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ABSTRACT 

Various technologies depend on interfacial events that are influenced by various 

molecular interactions at a solid-liquid interface. The functionality of a surface plays an 

important role in many applications such as catalysis, sensing, and bio-compatibility, which 

can benefit from distinctive chemical and physical surface properties. To create tailor-made 

functional surfaces, surface host-guest assemblies based on Langmuir-Blodgett and self-

assembly technique have been employed as a model system as they may offer the potential 

ability to regenerate surface properties via intercalation of various functional guest molecules. 

This thesis ranges over the development and characterization of host-guest assemblies and 

their feasibilities for the regeneration of surface properties via intercalation of functional 

guests. In our work, 3-dimensional host structures with cavities are constructed on a targeted 

solid substrate using Langmuir-Blodgett and self-assembly techniques. In particular, by 

adopting the fundamental concept of host-guest interaction in supramolecular chemistry, we 

expect that structurally homologous guest molecules where functional groups are anchored 

can be intercalated into the cavities between hydrophobe arrays at the liquid-solid interface 

from solution under well-controlled conditions. This approach offers the potential of 

separating the functional of the monolayer from the inherent structure of the host. 

The first part of this thesis details two-dimensional host-guest assemblies consisting of 

guanidinium (G), octadecylsulfonate (S) and various functional alkane guests at the air-

aqueous interface and following deposition onto solid substrates via the Langmuir-Blodgett 

technique. In particular, we evaluated the stability of the host-guest assemblies and the 
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feasibility of exchanging molecular guests under exposure to various organic solvent 

environments. Analysis of X-ray reflectivity measurements of the thin films showed that 

good stability of the host-guest assembly could not be achieved due to weak interactions 

between the host monoalyer and the solid surface. In addition, no evidence of intercalation of 

guest molecules into guest-free host-cavities was observed.  

The second part of this thesis discusses the effective methodologies to prepare low-

density self-assembled monolayers (LDSAMs) with cavities on silicon substrates. We 

employed a step-wise reaction based on hydrolytic or silane chemistry: integral spacer 

molecules such as anthracene-derivatives were anchored to the Si substrate and then long 

alkane chains were appended to the spacer molecules. The results showed that LDSAMs 

using an anthryl spacer are attached at the SAM/Si interface via a Si-O-C linkage, and the 

films do not exhibit a densely packed monolayer quality as would be expected for a non-

sterically hindered alkyltrichlorosilane on Si. Thus, the resulting LDSAMs (with cavities) 

may be capable of accommodating other guest molecules with hydrocarbon chains through 

intercalation in order to form host-guest assemblies. 

The third part of this thesis demonstrates the ability of LDSAMs to produce functional 

surfaces via the intercalation of various functional guest molecules. Self-assembled 

monolayers of (10-octadecyl)-9-anthracenethiol (host-SAMs) on Au substrates were prepared. 

Quartz crystal microbalance with dissipation (QCM-D) measurements was used to 

demonstrate the capacity of LDSAMs to confine guest molecules in the cavities and to probe 

the structural changes of the host-guest assembly during guest intercalation from ethanol 

solution. X-ray photoelectron spectroscopy (XPS) measurements were then used to probe 

host-guest monolayers formed by immersing the host monolayer in solutions in a variety of 

other solvents. A combined study of QCM-D and XPS showed that guest molecules were 

intercalated into host-cavities. The reversibility of the intercalation process allows a guest 

already situated in a host-cavity to be replaced with second guest under well-regulated 

solvent conditions.  
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Chapter 1 
Introduction 

The functionality of surfaces plays an important role in many applications such as 

catalysis, sensing, and bio-compatibility, which can benefit from distinctive chemical and 

physical surface properties. Thus, careful design and control of surface properties can be of 

great interest in materials and surface sciences. SAMs, LB films, and other surface-confined 

assemblies have long been acknowledged as a practical strategy for creating tailor-made 

functional surfaces.  

Ternary host-guest Langmuir monolayers with inherent inclusion cavities, affording 

hosts for non-amphiphilic guest molecules, can permit the introduction of various 

functionalities via the intercalation of guest molecules at air-water interface that otherwise 

may not be achievable. Unfortunately, these Langmuir-Blodgett films suffer from an inherent 

lack of stability due to their weak interactions with the solid surface. SAMs are highly 

desirable for use in a wide range of applications due to the flexibility in design of their 

molecular structures and properties. For these reasons, SAMs have been widely used to 

prepare well-defined, stable structures and functional surfaces. The main disadvantage of the 

SAM method comes from the time-consuming and complex synthesis of the α-ω molecules 
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needed to form functionalized surfaces.  

An alternative to α-ω molecules for SAM formation is the use of surface host-guest 

assemblies. This approach can provide flexibility in tailoring interfaces and the potential 

ability to regenerate functional surfaces via intercalation of various functional guests. The 

method can also provide nanometer-scale precision via the well-controlled arrangement of 

organic molecules on surfaces over an extended length scale. There are two general strategies 

available for the construction of surface host-guest assemblies. One is to use an ordered array 

of template molecules on a surface and then add functionality via specific host-guest 

interactions between the template and a functional guest. The second is to use two-

dimensional open structures with well-defined cavities as a template. Functional guest 

molecules can then be trapped in the repetitive and spatially ordered cavities on the surface. 

In both cases, host-guest interactions make it possible to add versatile functionalities to the 

surface via host-guest assembly. 

This thesis reports on the development and characterization of host-guest assemblies 

and the feasibility for alteration and regeneration of surface properties via intercalation of 

functional guests. The final structure of the thin films is determined by the shape and 

properties of the molecules that are used. In our work, 2-dimensional host structures with 

pores were constructed on solid substrates using Langmuir-Blodgett deposition and self-

assembly from solution. By adopting the fundamental concept of host-guest interactions from 

supramolecular chemistry, we hypothesized that structurally homologous guest molecules 

with attached functional groups could be intercalated into the pores between hydrophobe 

arrays at the liquid-solid interface under the well-regulated external conditions. This 

approach offers the potential of separating the functionality of the monolayer surface from 

the inherent structure of the host.  

The work was based on the following primary hypothesis: thin films consisting of 

alkane chains separated by spacer groups in order to create a low-density framework can be 

used to intercalate alkane substituted guest molecules from solution, thereby creating 

functionalized surfaces.  

The research goals for the main results chapters are described below: 

Chapter 3: The structure of guanidinium sulfonate based Langmuir monolayers 
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formed from alkane sulfonate (anions) amphiphiles and guanidinium cations have been well 

studied at the air-aqueous interface, however, none of the prior studies of GS host-guest 

monolayers have addressed the structure and properties of the films after transfer to a solid 

substrate, a necessary step to allow their use in a variety of application. The objectives of the 

work were to (1) investigate the structure of the deposited host-guest assemblies consisting of 

guanidinium, octadecylsulfonate and various alkane tethered guest molecules; (2) to evaluate 

the stability of the host-guest assemblies under exposure to non-polar organic solvent 

environments; and (3) to study the feasibility of guest insertion and exchange from GS-based 

LB films in order to generate the functional surfaces and regenerate the functionality of 

surface. 

Chapter 4: The GS based LB films discussed in Chapter 2 exhibited poor stability in 

most conditions, so we decided to examine low-density host monolayers based on covalently 

bound self-assembled monolayers (SAMs). The objectives of the work were (1) to 

demonstrate effective methodologies to prepare low-density self-assembled monolayer 

(LDSAM) system possessing integral ‘spacer’ moieties and reactive groups that bind to a 

substrate; and (2) examine various integral spacer molecules and determine whether they can 

create low-density structures for the inclusion of complementary guest molecules.   

Chapter 5: The disadvantage of the formation of host-guest assemblies using 

LDSAMs is that it is not possible to deposit preformed host-guest assemblies on the surface. 

Instead self-assembly of the host monolayer must occur in the absence of guest molecules, 

followed by intercalation of the functional molecule. The objectives of the work were (1) to 

investigate the intercalation processes of guest molecules in host-LDSAMs with well-defined 

cavities using in-situ and ex-situ techniques; and (2) to demonstrate the feasibility using 

LDSAMs as host monolayers in order to add functionality to, or to regenerate the 

functionality of surfaces via the intercalation of functional guests. 

