold refinery and were

used for the gold surface preparation. The two epoxy glue used in the template stripped
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procedure were Norland optical adhesive 61 (USA, purchased from Optomek Ltd
Turkey distributer) and SU-8 (2000) from Microchem (USA). Ruby muscovite mica
(which was used as substrate in gold surface preparation) was purchased from S&J
trading Inc (USA).

Theoretical molecular length: 2.34 nm

IEEERE R R

Theoretical molecular length: 1.56 nm MUD

2 2 2 132 é
sy hedeBadadades

m-carborane-1-thiol (M1) m-carborane-9-thiol (M9) o-carborane-1-thiol (O1)

0.625 nm 0.645 nm 0.624 nm

Figure 40. The chemical structure of molecules was used in this thesis. ODT and MUD
was the reference molecules to optimization instruments and SAMSs preparation. Grey:
carbon, pink: boron, yellow: sulphur, white: hydrogen, red: oxygen. Theoretical
lengths are calculated at AML1 level for alkanethiols and at DFT (PBE) level for

carboranethiols.

Au films were prepared by thermal evaporation onto freshly cleaved mica wafers with
15x15 cm2 size. Tungsten boat loaded with gold was heated resistively (1250 °C) to
achieve a deposition rate of 0.4 A s™*. The preferred thickness of the Au films was
150 nm which was monitored by a quartz crystal oscillator during deposition.
Deposition was carried out in a deposition chamber at a base pressure of 1x10°° mbar
(pumped by an oil-free pump) at room temperature. Freshly prepared gold films were
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Figure 41. Activation of triaryl sulfonium hexafluoroantimonate catalyzer.
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Figure 42. Polymerization of SU 8 after activating catalyst. Intra as well as inter

molecular polymerization takes place via in cross linking.
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as described in the previous section. Then about 2 mg of SU-8 epoxy resin dripped on
gold slide and glass pieces was put on it and gently pressed. After the sandwich
preparation, it was illuminated to 365 nm monochromatic light from glass side for 1
hour. The mica could easily be cleaved by tweezer and flat gold films could be
obtained successfully. However after 1 day in ethanol, the prepared gold surfaces were
observed to deteriorate as depicted in Figure 44 A. The reason of this deterioration
was thought to be low degree of polymerization. Hence to perform hard baking and
increase degree of polymerization after the illumination to the light the sandwiches
were baked for 24 hours Figure 44 B. However, the deterioration problem was still

present even after this procedure.

A. 1 hour under illumination

After 12 h
in ethanol

v

After 12 h
in ethanol

Figure 44. UV-Visible assisted crosslinking. A) 1 hour light illuminated then kept in
ethanol for 12 hours. B) 1 hour light illuminated and hard baked for 24 hours then

kept in ethanol.

Different procedures were used to solve the deterioration problem. For example, soft
baking (4mg the glue spin coated on glass at rate of 5000 rpm for 30 s then 5 min
heated at 65 °C and 15 min 95 °C) was performed before illumination of the light.
However, in this case gold films did not attach to glass surface. In the final procedure
the resin (sandwiches) were illuminated to 365 nm light for 24 hours which yielded
the best template stripped (TS) gold films. Increasing illumination time hardens epoxy

resin and flat gold surface could be stripped successfully with a yield of 85% (11 gold
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stripped from 13 sandwiches prepared). A successfully stripped gold is shown in

Figure 45.

P

After 24 h
in ethanol

Figure 45. Successfully stripped gold by UV-Visible assisted cross linking.

2.2.3 Contact angles

Static contact angles of water were measured at room temperature on an Attension
Theta Lite optical tensiometer. An approximately 2 pl drop of water was formed at the
end of a needle attached to a 50 pl syringe. The needle was lowered until the drop
touched the surface and then raised, detaching the drop. Dynamic contact angle
measurements were performed using a dynamic sessile drop method, where a sample
is placed near the tip of the needle. A drop of deionized water (2 pl) is deposited on
the surface of the sample, and the needle is carefully positioned in the center of the
drop without changing its shape. The advancing contact angles were determined by
increasing the volume of drop on surface to a size of 4 pl. The receding contact angle
was measured at the same speed of volume reduction to a size of 2 pl. All these
measurements were collected on an automated system with photographs. The
photographs were collected at 20 frames/second for three seconds. The drop images
were processed with an image analysis software, which calculated both left and right
contact angles from the shape of the drop with an accuracy of +0.1°. For each SAM
composition studied, three parallel samples were prepared and on each sample
measurements were made on two different positions on the surface. Hence each data
point reported in the contact angle plots that will be discussed in the Results section

corresponds to average of 6 measurements.
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2.2.4 Spectroscopic ellipsometry

Ellipsometric measurements were performed on a PhE-102 Variable Angle
Spectroscopic Ellipsometer (VASE) equipped with a 75W Xe lamp from 250 nm to
1100nm at an incident angle of 65°. Measurements were taken with a spot size of 1.5
mm. Samples were rinsed with ethanol and blown dry in a stream of nitrogen prior to
characterization. Each bare gold sample was individually measured and then immersed
directly in the appropriate thiol solution for SAM preparation. These measurements
took a total time of less than 15 min. After removal from the thiol solution, with
appropriate cleaning, the samples were again measured. The film thickness
calculations were based on a three-phase ambient-film-gold model in which the film
was assumed to be isotropic and assigned a scalar refractive index value of 1.57 + Qi
which was determined by Abbe Refractometer measurements. For each SAM
composition studied, three parallel samples were prepared and on each sample
measurements were made on two different positions on the surface. Hence, each data
point reported in the ellipsometric thickness plots that will be discussed in the results

and discussion chapter corresponds to average of 6 measurements.

2.2.5 Atomic force microscopy

The system used for AFM measurements was a commercially available Ambient
AFM/MFM (Nanomagnetics instruments, Ankara). The measurements were
performed in air at room temperature by use of a Silicon cantilever (rectangular with
225 pum long) with a force constant of 48 N/m. All images (1.25x1.25 um?) were
collected in constant amplitude in tapping mode of Ambient AFM. The images were
taken at scan rate of 0.5 um/s and WSXM software was used to plane fit the images.
Also, to compare the measurements a few samples were analyzed with Veeco
MultiMode V AFM.

