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There is a high degree of interest in organic thin films for lightweight, low power,
rugged and flexible electronics. Conjugated organic molecules with polycyclic rings are
being considered a major enabler of such applications. Due to a surface tension
mismatch between the organic molecule with the inorganic support (mainly silicon
oxides), molecular packing inside these thin films is often disordered, which suppresses
the device performance. There are major efforts focused on modifying the bulk
properties, for instance, maximizing orbital overlaps in the solid state, little attention
was paid to receive long-range ordered thin films. A novel approach to afford
conjugated molecules self-organization capability is reported in this dissertation.
The objectives of this dissertation are to: 1) combine a conjugated ring system
with an organosilane moiety to compose a bifunctional molecule; 2) investigate the selfassembling of this molecule; and 3) establish a robust theoretical model to understand
the assembling process and structure of packed films. Several important progresses
have been made. First, the assembly process of aromatic silanes is investigated, in
contrast to mostly studied alkylsilanes. These molecules could form organized, bilayerby-bilayer nanolayers. Compared to regular alkyl-based nanolayers, these aromatic
nanolayers show much enhanced thermal properties due to the dipole-dipole
interactions between individual layers. By using Ultraviolet Photoemission Spectroscopy
(UPS), significant π-π interactions between the molecules were found. Following that,
anthracene was used as an electronic component for the conjugated silane. These
molecules formed a polymeric 1D backbone after self-assembly. Hydrophobic branches,
plus a noncovalent π-π binding between the 1D chains, further promoted the formation
of a freestanding nanolayer.
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Chapter 1
Introduction
Conjugated organic molecules have alternating double and single bonds. While
this structure makes molecules relatively stiff or rigid, it leads to the formation of
delocalized electrons, lowers the bandgap, and promotes charge conduction between
neighboring molecules. Fabricated thin films could function as transistors also to switch
current in active-matrix displays or in low-end data storage systems. Many hard-toachieve characteristics in inorganic transistor manufacturing can easily be achieved with
these organic counterparts, including low temperature processing, compatibility with
inkjet printing, and versatility in chemical structure design. Therefore, organic thin-film
transistors (OTFTs) recently generated huge interests in the defense and civilian
industry.[1]
However, due to a surface tension mismatch between the organic molecule with
the inorganic support (mainly silicon oxides), molecular packing inside these thin films is
often disordered, which suppresses the device performance. There are major efforts
focused on modifying the bulk properties, for instance, maximizing orbital overlaps in
the solid state, little attention was paid to receive thin films with long-range ordering.
This dissertation targets some of above issues. For instance, ways to organize
organic molecules, introduce functional groups to enhance ordering, and probe their
structure and properties are investigated.
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1.1 Current State of Knowledge
1.1.1 Pentacene
Among the many conjugated molecules for OTFTs, polycyclic aromatic rings
(called acene) are deemed the most promising. Interest in acene stems primarily from
its high hole mobility and high on-to-off current ratio during the operation of OTFTs.
Pentacene (Scheme 1.1).

Scheme 1.1 Pentacene is a polycyclic aromatic hydrocarbon consisting of five linearly-fused benzene rings.

Pentacene is a simple linear acene consisting of five fused benzene rings. It is the
most critical and successful candidate for OTFTs.[2-5] Performance of these OTFTs is
generally benchmarked against that of amorphous silicon (a-Si) thin-film transistors with
field-effect mobility of more than 1.0 cm2/V.s and on-to-off current ratio of 106-108.[4,
6-7] It is generally accepted that only the first few molecular layers play a crucial role in
charge conduction of OTFTs.[2, 4] Due to a limited solubility in most organic solvents,
pristine pentacene thin films are usually cast on a dielectric material through a vacuum
deposition process like that used in inorganic semiconductor processing.[6-7] Lack of
surface compatibility with a gate insulator or dielectric surface (mainly silicon oxides)
makes the application of pentacene in future high-end, thin-film-based, devices
questionable.[2, 4, 8]
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Vacuum deposition of pentacene could generate bulk crystals or monolayer
structures. Oleophobicity (not wet by organic oils) of the hydroxyl surface of SiO2 gives
rise to a weak van der Waals interaction with pentacene molecules, retarding the
migration of pentacene on surfaces and rendering a thin film of polycrystalline or a
dendritic shape. Consequently, substantial grain boundaries and less ordered molecular
packing result from this multi domain, feather-like structure. In addition, molecular
packing among the pentacene monolayers next to the dielectric surface deviates from
the crystal packing in the bulk.[9] Fine-tuning the growth of bulk crystals does not
necessarily imply good packing for the initial monolayers along the dielectric
interface.[2] Hence, many research groups have devoted their efforts to modifying the
dielectric surfaces in order to accommodate better pentacene monolayers. To highlight
a few, Jackson has focused on the surface modifications of silicon oxides using
organosilane (general formula of RSiX3: where R is an alkyl group and X is an alkoxide or
halide), i.e., octodecyltrichlorosilane (OTS), resulting in pentacene device constructions
with enhanced mobility.[6] Kelly et al used phosphonic acid-treated alumina for
pentacene-based OTFTs.[8] A fully passivated dielectric surface led to a near 300%
improvement in device performance. Yang and Bao conceived a single-crystal-like
pentacene monolayer after coating the SiO2 with a surface adhesion promoter, that is,
hexamethyldisilazane (HMDS).[10-11] A direct correlation of the crystalline structure of
the initial pentacene monolayers to HMDS was suggested.
Despite these remarkable findings, one critical issue remaining is how well the
registry between the top pentacene layer is controlled by the monolayer coating
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underneath. Tao recently reported that a mechanical rubbing of organosilane could
introduce anisotropy to the charge transport in pentacene-based OTFTs.[12] This work
suggested that certain registry exists between the packed organosilane and the top
pentacene monolayers. Even more critically, it indicates a need to reach nicely packed
organosilane monolayers before the vacuum deposition process. Yet, one relevant issue
not addressed is the origin of the improvement, as both morphology and interfacial
characters are subject to change based on the monolayer coating.[13] Overall, current
knowledge of the relationships between the organic coating and molecular packing of
pentacene is still rather limited. The complexity of revealing and regulating the growth
of pentacene monolayers is a significant scientific challenge.[2] Without an easy way to
probe the packing process, little effort can be invested to further optimize device
performance in OTFTs. In addition, the vacuum deposition process used with pristine
pentacene leads to a major engineering issue; because casting devices for large area
thin films is costly, and patterning for nanolayer-based devices, such as nanoelectronics,
is beyond imagination.
Therefore, there is an acute need to afford pentacene a few new characters,
such as 1) good wetting behavior with inorganic surface, 2) the ability to assemble into
organized films in solution, and 3) the potential to alter molecular packing in stacked
layers. Since all of these new needs are related to the function of self-assembly, making
the pentacene bifunctional seems necessary. There is ongoing, exciting research [3, 1421] being conducted to alter the herringbone packing of pentacene and develop soluble
pentacene derivatives as an alternative to solid deposition over high vacuum; but these
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methodologies still experience the usual problem of polycrystallinity. Much needed
knowledge on film growth of these molecules cannot be obtained from the
aforementioned vacuum deposition studies, mainly because their processing was
handled in a liquid environment.

1.1.2 Self-Assembly
While the idea of using synthetic molecules to prepare an ordered multistack
film or nanolayers is novel, the concept to form monomolecular layer through selfassembly is not new and was first demonstrated in 1946.[22] Major steps forward were
the preparation of stable, self-assembled monolayers from organosilane on silicon
oxides in 1980 [23] and from organothiols on gold in 1983.[24] Ever since, SAMs have
been widely investigated in the fields of surface engineering, electronics, and functional
membranes. Yet, a majority of these SAMs are those from the earliest discoveries, i.e.,
organothiols and organosilanes, which are important to electronics and worthy of some
discussion here. The latest molecules, such as amphiphilic micelles studied by biologists
[25-28], active gas molecules absorbed over surfaces of catalysts [29-30], and organic
acids on mica or sapphire [31], among others, are omitted from discussion simply
because their relevance to thin-film devices is a farther reach or they have limited
processability.
Among the most studied SAMs are those derived from the adsorption of
organothiols, mainly n-alkanethiols, onto gold from the solution or vapor phase.[32]
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Figure 1.1 Mechanism for the self-assembly of organothiols on gold. Stages pass through an initial
adsorption, a lying-down phase, a two-dimensional phase transition from a lying-down to a standing-up
configuration, and the formation of a complete monolayer.

As can be seen on Figure 1.1, generally the thiol molecules firstly adsorb and form
a so-called “lying-down” phase with their molecular axis parallel to the Au (111) surface.
Later, as this phase reaches its saturation coverage, a two-dimensional phase transition
occurs which leads to a formation of islands comprised of molecules with their alkyl
chains tilting ~30° from surface normal. Continuous exposure to the thiol molecules
results in the appearance of more islands in the latter “~30° tilting” configuration and
the growth of nuclei.[32-34] In recent years, studies have been conducted by material
chemists to take advantage of the well-learned behaviors of organothiols.[35-38] They
started by looking at more rigid thiol molecules or molecular chains with certain degrees
of conjugation.
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Figure 1.2 Examples of rigid organothiols synthesized for self-assembling study.

A few good examples, shown in Figure 1.2, include self-assembled 4mercaptophenyls (1992) [35], oligo(phenyl-ethynyl)benzenethiols (1996) [36], oligo(1,4phenylene-ethynylene)s with thioester terminals (called alligator clip) (2004) [38], and
others. These types of organothiols offer merits to the scientific community because the
renovated molecular structure induces prominent electron transfer between the
molecules and the metallic support, thereby functioning as a motif for molecular
electronics.[37] Even though these results are interesting, the reversible chemisorption
between the thiol terminal and metallic substrate renders a much lower stability for any
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device. Further, forced charge conduction in these films is in the direction parallel to the
surface normal, opposite of what is demanded in OTFTs.
The growth of organosilane as SAMs, with mono-, di-, or tri-alkoxy groups as the
link to the dielectric substrate, attracts broad interest too. By nature of their
hydrolysable functional groups, organosilane molecules can be covalently bound to
substrate hydroxyl groups as well as cross-linked within the organosiloxane layer.[39-40]
The irreversible covalent bond suggests a chemical and mechanical robustness on a
variety of substrates, beneficial to electronic devices requesting stable performances in
commercial applications. While some doubts were initially cast over the ordering of the
resulting SAMs, experimental results suggest otherwise.

Figure 1.3 Typical sequences of an organosilane self-assembled monolayer structure. Stages are as
follows: growth, proceeding from a 2D-vapor phase, through a solid-vapor coexistence region, to the solid
phase.

As seen on Figure 1.3, alkane-silane initially adsorbed in a disordered
conformation and gradually aligned and stood up as the coverage increased.[40]
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Spectroscopy studies further identified patches of monolayers, which are various
domains with diameters about 100 nm.[33] Recently, active efforts are being made to
provide organosilane with electronic properties.
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Figure 1.4 Examples of rigid organosilanes synthesized for supramolecular aggregations.

Lin and others used a silsesquioxane-type of molecular design (shown in Figure
1.4) to link conjugated moieties with silanes by forming a symmetric organosilane

molecule like (RO)3-Si-R’-Si-(OR)3, where the core of R’ is usually rigid and R of simple
alkyls.[41-43] Resulting materials often have a tendency to self-assemble into
macroscopic structures like tubes [43] or fibers [41-42]. However, these reported
molecules tend to spontaneously form an infinite 3-D aggregate. Therefore, spatially
controlled growth of thin films of this type has not been reported yet.