The first part of this thesis, Chapter 2, provides background on the formation of thin 

films at interfaces, described prior efforts in host-guest assemblies at surfaces, and provides 

background into several of the experimental techniques employed in our work. Chapter 3 

investigates host-guest assemblies consisting of G, octadecylsulfonate and various alkanes 

tethered guest molecules formed at the air-aqueous interface and transferred to solid 
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substrates via the Langmuir-Blodgett technique using grazing-angle incidence X-ray 

diffraction and specular X-ray reflectivity technique. In particular we examined the stability 

of the host-guest assemblies and the feasibility of intercalation and exchange of molecular 

guest under exposure to non-polar organic solvent environments using X-ray reflectivity 

measurements. Chapter 4 focuses on the development of low-density self-assembled 

monolayers (LDSAMs) with built-in spacer groups, such as anthracene-derivatives, that 

create inclusion cavities. Structural characteristics of the low-density self-assembled 

monolayers were examined using infrared spectroscopy, X-ray photoelectron spectroscopy 

(XPS), and X-ray reflectivity (XRR). The potential of LDSAMs for the formation of host-

guest assemblies is also described. Chapter 5 describes a study of the intercalation of several 

guest molecules into a LDSAM with well-defined cavity from various solvents. The success 

of guest intercalation or exchange will be determined using in-situ quartz crystal 

microbalance with dissipation (QCM-D) and ex-situ X-ray photoelectron spectroscopy (XPS) 

measurements. We demonstrate the feasibility using LDSAMs as host monolayers in order to 

add functionality to, or to regenerate the functionality of surfaces via the intercalation of 

functional guests. Chapter 6 provides a summary of the work and discusses potential avenues 

for further investigation and application of the LDSAM systems developed during this work. 

The research has resulted in a new, simple method for adding surface functionality to a 

wide variety of materials and devices. This has the potential to impact a number of areas of 

current technological and societal interest including: biomaterials engineering and 

biocompatibility (medical implants and devices); the creation of new catalytic surfaces and 

particles (environmental remediation, creation of new materials); the separation of chemical 

and biological components (pharmaceuticals, fine chemicals); and chemical and biological 

sensing (threat detection, process control, and diagnostics). 
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Chapter 2 
Literature Review 

2.1. Fundamental structure – functional organic molecules 

Molecular devices that are sensitive to external stimuli: light, electricity, magnetism, 

heat, different molecules, and the like, can manifest diverse functions in the fields of material 

transport, energy conversion, and sensors. For the fabrication of molecular devices with 

elemental molecules it is important to understand how to arrange molecules and control their 

size and shape. Diverse attempts have been made to develop new nano-structured materials 

as interest in their unique properties has grown. Among the many approaches, a bottom-up 

method has received attention. The bottom-up method is a self-assembly process via non-

covalent bonds that exploits various intermolecular interactions. In particular, tuning of the 

pattern, directivity, and flexibility of non-covalent bonding makes it possible to control the 

surface properties, size, dimension, and interior space of nano-structured materials.  

 

2.2. Functional organic molecules 

Molecules have different properties depending on their constituent atoms, binding 
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between molecules, their spatial arrangement, and so on. The synthesis of molecules with 

diverse and sophisticated forms: basket-like, cylindrical, spherical, and the like, is 

theoretically possible via a stepwise fashion. Recently it has been noted that non-covalent 

bonds can be utilized to construct complicated supramolecular structures that otherwise may 

not be achievable. Thus this approach greatly facilitates the fabrication of multi-functional 

molecular devices by permitting the design of various modules and the combination of 

modules in a multitude of different ways.1  

As mentioned above, material properties rely heavily on molecular shape and structure. 

Investigation of the correlation between molecular structure and material function provides 

new insight into molecular design and paves the way for the development of new nano-

materials. Organic molecules are ideal components as they have flexibility in structure and 

diversity in functionality.  

 

2.3. Functional monolayers on a surface 

For many years organic molecular films at the nanometer-scale have shown significant 

technological promise across a wide range of potential applications. They have also provided 

useful templates for investigating diverse interfacial phenomena with the development of 

various experimental tools for the elucidation of molecular ordering. In particular, various 

attempts have been made to control surface properties via the formation of functional films 

on gold substrate. One approach for the formation of organic functional films is the 

Langmuir-Blodgett technique. Langmuir-Blodgett films (LB films) are defined as one or 

more monolayers of water-insoluble amphiphilic molecules deposited from a liquid surface 

onto a solid substrate. The film obtained can be highly organized and the formation can be 

controlled to produce anything from a monomolecular film to multilayer structures built up 

of hundreds of monolayers. Irving Langmuir and Katherine Blodgett founded the science of 

LB films early in the 20th century. Unfortunately, the instability of LB films on antipathic 

substrates precludes wide application of the technique despite their ability to form highly 

ordered structures.  
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Another approach for the formation of organic functional films is molecular self-

assembly. Molecular self-assembly is the spontaneous assembly of molecules without 

extended guidance or management. In 1980, Sagiv reported that aliphatic compounds with 

trimethoxysilyl or trichlorosilyl formed highly ordered structures on a hydroxylated substrate 

and their structure had much more affinity with substrate than those obtained using the 

Langmuir-Blodgett technique.2 In 1983, Allara discovered that alkanethiols formed highly 

oriented structures on Au. After the discovery of the formation of crystalline-like monolayers 

on metal surfaces, self-assembled monolayers (SAMs) have received significant research 

attention.  

 

Figure 2. 1. Self-assembled monolayer, http://www.mtl.kyoto-u.ac.jp/groups/sugimura-g/index-
E.html 

 

A molecule for self-assembly can be thought of as containing 3 parts: a binding group 

for attachment to surface, a spacer chain (typically composed of methylene group), and a 

functional head group. The binding groups, such as thiol or silane, and the spacer groups, 

(CH2)n, act as the main driving forces for molecular assembly. The head group provides a 

platform where any desired group can be used to produce surfaces of any type of chemistry. 

By simply changing the head group, thus surface can be created to be hydrophobic, 

hydrophilic, protein resistant, or allow further chemical binding. This work, thus, enables a 

researcher to design a surface to serve any desired function.3  
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2.3.1. Functional monolayers on Au 

Sulfur has a strong affinity for the gold surface. Researchers have found that the 

sulfur-gold interaction is on the order of 45 kcal/mol,4 forming a stable, semi-covalent bond. 

Recent studies of thiol-based SAMs demonstrated that various binding group: disulfide, 

selenol, and isocyano, can be utilized on Au.5 . In addition, SAMs can be prepared on 

various surfaces ranging from metals to semiconductor.6 Various techniques: contact angle 

measurement, ellipsometry, scanning tunneling microscopy, electrochemical measurement, 

X-ray photoelectron spectroscopy, infrared and Raman spectroscopy, have characterized 

those thiol-based SAMs.  

As mentioned above, tailoring surface properties became possible via incorporation of 

wide range of functional units within these alkanethiol SAMs on Au surface. By substituting 

terminal methyl group with carboxylic or hydroxyl group, for example, hydrophobic surface 

can be tuned to hydrophilic one. Besides, terminally-introduced reactive groups enable to 

construct complex structures and immobilize metallic particle or functional polymeric 

material on Au surface. In this way thiol-based SAMs have been utilized for studies and 

applications in many areas, e.g., catalyst,7 charge transfer, redox reaction,8,9 luminescence,10 

molecular recognition via host-guest interaction,11 and so on. The significant functional units 

introduced in SAMs are summarized in Table 1.1.  

 

2.3.2 Functional Monolayer on Silicon 

As was the case in the thiol-based SAMs, silane-based molecules for functional SAMs 

can be synthesized via ω-substitution of alkyltrichloro- and alkyltrialkoxy-silanes with 

terminal functional units. However, the synthesis of functional organosilane compounds is 

restricted as functional groups incorporated into organosilane molecule should be unreactive 

toward trichlorosilyl or trialkoxylsilyl groups. Thus few researches for functionalization of 

silicon surface via the formation of SAMs has been reported, while the mechanism of self-

assembly of organosiloxane compounds and the structure of silane-based SAMs have been 
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well studied and elucidated.  

 
Table 2. 1. Representative functional units introduced in Self-Assembled Monolayers 

 

 

2.4. Low-density LB films based on H-bonded network 

Molecules in crystalline solids arrange in a regular order with close packing and 

minimal voids. Some molecules, however, cannot pack closely but tend to attain close 

packing by interpenetration or by adopting different molecules in the voids, which is known 

as host-guest inclusion compounds. The host-guest compounds are broadly categorized into 

cavitands, molecular host compounds with intra-molecular cavities and clathrate compounds 

with extra-molecular cavities that result from the aggregation of two or more molecules. In 

both categories host and guest molecules are connected via non-covalent interactions. 