Quantitative analysis of AFM images was performed by the free software Gwyddion.
This program is a modular software for SPM imaging and analysis. Vincent algorithm

for watershed was utilized to find grains/domains on the surface. The grains are
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marked by virtual water droplet that fills the low potential (height) part of the image.
There are six parameters for processing SPM images as follow.

1. Gaussian smoothing:

A mask is produced by the algorithm to smoothen the image by using Gaussian
Dispersion.

2. Add gradient:

Relative weight of the mask is added to the image according to local slope. As local
slope increases larger value of gradient is needed to mark the grain boundaries.

3. Add curvature:

The concaveness of grains detected by the algorithm is adjusted by this parameter.
Large value of local concaveness indicates grain boundaries.

4. Barrier level:

This parameter determines threshold value to mark boundaries. The absolute minimum
of the image gets 0% and absolute maximum of the image is assigned 100 % value.
The boundaries could be marked by adjusting this value, by increasing this value
concaves start to be filled by the mask.

5. Prefill level:

Prefills the valleys to eliminate details at deep valleys. Since valleys are filled before
mask is applied, increasing this parameter effect the mask at the bottom of valleys. It
Is suggested to maintain this parameter close to 0% to have precise analysis.

6. Prefill from minima:

Prefills the local minima to eliminate details at local valleys. This parameter effects
the valleys by considering the local minima whereas absolute minima is taken into
account at prefill level (parameter 5).

To demonstrate AFM image analysis, processed images and processing parameters for
bare gold on mica are shown in Figure 46. The abovementioned six factors were
adjusted in a way that boundaries are marked with the mask clearly. The blue regions
shows gold domains and the yellow-orange sites shows the boundaries of these
domains. Total projected length of the boundaries (yellow sites) was calculated by
software and reported as domains boundaries length. In addition, black regions can be
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seen in image which shows pits on gold surface. The projected area of the pits and
domain boundaries will be reported as defects. The area of these defects are relative to
the scan area, hence, the reported defect area are percentage to scan area. Remaining
AFM image of SAMs were analyzed by using the same program and by adjusting the
parameters (For more processed image of SAMs see APPENDIX section 3).

Preprocessing -
Gaussian smoothing: 14

Add gradient: 8]

Add gurvature: ]
Barrier levek )
Prefill feve: 8}

Prefill from minima: 8]
Postprocessing

Options

¢! Invert height

Mask coloe: E

Irage e
PR e —

Figure 46. AFM image processing: A) A processed image and the program window
that shows the used parameters. B) Raw height image of the sample.
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Figure 49. Treatments to eliminate contamination. A) piranha treated Au surface. B)
ozone treated Au surface. C) microscopic contamination on gold which was flamed

for 5 min. D) AFM image of contaminated gold surface after 5 min.

To find the source of contamination scanning electron microscopy (SEM) analysis
were performed on 5 min flame annealed samples the results of which are depicted in
Figure 50. SEM results suggest that mica substrate surface pops and orifices form
in/on the gold surface (Figure 50C). In order to determine the chemical nature of these
features energy dispersive X-ray analysis (EDX) was performed on two different parts
of the gold film. EDX analysis indicates the chemical composition of the surface as
muscovite mica ((KF)2(Al203)3(Si02)6(H20)) and gold (the peak of carbon at 0.22
keV) with no indication of organic contaminations. The reason of the formation of the
orifices is thought to be due water molecules trapped between the layers of mica which
diffuse to the surface upon annealing. In fact, many groups suggested to heat mica
substrate to remove any hydroxyl and water adsorbents before evaporating the gold
film. [74-76] However, since the evaporator we used did not have heating capability

we were not able to anneal the mica substrates in vacuum. Instead we tried annealing
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thickness of the formed SAMs is less than the theoretical molecular length of the
molecules. This discrepancy, between molecular length and SAM thickness is due to
tilt angle of theSAM surfactants (the tilt angle is almost 30° for both molecules). The
structure of SAMs as well as the relation between molecular length and SAMs

thicknesses are depicted in Figure 52.

/CH3 /CH3 /CH3 4
(CHa)16 (CH2)16 (CH2)16 2.27 nm
) ) ) / 2.18 nm
S S S N
| | 0.21 nm .
¢: v
Au
/OH /OH /OH 4
(CH2)10 (CH2)10 (CH2)10 1.59 nm
/| ) ) / 1.58 nm
b S | 0.21 i
21 nm
| | | ‘i v
Au

Figure 52. Schematic presentation of reference SAMs on surface. A) ODT SAM. B)
MUD SAM. The molecular length and SAMs thicknesses are related to each other and
can be calculated by considering the tilt angle of the molecules. The blue line indicate
theoretical length of molecules from center of top hydrogen to center of sulfur. Dash
line shows sulfur-gold bond length. Black lines show the theoretical thickness of
SAMs.