1.1.2.1

Self-Organized Nanolayers

Construction of stacked monolayers of organosilane is possible. This requires
that the monolayer surface be modified to a hydroxylated one. Such surfaces can be
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prepared by a chemical conversion of a nonpolar terminal group to a hydroxyl group.
Examples of such reactions are the LiAlH4 reduction of a surface ester group [44], the
oxidation of a terminal vinyl group [45], and the conversion of a surface bromide using
silver chemistry.[46] Once a subsequent monolayer is adsorbed, multilayer films may be
built by repetition of this process. Alternatively, Huo [47] and Parikh [48] separately
found that long-chain organosilane could form a lamellar solid or stacked bilayer
without the pre-treatment process. Kuroda [49-50] reported the formation of similar
bilayered structure from organosilanes with various chain lengths (CnH2n+1Si(OEt)3, n =
12, 14, 16, and 18). Maoz [45] further developed a stepwise protocol to grow stacks of
bilayers. The construction was based on the formation of organosilane bilayers,
followed by a sequential deposition of SAMs whose surface can be modified to be
hydroxyl groups. They determined that a hydrophilic-hydrophobic interaction, as well as
the latter occurring polycondensation, was the main driving forces for such a complex
assembly. Even though ellipsometry and absorbance spectra all suggested the success of
these strategies, AFM and IR data indicated more disordering of the molecules in these
multi-layer films.[46] Besides, all of these findings were limited to organosilanes with
long alkyl chains.
To summarize, a conjugated molecule is combined with an organosilane to
compose a bifunctional material and allow the molecules to self-organize into nanolayer
structures. Since the nanolayer formation phenomenon is relatively new, efforts to
regulate assembly behavior and evaluate molecular packing are also needed.
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1.2 Research Objectives
In this study, alkylsilanes are combined with conjugated rings in the way
depicted on Figure 1.5. In this architecture, the soft tail at the end position of conjugated
rings will not only enable the new molecule to self-assemble onto dielectric surfaces but
will also confer improved solubility to the rigid ring structure, which is a must for
solution processability.

―(CH2)m―SiRn(OR’)3-n
k
k = 1, 2, 3, ...

m = 4, 12, ...
n = 1 or 2
R and R’ = Methyl or Ethyl

Figure 1.5 Organosilane with a rigid head of polycyclic rings and a soft alkyl tail.

By chemically bonding a rigid head with a soft alkylsilane tail, the resultant
molecule is likely to form organized monolayers on dielectric surfaces. Both the
conjugated ring and alkylsilane are known to adopt a standing-up orientation on
inorganic insulators. The former involves a physisorption but the latter a chemisorption.
Collectively, in a liquid environment, those rigid heads will interact through the
combination of noncovalent interactions to pre-form well-organized aggregates; soft
tails, on the other hand, will anchor those aggregates onto dielectric surfaces via siliconoxygen bonds. This added cooperation from rigid rings will enforce a dense and compact
monolayer with the conjugated ring adopting a standing-up orientation, most favored
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for high charge mobility. Next, the water molecules in solvent could render the
monolayer surface hydroxylated. Additional chemisorption of this bifunctional molecule
over this hydroxylated surface could lead to stacks of monolayers. A final baking will
then convert all of the alkoxy into crosslinked siloxanes, stabilizing the nanolayer
structure. Since each individual head is registered precisely with organosilane tails
underneath, seamless charge accumulation along the interface of the head-tail could
even promote a more responsive operation in OTFTs.[12-13]
In this design, the rigid head operates as a critical component for charge
conduction and the soft tail as an active component for self-assembling. Such
assembling mechanism differs from the ones previously studied once that short chain
organosilanes have much less hydrophilic-hydrophobic effects; rather their rigid heads
have strong cooperation tendencies. Therefore, this study will investigate the
cooperation effect. After the direct correlation between layer registry and morphology
is found, it will also open new windows to provide insight into the intrinsic mobility of
charge in packed layers of conjugated molecules. Lastly, the simple configuration of the
molecular structure promotes flexibility to accommodate other functions. For instance,
a viable means to alter herringbone packing in pentacene could be easily transplanted
to these head-tail structures without disrupting the assembling mechanism and, thus,
enable a molecular approach to altering the nanolayer packing.[3, 19, 21]
This work also offers important engineering merits to OTFTs. For example, this
molecular design is easy to process. Not only will the soft tail assist conjugated
molecules packing but it will also provide processing flexibility in a liquid environment,
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enabling patterning or inkjet printing atop a variety of surfaces. Next, if a well-packed
nanolayer is received, then, a much improved device performance is possible; chemical
anchoring of the conjugated molecules inside nanolayer through silicon-oxygen bonds,
on the other hand, provides a reliable structure for devices operating under harsh
environments.

1.2.1 Anticipated Challengers
Plenty of challenges remain, however, before the full potential offered by this
nanolayer is realized. For instance, when these rigid head-soft tail molecules are kept
relatively farther away in a liquid, e.g., with concentrations ranging from pico- to
nanomolar, adherence of these isolated molecules to substrate is quite complex in
terms of head-tail orientation, head-head packing, tail-tail packing, and tail
conformation. When these molecules are anchored on surfaces, both head and tail can
adopt different orientations, including standing up, bowing, folding (Figure 1.6a), and
many more in between, among which standing up is preferable for ideal operation in
OTFTs.

(a)

(b)

(c)

Figure 1.6 Possible configurations of bifunctional molecule on dielectric surfaces (blue-colored): a) headtail orientations; b) head-head packing; and c) tail orientations.
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On the other hand, when a moderate concentration is selected for these headtail type molecules in solution, head-head interactions may likely dominate
intermolecular interactions primarily due to the large electron density in the fused
aromatic rings. As a result, multiple phases, like face-to-face or face-to-edge packing,
could occur, as shown in Figure 1.6b where the face-to-face π-π stacking is favored for
efficient charge transport. Moreover, interaction of those soft tails will affect the
packing and orientation too. But the modes of those interactions will be more complex,
simply because of the soft nature of those organosilane tails. For instance, each tail
could have a variety of conformations; and tails with identical conformation can be
parallel to or stride away from each other (Figure 1.6c).

1.2.2 Rational Design on Molecular Structures
Since pentacene shows the best performance in thin film devices, conjugated
rings from polycyclic aromatic rings, such as anthracene will be used. In this front,
shorter rings will have less prominent cooperation or stacking effects during the
assembling.
Tail interaction is an important variable that affects the molecular packing in
organosilane. It is well-known that silane molecules easily aggregate to form oligomers
after they are dissolved in solvent.[39-40] Then, these oligomers will function as nuclei
for the subsequent growth of nanolayers in the solution. When the intertail interaction
is too strong, the formation of big aggregates will dominate, lowering the degree of
ordering in self-organized nanolayers.
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To facilitate the standing-up head-tail orientation, a short soft tail will be
integrated to the rigid head. Particularly, the fused aromatic ring has a long dimension
of 16.6 Å.[51] The addition of nine carbon atoms in the soft tail will make folding of
pentacene energetically difficult since pentacene could not achieve a minimum contact
with the dielectric surface. However, when the soft tail is too short, limited solubility of
the pentacene-silane might result. In addition, parity effects (odd-even) could play some
roles in packing too [52-53]; even-numbered carbon atoms help the standing up of
pentacene-silane while odd-numbered ones promote tilting. Therefore, it is necessary to
investigate tail length effects to the solubility and molecular orientations collectively.

1.2.3 Important growth parameters
Some parameters are known to influence the growth of ordered nanolayers and
need some previous analysis. Particularly, when water is not around, the chemisorption
of organosilane (called silane thereafter) over the surface of silicon oxide is a selflimiting reaction, which converts the oxide surface with a non-reactive coating of
aromatic rings.
Such coating will render only a monomolecular layer as shown in Figure 1.7a.
However, this case will be altered to follow a layer-by-layer growth mechanism when
such a non-reactive surface of monolayer is adhered with a moderate amount of water.
This latter case is shown in Figure 1.7b. When a large amount of water is mixed in the
solvent, the solvation effect then takes the lead which transforms the freely moving
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silanes into chunks of bilayer-by-bilayer structures (each bilayer is comprised of a single
water layer sandwiched between two silane layers).

Figure 1.7 Illustration of the three growth modes for rigid organosilanes in solvent: a) single layer growth;
b) layer-by-layer growth; and c) bilayer-by-bilayer growth

Surely, many parameters, like interaction between solvent and silane, structure
of solvent and silane, concentration of water and silane, as well as soaking time and
temperature, among others, could all affect the above assembly processes. To estimate
which parameters govern the growth of thin film into an ordered, multistack of
nanolayers, consider the following: Va as the rate of arrival for silane toward the
adsorbing site; Vd as the rate of diffusion for silane over surfaces; Esilane-silane as the
adsorption energy of silane over a monolayer of silane molecules; and Esilane-oxides as the
adsorption energy of silane over oxide surfaces.
When Vd is minimal or Vd << Va, silane molecules stay exactly where they arrived,
all other processes are made irrelevant. As a result, an irregular bed of molecules is built
up and the nanolayer will tend to be amorphous. Simply put, in order to receive an
ordered film, the silane molecules need to be of strong diffusion tendency or have a
large Vd. This conclusion is the foundation for the next three scenarios which are
illustrated in Figure 1.7a-c. In one case, when Esilane-silane is negligible, silane tends to stick
to the oxide surface; and the mode of a single-layer growth will then dominate. In
another case, when Esilane-silane has appreciable effects but is weaker than that of Esilane-
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oxides,

the adsorption of silane molecules over the oxide surface will happen first before

they rearrange to form consecutive layers on top of another monomolecular layer. This
is the observed layer-by-layer growth process. Finally, when Esilane-silane is much stronger
than Esilane-oxides, the molecules tend to form aggregates first before touching the oxide
surfaces. Table 1.1 summarizes all of the possible parameters to control the growth of
nanolayers into various morphologies:
Table 1.1 Key parameters to control the growth of nanolayers of organosilane
Growth Type

General Criteria

Control Parameters

Single layer

Large Vd and Esilane-oxides 〉〉 Esilane-silane

[H2O] = 0, [silane] = low, good solvent

Layer-bylayer

Large Vd and Esilane-oxides ≥ Esilane-silane

[H2O] = moderate, [silane] =
moderate, good solvent, high temp.

Bilayer-bybilayer

Large Vd and Esilane-oxides 〈〈 Esilane-silane

[H2O] = high, [silane] = high, bad
solvent, low temp.

Additionally, the large electron density over the aromatic ring heads will likely
introduce a more prominent cooperation effect between rigid heads [41-43] or even
form hydrogen bonding with water molecules.[54-56] Therefore, much more compact
aggregates along both the horizontal and vertical directions, beneficial to the operation
of OTFTs, might be received. Tail-tail interactions affect assembling too. Little is known
about the extent of these interactions or cooperation, which challenges theoretical
modeling of the self-assembling process. Water-induced silanolization was frequently
assigned as one possible cause in assembling. Overlapping of aromatic rings,
solvophobic interaction, and the van der Waals interaction between hydrocarbon chains
are also known for generating ordered structures. Therefore, multiple interactions could
collectively contribute to the assembling. Besides, strong head-tail interference could

18

disrupt a good packing for head-head. An accurate evaluation of those interactions will
certainly help a theoretical preparation for molecular design.