Discoveries of inclusion compounds were made during crystallization from various solvents. 

In some instances, the solvent used in crystallization was entrapped into the crystal lattice of 

a substance. The presence of solvent molecules in the crystal lattice conferred unique 

physical properties to the solvate form.12 For example, solubility and dissolution rates of a 

solvate are different from those of the corresponding anhydrate and can result in differences 
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in properties. Hence, the study of crystallization in various conditions and the resultant solid 

phase has been critical for understanding molecular arrangements in crystals.   

Since the initial discoveries and structural determinations of the earliest inclusion 

compounds, a great deal of effort has been directed toward the design of open host 

frameworks capable of including molecular guests. Particularly, interests in host compounds 

with open molecular frameworks and their associated guests have been driven by 

developments in the synthesis and application of inorganic zeolites capable of 

accommodating organic compounds with suitable size and functionality. The shape and size 

of void supplied by inorganic porous materials are, however, determined by rigid frameworks 

that are not readily amenable to the precise chemical modification required for many 

applications. Hence the interest toward organic molecular analogs of inorganic porous 

frameworks has emerged in that the structure of organic host frameworks and their properties 

can be altered at the molecular level via synthetic organic chemistry. This modular strategy is 

based on molecular building blocks that assemble into supramolecular motifs via directional 

non-covalent bonding.  

  

Figure 2. 2. The structure of [Ni(Hbim)3]-. Six [Ni(Hbim)3]- can form the micro-porous 
structure with a large channel. * This image was copied from reference 13.  

 

Large porous or channel structure can be generated under the presence of large 

counter-ions. One such example involves the cryptand- or crown-encapsulated potassium 

salts of octahedral [Ni(Hbim)3]-. The pseudo-hexagonal networks leave a large amount of 

space, created via self-complementary HBim hydrogen bonds.13 Another 2-dimensional host 

framework is the host system of porphyrins containing peripheral hydrogen bonding 

substituent. Zn(II) porphyrin complexes have been synthesized by Goldberg14 that include 

carboxylic acid, carboxamide, and diaminotriazine-substituted porphyrins.15,16,17,18  
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Figure 2. 3. Supramolecular networks of the large ZnII porphyrin complex sustained by 
multiple hydrogen bonds. * This image was copied from reference 14.  

Structurally dependable porous host-framework allows crystalline structure to separate 

from functions that guests included may introduce and thus such host-guest compounds can 

be inherently versatile.19 The diversity of host-guest compounds for materials applications 

has been established via the demonstration of porosity,20 magnetic behavior,21 nonlinear 

optical effects,22 chemical storage,23 catalysis,24 etc. However, the open host-frameworks 

confront structural disruption as weak long-range interaction between building components 

precludes molecular assembly from maintaining its solid state.25,26 In many such cases, the 

molecular assembly is only host-host frameworks, i.e., it is closely packed and does not 

provide enough space for guest inclusion. Hence, the guest molecules are co-crystallized 

parallel to the crystal growth, otherwise the structure will collapse for energetic reasons.27 In 

addition, it is not straightforward to chemically alter building components of molecular 

assembly as minor alternation involves the disruption of fundamental structure for guest 

inclusion. Consequently, the application of open host-framework via systematic modification 

of molecular components is considerably limited.  

The design of robust molecular hosts facilitates the modification of inclusive 

framework, thereby stabilizing the assembly of molecules into larger structure. One reliable 

suggestion for the construction of crystalline structure is to regulate the assembly process at 

air-solution interface via strong directional interaction based on a robust hydrogen-bonded 

structural motif: its shape and dimensionality allow the construction of diverse H-bonded 

framework. Such framework interconnected via strong H-bonding can have high 

modifiability and flexibility.28 Thin interdigitated film proposed by Kuzmenko et al. has 
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been extended to other two-component system of water-insoluble amphiphiles and water-

soluble counterparts.  

 

Figure 2. 4. Packing arrangement of the interdigitated (R-pentadecylmandelic acid, R-
phenylethylamine) trilayer. *This image was copied from reference 28.  

 

Based on above observations, further studies have shown that amphiphiles capable of 

binding water-soluble guest molecule together at air-aqueous interface are able to form host-

guest compounds. An amphiphile containing cholesterol hydrophobe and water-soluble chiral 

amino acid affords a crystalline monolayer structure, which exhibits host-like property: 

cholesterol hydrophobes create low-density lattice via selective incorporation of amino acid 

from aqueous subphase.29 Another interdigitated molecular system has been obtained upon 

deposition of organosulfonate amphiphile over an aqueous subphase containing guanidinium, 

studied by Ward and co-worker.30,31 This acid-base system allows the intercalation of the 

guanidinium [C(NH2)3
+] cations between the octadecanesulfonate [(C18H37SO3)-] anions into 

a 2-dimensional hydrogen-bonded network.32 This interdigitated molecular system suggests 

that monomolecular film equipped with spacer molecules at the air-aqueous interface can 

have inherent inclusion cavities between pre-expanded hydrophobe arrays, affording hosts 

for non-amphiphilic guest molecules and generating two-dimensional inclusion compounds 

at the air-aqueous interface. Plaut et al suggest that guest intercalation in this fashion can 

permit the introduction of functionality that otherwise may not achievable at air-aqueous 

interface.33  
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2.5. Low-density SAMs 

The functionality of surfaces plays an important role in many applications such as 

catalysis, sensing, and bio-compatibility,34 which can benefit from distinctive chemical and 

physical surface properties. Thus, careful design and control of surface properties can be of 

great interest in materials and surface sciences. Self-assembled monolayers (SAMs), 

Langmuir-Blodgett films, and other surface-confined assemblies have long been 

acknowledged as a practical strategy for creating tailor-made functional surfaces. Ternary 

host-guest Langmuir monolayers with inherent inclusion cavities, affording hosts for non-

amphiphilic guest molecules, can permit the introduction of various functionalities via the 

intercalation of guest molecules at air-water interface that otherwise may not be achievable, 

notwithstanding their instability.35 SAMs are highly desirable methods for use in a wide 

range of applications due to the flexibility in designing their molecular structures and 

properties. For these reasons, SAMs have been widely used to prepare well-defined, stable 

structure and functional surfaces. Considering time-consuming and complex synthesis of α-ω 

molecules, however, this approach has a restricted extension in many cases.  

As an alternative to satisfy the requirements of expandability and stability, surface 

host-guest assemblies have attracted a lot of research interest. This approach can provide not 

only a high flexibility to tailor interfaces and regenerate new functional surfaces via the 

intercalation of various functional guests but also the nanometer-scale precision via well-

controlled arrangement of organic molecules on surfaces over an extended length scale.36 

There are two general strategies available for the construction of surface host-guest 

assemblies. One is to use an ordered array of template molecules obtained on surfaces and 

then fabricate functional structure via specific host-guest interactions between the template 

and functional guest. Another way is to use two-dimensional open structures with defined 

size as template. Functional guest molecules can then be trapped in repetitive and spatially 

ordered cavities on surfaces. In both cases, host-guest interactions make it possible to add 

versatile functionalities to the surface with host-guest assembly.37,38,39,40 In particular, two-
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dimensional porous structures at a surface can be generated by means of several types of 

supra-molecular interactions: hydrogen bond-directed homo- and hetero-assembly of organic 

molecules, the coordination of metal centres to organic ligands, dipole-dipole, van der Waals, 

or a combination of several interactions.41 

 

2.6. Surface characterization 

2.6.1. Specular X-ray Reflectivity42 

Specular X-ray reflectivity (XRR) is an X-ray scattering techniques for characterizing 

thin-film structure that can measure film thickness, electron density, and interface roughness. 

This technique has the virtues of high spatial sensitivity, high penetration, straightforward 

analysis and simple sample preparation. In XRR, the reflected intensity of X-rays from an 

interface is measured as a function of the angle, θ, of the incident X-ray beam, which is 

related to the z component of the wavevector transfer (q୸ = 2k sin α, where k is the 

wavevector). The magnitude of k defines the length-scale of the measurement, ranging from 

atomic dimensions for large k (≥ 2π/a, where a is a lattice parameter) to mesoscopic 

dimensions (1 t0 100 nm) for smaller k. The direction of k with respect to the sample surface 

determines the direction where structural information is obtained. For specular X-ray 

reflectivity techniques, the incident angle is equal to the outgoing angle so that k is oriented 

for probing the electron density distribution normal to the surface of thin films at interfaces 

(Figure 2.5.).  
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Figure 2. 5. Schematic illustration of the density variation across the interface. *This image 
was copied from reference 42. 