SAMs of ODT and MUD were prepared from ethanolic solutions of corresponding
molecules. ImM solutions were prepared for each species and gold substrates were
submerged for 24 hours in the corresponding solutions. These SAMs were
characterized by means of contact angle, ellipsometry and AFM measurements.
Figure 53 shows water CAs and ellipsometric thickness of ODT SAMs on (30
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seconds) FA-Au and TS-Au (The CA of ODT on TS-Au and FA-Au surfaces are
referred to as TS-ODT and FA-ODT respectively). CAs are also tabulated in Table 4
to facilitate comparison of the results. CAs of full monolayer of ODT agree with
literature values which varies in the range of 110-113°. [87,88] Due to nonpolar CHs
termination, ODT SAMs form a hydrophobic surface. In other words, polar water
molecules do not wet the nonpolar methylene surface. Due to this dissimilarity, water
droplet reduces its interaction with the surface by increasing the CA. For alkanethiols
CA is reported to increase as the chain length of the molecules forming the SAM
increases. The reason of increasing in CA is the formation of a well-defined crystalline
structure due to significant van der Waals interaction of backbone of the molecules.
The CAs and ellipsometric thickness (about 2.5 nm) of ODT on both surfaces are close
to literature values (2.21 nm). [91,92] The slightly higher value of the SAM thickness
might be due to physisorption of molecules of or accuracy limitation of our
ellipsometer (the accuracy is £ 0.3 nm). On the other hand, OH terminated MUD
SAMs are polar, hence substrates decorated with MUD SAM would have hydrophilic
characteristics. Figure 53 shows water CAs and ellipsometric thickness of MUD
SAMs on FA-Au and TS-Au (The CAs of MUD on TS-Au and FA-Au surfaces are
referred to as TS-MUD and FA-MUD respectively). The thickness of the MUD SAMs
are almost equal on both substrates (1.6 nm) however the CAs value on TS-Au surface
could not be measured since water disperses completely on the surface. [85,91,92] This
can be due to more well-ordered SAM formation of MUD on template stripped surface
relative to the FA-Au. Representative AFM images of alkanethiol SAMs on both
substrates are shown in Figure 54. The domain boundaries of alkanethiols can clearly
be seen on TS-Au substrates (Figure 54 A and C). The boundaries form due to
merging of SAM domains with different orientation or domain boundaries of the
substrate. The results of quantitative analysis of ODT and MUD SAMs are
summarized in Table 5 (The defect size and grain boundary length determined by

software, for more details see 2.2.5).
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Figure 53. Contact angle and ellipsometric thickness of ODT and MUD on TS-Au and
FA-Au.
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Table 4. Contact angle results of reference SAMs.

Figure 54. AFM images of alkanethiol SAMs on template stripped and flame annealed
(30 s) gold. A) ODT on template stripped gold. B) ODT on flame annealed gold. C)

0.0— . . ;
FA-ODT TS-ODT FA-MUD TS-MUD

Static Advancing | Receding Hpysteresis
TS-ODT | 110.7+0.7 115+0.6 102.4+1.2 12.6
FA-ODT | 113.1+0.8 113.842.1 101.1£1.8 12
TS-MUD 0 0 0
FA-MUD 24.1+1 26.3+4.3 -

0.25um
{gaae |

MUD on template stripped gold. D) MUD on flame annealed gold.
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Table 5. Results of quantitative analysis of AFM for ODT and MUD growth ODT.

Average roughness (nm) | Average Boundary length | Average defect coverage

1.25x1.25 um?/2.5x2.5 um’ | 1.25x1.25 uym?/2.5x2.5 | 1.25x1.25 um’/2.5x2.5

pm’ pm’
ODT|  0.32+0.03/0.28+0.03 29.0+2.04/105+13 9.09+0.20/9.12+1.22
MUD|  0.29+0.03/0.29+0.05 45.146.88/107428 8.45+0.48/9.81+1.02

To facilitate optimization study, time dependent film formation of ODT on TS-Au was
investigated. The aim was to observe striped phase formation by AFM. Hence, films
were grown by keeping the gold substrates in dilute ODT solutions (about 50 uM) for
3 s and 10 s. Although striped phases were not observed, the resulting films had
significantly different morphological properties as will be discussed below. The
contact angle and ellipsometric thickness of films are shown in Figure 55 and
tabulated in Table 6. The static CAs are lower than well ordered (full coverage) ODT
SAMs by 20°. The reduction in CA is more pronounced for receding CAs. Moreover,
high hysteresis (about 30°) of CAs with respect to full coverage ODT SAMs (12°)
shows that the films are not formed densely. Besides these, quite high standard
deviation for SAMs grown with 3s immersion in ellipsometric thickness is another
indication of the disorder/inhomogeneity of the film. Representative AFM images and
corresponding quantitative analysis of samples are depicted in Figure 56 and Table 7,
respectively. The analysis of images show that 3 s immersed films contain average
defect area of 5.95% whereas 10 s immersed samples have defect area of 1.95%.
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Figure 55. Contact angle and ellipsometric thickness of ODT growth from solution
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Table 6. Contact angle results of 3 s and 10 s growth ODT film.

Static Advancing | Receding Hysteresis
3s 94.37+44.03 | 101.4+5.97 75.5+8.2 25.9
10s 91.6+2.78 98.2+4.35 70+3.77 21.6

Figure 56. AFM image of ODT growth for A) 3 s and B) 10 s.

Table 7. Results of quantitative analysis of AFM for 3 s and 10 s growth ODT film.

Average Average domain Average defect
roughness (nm) boundary length coverage (%)
(um)
3s 0.43+0.02 14.7£2.25 5.95+0.95
10 0.28+0.01 6.1+£1.8 1.93+0.66

72




3.3 Carboranethiol SAMs

Pseudo-crystalline SAMs of organic alkanethiols provide suitable interfaces for
variety of applications such as nanotechnology and semiconductors. Functionalization
of molecules utilized as component of SAMs enables surface properties to be tuned
for desired applications. In this context, cage molecules draw interest due to their rigid
structure and tunable chemical or structural properties. Thiol derivatives of dicarba-
closo-dodecaboranes (HS)-C2B1oH11 with icosahedral molecular structures is one of
the promising candidates for 3D-SAMSs. The SAMs of carboranethiols (CTs) possess
various advantages relative to organic counterparts, such as high stability towards
chemical and thermal degradation as well as well-ordered monolayer formation that
has fewer defects. The last advantage can be attributed to robust chemical structure
and anchoring molecules almost perpendicular to surface whereas organic SAMs
folded and have tilt angle . Organic SAMs form collapsed sites due to folding of the
chain which results in defect formation in the film. However, such defect does not
appear in CT SAMs owing to rigidity of carborane’s backbone. Besides this, etch pits
formed in organic SAMs were not observed in CT SAMs.