1.3 Organization of the Dissertation
Initially, on Chapter 2 the dipole-dipole contribution to self-assembly is
considered. An alkylsilane that in normal conditions would not assume a crystalline
configuration is functionalized by the addition of one polar aromatic ring. The influence
of the dipole is studied by the comparison of the self-assembly of three different
molecules. Lamellar structures, consisting of alternating inorganic layers separated by
organic moieties are built when the dipole is present. The assemblies kept layered
stacking even at high temperatures such as 350 °C.
On Chapter 3, single molecular layers of one of the aforementioned molecule
have been deposited on native oxide surfaces of silicon, with the silane linked to the
silicon oxide interface and the polar aromatic ring at the surface. The molecular binding
states of the polared aromatic molecule are analyzed, bringing to the conclusion that ππ interactions are still present even at this monolayered configuration. Yet nanoshaving
technique is used to mechanically break the molecular bonds at the alkoxy-silane (Si–C)
bond using scanning atomic force microscope, leaving large swaths exposing the silicon
of the alkoxy-silane ligand. Mechanical cleavage of the polar aromatic ring is also
possible, but more difficult to control selectively.
On Chapter 4, conjugated molecules were packed into a 2D supramolecular
structure by allowing π-units to stitch to an amphiphilic silane tail. Solvophobic
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interactions, as well as the noncovalent π-π binding between conjugated branches,
rendered a planar construction of nanolayers. The large, smooth, and well-defined
nanolayers are hybrid in nature, comprising alternating inorganic polysiloxane and
organic conjugated moieties, which can be visualized as alternating insulation layers and
organic semiconductor layers. Thanks to the tremendous progresses in synthetic
chemistry, chemical modification of the aromatic heads can lead to architectures with
rich optoelectronic functions, alike graphene. Unlike graphene, roles of the extra alkyl
chains and their modifications are multifold, this includes: being a solubility helper for
otherwise rather insoluble conjugated molecules; being a spacer whose conformational
degree of freedom allows the rigid moieties to optimize their packing; being an
dielectric layer between semiconducting layers; and lastly, being a layer covalently
bonded to a dielectric surface that induces new properties, for example, surface
conductivity.[57]
On Chapter 5, two conjugated molecule isomers were packed into layered and
nanodisk structures. This new design influenced the solvophobic interactions, which
result in different morphologies by a simple change in orientation of the rigid head and.
The layers are not as smooth when compared to the longer organosilane, but it still kept
an ordered packing in x-y plane. For the nanodisks, further manipulation of solvophobic
forces, by solvent polarity, allowed control over nanodisks size.
Finally, a proof of concept for the application of these molecules as terahertz
sensors is performed. The molecules are attached to a substrate and engineered to
work as a simple oscillator that is sensitive to change in mass. The proposed device is
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conceptually analyzed and a resonance around 60 THz is achieved. The tuning of initial
resonant frequency is analyzed by the investigation of the aforementioned isomers and
their differences in noncovalent interaction (ordering). Improvements are presented by
the better control of morphologies by co-assembly and the introduction of additive to
the assembly process that promotes electrostatic interaction.
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Chapter 2
Dipole-Induced Self-Assembly
2.1 Short alkylsilane molecules
Self assembly of alkylsilanes is largely used for the treatment of surfaces prior to
the deposition of organic thin films. Long-chain alkylsilane such as OTS could form a
lamellar solid or stacked bilayer through solvophobic and van der Waals interactions.
Chain-length dependence studies (CnH2n+1Si(OEt)3, n = 12, 14, 16, and 18) has shown
that the solvophobic and the van der Waals interactions between molecules with long
chains were the main driving forces for the assembly.[58-59] But still, such assembly
could never yield films that present in-plane ordering, showing to be always amorphous.
This is due to a rather weak nature of the interactions between small molecules. It is
worth to mention also, that these films are instable at high temperatures.
On a first effort to understand and improve the formation of lamellae, forces
resultant from interactions other than solvophobic and van der Waals were induced to
the system. Very short alkylsilanes (n = 2 and 3) that would never render lamellae
structures due to the even weaker solvophobic and van der Waals interactions were
selected and modified by the addition of an aromatic ring with dipole motif that could
bring dipole-dipole interactions to the picture.
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a)

b)

c)

Scheme 2.1 Chemical Structures of 2-(4-Pyridylethyl)triethoxysilane (PDS) (a), N-(3Trimethoxysilylpropyl)pyrrole (PRS) (b), and Phenethyltrichlorosilane (PHS) (c).

The first molecule is 2-(4-pyridylethyl)triethoxysilane (PDS) (Scheme 2.1a). It has
had a pyridine motif added as a functional head to increase the dipole of the molecule.
The second molecule is N-(3-trimethoxysilylpropyl)pyrrole (PRS) (Scheme 2.1b). This now
has pyrrole as functional head. Finally, phenethyltrichlorosilane (PHS) (Scheme 2.1c) is
chosen in order to compare the contribution of the aromatic ring itself in the absence of
dipole interactions.

2.2 Self-assembly on Silicon Wafer
2.2.1 PDS
PDS molecules were allowed to self-assemble on silicon wafer surfaces. A wafer
was cleaned vigorously by sonication in acetone, ethanol, and di-water. Later the wafer
was soaked on a piraña solution (H2SO4:H2O2 – 1:1) to render a highly hydrophilic
surface. The wafer was sonicated again in numerous baths of DI water and dried by N2
blow. With the surface rich of exposed –OH groups, the wafer was soaked in a 0.3 mM
solution of PDS in toluene to allow the self-assembly. The water present in toluene, as
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well as on the silicon wafer’s surface, is responsible for hydrolyzing the ethoxysilane
groups, transforming them into silanols. The silanols initially form hydrogen bonds with
the –OH groups present at the silicon substrate and between themselves. Baking the
wafer at 115 °C transforms such bonds into covalent ones. A Digital Instruments
Nanoscope IIIa Dimension 3100 Scanning Probe Microscopy (SPM) system was used to
analyze the surface of the samples.
a)

b)

B

B’
500 nm

2 µm
A-A’ 12.4 Å

13.1 Å

12.4 Å

B-B’
8.0 Å

Figure 2.1 AFM images of PDS and corresponding layer thickness: a) flat terraces of individual layers are
clearly visible, indicating an organized stacking along the surface normal direction. Height profile (A-A’)
shows a layer thickness around 1.2-1.3 nm; b) monolayer are also formed as revealed by the height profile
(B-B’) with a thickness of 0.8 nm. The inset shows an estimate for the long dimension of the PDS molecule.
Approximately, each layer in a) is composed by two vertically stacked molecules while in b) only one.

The atomic force microscopy (AFM) was used under tapping mode to get
topographic information from the sample. A layered structure is detected (Figure 2.1a).
Multiple layers of relatively smooth nature indicate an organized stacking along the
surface normal direction. The height profile reveals that the thickness of each layer
ranges from 1.24 to 1.31 nm. The inset on Figure 2.1b let to the conclusion that each
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layer is composed by two vertically stacked molecules. Figure 2.1b reveals that
monolayer is also formed and those are self-assembled at the surface of the very
hydrophilic silicon wafer. But a clear predominance of bilayers is detected, meaning that
the self-assembly mostly occurs in solution and later the bilayers lay down at the
substrate.

2.3 Self-assembly in Solution
With this discovery of assembling happening in solution, the experiment was
redesigned to yield relatively large amounts of powder that could be analyzed by
powder x-ray diffraction (XRD). For each aforementioned silane, a solution of HCl (3M, 6
mL) was added to a 25 mL round-bottom flask, followed by dropwise addition of the
silane (1 mL) via a syringe. The reaction was stirred at room temperature for 24 h. The
aqueous layer was neutralized with a solution of NaOH (3 M) for the formation of
precipitates. Then, the precipitates were collected after filtration, rinsed with water
thoroughly, and later dried under vacuum. Both PDS and PRS yielded a powder like solid
material, while nonpolar PHS was in a gel like form. For a better qualitative analysis of
the assembled structure, small amounts of the materials were diluted in hexane and
dropcasted on a wafer for analysis by scanning electron microscope (SEM). Two SEM
equipments were used to perform the analysis: a JEOL 840A Scanning Electron
Microscope; and a Hitachi S4700 Field-Emission SEM. The samples were coated with a
few angstroms thick gold layer by sputtering. The voltages used during the scanning
were kept around 15-20 kV.
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PDS

PRS

PHS

Figure 2.2 SEM images for self-assembly product of PDS, PRS, and PHS. Only PDS and PRS yields layered
structured material, while PHS forms a gel-like material.

Figure 2.2 reveals that when the dipole is present, the formation of layered

structures is possible. In the SEM images for PDS and PRS it is even possible to see
individual sheets lying on the wafer, showing their graphite-like morphology. Such layers
are in the size of micrometers. On the other hand, when the dipole is removed for PHS,
aggregates that do not assume a fully solid state is detected. That means that even
though aromatic rings should contribute to increase the molecular interaction, the
addition of one single aromatic head does not contribute a lot to improve the ordering
for a molecule of such short length. To further confirm the lack of layered structure on
PHS, the gel like material was dissolved in THF and dropcasted on a silicon wafer for
analysis by optical microscope and AFM.
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a)

b)

200 µm

c)

d)

100 µm

Figure 2.3 Morphology of the gel-like PHS revealed by AFM and optical microscope images. (a-b) PHS
dewets on a hydrophobic wafer surface with no evidence of layer formation. (c-d) PHS spreads out on a
hydrophilic wafer surface evenly but again with no sign of layers.

Optical images show that the silane end groups are still functional to respond to
hydrophilic and hydrophobic surfaces. On Figure 2.3a, the gel dewets on a hydrophobic
wafer surface forming tall aggregates. AFM analysis on Figure 2.3b further confirms the
inexistence of layered structures. When dropcasted on a hydrophilic surface (Figure
2.3c), the gel spread out evenly. The AFM analysis on Figure 2.3d shows this spreading by

the lack of tall structures. Instead, a rough film with no sign of layers is detected. This
confirms the absence of ordering on PHD even though the head group was
functionalized by an aromatic head, but with no dipole. Lack of polarity in PHD
compound certainly varied the interactions between molecules, which disfavored the
lamellae formation process.
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2.3.1 XRD Analysis
For a quantitative XRD analysis of the layered structure, the powder material was
grounded with a mortar and pestle. Wide angle diffraction patterns were obtained on a
Rigaku multiflex diffractometer (with D/max-2000 controller and a horizontal
goniometer) using Cu Kα (1.544 Å) as radiation source. The fine powders were spread as
a thin layer on a zero-background holder. Data was recorded over a 2θ range of 5-35° at
an angular resolution of 0.04°.

PDS

PRS

Figure 2.4 XRD of the PDS and PRS lamellae. Blue line for the layer as formed and red line for the layer
heated at 350 °C. The heating improved the z-ordering of PDS, while for PRS it remained the same.