 

Figure 2. 6. Geometry used for calculation of XRR from a perfect interface between regions 
having indices of refraction n1 and n2 showing angles of incidence θi and refraction θr.  

 

The amplitude of the transmitted and reflected wave relative to the incident amplitude 

are given by the Fresnel equations: 

rୱ = ୬భ ୱ୧୬(஘౟)ି୬మ ୱ୧୬(஘౨)୬భ ୱ୧୬(஘౟)ା୬మ ୱ୧୬(஘౨)  r୮ = ୬మ ୱ୧୬(஘౟)ି୬భ ୱ୧୬(஘౨)୬మ ୱ୧୬(஘౟)ା୬భ ୱ୧୬(஘౨)  

The relationship between the angles defining the incident and outgoing wave vectors is 

given by Snell’s law: 

ୡ୭ୱ(஘౟)ୡ୭ୱ(஘౨) = ୬మ୬భ  

The index of refraction for X-rays can be obtained from the classical theory of 
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dispersion, which treats the electron as a mass bound to the atom by a spring with a resonant 

frequency ω0. When exposed to an incident electromagnetic field of frequency ω, the 

electron oscillates and gives rise to a scattered wave. Relating the induced field to the 

incident field allows us to determine the dielectric constant of a bound electron, and from 

that, the index of refraction, n: 

n = 1 − ଶ஠஡౛ౢୣమ୫னమ f  

where ρel is the electron density of the medium, e and m are the electron charge and mass, 

and f is the scattering factor of the atom, defined as the ratio of scattering from the bound 

electron to that of a free electron under the same conditions. In general, f is complex f = f଴ + Δf ᇱ + iΔf′′ 
where f଴ + Δf ᇱ and Δf′′ are the real and imaginary part of f. For the small angles used in 

XRR, f0 is approximately equal to the atomic number Z. The parameters and are often called 

the real and imaginary parts of the anomalous absorption. Then, n is expressed as n = 1 − δ − iβ 

where 

δ = ଶ஠஡౛ౢୣమ୫னమ (f଴ + Δf ᇱ) and β = ଶ஠஡౛ౢୣమ୫னమ Δf ᇱ′ 
The imaginary part of n is related to the linear absorption coefficient, μ, by 

μ = ଶனஒୡ = ସ஠஡౛ౢୣమ୫ୡன Δf ᇱ′  

The magnitude of δ and β are related to the electron density of the material, and are on the 

order of 10-5 and 10-7, respectively.   

Since the real part of n is less than 1 for most materials in the X-ray regime, a wave 

passing from vacuum into the material will be refracted with an angle less than the angle of 

incidence. Below some critical value of the incidence angle, θc, defined by cos(θୡ) = nଶ/nଵ 
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there are no propagating solutions for the transmitted beam so that the incident wave vector 

is said to exhibit total external reflection. Since θc is small, the cosine can be expanded to 

second order in θ, and one can show that  

θୡ = (2δ)ଵ/ଶ 

and from the relationship given by Snell’s law 

θ୧ଶ = θ୰ଶ + θୡଶ 

For typical X-ray energies of ~5-10 keV, the critical angle is in the range of 0.1°-0.6° 

for most materials, and depends on the electron density. For values of θ near θc the Fresnel 

reflection coefficients can be approximated by 

rୱ = ஘౟ି஘౨஘౟ା஘౨, r୮ = ஘౨ି஘౟஘౟ା஘౨ 
and for θ > θc, the reflectivity reduces to the simple asymptotic form 

R = rଶ ≈ ቀଶ஘஘ౙቁିସ
  

In order to show the dependence of the reflectivity on angle and energy, the reflectivity 

is expressed as a function of scattering vector, k: 

R ≈ ቀଶ୩୩ౙቁିସ
  

where k = 4π/λ sin(θ) and kc = 4π/λ sin(θc). The reflectivity for an ideal surface given above 

is called the Fresnel reflectivity.  

Als-Nielsen developed the diffraction approach consisting of partitioning the structure 

into infinitesimal layers and superimposing the reflectivity from each slice to obtain the full 

reflectivity. Als-Nielsen gives the reflectivity from non-ideal surfaces as: 

R(k) =  R୊(k) ቚ׬ ୢ஡ୢ୸ e୧୩୸dzቚଶ
  

where dρ/dz is the electron density gradient normal to the surface.  
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It is convenient to model the in-plane averaged electron density of a simple surface by 

a Gaussian smeared step from ρ = 0 to ρ = ρ∞. 

ρ(z) = ஡ಮଶ ൤1 + erf ቂ ୸ଶ஢ቃ൨  

The average normal derivative is given by the Gaussian form 

ୢ஡ୢ୸ = ρஶ ଵ(ଶ஠஢మ)భ/మ eି୸మ/ଶ஢మ  

Where σ, the root-mean-square average of the surface width, result from both the intrinsic 

width of the interface and the mean-square average of the roughness of the surface. The 

Fourier transform then yields 

R(k) = R୊(k)eି஢మ୩మ/ଶ 

The parameters can be determined from XRR spectra: layer thickness (d), surface roughness 

(σs), interface roughness (σi), and average layer density (ρ). These parameters are obtained 

by fitting the spectra to calculations of different model structures and optimizing by least-

squares minimization to obtain a set of best-fit parameters. Two layer films are routinely 

analyzed, and more complex structures can be measured and calculated. However, as the 

number of layers increases, the difficulty of obtaining a unique set of parameters by fitting 

increases significantly.  

 

2.6.2. Quartz Crystal Microbalance43 

A quartz-crystal microbalance (QCM) is an extremely useful technique to directly 

study quantitative kinetics of molecular adsorption by measuring the in situ resonance 

frequency change due to changes in mass on the electrode at the nano-gram level in both 

air44 , 45  and solution phases.46 ,47  The mass change on surface of the quartz crystal is 

calculated through the relationship between mass changes and frequency changes, given by 

Sauerbrey:48  



 

19 

 

∆f = −2f଴ଶ(μ୯ρ୯)ିଵ/ଶ∆m/A (1) 

where ∆f is the measured frequency shift, f଴ is the frequency of the quartz crystal before a 

mass change, ∆m is the mass change, A is the piezo-electrically active area, ρ୯ is the 

density of the quartz (=2.648 g/cm3), and μ୯ is the shear modulus (=2.947x1011 gcm-1s-2). 

Hence, the frequency shift is directly proportional to the adsorbed mass on the surface of 

QCM electrodes. The Sauerbrey equation assumes that acoustic impedance is identical for 

the film and quartz and that the frequency shift resulting from a mass deposited at some 

radial distance from the center of crystal will be the same regardless of the radial distance. 

The negative sign in Eq. (1) indicates that addition of mass to the resonator results in a 

decrease in its resonant frequency and vice versa. Equation (1) is frequently presented in the 

following form: ∆f = −C୤∆m (2) 

where C୤=17.7 ng∙Hz-1∙cm-2 for a 5 MHz quartz crystal. When mass is deposited or removed, 

this linear relationship very accurately describes the frequency change for very small mass 

loading. When the layer is thick, Eq. (2) is no longer linear and corrections for this case have 

been developed. In Eq. (2) it is assumed that the added mass is evenly distributed over the 

electrode and that the mass is rigidly attached to the electrode, with no slip or deformation to 

the oscillatory motion. It is also possible to get an estimation of the thickness (d) of the 

adhering layer: 

dୣ୤୤ = ∆m ρୣ୤୤ൗ  (3) 

When the QCM crystal is transferred from air into the solution, the shear wave 

damping occurs, causing large changes in resonant frequency. Kanazawa and Gordon 

provided an equation that the frequency change induced by immersion in a solution is related 

to the density ρ୐ and viscosity η୐ of that solution: 

∆f = −f଴యమ(η୐ρ୐ πμ୯ρ୯ൗ )ଵ/ଶ (4) 
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In most situations the adsorbed film is not rigid and the Sauerbrey relation becomes 

invalid. A film that is soft will not fully couple to the oscillation of the crystal; hence the 