Advanced synthetic approaches in preparation of these compounds offer substitution
on both boron and carbon. Altering positions of carbon atoms in the cage changes the
dipole moment strength and direction while maintaining an identical assembly and
molecular geometry. Therefore, each isomeric carboranethiol has specific dipole
moments strength and orientation. The difference in dipole moments of isomers
enables to tune surface properties such as work function and wettability.

In this work, SAMs of three positional isomers of carboranethiols on Au(111) was
characterized. These isomers are 1-mercapto-1,7- dicarba-closo-dodecaborane (M1),
9-mercapto-1,7-dicarba-closo-dodecaborane (M9) and 1-mercapto-1,2- dicarba-closo-
dodecaborane (O1). Moreover, co-deposited (mixed) SAMs of these isomers was
studied by systematically changing concentration ratio of isomers in the growth
solution. Since the direction and magnitude of dipole moments of carboranes are

distinct, co-deposited SAMs are expected to have different properties relative to their
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pure SAMs. It is worth to emphasize that O1 has almost opposite dipole moment to
M9, hence we hypothesize that co-deposited SAMs of O1 and M9 could have dipole-
dipole interaction. To have qualitative idea about effect of dipole-dipole interaction as
well as surface wettability, static and dynamic CA measurements were performed. The
thickness of SAMs was measured by means of ellipsometry. The morphology of these
SAMs was investigated via AFM. Static CAs of were used to determine the surface
composition of the mixed SAMs. AFM topographic (height) images were used to
determine defect coverage and domain boundary lengths.

3.3.1 Pure carboranethiol SAMs

Contact angle and ellipsometric thickness values of pure CT-SAMSs on TS-Au surface
are shown in Figure 57 and Table 8. Static CAs of pure M1 and M9 SAMs on TS-
Au surface are consistent with the CAs reported in the literature. Although static CAs
are consistent with literature values, dynamic CAs of pure M1 and M9 SAMs are quite
different then what is reported by Weiss group. [105,106] To explain this difference,
it is worth to review Weiss group’s works in two papers they published in 2009 and
2014. [105,106] In the paper published in 2009 the dynamic CAs of M1 and M9 were
reported while in the latter paper static CAs were investigated. These results are
summarized in Table 9. As can be seen from the table, there is contradiction between
dynamic and static angles reported, since static CAs should lie between advancing and
receding CAs. Since our static CAs agree with those of Weiss group, and they lie
between the dynamic angles measured in this study it can be safely concluded that our
results are more reliable then the literature reports. The lowest CAs belongs to O1
SAM which was not studied before in the literature. CAs of Ol and M9 have
significant difference (about 4°) with respect to each other in spite of the similar

magnitudes of their dipole moments.
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Figure 57. Contact angles and ellipsometric thickness for pure carboranethiols. Solid

symbols refer to FA gold and the open symbols refer to TS gold surfaces.

Table 8. Contact angles of pure carboranethiol SAMs.

Static Advancing Receding Hysteresis
M1 85.4+1.8 90.1£1.6 70.4+3.9 19.7
M9 74.4=1.4 86.8+4.7 54.3+£3.4 325
) 71.2+0.7 78.0+1.8 52.8+4.9 25.2

Table 9. Contact angles of M1 and M9 in literature.

MIi M9

Advancing 82+2 72+4
Static 85.8 £ 1.1 77.7+0.8

Receding 71+1 52+1

Topography and morphological properties of SAMs were investigated by AFM.
Topography and phase images of pure CT films on TS-Au surfaces in two different
scales are shown in Figure 58 and their properties are summarized in Table 10.
Roughness of pure CT SAMs on TS-Au vary between 0.42 to 0.63 nm which is
significantly higher than bare TS-Au (0.12 nm). The domain boundaries and pits
clearly are visible in topographic images. Formation of these pits on TS-Au might be
due to imperfect deposition of gold on mica substrate during thermal evaporation. The
boundaries form due to merging of domains with different orientation, domain

boundaries of substrates and step edges of substrate. The latter two reasons seem to be
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more reasonable since CT SAMs are almost perpendicular to the surface and forms

ordered structure without defects. The values of defect coverage and boundary length

are close to each other which implies identical nature of different SAMSs. It is worth to

note that for 2.5x2.5 um? scans, the standard deviations are quite large in case of M9

and O1 due to higher noise level of the AFM images.

Table 10. Results of the AFM image analysis for pure M1, M9 and O1 films.

2.5x2.5 ym’ 1.25x1.25 um’
Boundaries | Percent coverage of | Boundaries Percent coverage of
length pits length pits
M9 62.9+£21.2% 5.40+1.57 15.6+1.97 5.54+0.81
Ml 48.4+4.27 4.53+0.10 14.35+4.57 4.49+0.67
o1 77.7£23.1% 6.87+0.245 15.4+2.05 5.13+1.54

* High standard deviation is due to noise level and/or artifact of the images.
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Figure 58. AFM images of pure M9, M1 and O1 SAMs on template stripped gold

surface. Upper rows correspond to 1.25x1.25 um? and bottom rows 2.5x2.5 um?.
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3.3.2 Mixed carboranethiol SAMs

In this part of the study mixed SAMs of CTs will be disused. Co-deposited SAMSs have
different properties relative to their pure SAMs due to distinct magnitude and direction
of dipole moments of the component molecules. The thickness of all SAMs were
almost equal (0.8-1 nm) regardless of the surface composition. However, CAs of

mixed SAMs were different with respect to pure SAMs.