Figure 2.4 shows the X-ray diffraction data collected for PDS and PRS at room

temperature and after heat treatment. Two distinct peaks are found for each sample.
The sharper peak located at lower angle can be addressed to layer stack ordering. For
PDS this sharp peak is centered at 6.40°, which corresponds to a d spacing of 13.83 Å.
Considering that this molecule has a estimated length of 6.8 Å, this value of 13.83 Å
closely relates to a bilayer stack with some space between them. After heating the
sample up to 350 °C, PDS was found to have even shaper peak. This new peak is now
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located at 7.09°. This shift to a higher angle means that the d spacing has been lowered
to a value equivalent to 12.49 Å. This new value is now very close to the expected
thickness of the bilayer, meaning that whatever spacer was located in between the
stacks has been evaporated upon heating to 350 °C. The location of this peak for PRS is
at 7.12°, equivalent to a d spacing of 12.43 Å. Now the spacing from the very beginning
is already too close to the length of two molecules vertically oriented. This is confirmed
by the fact that after heating the packing is maintained without much change of values
(new values are 7° = 12.65 Å). Therefore, whatever it was in between the layers after
the assembly helped the molecules of PDS to assume a more ordered conformation
once heated.
Continuing the analysis of XRD data, it was found that both silanes present a
much broader peak around 20°. Broad peaks at this location are commonly addressed as
the most occurring distance between neighboring molecules.[60-61] Calculated distance
is 4.42 Å, indicating the lateral intermolecular spacing of the assemblies of PDS or PRS.
As a reference, densely packed alkylsilanes usually show spacing around 21°, equivalent
to 4.24 Å. Additionally, alkylsilanes such as OTS tends to have more than one peak for
the stacking pattern. Those can be: mixed trans-gauche bilayer, all-trans bilayer, and alltrans interdigitated[62] monolayer pictured on Figure 2.5.
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All-trans
Interdigitated
Trans-gauche

Figure 2.5 Common interlayer structures, mostly dependent on chain length and lateral distance of
molecules.

In the presented case, PDS and PRS only showed the all-trans conformation,
which suggests the very short chain does not leave much option for the molecule to
assume a gauche conformation. Also, the strong dipole-dipole interaction does not
allow the molecules to penetrate on adjacent layers to assume interdigitated
conformation.

2.3.2 Thermogravimetric Analysis
In order to identify the interlayer material that can be evaporated to help PDS to
gain even higher ordering, thermogravimetric analysis (TGA) was performed to monitor
weight changes. A Perkin-Elmer TGA-7 equipment was used and measurements were
made over the range 20-800 °C at a heating rate of 10 °C/min. The data was acquired at
an interval of 0.15°.
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Figure 2.6 TGA of the PDS lamellae. Black line is the weight percent loss and the blue line is the derivative.
First weight loss peak is addressed to the evaporation of water, while the second to the decomposition of
organic matter.

The TGA profile on Figure 2.6 allows the analysis of the percent weight loss with
respect to the raising temperature. The presence of two discernible weight loss regions
can be better visualized by the plotting of the derivative of the weight loss curve. The
more intense peek – referred to a more abrupt weight loss – is found around 450 °C.
This is easily addressed to the decomposition of the organic moiety. The less intense
peek at 144 °C (inset) can be assigned as the loss of physically absorbed water. Very
likely, annealing at an elevated temperature has helped the lamellae to exclude the
redundant, physically adsorbed water molecules between layered stacks, which in turn
promoted a more periodic and compact stacking. As can be also noticed, after this first
peek the weight loss is very low, which manifests the thermal resistance of the layered
structure. This is a big strength of the contribution of dipole to the assembly, since that
most layered alkylsilanes either was transformed to a liquid-like phase or became

31

amorphous upon heating at temperatures much lower than 350 °C. The explanation for
why the molecules of water didn’t get trapped between the layers of PRS is that the
delocalized lone pair of electrons of the nitrogen atom in pyrrole is not exposed such as
pyridine in PDS. In PDS the exposed nitrogen atom on pyridine could attract water
molecules by hydrogen bonds.
Overall, the dipole in an aromatic silane is a key player for the formation of
lamellar stacking. During the self-assembly, the dipole plays two active roles: (1)
repulsion between the molecules and (2) attraction between the neighboring layers. In
particular, when the water-induced silanization or chemisorption takes place, individual
silane molecules prefer a standing up orientation, i.e., parallel to the surface normal.
Dipoles in those aromatic silanes, thus, become repulsive to each other. As a result, the
hydrocarbon chain, as well as the aromatic ring, could have much less entanglement,
leading to an ordered packing inside a monolayer. When such a monolayer is formed,
extra water molecules in the organic solvent could form hydrogen bonds with specific
binding sites such as the nitrogen on pyridine of PDS. Upon heating the water is
evaporated yielding an even more crystalline layer. This whole process is depicted
schematically at Figure 2.7.
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Figure 2.7 Process flow for the self assembly of PDS. The bilayers are formed with an interlayer formed of
water molecules. After annealing the water is evaporated and the structures assume a most organized
condition.

2.3.3 Computational Modeling
Computational modeling was also performed to compare the packing
information of PDS derived from XRD experiments. Density functional theory (DFT)
calculations are performed using DMol3 packages. The structure optimizations are
performed using the generalized gradient approximation (GGA) with the Perdew-BurkeErnzerhof (PBE) functional. The d-polarization included basis set (DND) is used. Allelectron calculations are applied for H, C, O, N, and Si elements. The polar groups are
arranged in an alternating up-and-down motif (Figure 2.8a) to minimize the steric
hindrances between adjacent pyridylethyl groups. The optimized thickness for the PDS
bilayer is 14.2 Å (in z-axis direction), which is in great agreement with the d spacing
14.28 Å derived from XRD. Another d spacing of 4.42 Å derived from XRD is considered
to correlate with the smallest periodic length in the layer plane (xy plane in Figure 2.8a),
measured at 4.4 Å from the theoretical simulations. Simply this very length is the lateral
intermolecular spacing aforementioned.
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4.4 Å
14.2 Å

a)

b)

Figure 2.8 Optimized models of the PDS lamellae from the stacking of bilayers. a) The lateral ordering is
shown by the silicon oxide network formed. b) Water molecules act as the interlayer binding agent and
the z-ordering parameter is measured from pyridine head-to-head.

In summary, it is known that van der Waals, π-π, and solvophobic interactions
can all lead to the formation of lamellae. The importance of a dipole to the stacking is
largely unknown. Now, this work has proved that a strong dipole-dipole interaction can
be another important driving force for the lamellar formation. Controlled self-assembly
of two polar aromatic silanes, i.e., pyridine- or pyrrole-terminated silane, supported this
argument. The potential to chemically functionalize the aromatic rings offers new
opportunities for self-assembly and material design. The large dipole on the polar
aromatic ring provides strong electrostatic interactions between bilayers. The estimated
binding energy between polar rings and water is 2.43 eV per unit cell; however, the
binding energy for the phenyl silane with water is only 1.74 eV per unit cell. A repetition
of these unit cells certainly could generate a much stronger binding between bilayers of
pyridine compared to the phenyl ones. Such a strong interaction further resulted in
thermally stable lamellar structures. Large dipole moment on the polar aromatic ring
can also lead to strong electrostatic interactions between adjacent layers of pyridines
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and water molecules. These discoveries paved the road for the design of a series of
polar molecules that will allow them to form rarely seen, thermally stable lamellae.
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Chapter 3
Selective Nanoshaving of SelfAssembled Monolayers of PDS
While selective bond breaking of a variety of chemical species is known and has
been demonstrated, the mechanical breaking of specific chemical bonds in an adsorbed
species is more of a challenge. Nanometer scale lithography, using an AFM tip has been
successfully demonstrated in the removal of material, often a self-assembled organic
layer.[63-69] Such examples are sometimes accompanied by replacement with another
organic species.[63, 65, 70-73] The former type of processing is nanoshaving and the
latter is “dip pen” nanolithography or “nanografting”. Selective oxidation of a selfassembled monolayer is also possible.[65] While this type of nanoshaving can lead to
well defined “nanoscale” features in a monolayer molecular film, selective mechanical
“cutting” or bond breaking within the molecule, for only part of the molecular film, has
not been demonstrated. Over-cutting or etching using an AFM tip is certainly possible
[74], but mechanically engineering the organic surface selectively within the
monomolecular layer opens up new vistas for selective nanoscale surface modifications
and surface chemistry.
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Selective mechanical bond breaking of an adsorbate, using an atomic force
microscope, has several requirements: an adsorbate well anchored to the substrate and
a rigid molecular backbone with at least one fairly “weak” bond where the AFM tip can
“shear” off part of the molecule. In addition, if the cleaved fragment is either volatile or
“sticky”, then the shaved area can be prepared largely free of fragment debris. The
complications that need to be avoided in the selective mechanical “shearing” process
are the removal or displacement of all of the adsorbate species (as opposed to shaving
off a portion of the molecule), or the mechanical canting or “tipping” the orientation of
the adsorbate species. Layers made from alkoxy silane species, with various end group
ligands, have unique merits as these molecular complexes form strong bonds with an
oxide surface and can be used to modify both the dielectric properties and the optical
properties of the surface.[75]

3.1 Monolayer rendering
In order to render the silicon wafer surface with only monolayer formation
ultrasonication has been introduced to the self-assembly process, in order to avoid
bilayers to hide the monolayer formation underneath. First, the silicon wafer was
cleaned and treated with piraña solution in order to hydroxylate silicon oxides and make
the wafer extremely hydrophilic. The wafer was immersed in a toluene solution of 0.3
mM of PDS for 5 min. Now they are rinsed and sonicated in fresh toluene solvent. That
is when the excess molecules and solution already formed bilayers get removed. After
repetition, the wafer was annealed at 50 °C in a high humid environment (~ 80% relative
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humidity) for 8 h and immersed once more in the same silane solution, rinsed and
sonicated and then finally baked at 115 °C. The latter step aims to convert the hydrogen
bonds of the adsorbed PDS to the silicon oxide surface to covalent bonds. Others
samples were prepared by performing the whole process twice and three times, leading
to a more complete filling of the monolayer molecular film.
PDS film thickness was measured to be 1.0 ± 0.1 nm from variable angle
ellipsometry. These measurements make clear – from the molecular length – that the
long molecular axis is roughly parallel with the silicon oxide surface normal.

3.2 UPS-IPES – Binding Energies
Combined photoemission (UPS) and inverse photoemission (IPES) spectra were
taken for the samples that went through 1 and 3 cycles. Only monolayers are expected,
but with different coverage’s. Both photoemission and inverse photoemission
spectroscopy measurements were made in the same ultrahigh vacuum (UHV) chamber.
The photoemission spectra were taken with a hemispherical electron energy analyzer
using He I radiation of 21.2 eV, with the photoelectrons collected along the surface
normal. The inverse photoemission spectra (IPES) were obtained by using electrons with
variable incident energy while measuring the emitted photons at a fixed energy (9.7 eV)
using a Geiger–Müller detector (isochromat mode). In both photoemission and inverse
photoemission measurements, the binding energies are referenced with respect to the
Fermi edge of UHV chamber, in contact with the sample surface. Measurements were
taken of the self-assembled monolayer at substrate temperatures of 150 K (and below).
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The lower temperatures in the region of 150 K were found to suppress electron
stimulated desorption and/or decomposition and thermal desorption of PDS during the
measurements.

Figure 3.1 The electronic structure of PDS from combined UPS-IPES, as a function of monolayer coverage.
Experimental data on a) silicon oxide substrate, b) half surface coverage (1 cycle), and c) full surface
coverage (3 cycles) is compared to d) the calculated density of states based on a single isolated molecule.