Sauerbrey relation will underestimate the mass at the surface. A soft film dampens the 

crystal’s oscillation. The damping or energy dissipation (D) of the crystal’s oscillation 

reveals the film’s viscoelasticity. D is defined as follows: 

D=Elost/2πEstored (5) 

where E୪୭ୱ୲ is the energy lost during oscillation cycle and Eୱ୲୭୰ୣୢ is the total energy stored 

in the oscillator. The energy lost of the crystal is measured by recording the response of a 

freely oscillating sensor that has been vibrated at its resonance frequency. This gives the 

chance to jump between the fundamental frequency and overtones. By measuring at multiple 

frequencies and applying a viscoelastic model, the adhering film can be characterized in 

detail; viscosity, elasticity and correct thickness may be extracted. For viscoelastic film, 

Reed et al.49 derived Eq. (6) for the case when both the shear modulus and the viscosity of 

the film are taken into account: 

݂߂ = −2 ଴݂ଶ/(ρ୯μ୯)ଵ/ଶ [(Δm/A) + {Δ(η୐ρ୐)ଵ/ଶ/(4πf଴)ଵ/ଶ }]  (6) 

The resonant frequency change of the shear vibration of a quartz crystal with the 

piezoelectrically active area A characterized by a shear modulus μ୯, a density ρ୯, and the 

resonant frequency f଴ in contact with a liquid of density ρ୐ and viscosity η୐ not only is 

affected by rigid mass changes Δm but also viscosity change η୐ρ୐ in the interface. When a 

transversal velocity of the quartz surface is equal to the adjacent liquid layer, non-slip 

boundary conditions can be assumed. In such a case, a viscous penetration depth is 

proportional to the viscosity, because liquid films show no elasticity. The mass of this liquid 

layer with a thickness equal to the thickness of the decay layer of the acoustic wave δ; 

δ = (2η୐/ωρ୐)ଵ/ଶ (7) 

where ω is the angular frequency of the thickness shear mode vibrations of the piezoid and 

causes the vibrating mass to increase and the resonant frequency to decrease.50 The resonant 
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resistance change of the crystal, on the other hand, is solely determined by the viscosity 

change, Δ(η୐ρ୐)ଵ/ଶ and allows one to discriminate between viscosity and mass change.51 

Reed et al. presented a general model of the viscoelastic over-layer from which limiting 

cases should be retrievable. Their expression for the electrical admittance agrees exactly with 

that obtained by Benes.52 

 

2.6.3. X-ray Photoelectron Spectroscopy53 

Of all the contemporary surface characterization methods, X-ray Photoelectron 

Spectroscopy (XPS), also called electron spectroscopy for chemical analysis (ESCA), is the 

most widely used technique. The popularity of XPS as a surface analysis technique is 

attributed to its high information content, its flexibility in addressing a wide variety of 

samples, and its sound theoretical basis.  

Using angle resolved XPS (ARXPS), it is possible to characterize ultra-thin films 

without sputtering. In most cases, ARXPS can be considered to be a non-destructive 

technique. It therefore has the potential to probe sub-surface chemical states that would be 

destroyed by sputtering. From ARXPS data, it is possible to calculate the thickness and depth 

of ultra-thin layers and to construct a concentration depth profile. The technique relies upon 

the fact that the information depth of XPS is less than 10 nm, depending upon the material 

and the kinetic energy of the electron being measured.  

There are two important quantities in ARXPS, the inelastic mean free path (IMFP) and 

the attenuation length (AL). The inelastic mean free path is the average distance an electron 

travels between successive inelastic collisions. An electron may undergo elastic collisions 

between inelastic events and so trajectory between the events may not be a straight line. The 

attenuation length can be applied to any radiation passing through any material. Essentially, 

it is a measure of the transparency of the material to the radiation. There is a quantity, μ, the 

attenuation coefficient, which describes the proportion of the radiation removed as it passes 

through a thickness △x of the material. This is defined as: 
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μ = lim△୶→଴ ଵି(୍/୍బ)
Δ୶   

where I0 and I are the intensities of the incident and emergent radiation respectively. The 

reciprocal of this term is known as the attenuation length, λ: 

λ = 1/μ 

In many cases this leads to an equation of the general form: I/I଴ = exp (−Δx/λ) 

This can be applied to XPS where electrons of a given energy are considered as they pass 

through a material. If the intensity of the electron flux in a given material is measured in a 

particular direction, then the intensity is affected by both elastic and inelastic collisions. Only 

electrons which have not been scattered or which have been scattered elastically can 

contribute to the intensity of a photoelectron peak. Under these conditions, the IMFP is a 

constant term but AL can change with angle. It is, however, the attenuation length that must 

be used in equations similar to that shown above.  

 

There is a layer of material of thickness dt at a depth t, as shown in Figure 2.7.  

 

Figure 2. 7. A layer of material, thickness dt, at a depth t emits photoelectrons with an 
intensity dI in a direction parallel to the surface normal.  

 

The photoelectron intensity emitted from this layer (dI) in a direction parallel to the 



 

23 

 

surface normal is: dI = Cdt 
where C is constant involving X-ray flux density, sensitivity factors, geometric factors etc. 

Using the Beer-Lambert law the intensity reaching the surface from this thin layer parallel to 

the surface normal will be: dI = Cexp(−t/λ)dt (1) 

Integrating between zero and infinity, this becomes I = Cλ 

By letting Cλ = I∞ and integrating above equation between t and infinity: I = I∞exp (−t/λ) (2) 

where I is the photoelectron signal coming from all depths greater than t. This equation 

assumes emission at an angle normal to the surface.  

 

Figure 2. 8. Attenuation length as a function of kinetic energy. 
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The attenuation length for electrons varies with their kinetic energy, as shown in 

Figure 2.8. The attenuation length increases with increasing kinetic energy in the energy 

range of interest in XPS (above a few tens of electron volts). Figure 2.9 shows a plot of 

intensity of a photoelectron peak as a function of depth by considering electrons that emerge 

parallel to the sample normal. About 65% of the signal in electron spectroscopy will emanate 

from a depth of less than λ, 85% from a depth of less than 2λ, and 95% from a depth of less 

than 3λ. 

 

Figure 2. 9. Relative intensity as a function of depth for Si 2p electrons emitted from silicon 
as a result of Al Kα radiation. 

 

If electrons are collected at angles other than 0° with respect to the surface normal, 

these depth are decreased by a factor of sinθ, as can be seen in Figure 2.10. Equation (2) 

above becomes: I = I∞exp (−d/λsinθ) 
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Figure 2. 10. The effect of varying the take-off-angle in XPS. (a) shows detection of 
photoelectrons normal to the surface. By rotating the sample to glancing angles, as in (b), the 
escape depth d is reduced and hence the XPS spectra are more surface specific.  

 

If XPS signal is collected over a range of angles from near normal emission to near 

grazing emission then the analysis depth changes. Figure 2.11 shows schematically the 

analysis of a thin metal oxide on a metal substrate. In this example, XPS data are collected 

from the metal at two angles, near normal (bulk angle) and near grazing (surface angle). Near 

normal emission produces a spectrum in which the metal peak dominates while the oxide 

peak dominates in the spectrum from the grazing emission. This is the basis for angle 

resolved XPS measurements. 

 

Figure 2. 11. An illustration of the analysis of a thin metal oxide on a metal. The 
diagrammatic spectra show the effect of the collection angle on the elemental and oxide 
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peaks of the metal.  
 

ARXPS can be used quantitatively to measure layer thickness. Consider a thin layer, 

thickness d, of material A on a substrate B. To obtain an expression for the signal from A, 

equation (1) must be integrated between 0 and d and becomes: I୅ = I୅ஶ[1 − exp(−d/λ୅୅sinθ)] 
The signal from B arriving at the B-A interface is I୆ஶ, assuming layer B is thick in 

comparison with λ୆୆. This signal is then attenuated by passing through layer A. The signal 

emerging is therefore given by: I୆ = I୆ஶexp(−d/λ୆୆sinθ) 

The term λ୆୅ is the attenuation length in layer A for electrons emitted from layer B. 