3.3.2.1 M1:M9 mixed SAMs

CAs and ellipsometric thickness of mixed M1:M9 films on TS-Au surfaces are
exhibited in Figure 59. In order to facilitate a comparison with higher precision, CAs
are summarized in Table 11. The CAs of mixed M1:M9 are close to those of pure M1
SAMs for all mixtures, however, a gradual reduction is observed with increasing M9
ratio in the growth solution. The results turned out to be the same for both dynamic
and static CAs. The hysteresis values are almost similar for all ratios of M1:M9 in
growth solution. In order to investigate the correlation between the M1:M9 ratio in the
growth solution and on the surface (film) we utilized Cassie’s law with the
assumptions detailed in section 2.1.3 and calculated the theoretical CAs of mixed
M1:M9 SAMs as a function of surface composition (gmz,sur Which is equal to 1-Qm2,sur)
by using the CAs of pure M1 and M9 SAMs in equation 7. The resulting theoretical
contact angle values are reported in Figure 60 A. Then by comparing this theoretical
values with the experimentally observed CAs (that is by solving equation 7 for qmzsur
by using the experimentally measured CAs), the surface fraction of M1 and M9 can
be determined for each growth solution ratio (mole fraction of M1 in the growth
solution, gmz,so1). This analysis can be applied to both static and dynamic CAs and the
results are shown in Figure 60 B as a function of gmiso. In addition, if the surface
fractions are assumed to be equal to the solution fractions then the theoretical CAs
given in Figure 60 A can be directly compared with the experimental CAs given in
Figure 59. Such a comparison enables one to judge whether the surface fractions

follow the solution fractions (one-to-one) which is a measure of the preferential
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binding of one of the components over the other one on the surface. To enable this
comparison we plotted theoretical CAs (given in Figure 60 A) also in Figure 59 with
lines (by assuming surface fraction being equal to solution fraction). It can be seen in
Figure 60 B that for 3:1 and 1:1 M1:M9 solution ratio(gm1s0=0.75 and 0.5), the
advancing CAs yield gmusur Values larger than 1 which is of course not meaningful.
This is most probably due to high standard deviation of the advancing CAs and the
small difference between the advancing CAs of pure M1 and M9 films. However, the
surface composition results based on static or receding CAs are more reasonable and
indicate that for almost all the solution ratios, the surface fraction of M1 is higher than
its solution fraction. When the static angle results are considered it can be seen that
surface ratio of M1 is 49 % (qm1sur=0.49) even at 1:3 ratio of M1:M9 in growth
solution. Hence, it can be concluded that M1 has higher tendency to form film due to
head to tail dipole-dipole interactions. This outcome is in agreement with the results
of Weiss group who concluded that surface coverage of M1 is 56% in case of 1:3 ratio
of M1:M9 in growth solution by utilizing grazing incidence FTIR. Figure 61 presents
topography and phase images of mixed M1:M9 SAMs on TS-Au surfaces. Of course
we should here stress that the above given CA analysis assumes the components of the
mixed SAM to effect the CA independently and linearly (with coverage) which need
not be the case (see the discussion in section 2.1.3). The morphology and roughness
of the films are almost identical regardless of the mixing ratio. All of the films possess
a homogenous structure and no domain separation was observed in the phase image.
This observation is also consistent with STM results of Weiss group which show
strong structural similarities of M1 and M9 and indistinguishable nature of M1 and
M9 in mixed SAMs. Quantitative analysis results of AFM images are summarized in
Table 12. The analysis of 1.25x1.25 as well as 2.5x2.5 um? images show that boundary
length increase with decreasing M1 ratio in the growth solution whereas roughness
remains almost constant for both scales. On the other hand, no clear trend was observed

for defect (pit and domain boundaries) coverage which does not exceed 7%.
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Figure 59. Contact angles and ellipsometric thicknesses of M1:M9 mixed SAMs.
Lines in the CAs plot indicate theoretical CAs plotted by assuming surface fraction
being equal to solution fraction. S: static, A: advancing and R: receding contact angles.

Table 11. Contact angles of M1:M9 mixed SAMs.

MI:M9 Static |Advancing| Receding | Hysteresis
0:1 74.4+0.3 | 86.8+4.7 | 54.3£3.4 32.5
1:3 79.7£2.1 | 88.4+2.6 | 63.7+1.8 24.7
1:1 82.6+0.9 | 90.9£3.4 | 66.1£2.4 24.8
3:1 84.0£1.0 | 90.7£3.1 | 65.7+£5.2 25.0
1:0 85.4+1.8 | 90.1£1.6 | 70.4+3.9 19.7
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Figure 60. A) Theoretical contact angles as a function of surface composition for
mixed M1:M9 SAMs. B) Surface composition of mixed M1:M9 SAMs calculated
from the observed contact angles, potted as a function of growth solution composition.

S: static, A: advancing and R: receding contact angles.
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Table 12. Results of the AFM image and contact angle analysis of M1:M9 SAMs.

Results of the AFM image analysis

Average roughness (nm)

Average domain

boundary length (um)

Average defect coverage

(%)

MI:M9 | ]1.25x1.25/2.5x2.5 um’
1.25x1.25 /2.5x2.5 pm’ | 1.25x1.25 /2.5x2.5 um’
1:0 0.53+0.14//0.54+0.10 14.3+ 4.5/48.4+4.27 4.49+0.67/4.53£0.10
3:1 0.40+0.08/0.42+0.05 10.9+1.8/63.1£9.53* 4.500.57/7.62+0.60
1:1 0.40+0.08/0.44+0.01 18.1£3.8/71.0+18.4* 6.94+0.07/6.96+0.54
1:3 0.380.09/0.43+0.09 18.6+1.65/75.7+ 0.91 6.28+0.68/7.62+0.60
0:1 0.42+0.14/0.54+0.19 15.6+2.0/48.4+4.27 5.54+0.81/4.53+0.10

* High standard deviation is due to noise level and/or artifact of the images.

81




Topography

o1k SRS A ol b

Phase

Figure 61. AFM images of Mixed M1:M9 SAMs on template stripped gold surface.