The combined UPS-IPES measurements shown on Figure 3.1 provided an
indication of the molecular orbital placement of both occupied and unoccupied orbitals
of PDS. A comparison is performed on the band gaps – the highest occupied molecular
orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) gap – of the sample that
went through only one cycle (Figure 3.1b) and the sample that went through 3 cycles
(Figure 3.1c). With repeated cycles the bandgap is seen to increase. Additionally, features
that can be associated with the PDS molecular orbitals become more evident.
Figure 3.1d shows a semi-empirical method NDO-PM3 (neglect of differential

diatomic overlap, parametric model number 3) model with calculations based on
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Hartree–Fock formalism [76]. This is used as a baseline for the density of states of a
single isolated molecule. The theoretical Eigen values are uncorrected for solid state and
matrix element effects, so the comparison with experiment is simplistic, but
nonetheless still often successful.[77]
It can be seen that the model suggests a gap around 10 eV while the
experimental results are around 8.5 eV. The intermolecular interactions within the PDS
molecular film and the strong molecular (covalent bond) interaction with the silicon
oxide substrate (i.e. solid state effects [78]) are the likely origin of the differences
between the experimental and theoretical gap.
Special attention need to be taken to the region closer to the Fermi level. This is
the area dominated by the pyridine molecular orbitals. It can be visualized that this is
the one region where most differences between theoretical and experimental spectra is
detected. The greater intensity of these pyridine weighted molecular orbitals is
consistent with an “upright” molecular orientation. Such strong dependence of the
inverse photoemission spectra on molecular orientation has been seen for copper
phthalocyanine (CuPc) [79] and polyphenyl thiols[77], and tends to be more significant
than in the case of photoemission [69], as is observed here.

3.3 Nanoshaving
The proximity of the pyridine molecular orbitals to the Fermi level will tend to
make this ligand “sticky” and enhance possible adherence to AFM tips. Nanoshaving was
performed in order to confirm the presence of a single monolayer atop the substrate
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and also confirm the “sticky” property inherent to the presence of the pyridine ring
orbitals.

Figure 3.2 Schematic diagram of the nanoshaving technique. Three basic steps consist of using an AFM tip
to attract molecules and break bonds of selective regions on a surface.

Figure 3.2 depicts the process, where an AFM tip was used with a SiN cantilever

and a 0.58 N/m spring constant so that in the low force contact mode the surface
morphology could be imaged. To perform nanoshaving, load forces of 50 nN to 110 nN
were applied by the tip to the SAM layer surface.
a)

b)

c)

50 nm

Figure 3.3 Nanoshaving of PDS monolayer. a) An AFM image of a 100 nm × 100 nm nanoshaved region is
shown with a height profile indicated in b). A histogram with a compilation of AFM nanoshaving
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experiments for PDS is shown on c). The histogram was fitted with two Gaussians with peak centers at
0.28 nm and 0.64 nm.

Figure 3.3a shows one of the regions that was scraped by using a force of 110 nN.

Qualitatively, it can be said that the patch have quite sharp boundaries. On Figure 3.3b a
cursor plot can be seen, where the cut depths is 0.64 nm. This height profile provides no
indication of molecular canting induced mechanically. Figure 3.3c shows a distribution of
the cut depths of nanoshaving performed with load forces of 50 and 110 nN. To a lesser
extent, cut depths of 0.27 nm are found for load force of 50 nN. Based on this
compilation of nanoshaving experiments, it can be said that there is selective
mechanical cleavage of the PDS molecular film at 0.64 + 0.06 nm. This value is in very
good agreement with the distance from the Si atom on one extremity of the molecule to
the nitrogen at the other extremity. So, the cleavage is occurring at the Si-C bond.
The bond energies at the pyridine to ethyl “neck” at a depth of 0.28 nm and at
the siloxy-ethyl bond at an expected depth of 0.68 nm are relatively weak at 71 and 76
Kcal/mol[80], so these are both likely mechanical cleavage points of a molecule oriented
with long molecular axis perpendicular to the shear direction. Since the molecular
orbitals of the pyridine end group dominate the highest and lowest molecular orbitals,
the pyridine end group should dominate the interaction with the AFM probe tip, thus
aiding the mechanical nanoshaving process.
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Chapter 4
π-π-Induced Self-Assembly
4.1 New Design (Long Organosilane)
Freestanding and ordered molecular layers with a thickness down to few
nanometers are currently garnering wide attentions in the field of physical science.
While tremendous potentials exist for using these molecular layers in engineering, onepot synthesis of such a supramolecular 2D object requires knowledge and control of
noncovalent binding, rather than making covalent bonds like in synthetic organic
chemistry. Two principal avenues are frequently adopted toward a noncovalent
construction, which are, π-π stacking or hydrogen bonding. For instance, organic
electronic molecules can be designed to have π-units surrounded by alkyl chains.
Predominant π-π stacking between the isolated π-units over the interruption caused by
the van der Waals interaction from alkyl groups can assemble the molecules into 1D
structure. Such molecules usually enjoy a preferential growth only in one dimension
simply by dispersion from a good solvent into a poor one. For instance, Zang used linear
or cyclically arranged conjugated rings as π-units.[81] Lin replaced the dangling
hydrocarbon chains in the surrounding with siloxan.[82-83] All these molecules showed
strong tendency to form fibers. Alternatively, H-bonding groups can be appended to
organic electronic molecules to guide the formation of an ordered structure. For
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example, when a dendritic block is added at the end of a π-conjugated segment, the
hybrid molecule formed cyclic tetramers held together by four hydrogen bonds.[84]
Similarly, polypeptides or proteins with one or more π-sheet strands exhibit fibrous
nanostructures via inter-peptide hydrogen bonding. When conjugated moieties are
placed between these peptides, long, fibril nanostructures could also derive.[85-86] All
these cases are successful examples of building 1D structures through noncovalent
binding. Grouping these 1D objects together for sheet-like structure is, however, less
common because of the difficulty in having another binding mechanism along a
different direction. Yet, there is paramount importance in materials science and,
extensively sought after, to design molecules with optoelectronic properties, use them
as building blocks, and assemble them into 2D structures. Thin films of organic
semiconductors are exemplar, but the widely adopted fabrication via vapor-phase
deposition or solution process particularly limited ordering and tunability in molecular
packing. For instance, films of acene frequently demonstrate polymorphism or a
combination of thin film and bulk phase in solid-state [87-88] making the correlation of
device properties to molecular packing ambiguous. Further, aromatic rings in these
phases typically favored T-stacking, discouraging a much needed charge transport via ππ stacking. Now, a challenging feat in supramolecular construction arises for the use of
noncovalent binding to promote π-π stacking of conjugated units in the form of a
nanolayer. Also, allow the self-assembly to occur through a “wet”, but single-step,
inexpensive process.
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A solution to these challenges is by the use of amphiphilic molecules during a
controlled self-assembly. Such assembly will render 1D polymer chains, with
hydrophobic π-branches closely packed to form a 2D nanolayer through a coexisting π-π
and T-stacking. More specifically, an organosilanes with head group tailored to have a
conjugated moiety and only two active terminals stitched on the silicon atom.
Anthracene, a simple acene with three fused benzene rings, was used to represent the
conjugated moiety. Such a design leads to the building block, namely, (12-(anthracen-2yl)dodecyl)diethoxy(methyl)silane (Ans-12, henceforth) for the nanolayers.

O Et
Si OE t

CH2
12

Scheme 4.1 12-(anthracen-2-yl)dodecyl)diethoxy(methyl)silane (Ans-12) composed of anthracene as a
rigid head group linked to the inorganic moiety by 12 C-C chains. The silane has only two hydrolysable
sites (ethoxy groups).

Conjugated rings like on Scheme 4.1 have already been used in molecular
electronics, e. g. pentacene is considered one of the most promising molecules for
organic electronic devices.[89-91] Two drawbacks exist for the commonly used
techniques for deposition: first, these techniques are complex and expensive –
techniques such that requires specific ultrahigh vacuum chamber designs; second, the
yielded assembly does not form stacks of the π-orbitals perpendicular to the surface
normal. The amphiphilic nature of Ans-12 would also introduce solvophobic interactions
when in a liquid environment. The schematic drawing on Figure 4.1 helps to understand
the design of the self-assembly process.
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1

2

3

Figure 4.1 Illustration of the self-assembly: (Step 1) Rigid heads interact through solvophobic and p-p
interactions to pre-form well-organized nuclei; (Step 2) hydrolysis and further condensation lead to the
formation of polymers, from which a molecular layer can be formed via strong interaction between
neighboring p units; and (Step 3) multi-stacked nanolayers results from the repetition of the above
processes.

First the solvophobic interaction contributes to the minimized exposure of polar
tails to solvents by stacking heads toward the outer surfaces of an organized nucleus
(Figure 4.1-1). Also, the π-π cooperation makes the aromatic rings a dense and compact
stacking in 2-D. When a strong interaction between the nuclei and mobile monomers is
available, a metastable nanolayer forms (Figure 4.1-2). Subsequently, condensation
between silanols in the middle of the bilayer transforms the structure to a stable one. As
happened for PDS and PRS, the ethoxy groups on the tails are converted to hydroxyl
groups slowly after an extended exposure to water in the solvent. A further hydrolysis
will then lead to the formation of now 1D-like polymer chains, different from the 2D
network found for PDS and PRS. Hydrophobic branches, plus a noncovalent π-π binding
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between the 1D chains, then promoted a planar packing. A repetition of the above
processes finally renders multi-stacked nanolayers (Figure 4.1-3).

4.2 Self-assembly of Ans-12
The above described process can happen either in solution or by drop casting the
solution on a substrate such as hydrophilic silicon wafer. The two methods were
performed using a solution 335 µM of Ans-12 in THF. The deposited films were later
characterized by AFM.
a)

b)

c)

A

A’

B

B’

5 µm

600 nm

Height Distribution (a. u.)

A-A’

1.9 nm

C

750 nm
C’

C-C’
4.1 nm

B-B’
0

5

10

H e ig h t ( n m )

3.9 nm

15

Figure 4.2 AFM images of nanolayers formed by self-assembly in solution and dropcasting. a) A great
2
number of layers covering an area of 50 × 50 µm after being dropcasted. Height distribution of stacked
nanolayers is found at the inset and the histogram underneath. Peak distance indicates an average layer
height around 4 nm. b) Still for the dropcasted sample an area is found with a continuous monolayer at
the background and patches of bilayers atop as confirmed by the height profile A-A’ and B-B’. c) Sample
prepared by self-assembling in solution yields stacks of similar height as shown by height profile C-C’.

Figure 4.2a and Figure 4.2b were scanned from Ans-12 dropcast on a hydrophilic

silicon wafer. The image on Figure 4.2a reveals numerous flat terraces of the lamellae
covering a large area of 50 × 50 µm2. The inset and the graph under Figure 4.2a shows
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the histogram of 4 layers stacked vertically, indicating a layer height of 4.0 nm. This
value is very close to the height of two molecules standing almost vertically. Thus, a
conclusion that these lamellae are bilayer structures is drawn. Another area on the
same sample was scanned where smaller layers are found lying atop a continuous and
flat surface (Figure 4.2b). The cursor plot B-B’ reveals that the small features also have a
thickness close to that measured by the histogram. Additionally, the thickness measured
by section A-A’ for the continuous background is around 1.9 nm. This value can be
related to the height of the molecule when standing tilted at a certain angle. Hence, the
molecules can also assemble over the hydrophilic surface to form a monolayer. Figure
4.2c was taken from a sample where the wafer was immersed in the solution for 24 h.

For this case the molecules will have more time to self-assemble. The final result was
again a multiple stack of layer with thickness around 4.0 nm. It can also be implied that
qualitatively the layers are molecularly flat, suggesting a very long range ordering
holding the structure together.

4.2.1 Kinetic Study
A kinetic study of the whole process was performed by taking AFM snapshots of
the self-assembly at different stages. Here the method selected was by soaking the
hydrophilic silicon wafer in the solution of 335 µM Ans-12 in THF. This will give a more
controllable environment that so the interruption of the process at different stages can
be performed.
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Figure 4.3 Self-assembly kinetics of Ans-12 on a silicon wafer revealed by AFM a) and respective
histograms b). At 5 min, Ans-12 starts to form a monolayer (2.4 nm in height). At 40 min, the monolayer
has grown into a larger and continuous film with some patches of bilayers (4.3 nm in height) atop. At 1440
min the bilayer patches have grown into a continuous film.