Taking the ratio of these signals: 

୍ఽ୍ా = R = Rஶ ଵିୣషౚ/ಓఽఽ ౩౟౤ ಐୣషౚ/ಓాఽ ౩౟౤ ಐ   

where Rஶ = I୅ஶ/I୆ஶ.  
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Chapter 3 
Host-Guest Assemblies for 
Functional Surfaces at the 
Air-Aqueous Interface 

3.1. Introduction 

The structure of guanidinium sulfonate based Langmuir monolayers formed from 

alkane sulfonate (anionic) amphiphiles and guanidinium cations have been well studies at the 

air-aqueous interface, however, none of the prior studies of GS host-guest monolayers have 

addressed the structure and properties of the films after transfer to a solid substrate, a 

necessary step to allow their use in a variety of application. The objectives of the work were 

(1) to investigate the structure of the deposited host-guest assemblies consisting of 

guanidinium, octadecylsulfonate and various alkane tethered guest molecules; (2) to evaluate 

the stability of the host-guest assemblies under exposure to non-polar organic solvent 

environments; (3) to study the feasibility of guest insertion and exchange from GS-based LB 

films in order to generate functional surface and to regenerate the functionality of a surface.  

Molecules in crystalline solids are arranged in a regular structure and are close packed 

with minimal voids. In order to achieve this close-packing, some molecules form 
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interpenetrated structures or structures in which different molecules, or guest molecules, fill 

the voids. These are known as host-guest inclusion compounds. Host-guest compounds are 

broadly categorized into cavitands, molecular host compounds with intra-molecular cavities, 

and clathrate compounds with extra-molecular cavities that result from the aggregation of 

two or more molecules. In both categories host and guest molecules are connected via non-

covalent interactions. Inclusion compounds are usually created by crystallization from 

various solvents. In some instances, the solvent used in crystallization is also entrapped into 

the crystal lattice of a substance, and the presence of solvent molecules in the crystal lattice 

confers unique physical properties to the solvate form. 1  For example, solubility and 

dissolution rates of a solvate are different than those of the corresponding anhydrate and can 

result in differences in properties. Hence, the study of crystallization in various conditions 

and the resultant solid phase has been critical for understanding molecular arrangements in 

crystals.   

Since the initial discovery and structural determination of the earliest inclusion 

compounds, a great deal of effort has been directed toward the design of open host 

frameworks capable of including molecular guests. In particular, interest in host compounds 

with open molecular frameworks and their associated guests have been driven by 

developments in the synthesis and application of inorganic zeolites capable of 

accommodating organic compounds with suitable size and functionality. The shape and size 

of voids supplied by inorganic porous materials are, however, determined by rigid 

frameworks that are not readily amenable to the precise chemical modification required for 

many applications. Hence interest in organic molecular analogs of inorganic porous 

frameworks has emerged because the structure of organic host frameworks and their 

properties can be altered at the molecular level via synthetic organic chemistry. This modular 

strategy is based on molecular building blocks that assemble into supramolecular motifs via 

directional non-covalent bonding.  

Large porous or channel structures can be generated under the presence of large 

counter-ions. One such example involves the cryptand- or crown-encapsulated potassium 

salts of octahedral [Ni(Hbim)3]- depicted in Figure 2.1. The pseudo-hexagonal networks 

result in large amount of space, created via self-complementary of the HBim hydrogen 
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bonds.2 Another 2-dimensional host framework is the host system of porphyrins containing 

peripheral hydrogen bonding substituent (Figure 2.2). Zn(II) porphyrin complexes have been 

synthesized by Goldberg3 that include carboxylic acid, carboxamide, and diaminotriazine-

substituted porphyrins.4,5,6,7  

Host-frameworks that form a consistent porous structure allow crystalline structure to 

be separate from the function that guests included may introduce, and thus such host-guest 

compounds can be inherently versatile.8 The diversity of host-guest compounds for materials 

applications has been established via the demonstration of porosity,9 magnetic behavior,10 

nonlinear optical effects,11 chemical storage,12 catalysis,13 etc. However, the open host-

frameworks confront structural disruption as weak long-range interactions between building 

components can preclude the molecular assemblies from maintaining their solid form.14,15 In 

many cases, guest-free porous molecular assemblies consist only of host-host frameworks, 

i.e., the structure is closely packed and does not provide enough space for guest inclusion. In 

order to prevent the collapse of the porous structure due to energetic considerations, the guest 

molecules are co-crystallized with the host structure. 16  In addition, it is often not 

straightforward to chemically alter the components of the molecular assembly as minor 

changes can cause disruption of the fundamental structure necessary for guest inclusion. 

Consequently, the creation of open host-framework for specific application via the systematic 

modification of molecular components is considerably limited.  

The design of robust molecular hosts facilitates the creation of guest inclusion 

frameworks, and result in stable assemblies of molecules. One suggestion for the control of 

crystalline structure is to limit the assembly process to two dimensions by trapping molecules 

at an air-solution interface. The host framework can then be constructed via strong 

directional interactions based on a robust hydrogen-bonded structural motif: various 

geometrical shapes and dimensionality allow the construction of diverse hydrogen-bonded 

frameworks. Such strongly hydrogen-bond interconnected frameworks can have high 

modifiability and flexibility.17 Thin interdigitated films proposed by Kuzmenko et al. have 

been extended to other two components system of water-insoluble amphiphiles and water-

soluble counterparts. Based on these observations, further studies have shown that 

amphiphiles capable of binding water-soluble guest molecules at the air-aqueous interface 
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are able to form host-guest compounds. An amphiphile containing cholesterol hydrophobe 

and water-soluble chiral amino acid affords a crystalline monolayer structure, which exhibits 

host-like properties: cholesterol hydrophobes create a low-density lattice via selective 

incorporation of amino acid from the aqueous subphase.18 Another interdigitated molecular 

system has been obtained upon deposition of an organosulfonate amphiphile over an aqueous 

subphase containing guanidinium, studied by Ward and co-worker. 19 , 20  This acid-base 

system allows the intercalation of guanidinium [C(NH2)3
+] cations between 

octadecanesulfonate [(C18H37SO3)-] anions and results in the formation of a 2-dimensional 

hydrogen-bonded network. 21  This interdigitated molecular system suggests that mono-

molecular films with spacer molecules at the air-aqueous interface can have inherent 

inclusion cavities between pre-expanded hydrophobe arrays, affording hosts for non-

amphiphilic guest molecules and generating two-dimensional inclusion compounds at the air-

aqueous interface. Plaut et al suggest that guest intercalation in this fashion can permit the 

introduction of functionality that otherwise may not achievable at the air-aqueous 

interface.22,23  

The structure of guanidinium sulfonate based Langmuir monolayers formed from 

alkylbiphenyl sulfonate or alkane sulfonate amphiphiles and guanidinium counter-ions have 

been well studies at the air-aqueous interface, however, none of the prior studies of GS host-

guest monolayers have addressed the structure and properties of the films after transfer to a 

solid substrate, a necessary step to allow their use in a variety of application. Herein, we 

investigate the structure of the deposited host-guest assemblies consisting of guanidinium 

(G), octadecylsulfonate (C18S) and various alkane tethered guest molecules using grazing 

angle incidence X-ray diffraction (GIXD) and specular X-ray reflectivity (XRR) techniques. 

GIXD and XRR measurements can provide the unit cell parameters, unit cell area, film 

thickness, and averaged electron density of the structures. In particular we evaluate the 

stability of the host-guest assemblies under exposure to non-polar organic solvent 

environments using X-ray reflectivity measurements. The stability studies will provide us 

with stability windows for host-LB films in which we can tune the solvent conditions for 

optimal guest solubility. Finally, we study the feasibility of guest insertion and exchange 

from GS-based LB films in order to generate the functional surfaces and regenerate the 
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functionality of surface.  
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3.2. Experimental Section 

3.2.1. Materials 

Sodium 1-octadecanesulfonate (C18S, >99%), guanidine carbonate (G, 99%), 

hexadecane (C16, >99%), 1-bromooctadecane (C18Br, 97%), 1-octadecanol (C18OH, 99%), 

2-naphthyl stearate (NaphC18), cholesteryl stearate (CholC18), 1-phenyl-1-hexadecaneol 

(PhOC16), N-phenylhexadecylamine (PhNC16), 1-phenyltetradecane (PhC14), hexane(C6), 

cyclohexane(CH), and chloroform were purchased from Sigma-Aldrich and used without 

further purification. Deionized water (purified to 18.2 MΩcm with a Barnstead water purifier) 

was used as an aqueous subphase. A silicon wafer (p-type, boron doped, resistivity < 1 Ωcm, 

single polished) as a substrate for LB film deposition was purchased from Wafer World (West 

Palm Beach, FL). 