Upper rows correspond to 1.25x1.25 pm? and bottom rows 2.5x2.5 um?,
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3.3.2.2 O1:M1 mixed SAMs

CAs and ellipsometric thickness of mixed O1:M1 films on TS-Au surfaces are
summarized in Figure 62 and Table 13. Though no clear trend was observed in CAs,
the advancing CAs of all mixed O1:M1 SAMs were close to M1 as in the case of
M1:M9 SAMs. The surface composition of mixed O1:M1 SAMs was determined by
performing the same CA analysis procedure used for M1:M9 SAMs (as discussed in
the previous section) and results are shown in Figure 63. When the analysis results for
advancing CAs are considered it can be seen that for all solution ratios the surface
fraction of M1 is higher than its solution fraction which implies preferential absorption
of M1 over Ol. However, for receding and static angles there was no such behavior
which makes it difficult to derive a safe conclusion regarding the preferential
absorption of M1 over O1. Nevertheless, since measurements performed in our group
on O1:M1 mixed SAMs on FA-Au surfaces (which are not reported in this thesis) also
indicate M1 to be dominant on the surface we believe this is also through for the SAMs
on TS-Au surfaces studied here. Figure 64 presents topography and phase images of
mixed O1:M1 SAMs on TS-Au surfaces. The results of morphological analysis are
summarized in Table 14. The morphological properties of O1:M1SAMs are analogous
to the properties of pure SAMs and are independent of the mixing ratios. It is worth to

indicate that boundary length increases as M1 ratio decreases in growth solution.
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Figure 62. Contact angles and ellipsometric thicknesses of O1:M1 mixed SAMs.
Lines in CAs indicate plotted theoretical CAs against gsurf by assuming surface fraction
being equal to solution fraction. S: static, A: advancing and R: receding contact angles.

Table 13. Contact angles of O1:M1 mixed SAMs.

Oi:M1 Static | Advancing | Receding | Hysteresis
1:0 71.240.7 | 78.0£1.8 | 52.8+4.9 25.2
3:1 79.3+£2.8 | 87.6+£2.5 | 59.4+2.8 28.2
1:1 76.6£2.1 | 86.1+1.4 | 56.8+0.3 29.3
1:3 78.5£2.9 | 88.3+£3.1 | 64.7+1.1 23.6
0:1 85.4+1.8 | 90.1+1.6 | 70.4£3.9 19.7

Table 14. Results of the AFM image and contact angle analysis of O1:M1 SAMs.

Results of the AFM image analysis
01:MI Average roughness (nm)| Average domain boundary | Average defect coverage
length (um) (%)
1:0 0.59+0.05/0.48+0.11 12.3+£2.3/77.74£23.1* 5.13+1.54/6.87+0.245
3:1 0.39+0.12/0.40+0.10 13.7£1.5/73.1£3.21 4.69+0.90/7.34+0.75
1:1 0.52+0.07/0.52+0.06 13.2+0.9/63.6+9.54 5.4440.22/5.86+0.74
1:3 0.47+£0.01/0.58+0.14 10.2+0.8/44.3£24.2* 4.66+0.58/5.68+2.55
0:1 0.53+0.14/0.54+0.10 14.3+4.5/48.4+4.27 4.4940.67/4.53+0.10

* High standard deviation is due to noise level and/or artifact of the images.
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Figure 63. A) Theoretical contact angles as a function of surface composition for
mixed O1:M1 SAMs. B) Surface composition of mixed O1:M1 SAMs calculated from
the observed contact angles, potted as a function of growth solution composition. S:

static, A: advancing and R: receding contact angles.
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Figure 64. AFM images of mixed O1:M1 SAMs on template stripped gold surface.
Upper rows correspond to 1.25x1.25 pm? and bottom rows 2.5x2.5 um?,
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3.3.2.3 O1:M9 mixed SAMs

CAs and ellipsometric thickness of mixed O1:M9 films on TS-Au surfaces are shown
in Figure 65 and Table 15. Contact angles of O1:M1 mixed SAMs.. CAs values of
mixed SAMs lies between the pure SAMs except for receding angles. Since receding
angles of the pure M1 and O1 SAMs are very close to each other and their standard
deviations are high it is not reasonable to derive conclusions based on receding angles.
Hence a surface composition analysis was performed based only on advancing and
static angles results of which are shown in Figure 66. Interestingly, advancing and
static angles show just the opposite trends when Figure 66 B is examined. It is also
interesting to note that surface composition of O1 and M9 is calculated to be about
50% for 1:1 O1:M9 ratio growth solution. In addition, when Figure 65 is examined it
can be observed that the experimental CAs follow the theoretical lines very well
(especially when the standard deviations of the data is considered) which implies that
there is no preferential absorption of one the isomers over the other one. This
observation may support our hypothesis that these two derivatives may have dipole-
dipole interactions on surface. Representative AFM images of O1:M1 mixed SAMs are
shown in Figure 67 and their morphological properties are summarized in Table 16 .
Although the roughness are analogous to pure CTs SAMs and O1:M1 and M1:M9

mixed SAMs, the defect coverage and domain boundary lengths are smaller.
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Figure 65. Contact angles and ellipsometric thicknesses of O1:M9 mixed SAMs.
Lines in the CAs plot indicate theoretical CAs plotted by assuming surface fraction
being equal to solution fraction. S: static, A: advancing and R: receding contact angles

Table 15. Contact angles of O1:M1 mixed SAMs.

01:M9 Static Advancing | Receding | Hysteresis
1:0 71.2+0.7 78.0+1.8 52.844.9 25.2
3:1 71.5+2.1 81.4+4.1 55.1+£5.1 26.3
1:1 72.7+0.7 85.0+3.3 56.2+1.5 28.8
1:3 72.9+1.5 85.4+3.2 57.34£3.8 28.1
0:1 74.4+0.3 86.8+£3.7 54.3+£3.4 32.5

Table 16. Results of the AFM image and contact angle analysis of M1:M9 SAMs.