As shown in Figure 4.3a, Ans-12 starts to form a monolayer with 2.4 nm in height
after 5 min, consistent with the vision that molecules orient themselves almost vertically
on the surface. In 40 min, the monolayer has grown into a large and continuous film that
covers almost the entire surface; in the meantime, only patches of bilayers with 4.3 nm
in height are detected atop the monolayer. These patches slowly grew into stacks after
24 h; and at this time the monolayer can no longer be visualized, but the 2.4-nm-depth
flaws were found occasionally inside the bilayer stacks, suggesting a monolayer lies
underneath. It is worthwhile to note that Ans-12 has only two active silane terminals
and for the formation of a monolayer, just one active terminal is kept to form crosslinking between neighboring molecules. As a result, molecular packing between
conjugated rings will be interrupted by tight links with surface oxides and bulk-like
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device properties, failing to out-perform existing technologies. Overall, both the design
of the building blocks and its solution assembly played vital roles in directing the growth
of the nanolayers and made close packing of individual side chains possible.

4.3 Free standing layers
To further characterize the films, a JEOL 2010 Hi-Resolution Transmission
Electron Microscope (HRTEM) is used for extremely high-magnification studies of the
assemblies. The nanolayers were peeled off from the silicon wafers by an extended
exposure toward sonication in solvents, followed by floating the nanolayers onto Cu
grids.
1 µm

Figure 4.4 Freestanding and flexible nanolayers revealed by TEM. Inset shows edges of more than 20
continuous layers.

Figure 4.4 shows that the assembled nanolayers are capable of free standing

without collapsing. It is surprising that, without a covalent bonding among the branches,
a freestanding 2-D molecular layer is observed. The structure will not break even if bent,
showing the amazing flexibility of such construction. The inset captures the stacking
contrast of individual layers.
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4.4 XRD Analysis
4.4.1 Thin film XRD
Now, XRD measurement becomes necessary to identify the exact packing of the
assembled layered structures. Since the assembling process was not made to produce
powder like material, the self-assembling process was slightly modified in order to
produce a huge number of layers stacked on the wafer. The hydrophilic silicon wafer
was soaked again on a 335 µM Ans-12 in THF. Now, the cap for the vial that contains the
solution and the wafer was removed and remained resting for the solvent to evaporate.
While the amount of solvent is reduced, the concentration of the molecules is drastically
increased, yielding a large amount of material deposited on the silicon wafer. X-ray
diffraction data was collected on a Bruker-AXS D8 Discover instrument with x-ray energy
of 8.04 keV with a 2θ range of 1.28-30° at an angular resolution of 0.01° and a scan
speed of 2 second /0.01°.
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Figure 4.5 XRD of the nanolayers. a) XRD shows multiple orders of diffraction peaks indicating a well
ordered layered structure along the z-direction. The sample has multiple layers as seen at the AFM image
at the inset. b) The same sample shows to be highly oriented as seen when the XRD is collected by an area
detector.

XRD was performed on this sample using a point detector and an area detector.
The inset on Figure 4.5a shows the AFM of this specific sample. Figure 4.5a shows
multiple sharp diffraction peaks. The sharpness reveals how good the ordering is. It is
necessary to consider that this scan was captured by a point detector and with incident
beams being normal to the surface. Additionally, the constructs are all in the form of flat
sheets and this has been confirmed by the area detector. Figure 4.5b reveals that instead
of diffraction rings, spots were detected and those spots are aligned with the horizon
line. The occurrence of such spots reveals highly oriented sample. The fact that such
spots are located at the horizon line also means that the diffraction is happening from
planes perpendicular to the incident angle. Since that the incident beams are normal to
the surface, these diffraction patterns relate to the z-ordering of the layered structures.
The peaks collected from the area detector match perfectly those collected from the
point detector. Given this, (001) can be assigned to the first peak at 39.96 Å. All the
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others are higher-order peaks from (002) to (008). This d-spacing for (001) represents
the individual lamellar layer out-of-plane distance (along z-direction), consistent with
the AFM measurements. Considering that the first order peak is found at 2.21° and that
the full width at half maximum (FWHM) B for this sharp peak is 1.24 x 10-3 radians,
through Scherer’s equation,
t=

0 .9 λ
B cosθ

(1)

It can be found that the z-directional ordering is for a range of 112 nm, indicating a
continuous stacking of 28 molecular layers.

4.4.2 Grazing Incidence XRD
Because standard XRD scan weren’t able to give xy-ordering information, the
sample was analyzed by grazing incidence x-ray diffraction (GIXD). GIXD experiments
were carried at Sector 8IDE of Advanced Photon Source (APS) with x-ray energy of 7.35
keV and incident angle of 0.3°. The GIXD data was collected using Fujifilm BAS2500
image plates that were mounted 167 mm downstream from the sample.

53
b

a

c
a1
a1 = 6.05 Å-1
a2 = 8.07 Å-1
=88.76

γ

°

γ
a2

Figure 4.6 GIXD at an incident angle of 0.3° collected by image plates (a). Linecut along the qxy direction at
qz ~ 0 (b). The indices were marked considering a distorted centered rectangular cell (c).

GIXD measurements provided in-plane lattice parameters inside nanolayers. On
Figure 4.6a, the relatively intense diffraction can be seen as spots at the image plates.

Two distinct first order diffractions are observed and can be assigned to centered
rectangular unit cell with index {1,±1} and {0,2} , respectively. Integrating the detected
diffracted x-rays, the plot on Figure 4.6b could be drawn. This GIXD pattern can be
associated with a distorted centered rectangular unit cell due to the splitting of the first
diffraction into {1,+1} and {1,−1}. Considering a distorted centered rectangular unit cell
whose short-axis a1 and long-axis a2 make an angle of γ, those parameter can be derived
by the following equations:

(

a1 = a1 [1,0]; a2 = a 2 [cos γ , sin γ ] ; and γ = a sin a 2 y a 2 x

)

Therefore, the lattice vectors in the reciprocal space are

(2)
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[

]

b1 = (1 a1 ) 1,− tan −1 γ and b2 = (1 a2 sin γ )[0,1]

(3)

Based on this, the GIXD diffraction positions are given by
q hk = 2π (hb1 + kb 2 ) =

2π
[ha2 sin γ ,−ha2 cos γ + ka1 ]
a1a2 sin γ

(4)

with amplitude of
q hk = q xyhk =

2π
a1a2 sin γ

h 2 a22 + k 2 a12 − 2kha1a2 cos γ

(5)

-1
-1
-1
11
02
With q 11
xy = 1.29 Å , q xy = 1.31 Å , and q xy = 1.56 Å , the lattice parameter can

be determined as being: a1 = 6.1 Å, a2 = 8.1 Å, and γ = 88.8°. Such unit cell is shown on
Figure 4.6c.

Additionally, the structure factor of the lattice is given by
S = ∑ eiq hk ⋅R n ∑ e
Rn

iq hk ⋅r j

(6)

rj

The first term is a sum over the lattice and the second one is a sum over the
molecules within each unit cell. The latter one is given by

∑e
rj

iq hk ⋅r j

2, h + k = even
= 1 + e iπ ( h + k ) = 
0, h + k = odd

The scattering is non-zero only when

(7)

is an even number. Therefore, the

presence of {1,±2} peaks indicate the nonequivalence of the two molecules in each unit
cell and therefore a herringbone packing motif. From these derivations it can be
concluded that a coexisting π-π and herringbone packing motif compose the ordering of
these layered structures.
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4.5 Computational Modeling
To further analyze this XRD data, a quantum chemical (QC) modeling based on
density function theory (DFT) calculations was performed to compare lattice parameters
with the XRD measurements. DFT calculations are performed with the same parameters
described for PDS on section 2.3.3.

Figure 4.7 Theoretical model of the nanolayers. a) Snapshot of single polysiloxane chain, showing up-anddown orientation of chemically adjacent anthracyl rings and the herringbone packing on the side. b)
Packing motif of anthracyl rings and polysiloxane skeleton in x-y plane. Only the upper part of a single
layer is shown for simplicity. The short axis is 6.5 Å, and the long, 8.7 Å; the angle between them is 90º.
The packing motif suggests a coexisting π-π and herringbone packing along the y axis and polysiloxane
chain respectively. c) Side view of layered stacking with the alignment of polysiloxane chains in twodimensions.

The modeling seen on Figure 4.7, suggests polysiloxane chain as the backbone of
each individual molecular layer. As shown in Figure 4.7a, along each single chain,
adjacent anthracyl moieties in the branches assume an alternating up-and-down
configuration due to the spatial confinement imposed by the linear siloxane unit. In this
case, each siloxane repeating unit (Si-O-Si) has a spacing of 2.7 Å and a close packing of
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aromatic moieties demands a spacing of 3.4 to 3.6 Å for π-π stacking and 5.0 Å for
herringbone stacking. Essentially, the steric hindrance of the anthracyl units
energetically forces the up-and-down configuration, with anthracyl ring and its next
nearest neighbor taking a herringbone stacking. These values for the packing are in very
good agreement with the XRD results. Configuration of the unit cells is shown in Figure
4.7c, where the polysiloxane chains interact via π-π stacking along y-axis, with 3.1 Å

distance in between.
It can be concluded that when an extended π system is introduced into the side
chains or branches, strong noncovalent binding between the neighboring aromatic rings
can hold linear polymers rather tightly. In fact, after these chains are squeezed laterally
together, planar shaped molecular layers could form. And multi-stack of them along
surface normal leads to the formation of nanolayers. This configuration can be also
favored for herringbone or T-stacking between the aromatic branches along x = y and x
= -y directions.
The estimated stacking energy for the 2D molecular layer structure is -2.4
kcal/mol per aromatic branch, which may include both aromatic interactions between
anthracyl units and van der Waals interactions between alkyl components. To estimate
both roles, the anthracyl moieties were varied to alkyl units (hexanyl). The new obtained
stacking energy is -0.6 kcal/mol per octadecyl branch. This concludes that the
noncovalent p-p binding between anthracyl moieties contributes largely to the
stabilization of the lamellar structure. Based on the quantum chemical modeling data,
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the nanolayers are essentially extended π-systems with a coexisting π-π and T-stacking
in the x-y plane, with a robust noncovalent binding between the 1D polysiloxane chains.
In summary, hydrophobic branches plus a noncovalent π-π binding between the
1D chains, promoted a planar packing and a continued stacking along surface normal. In
contrast to the conventional hydrogen bonding pathway for a supramolecular
construction, multi-stacked nanolayers with coexisting π-π and herringbone interlocking
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can provide unmatched properties and processing convenience in molecular electronics.

100 µm
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Figure 4.8 Composite AFM image of Ans-12 self-assembled into a very large and continuous molecular flat
film. The height profile at the inset shows the height of 4 nm in accordance with XRD and modeling data.