 

3.2.2. Surface Pressure-Area (П-A) Isotherm and Langmuir-Blodgett Films 

П-A isotherms were recorded on Nima Langmuir trough (Model No. 312d) with a filter 

paper Wilhelmy balance at a compression rate of 5cm2min-1. Targeted surface pressure for 

deposition of LB film on pre-cut silicon substrate was determined from collected isotherms 

and was maintained constant by controlling the barrier. All depositions were carried out at a 

speed of 2mmmin-1. Prior to the deposition, silicon substrates were treated in concentrated 

H2SO4/H2O2 (3:1 by volume) for 15 min at 100°C (caution: Piranha solution is highly 

explosive, and care should be taken while using this mixture), then washed with deionized 

water thoroughly. For the formation of 1:1 hydrogen-bonded network between guanidinium 

(G) ions and sulfonate moieties (S), a subphase concentration of 2.5×10-3M with 

guanidinium ions was prepared. All GS monolayers (guest-free and host-guest) were 

prepared by spreading the chloroform solutions containing 5% methanol (v/v), C18S 

(0.37mg/ml, 1.0×10-3M), and an equimolar amount of C16, C18Br, C18OH, and NaphC18 (if 

any). Sterically hindered host-guest monolayers were also prepared by the chloroform 
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solution of PhOC16 and PhNC16 (0.48×10-3M – 1.74×10-3M) as a host, and an equimolar 

amount of C16 and PhC14. About 15min was allowed for the solvents to evaporate entirely 

before compression was initiated. 

 

3.2.3. Grazing-angle incidence X-ray diffraction and X-ray Reflectivity  

GIXD and XRR data were measured using synchrotron radiation at the bending magnet 

X-ray diffraction beamline BL2-1 of the Stanford Synchrotron Research Lightsource (Menlo 

Park, CA). By use of a Si (111) double crystal monochromtor, a wavelength, λ, of 0.154nm 

was selected with ΔE/E = 5x10-4. X-rays were focused onto the sample by Rh-coated mirror 

and the sample was mounted on a Huber 2-circle goniometer and a high resolution crystal-

analyzer detector was used. The reflectivity data were analyzed using a non-linear least-

square fitting program, StochFit, with a multi-box model and the minimum number of 

constraints and the thickness of the host-monolayers was obtained in the direction normal to 

the surface. 
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3.3. Results and Discussion 

3.3.1. П-A isotherms for guest-free monolayers  

Surface pressure-area (П-A) isotherm of sodium octadecane sulfonate (NaC18S) on a 

pure water subphase revealed the formation of close-packed monolayer phase with a 

molecular area of A୫୭୪ = 24 Å2/sulfonate (from extrapolating the linear part of the П-A 

isotherm in Figure 3.1a), albeit showing the influence of the sulfonate head group when 

compared to the cross sectional area of close-packed alkane chains (21 Å2).24,25,26 On the 

other hand, the П-A isotherm in Figure 3.1b acquired on an aqueous subphase containing 

0.025 M guanidinium carbonate (G2CO3) gives a molecular area of A୫୭୪ = 44 Å2/sulfonate. 

This extended area indicates the formation of GS hydrogen-bonded network at the air-

aqueous interface, sufficient for intercalation of structurally homologous functional guest 

molecules. 27,28,29,30 The alkanes of C18S cannot achieve a close-packed arrangement of 

alkane chains because of the intervening G ions. These observations are consistent with the 

results in crystalline GS compounds observed by Plaut et al.22,23  

 

Figure 3. 1. П-A isotherms of NaC18S (a) on a pure water subphase and (b) on an aqueous 
subphase containing 0.025M G2CO3. The molecular area is ܔܗܕۯ  =27 Å2/sulfonate for 
NaC18S over pure water and 44 = ܔܗܕۯ Å2/sulfonate for NaC18S over 0.025 M G2CO3 
aqueous subphase. 
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Figure 3. 2. П-A isotherms for 1:1 mixture of (a) C18S on pure water, and (b) C18S 
monolayers on an aqueous subphase containing 0.025M G2CO3 with guest molecules, such as 
C16, C18Br, and C18OH, respectively. 
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3.3.2. П-A isotherms for host-guest monolayers  

In order to probe the contribution of host-guest interactions on the stability of host-

guest mixed monolayers at an air-aqueous interface, the П-A behaviors of the Langmuir 

monolayers of 1:1 mixtures of NaC18S and various guest molecules spread over both a pure 

water and a 0.025 M G2CO3 aqueous subphase were studied. First, the isotherms of the 

C18S:C16, C18S:C18Br, and C18S:C18OH mixed monolayer in the absence of G ion show 

similar patterns with a molecular area of A୫୭୪ = 30~35 Å2/molecule, larger than that of 

guest-free C18S monolayer, which indicates an increase of packing density and thus the 

formation of robust 1:1 mixed monolayer. In particular, a steep rise of surface pressure upon 

compression reflects an increase in the stiffness of monolayer due to the development of a 

close-packed arrangement of alkane chains (Figure 3.2a).31,32,33 For example, it has been 

reported that 1-octadecanol behaves like host amphiphiles, thereby forming a monolayer on 

its own.34 Thus the steep slope on the isotherm reflects the formation of a crystalline 

structure on an air-aqueous interface.  

The П-A isotherms of the same guest molecules on an aqueous subphase of G2CO3, 

were different than the isotherms on a pure water. As shown in Figure 3.2b, the isotherms 

rose less steeply. A gradual rise in surface pressure in the beginning indicates the formation 

of a loosely-packed monolayer phase due to the presence of GS hydrogen-bonded network. 

The isotherm of (G)C18S:C16 mixed monolayer reveals a collapse pressure of π = 25 mN/m, 

lower compared to the collapse pressure (45 mN/m) for (G)C18S:C18Br and 

(G)C18S:C18OH mixed monolayers, indicating that the (G)C18S:C16 monolayer is less 

stable than the others. We believe that hexadecane, hydrophobic molecule, tends to aggregate 

in an air-aqueous interface. Thus it is reasonable to suggest that hexadecane interrupts the 

formation of close-packed arrangement and is expelled from the (G)C18S monolayer upon 

further compression. It is interesting to note that the molecular are of (G)C18S:guest mixed 

monolayer varies considerably with the guests. This suggests that GS hydrogen-bonded motif 

is altered upon compression, i.e., functional end groups on the alkane guests produce 

different GS hydrogen-bonded motif by interrupting the GS hydrogen bonding.35,36,37,38  
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3.3.3. Stability of (G)C18S-based Langmuir-Blodgett films  

(G)C18S-based monolayers containing a variety of guests were transferred to clean 

silicon substrates at a surface pressure of π = 20 mN/m using the Langmuir-Blodgett (LB) 

technique. This pressure was selected as it is below the collapse pressure of all of the 

Langmuir monolayers (except the guest-free C18S monolayer on pure water), as shown by 

the П-A isotherm depicted in Figure 3.3. The resulting LB monolayers were immersed in 

non-polar solvents either hexane, a straight-chain alkane, or cyclohexane, a cyclic alkane, 

and were examined via grazing-angle incidence X-ray diffraction (GIXD), specular X-ray 

reflectivity (XRR) and contact angle measurements. Only non-polar solvents were used, as 

the LB films proved to be completely unstable in aqueous or other polar solvents.  

 

Figure 3. 3. П-A isotherms of (a) C18S on pure water and (G)C18S with (b) guest-free, (c) 
C16, (d) C18Br, (e) C18OH, and (f) NaphC18 on 0.025M G2CO3 aqueous subphase. The 
host-guest mixed monolayers at air-aqueous interface are transferred to a clean Si substrate at 
the surface pressure of π = 20 mN/m. 