Results of the AFM image analysis

Average roughness (nm) Average domain Average defect coverage
boundary length (um) (%)

1:0 0.59+0.05/0.48+0.11 12.3£2.26/77.7+£23.1* | 5.13%1.54/6.87+0.245
3:1 0.39+0.09/0.50+0.10 11.7+£0.72/71.6+4.48 3.06£2.06/7.22+0.86
1:1 0.47+0.0/0.55+0.06 8.02+0.01/58.4+2.23 2.97+0.21/6.10+0.39
1:3 0.49+0.06/0.61+0.20 12.7+4.93/63.4+3.97 4.13+1.15/7.07+0.96
0:1 0.42+0.14/0.46+0.19 15.6£1.97/69.9+£21.2*% | 4.49+0.67/5.40+1.57

01:M9

* High standard deviation is due to noise level and/or artifact of the images.
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Figure 66. A) Theoretical contact angles as a function of surface composition for
mixed O1:M9 SAMs. B) Surface composition of mixed O1:M9 SAMs calculated from
the observed contact angles, potted as a function of growth solution composition. S:

static, A: advancing and R: receding contact angles.
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Figure 67. AFM images of Mixed O1:M1 SAMs on template stripped gold surface.
Upper rows correspond to 1.25x1.25 pm? and bottom rows 2.5x2.5 um?,
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3.4 Summary

When the results discussed above are considered it may be useful to summarize some
general observations. The CAs as well as ellipsometric thickness of reference
alkanethiol SAMs were in agreement with literature values which proves the reliability
of our measurements on CT SAMs. [ 85,87,88-92] Results obtained for CT SAMs can
be rationalized as follows. Based on CAs results, for all co-deposited SAMs of M1
with M9 surface wettability mostly governed by M1 which binds to surface more
preferentially. In case of O1:M1 films the dominancy of M1 is obvious considering
advancing contact angles, however, based on the static and receding contact angles
such behavior was not observed. The dominancy of M1 on surface is in agreement
with the previous studies which explained this preferential binding by head-to-tail
dipole-dipole interactions of M1 molecules on the surface. [107] In case of O1:M9
films however, surface fraction of the isomers follows the solution fractions which
implies that there is no preferential adsorption of any of the components. This may be
due to dipole-dipole interaction between O1 and M9 molecules on the surface. In fact,
this dipole-dipole interaction can result in alternating anchoring of molecules on the
surface and homogeneous film formation in molecular scale as depicted in Figure 68.
In addition, comparing the morphological properties of mixed SAMs (see Figure 69),
it can be seen that defect coverage is lower in 01:M9 mixed SAMs which may be due
to the dipole-dipole interaction of M9 and O1. Besides these, all carboranethiol SAMs
have similar morphological properties with surface roughness around 0.5 nm, domain
boundary length in range of 10 and 20 um and defect coverage around 5%. The pits
that were observed in AFM images have about 3 nm depth which are much higher than
the depth of characteristic vacancy island (or etch pits) observed in alkanethiol SAMs.
Although the size of the pits that we observed in carboranethiol SAMs are much larger
than the size of vacancy islands of alkanethiol SAMs reported in the literature, their
coverage is close to pit coverage of 6% to 9% reported by Poirier for several different
alkanethiol SAMs. Nevertheless, the pits that are observed for carboranethiol SAMs

most probably have different nature than those observed in alkanethiol SAMs and may
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be originating from defects on template stripped gold substrate. In fact, in STM studies
of M1, M9 and p-carboxyl-carbotanethiols no etch pit formation was reported by
Weiss and co-workers. [105,113] On the other hand, STM image of p-carboranethiol
derivatives (which contain alkane chains as spacer) shows formation etch pit like 3-4
nm vacancies due to partial absorption. [114,115]

M9 o1 M9 01 M9
SI s| | | s|
Au

Figure 68. Schematic representation O1:M9 dipole-dipole interaction on surface
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4 for comparison with (a).

93



94



CHAPTER 4

CONCLUSION

In this study SAMs of three positional isomers of pure carboranethiols (M1, M9 and
0O1) as well as their corresponding mixed SAMs were investigated on template stripped
gold surfaces. The ellipsometric thickness of SAMs was measured to be around 1 nm
for all SAMs on both substrates. The ellipsometric thicknesses of SAMs are consistent
with the thicknesses measured with STM in the literature. [107] The wetting properties
of SAMs was investigated via contact angle (CA) measurements. Among pure SAMS,
M1 films was found to be more hydrophobic than O1 and M9 films. O1 films have the
lowest CA compared to other pure SAMs. Moreover, mixed SAMs of these isomers
with different mixing ratios were studied. Based on CA analysis of contact angle
results, surface fraction of M1 was found to be higher than its solution fraction for all
growth solution ratio of M1:M9 which indicates the dominant component on the
surface to be M1. The dominancy of M1 on surface was also observed for O1:M1
mixed SAM, though the trend was not as clear as observed for M1:M9 SAMs. In case
of O1:M9 modified surface CAs decrease with increasing O1 ratio in the growth
solution. However, it is very difficult to judge the dominancy of one of the species on
the other on the surface based on CAs since the CAs of pure O1 and M9 SAMs are
very close to each other. Lastly the morphology of SAMs was investigated by AFM.
The topographic images of all SAMs are similar to each other except 01:M9 SAMs.
In fact, based on AFM image analysis the O1:M9 mixed SAMs have lower defect
coverage relative to pure and other mixed SAMs. No phase separation was observed
for mixed SAMs which implies homogeneity of the films.
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APPENDIX

1.1 Effect of polar aromatic containing SAMs on work function

Later studies on alkyl thiol monolayers containing a polar aromatic group indicated
that the work function of the underlying metal strongly depends on the direction and
the magnitude of the dipole moment of the SAM. Kelvin probe measurements that
were used by Evans et al. highlighted the critical effect of organic adsorbate’s structure
on the magnitude and sign of the work function. They observed that changing the
terminal groups from n-alkane chain to a fluoroalkyl one reverses the direction of net
dipole moment. These relations can be seen in Figure 70. In other words, terminal
fluoroalkyl raises the work function of gold by 0.75 eV, whereas, n-alkane terminated
one decreases as much as 0.45 eV. These conclusions were confirmed by Sita and co-
workers via arenethiols with different terminal functional groups. [101]