AFM image on Figure 4.8 reveals the large, smooth, and well-defined nanolayers.
They are hybrid in nature, comprising alternating inorganic polysiloxane and organic
conjugated moieties, which can be visualized as alternating insulation layers and organic
semiconductor layers. Thanks to the tremendous progresses in synthetic chemistry,
chemical modification of the aromatic heads can lead to architectures with rich
optoelectronic functions, alike graphene. Unlike graphene, roles of the extra alkyl chains
and their modifications are multifold, this includes: being a solubility helper for
otherwise rather insoluble conjugated molecules; being a spacer whose conformational
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degree of freedom allows the rigid moieties to optimize their packing; being an
dielectric layer between semiconducting layers; and lastly, being a layer covalently
bonded to a dielectric surface that induces new properties, for example, surface
conductivity.30

Collectively the self-assembled nanolayers formed thereof are

projected to find their ways into organic electronics, piezoelectronics, nanoelectronics,
or even energy storage.
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Chapter 5
Manipulation of Noncovalent
Forces and Application as Terahertz
Sensor
5.1 New designs – Ans-4 and 9-Ans-4
Manipulation of noncovalent forces is performed in order to further understand
the influence of each individual one. The length of the alkylsilane tail is synthesized to
be short (4 C-C chain as tail) in order to study the influence of solvophobic forces. To
study the π-π interaction, two monomers were used, with variation only on the
orientation of the anthracene headgroup.

Ans-4

9-Ans-4

Scheme 5.1 Isomers Ans-4 and 9-Ans-4 consisting of anthracene vertically and horizontally oriented
respectively, linked to the inorganic moiety by 4 C-C chains. Again, the silane has only two hydrolysable
sites (ethoxy groups).
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As seen on Scheme 5.1, the isomer with anthracene vertically oriented is named
Ans-4. The isomer with anthracene horizontally oriented is named 9-Ans-4. Both
molecules still present the ability to self-assemble either in solution or at hydrophilic
surfaces. Some results are to be expected, they are: (1) Both molecules are a lot shorter
than Ans-12, this would reduce the branches interaction and probably yield films with
an ordering not as good as for Ans-12; (2) 9-Ans-4 is even shorter and has a bulk-like
shape, which could increase a lot solvophobic interactions; (3) The fact that the
anthracene head for 9-Ans-4 is horizontally oriented will give this molecule less sterically
accessible conformations and that would pose an obstacle to the stacking of π-orbitals.

5.2 Self-Assembly
To start the comparisons, the molecules were allowed to self-assemble using the
same recipe already applied for the previous silanes. A solution of each isomer in a
concentration of 4 µM in THF was dropcasted on a hydrophilic silicon wafer. Again,
hydrogen bonds between the isomer’s silanols and the wafers’ –OH groups are
expected. Posterior baking at 80°C for 1 h transforms these hydrogen bonds into
covalent bonds. Inspection of the wafers by atomic force microscopy (AFM) reveals
distinct morphologies for each isomer.
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200 nm
39 nm

5.3 nm

200 nm
1.7 µm

3.1 nm

Figure 5.1 AFM images depicting isomers self-assembled into nanodisks when the anthracene head is
horizontally oriented (9-Ans-4) and nanolayer when it is vertically oriented (Ans-4).

The AFM images on Figure 5.1 reveal that, when anthracene is horizontally
oriented, (9-Ans-4) the presence of multiple nanodisks with an average height of 4 nm
and diameter of 40 nm. On the other hand, when anthracene is vertically oriented (Ans4) a layered structure can be seen. This layer has a thickness of 3.1 nm, which is
consistent with molecules vertically oriented by their silane groups and forming a
bilayer structure. Considering this tendency on forming bilayer structures, it can be
assumed that the nanodisks found for 9-Ans-4 is nothing more than a bilayer that have
assumed a biconvex conformation due to the wedge shape of such molecule. The wedge
shape is due to the presence of a bulky head such as anthracene horizontally oriented.
From the AFM analysis where the diameter (d) of the nanodisks is around 7.4
times the height (h), an angle (θ) of 31° between the lateral edges of the wedge will be
necessary.
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5.2.1 Kinetic Study of Ans-4
Since that Ans-4 rendered a layered structure like as Ans-12, the kinetic studies
for the self-assembling process was performed again by interrupting the assembly at
certain specific times for AFM analysis.
Ans-4

t = 10 min

t = 40 min

500 nm
2.6 nm

2.6 nm

t = 1440 min

500 nm
2.8 nm
2.3 nm

2.8 nm

500 nm
2.6 nm

Figure 5.2 Self-assembly kinetics of Ans-4 on a silicon wafer revealed by AFM. At 10 min, Ans-4 starts to
form patches of bilayer (2.6 nm in height). At 40 min, the patches are more in number and had coalesced
into larger films (2.8 nm in height). At 1440 min the bilayer has grown into a continuous film 2.6 nm thick.

AFM images on Figure 5.2 reveal that, no monolayer has been formed. At 10 min,
patches with 2.6 nm in height are found randomly distributed. This is consistent with
the bilayer thickness that was detected on previous figure. At 40 min, the bilayer has
grown and coalesced into larger films. A great number of bilayer islands are still found
distributed everywhere. The growth continues until a continuous film, 2.6 nm thick is
found covering the whole substrate.
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5.2.2 Manipulation of Noncovalent Forces = New Morphologies
To better understand the contribution of solvophobic forces over the already
expected π-π interactions, 9-Ans-4 was allowed to self-assemble in different solvents.
The process used was dropcasting. The solvent selected was Toluene with a polarity of
0.31 D, lower than 1.75 D for THF.

200 nm

Figure 5.3 AFM image of 9-Ans-4 self-assembled in a less polar solvent (toluene), yielding morphologies
others than nanodisks.

On Figure 5.3 morphologies others than nanodisks were found. The reduction of
the solvophobic forces has freed the molecules that by this time could form needles and
even an amorphous layered structure. Such manipulation of the solvophobic interaction
can also be achieved by changes on the concentration of the molecule. A sample was
prepared by dropcasting a solution 335 µM of 9-Ans-4 on a silicon wafer. This
concentration is almost 100 times higher than that for Figure 5.1.
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a)

200 nm

b)

Figure 5.4 a) AFM image of high concentration 9-Ans-4 in THF self-assembled by dropcasting. b)
Histograms reveal that particle diameter is around 36 nm while the height is around 3.5 nm.

Figure 5.5 Histograms for when the concentration is 4 µM. The particle diameter is around 57 nm while
the height is around 4.3 nm.

On Figure 5.4a an AFM image shows that when the concentration of 9-Ans-4 is
too high, the close proximity of the nanodisks makes them grow smaller. The histograms
on Figure 5.4b also show that the ratio of diameter vs. height goes up to 10.3, which
relates to an angle between wedge sides of 22.2°. The histograms on Figure 5.5
evidences the clear difference caused by concentrations. When the molecules are

65

numerous, they will be forced to assume other steric conformation, which will make
them grown smaller.

5.2.3 Monolayer
On an effort to lose all the bilayer structures and try to reveal the molecules
covalently bonded to the wafer (monolayer), the wafers were submitted to vigorous
sonication on THF.

200 nm
1.0 nm

200 nm
1.4 nm

Figure 5.6 AFM image of 9-Ans-4 and Ans-4 self-assembled and sonicated on THF to reveal the monolayer
by loosing bilayer formation. For 9-Ans-4, an amorphous film was detected. Ans-4 formed monolayer
islands.

AFM inspection on the sonicated wafers (Figure 5.6) shows that the monolayer
formation of molecules bonded to the wafer was exposed. For the wafer that before
nanodisks were detected (9-Ans-4), now only a flat and rough surface remains. Flaws
found on this flat film were used to measure a thickness of 1 nm. This thickness matches
the length of the molecule, which again bring the conclusion that the molecules stand
up anchored to the substrate. Qualitatively it can also be said that the rough nature of
the surface suggests amorphness. The analysis of the sonicated wafer with Ans-4 reveals
that the bilayers are gone as expected and now only monolayer islands are visualized.

66

This is confirmed by the measurement of the islands’ thickness, which was found to be
1.4 nm, again matching the length of the molecule. This time the monolayer seems to
have a smoother nature, suggesting some ordering.

5.3 Terahertz Resonator
A monolayer of spring-like molecules covalently attached to the substrate, opens
the possibility to apply such molecules as resonators, more interesting, as terahertz
resonators. Terahertz resonators are gaining a lot of attention in recent year, principally
due to the great amount of amazing applications, such as: sensing techniques, once that
many biological materials and substances have molecular vibration frequencies in the
THz regime; collective vibrational modes of many proteins and DNA molecules are
predicted to occur in this range; information on a biomolecule’s conformational
state[92]; “label-free” method of characterization[93]; material characterization of
lightweight molecules and semiconductors[94-95]; imaging[96]; security; public health
biomedicine[97]; defense[98]; communication; quality control[99].
In nature there is a lack of materials that resonates at such a range. Molecular
receivers and probes are highly needed. Current techniques involve split ring resonators
(SRRs). These are artificially fabricated and periodically arranged highly resonant
structures with sizes much smaller than the wavelengths. Structures are resonant due to
internal capacitance and inductance[100]. But these techniques presents some
limitations: sensitivity is around 100’s of Daltons on immobilized targets of 10’s of kDa;
there is a great need of a fine thickness resolution; it is hard to tune.[101]
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Ans-4 and 9-Ans-4 covalently bonded to a substrate in the form of a monolayer,
and pursuing a spring-like behavior comes aboard as a great opportunity for terahertz
sensing. A possibility to functionalize the head group of such molecules and use this to
tune resonance parameters is envisioned. The two isomers are compared as a proof of
concept that such tunability is achievable not only by mass variance, but also by the
manipulation of noncovalent forces. In that way, the head groups of the alkylsilane will
have three functions: (1) tunability of spring constant by mass; (2) promotion of
intermolecular interaction; and (3) binding sites for the attachment of foreign
substances.
Considering that Ans-4 and 9-Ans-4 are composed of a rigid region such as the
anthracene heads and these aromatic rings are mass is linked to the substrate through a
flexible branch such as the alkylsilane portion, they can be compared to a harmonic
oscillator following Hooke’s law:
F = − kx

(8)

Figure 5.7 Schematic drawing comparing the design for a simple harmonic oscillator and the application of
the isomers to function in a similar matter.
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As seen in Figure 5.7, F is the spring force resultant from the displacement -x. In
that case, k is known as the spring constant of the system. If the only force applied to
the system is the weight, such system is a simple harmonic oscillator and undergoes
sinusoidal oscillations about the equilibrium point, with constant amplitude A and
constant frequency f. Simple harmonic motion is given by equation (9), where φ just
represents the phase.
x(t ) = A sin(2πft + φ )

(9)

The solution for the general differential force equation for this system
experiencing simple harmonic motion is given by
F =m

d 2 x(t )
1
= − kx(t ) ⇒ f =
2
dt
2π

k
m

(10)

Current microbalance techniques consider that a change in the mass of the
system by the attachment of foreign substances will cause a shift on the frequency of
the harmonic oscillator.[102] Such shift can be found by considering that constant k is
intrinsic to the system and relates to the initial parameters such as initial frequency f0
and initial mass m0.
k = 4π 2 f 02 m0 ⇒ f =

1
2π

4π 2 f 02 m0
m0
= f0
m
m

(11)

The derivative of equation (11) yields the shift of frequency with respect to a
change in mass.
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m0
df
1
= − f0
dm
2
m3

(12)

This clearly shows that a high initial frequency directly increases the sensitivity of the
system. Additionally, to find the total shift of the frequency with respect to a finite change in
mass, the following equation can be derived from equation (11).
1
 
 2
 
 
1  


∆f = − f 0 1 −
 
∆m  
 1+

m0  
 


(13)

From equation (13) it can be easily visualized that, when the variation of the
mass Δm is a lot bigger than the initial mass m0, the frequency will tend to reduce to
zero, as indicated by Figure 5.8a.
a)

-

b)

-

-

∆f (THz)

-

-

∆m/m0

Figure 5.8 a) Comparison of the sensitivity of a simple harmonic oscillator for a variation in the mass.
Higher initial frequencies increase the sensitivity. b) Comparison of the derivative of frequency with
respect to mass for a resonator with initial frequency of 1 THz. Low initial mass increases the sensitivity.

The interesting information from this graph is that, for a shift in the frequency of
10 GHz, the system with initial frequency of 1 THz could detect change in mass of just 1
% of the initial mass of the system (m0). On the other hand a system that initially
oscillates at 100 THz can even detect changes in mass close to 0.01 % for the same shift
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of 10 GHz. Figure 5.8b shows that the detection of lower mass (m) requires small initial
mass (m0) for the single harmonic oscillator.

5.3.1 HRUPS measurements
The monolayer of each isomer, where only molecules covalently bonded to the
wafer are present, becomes a platform to demonstrate the feasibility and even
flexibility of organosilanes molecules to achieve specific desired resonance. These
isomers will help also to study the mechanisms of frequency tuning. So, it is expected
that organosilanes can be engineered to resonate at different frequencies. To start,
resonance measurements of the spring-like molecules by means of high resolution
ultraviolet photoemission spectra (HRUPS) was performed.

Figure 5.9 Resonance of both isomer assemblies by HRUPS. Horizontal anthracene resonates at 60.3 THz
while the vertical anthracene at 55.1 THz with lower intensity.

Each isomer is excited with variable monochromatic ultraviolet radiation. The
response of the molecules is analyzed on Figure 5.9. Horizontal anthracene (9-Ans-4)
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resonates when excited by a 2010 cm-1 radiation (60.3 THz) while vertical anthracene by
1836 cm-1 (55.1 THz). These very high resonance values allow the use of these molecules
as sensors with a sensitivity as high as 30 THz/Da. Comparing the intensity of the
resonance, vertical anthracene clearly experience a decrease of such vibration.
Considering that these molecules behave as a harmonic oscillator and are isomers, a
shift to a lower frequency could only be caused by the contribution of forces other than
weight. Also a reduction on the resonance intensity can be explained by a reduction on
the total energy of the system. This demands taking into consideration studying the
molecular interaction of each isomer to explain the rise of new forces to the system that
are responsible for the frequency and amplitude change.

5.3.2 UPS – Binding Energies
Ultraviolet photoemission and inverse photoemission spectroscopy is performed
to compare the binding energy of both isomers at the valence and conduction band.
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AB C

AB

Figure 5.10 Combined UPS-IPES shows that even though both molecules are supposed to respond
similarly (red curve), a clear difference is detected (black curve) when vertical anthracene reveals the
presence of a shoulder C at the region for non-bonding orbitals.

The data collected for both isomers from UPS measurements is shown on Figure
5.10. In red, it is found the calculated curves for the binding energies of the highest

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) relative to the Fermi level, as well as the effective gap between the conduction
band edge and valence band edge. This calculated curve reveals no evident difference
between the isomers. The data collected from the samples is shown in black. Now a
clear difference is detected. Two distinct features can be visualized in the UPS spectra
below the Fermi level for the horizontal anthracene: peak A at 7.8 eV and B at 6.0 eV.
Analyzing the vertical anthracene a shift to the left is found when these peaks are now
located at 9.7 eV and 7.7 eV respectively. This region from 6-10 eV is known to
represents the π-bonding orbitals[103], which is in accordance to the anthracene heads
present on the isomers. Now, the attention is turned to the valence band structure near
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the Fermi level. This region around 4 eV is commonly assigned to the n non-bonding
orbitals. Here, the UPS spectra provide the most significant information. A shoulder C at
4.2 eV can be visualized only for vertical anthracene. This very likely arises from charge
transfer happening on molecules assuming a conformation that favors the formation of
non-covalent interactions between conjugated molecules. That suggests the presence of
high interaction between neighboring molecules for vertical anthracene that will be
responsible for the forces that lowered the frequency and the intensity of resonance.
Additionally, the presence of non-bonding molecular orbitals is one reason for the
decrease of the HOMO total π-electron energy, shifting the peaks to the left. Molecular
orbital shift resembles band bending induced by n-type doping of an inorganic
semiconductor surface.

5.3.3 GIXD
To further confirm the presence of π-π interactions, grazing-incidence x-ray
diffraction (GIXD) was performed on both isomers.

Figure 5.11 GIXD shows the long range ordering when anthracene is vertically oriented (Ans-4). The
locations of the peeks are similar to those found for Ans-12. 9-Ans-4 shows the presence of no peeks.
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GIXD experiment shown on Figure 5.11 proved that the Ans-4 presents a relatively
long range XY ordering. Similarities of this GIXD pattern can be found in comparison with
Ans-12. The ordering now is approximated by a centered rectangular unit cell with a
coexisting π-π and herringbone packing motif arranged in dimensions of 5.88 Å and 7.92
Å. On the other hand, the lack of diffraction rings on the GIXD of 9-Ans-4 evidences the
absence of noncovalent interactions between the conjugated branches of this isomer.
This confirms that for this sample an amorphous planar construction was rendered
during the self-assembly.
It has been identified that 9-Ans-4 can resonate at very high frequencies after
self-assembling into an amorphous film with no or very weak interaction between the
molecules. That would give very good sensitivity to the detection of small molecules
that attach to the electron rich anthracene head. When trying to achieve the detection
of large specimens, the fast decay of frequency due to the lower mass of these
molecules becomes an issue, once that the limit of detection will be the molecular
weight of the spring-like molecule. This can be overcome if the molecules work together
as a spring-bed. In that case the host organism will be treated as an area density and
each molecule will be responsible to hold only a fraction of the total weight. As an
example, using the unit cell parameters found for Ans-4, these molecules will work well
to detect host specimens with area density up to 0.5 GDa/µm2. Additionally, by taking
into consideration the non-covalent forces between molecules, the monolayer can be
treated as a homogeneous media that resonates as a whole. That would bring up the
limit of detection of the sensor.
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5.3.4 Manipulation of Noncovalent Interactions
5.3.4.1

Additive

First the method of self-assembly for the molecule with higher amplitude and
resonance (9-Ans-4) was modified. The intention was to increase the molecular
interaction and promote ordering. 9-Ans-4 has a great potential for intermolecular
interaction, once that it is more sterically accessible.
Self-assembly was performed in an environment rich of hexafluorobenzene.
Since that this molecule is a benzene ring with electron-withdrawing elements attached,
it is expected that this additive will help to increase electrostatic interactions. That
would be expected by the anthracene heads sandwiching the additive molecule. The
concentration used was 1:5 hexafluorobezene:9-Ans-4.

500 nm
27 nm

2.8 nm

Figure 5.12 AFM image of 9-Ans-4 self-assembled on THF with the addition of hexafluorobenzene. This
work as an additive that have many electro withdrawing groups to help promoting electrostatic attraction
between anthracene heads.

The result from the self-assembly can be visualized on Figure 5.12. The AFM
image shows a very flat substrate where nanodisks can still be visualized. But this time
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they have reduced considerably in size. Still with a relation of 10 between diameter and
height, they are now only 2.8 nm in height, coming very close to a flat bilayer (2 nm).

5.3.4.2

Co-Assembly

The two isomers were combined on a co-self-assembly process in order to
extract the best from both molecules and increase both sensitivity and detection limit of
the sensor. Lowering down the non-covalent forces is wanted, but not so much in order
to achieve three goals: maintain the intensity of the resonance up for sensitivity
purposes; still obtain a crystalline film for achieving the behavior of the resonator as
continuous media; and to slow down the monolayer growing for better quality control
of the film. The first concentration tried for the two isomers was 1:1. This sample
yielded very messy composite layers. The concentration of 9-Ans-4 was reduced and a
concentration 1:5 9-Ans-4:Ans-4 was tried.

Figure 5.13 The co-self-assembly of Ans-4 and 9-Ans-4 allows the formation of a) an amalgam layered
structure with higher ordering and b) a continuous monolayer film that can be used as sensor for the
detection of large specimens.

Figure 5.13a shows an AFM image of this co-self-assembly yielding bi-layers with

surface a lot smoother than the one found before for Ans-4. This bi-layer now is a
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composite of the two isomers and presents a better quality due to the reduction of the
non-covalent forces. On Figure 5.13b another advantage of this assembly can be seen. By
slowing down the process, a continuous monolayer film of vertical anthracene can grow
on a larger area, making possible the attachment and detection of very large specimens.
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Chapter 6
Conclusions
The main purpose of this whole dissertation was to develop and study a new
class of conjugated molecules that would render hybrid like (organic/inorganic)
material, capable of self-assembly, in the hope of improved properties for organic
electronic devices.
First, aromatic silanes (PDS and PRS) were investigated to show the contribution
of dipole-dipole interactions to the self-assembly. Such alkylsilane that in normal
conditions would not assume a crystalline configuration are functionalized by the
addition of polar aromatic ring. Lamellar structures, consisting of alternating inorganic
layers separated by organic moieties are built when the dipole is present. On the other
hand, when no dipole is present (PHS) only a gel-like material is yielded. The assemblies
of PDS and PRS kept layered stacking even at high temperatures such as 350 °C.
Single molecular layers of PDS have been deposited on native oxide surfaces of
silicon, with the silane linked to the silicon oxide interface and the polar aromatic ring at
the surface. The molecular binding states of PDS are analyzed, bringing to the
conclusion that π-π interactions are still present even at this monolayered configuration.
Yet nanoshaving technique is used to mechanically break the molecular bonds at the
alkoxy-silane (Si–C) bond using scanning atomic force microscope, leaving large swaths
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exposing the silicon of the alkoxy-silane ligand. Mechanical cleavage of the pyridine
group is also possible, but more difficult to control selectively.
Conjugated molecules were packed into a 2D supramolecular structure by
allowing π-units to stitch to an amphiphilic silane tail (Ans-12). Solvophobic interactions,
as well as the noncovalent π-π binding between conjugated branches, rendered a planar
construction of nanolayers. The large, smooth, and well-defined nanolayers are hybrid
in nature, comprising alternating inorganic polysiloxane and organic conjugated
moieties, which can be visualized as alternating insulation layers and organic
semiconductor layers. Such architecture is rich in optoelectronic functions, alike
graphene. The roles of the extra alkyl chains and their modifications are multifold, this
includes: being a solubility helper for otherwise rather insoluble conjugated molecules;
being a spacer whose conformational degree of freedom allows the rigid moieties to
optimize their packing; being an dielectric layer between semiconducting layers; and
lastly, being a layer covalently bonded to a dielectric surface that induces new
properties, for example, surface conductivity.
Thirdly, two conjugated molecule isomers (Ans-4 and 9-Ans-4) were packed into
layered and nanodisk structures. This new design influenced the solvophobic
interactions, which result in different morphologies by a simple change in orientation of
the rigid head (Ans-4 - vertically oriented; 9-Ans-4 – horizontally oriented). The layers
are not as smooth when compared to Ans-12, but it still kept an ordered packing in x-y
plane. For the nanodisks of 9-Ans-4, further manipulation of solvophobic forces, by
solvent polarity, allowed control over nanodisks size.
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Finally, a proof of concept for the application of these molecules as terahertz
sensors is performed. Ans-4 and 9-Ans-4 are attached to a substrate and engineered to
work as a simple oscillator that is sensitive to change in mass. Resonances around 60
THz are achieved. The tuning of initial resonant frequency is analyzed by the
investigation of the orientation differences of head groups which produced differences
in noncovalent interaction (ordering). Better control of morphologies is achieved by coassembly and the introduction of additive to the assembly process, promoting increased
electrostatic interaction.
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