“ncl

Figure 70. Gold decorated with polar aromatic groups. The structural differences as

well as the direction of the dipole moments of corresponding organic adlayer is shown.
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1.2 Effect of fluoroalkanethiol SAMs on work function

Aiming at bringing more clarity to the relationship between the work function of a
coated surface and chemical composition of the SAM, the work function of gold
surfaces modified with a series of alkanethiol SAMs (CH3(CH2).SH (n=2, 7,9, and
17) was investigated using UV-photospectroscopy (UPS) by Lee and coworkers.
[102] It can be seen in the UV photoemission spectra (Figure 71 A2) that as alkyl
chain length of the adsorbates increases, kinetic energy edge shifts to lower energies.
The effect of direction and magnitude of dipoles from an array of adsorbate dipoles on
the work function of metals was demonstrated considering an estimation of difference
in the work function, AW, between bare and SAM-modified gold surfaces which are
depicted in Figure 71 A3. They also used a series of fluorocarbon-terminated SAMs
(CF3(CF2)n(CH2)15:nSH, n =0, 1, 3, and 9; Figure 71 B1) in order to investigate the
influence of the direction of surface dipoles. The surface dipoles for these
fluorocarbon-terminated gold surfaces exhibited a polarity opposite to the surface
dipoles associated with the hydrocarbon-terminated gold surfaces (i.e., those coated
with n-alkanethiol SAMSs) as in the case of polar aromatic ones. It was observed that
bare gold surface had higher kinetic energy edge position than those of His- and F1Hs-
modified gold surfaces and lower energy edge position compared to FoH14-, FaH12-,
and F1oHe- modified ones (Figure 71 B2). With an increasing number of fluorocarbons
the work function of the fluorocarbon-terminated surfaces increased as well and this

is depicted in Figure 71 B3.

106



(A)

. §d /

2)

Kinetic Energy (eV)

(3)

sare M3 HE H1I0 W8
aw= 0 401 497 427 a2

Eige =pmmtisagessessgessansasasaanres

(B)
(1)

3 5 % 3
H16 FIH15 F2H14 F4H12 F10HE

$

(2)

ﬂ

s 1] " 0
Kinetic Energy (eV)

HI6  FIHIS F2H14 FAH12 F10HS
AWs= 0 136 012 4006 +045 +0.46
aw  aw

.............................

Wose Wao Wiy Wi Wi Wi

Figure 71. Al and B1 shows the chemical structure of SAMs. A2 and B2 represent
the UV photoemission spectra for clean Au and corresponding Au modified SAM. A3
and B3 is schematic diagram of the differences in work function (AW) of Au and

modified surface. Retrieved from ref [102].

1.3 Advantage of conjugated SAMs for work function tuning
Alkyl chains possessing intrinsic electrically insulating characteristics was a limitation
on the use of monolayers consisting of long-chain alky! thiols for modifying injection
barriers between metals and organics. More promising for this type of applications
seems to be the monolayers consisting of n-conjugated thiols which were observed to
exhibit considerably enhanced conductivity. Hence, very much attention was put on

SAMs prepared from oligophenylthiols which have an aromatic. Oligophenylthiols’
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molecular backbone is rigid and they have strong n-m interactions that increase the
stability of the formed monolayers against thermally induced disorder hence
accounting for the problem present in case of alkyl derivatives. However, the low
solubility of these aromatic molecules is a synthetic challenge. Chen et al. studied work
function of gold decorated with series of differently substituted terphenyl thiol SAMs.
They were able to show that a depression of the work function takes place in thiol
coated gold when compared with clean gold. The authors showed their ability to tune
the work function from 4.30 eV to 4.95 eV by simply using different SAMs on top of
the gold electrodes. Figure 72 shows the structures of the SAMs and the corresponding

values of the measured work function. [103]

®=430eV <P=4.60eV <P=485eV <P=495¢eV
An=0.60eV  >Ax=0.55eV  >Ap=0.30eV  >Ap=0.15eV

Figure 72.0ligophenylthiols SAMs structure and effect of them on work fuction.
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2. Functionalization of carboranethiols

In this part m-carborane-1-thiol (M1) functionalized to 1-mercato-7-carboxy-m-
carborane via nucleophilic substitution reaction. Figure 73 shows synthetic route of
carboxylic acid functionalized M1. 100 ml freshly diethyl ether was papered by
distillation in presence of sodium and benzophenone. Then 300 mg of M1 dissolved
in 50 ml of fresh diethyl ether under N2 atmosphere. After that, reaction medium
brought to -73 °C via dry ice. After 30 min n-buthyl lithium was added via canola over
period of 1 hour. It stirred for extra 1 hour at this temperature. Then dry ice was added
to mixture in excess amount and stirred reaction to maintain room temperature. Then
reaction stirred at room temperature for 2 hours. Then 20 ml water added. The mixture
extracted via diethyl ether and addition 10% HCI (50ml). Organic layer was
evaporated and sample purified via sublimation. The system used for sublimation was
large with respect to amount of the product, hence some product may escaped before
crystallization on cold side. Therefore, column chromatography was used to purify
product (hexane as elute, the yield is 27%). The IR spectra of reactant and product are
depicted in Figure 74. The peak of carboxyl acid in 3000 cm™ is show formation of
the product. The *H and *3C NMR spectra of the product are depicted in Figure 75 and
Figure 76.

COOH

Dry diethyl ether

»
»>

73°C
SH SH

Figure 73. Synthetic route of 1-Mercapto-1,7 -dicarba-closo-dodecaborane-7-
carboxylic acid.
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Figure 74. IR spectra of reactant (upper row) and product (bottom row).
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Figure 75. 'H of 1-Mercapto-1,7 -dicarba-closo-dodecaborane-7-carboxylic acid
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Figure 76. *C NMR 1-Mercapto-1,7-dicarba-closo-dodecaborane-7-carboxylic acid.
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3. AFM image analysis: Raw image (upper row), phase image (middle row) and
analyzed image (bottom row).
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4. Contamination observed on mica substrate upon heating

Figure 77. Contamination observed on mica substrate upon heating.
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