 

XRR data were analyzed using StochFit software based on a Levenberg-Marquardt 

non-linear least-squares fit.39 Based on the molecular structure and its physical parameters, 
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the structure is divided into a fixed number of the XRR model consists of a set of layers 

characterized by a thickness, electron density, and roughness, respectively.40 The electron 

density of each layer is normalized with respect to the electron density of Si. All fits for 

(G)C18S-based monolayers were obtained using a two-box model (SiO2 layer and 

amphiphilic monolayer). Generally two boxes provided an adequate description of the host-

guest assemblies while minimizing the number of fitted parameters, as the simplest structural 

interpretation of an amphiphilic monolayer is a division into a hydrophobic and hydrophilic 

slab.41  

 

3.3.3a. Guest-free (G)C18S monolayer  

Figure 3.4 shows the two-box model-fitting of the normalized electron density for a 

guest-free (G)C18S LB monolayer soaked in hexane (C6) for 0, 0.5, and 2 hrs. Prior to 

immersion in hexane, the XRR fitting results in a film thickness of 16.2 Å, less than the 

length (ca. 25 Å) expected for octadecane based on the maximum extension of an aliphatic 

chain in the all-trans configuration.42 Assuming straight chains, this would require that the 

alkane chains be tilted 49.6° from the normal to the surface. A projected area of 32.4 Å2 of an 

alkane chain estimated from the degree of tilt and the cross-sectional area of an alkane chain 

(~21 Å2) corresponds closely to the measured molecular area of A୫୭୪ = 30 Å2/molecule at 

the deposition surface pressure of π = 20 mN/m. In addition, the normalized electron density 

is 0.395 (=ρ/ρSi), which is larger than the density of liquid alkanes (ρ/ρSi = 0.32, 0.75 g/cm3) 

but similar to the density of crystalline alkanes (ρ/ρSi = 0.399, 0.93 g/cm3).43 This suggests 

that the monolayer maintains a densely-packed structure of alkane chains. As immersion time 

in hexane increases, a significant decrease in the film thickness and the electron density of 

the monolayer was observed. This suggests that the guest-free (G)C18S LB monolayer is not 

entirely stable in hexane and is losing material, resulting in alkane chains that are more tilted 

toward less densely packed.44 
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Figure 3. 4. The electron density profile and summarized results corresponding to the data 
fits for (G)C18S guest-free monolayer. (G)C18S guest-free monolayer was compressed to 20 
mN/m and then transferred to Si substrate. After LB deposition, samples were placed into 
hexane for different amount of time. Upon removal from hexane, X-ray reflectivity data was 
taken of the sample and fitted with two box models to determine the changes in the 
molecular structure of the film. 

 

GIXD measurements on the (G)C18S LB film resulted in no discernible scattering 

peaks, indicating that there was no long-range lateral ordering of (G)C18S monolayer at the 

interface. This suggests the formation of an amorphous structure of the monolayer.45,46,47 

Guest-free (G)C18S monolayers at the air-aqueous interface have been shown to be 

crystalline using liquid surface GIXD measurements, however, it is likely that this weak 

structure is disrupted during the LB deposition process. The absence of in-plane structure is 

attributed to an imbalance between competing interactions in the film: hydrogen bonding in 

the GS network, electrostatic interactions at the interfaces between SiO2 and neighboring 

sulfonate moieties, and van der Waals interactions among alkane chains.48 In this regard, 

Garnaes et al reported that the transfer process was accompanied by an increase of the unit 

cell area (about 17 percent) and by an increase of the average domain diameter of nanometer-

scale domains (about three times) due to the cross-sectional mismatch between head and tail 

groups of octadecylthio-1,4-benzoquinone.49  
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3.3.3b. (G)C18S:C18Br monolayer.  

As shown in Figure 3.5, the electron density profile for (G)C18S:C18Br mixed 

monolayer immersed in hexane (C6) demonstrates that there are no significant changes in the 

electron density despite a decrease in the film thickness, indicating that the structure of the 

monolayer immersed in hexane (C6) is maintained. The increased stability compare to the 

guest-free monolayer is attributed to the more closely packed and less-tilted host-guest 

structure, thereby increasing the effective contact area between alkane chains. In contrast, the 

profile for (G)C18S:C18Br mixed monolayer immersed in cyclohexane (CH) shows that the 

electron density significantly decreases from 0.37 to 0.285, indicating a structural change 

within the monolayer caused by discharge of guest molecules (C18Br). This suggests that 

cyclohexane act against a stabilization of the structure of the monolayer, unlike hexane. In 

this context, Jiang et al reported that with the increase of the chain length or ring size of 

alkane guests, the van der Waals interactions increase and thus the steric energy differences 

between β-cyclodextrin and alkane guests decrease. According to them, cyclohexane is more 

suitable for an inclusion process than hexane.50  
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Figure 3. 5. Electron density profiles and summarized results corresponding to the data fits 
for (G)C18S:C18Br monolayer. (G)C18S:C18Br monolayer was compressed to 20 mN/m and 
then transferred to Si substrate. After LB deposition on Si, samples were placed into pure 
hexane and cyclohexane solutions for different amount of time. Upon removal from the 
solution, X-ray reflectivity was taken of the sample and fitted with two box models to 
determine the changes in the molecular structure of the film. 

 

3.3.3c. (G)C18S:C18OH monolayer.  

As shown in Figure 3.6, the electron density profile reveals that the initial thickness of 

(G)C18S:C18OH mixed monolayer is 24~27 Å before immersion in a solvent, corresponding 
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to the value of fully extended alkane chain length of octadecane. This suggests that the 

alkane chains are almost vertically oriented with respect to the interface. However, the 

vertical orientation of alkane chains cannot be achieved under the presence of G ions as the 

cross-sectional area of the alkane chain (21 Å2) is less than that of the cavity (44 Å2). In this 

context, Mayya et al reported that electrically neutral octadecanol acts as a spacer molecule 

in the octadecylamine Langmuir film, thereby minimizing repulsive electrostatic interactions 

between the protonated amine groups. As such, we believe that the presence of octadecanol 

in the host film precludes G ions from intervening between organosulfonate. It is reasonable 

to suggest that there is no GS hydrogen-bonded network in the (G)C18S:C18OH LB 

monolayer. After immersion of (G)C18S:C18OH LB films in hexane and cyclohexane, the 

electron density profiles show a substantial decrease in both thickness and electron density, 

indicating that the structure of the monolayer is disrupted by a dissolution of host-guest 

assemblies. When combined with the previous result, this suggests that hydroxy or bromine 

end group of guests can disrupt the formation of the GS hydrogen-bonded network and 

decrease the stability of the LB film. In other words, GS hydrogen-bonded network in the 

host-guest LB film also contributes to the stability of the host-guest LB films.  
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Figure 3. 6. Electron density profiles and summarized results corresponding to the data fits 
for (G)C18S:C18OH monolayer. (G)C18S:C18OH monolayer was compressed to 20 mN/m 
and then transferred to Si substrate. After LB deposition on Si, samples were placed into 
hexane and cyclohexane solutions for different amount of time. Upon removal from the 
solution, X-ray reflectivity was taken of the sample and fitted with two box models to 
determine the changes in the molecular structure of the film. 

 

3.3.3d. (G)C18S:NaphC18 monolayer.  

As shown in Figure 3.3, the isotherm of (G)C18S:NaphC18 mixed monolayer exhibits 

a liftoff pressure at Alift-off > 100 Å2/sulfonate followed by a steady increase in surface 
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pressure. Further compression results in a steep increase in the surface pressure that 

approaches a liquid-like expanded-phase with a molecular area at Amol = 62 Å2/sulfonate 

where the alkane chains are conformationally disordered. The monolayer collapsed at π = 30 

mN/m, but upon further compression the surface pressure increased steadily, suggesting that 

the plateau region is in the phase transition towards a condensed phase. A deposition surface 

pressure of π = 30 mN/m corresponds to Amol = 42 Å2/sulfonate which suggests an 

intercalated host-guest monolayer containing C18Naph molecules. As shown in Figure 3.7, 

the electron density profile for a (G)C18S:NaphC18 LB film immersed in cyclohexane (C6) 

for 0.5 and 5 hrs reveals no significant change in either film thickness or electron density, 

indicating stable host-guest assembly.51,52  

 

Figure 3. 7. Electron density profile and summarized result corresponding to the data fits for 
(G)C18S:NaphC18 monolayer. (G)C18S:NaphC18 monolayer were compressed to 20 mN/m 
and then transferred to Si substrate. After LB deposition on Si, (G)C18S:NaphC18 
monolayers were placed into cyclohexane solutions for different amount of time respectively. 
Upon removal from the solution, X-ray reflectivity was taken of the sample to determine the 
changes in the molecular structure of the film. 

 

Figure 3.8 summarizes the electron density profiles for the (G)C18S-based LB films 

studied. Based on the results of stability experiments conducted on as-deposited guest free 

and host-guest monolayers, we draw the following conclusions: (i) host monolayers based on 

the hydrogen-bonded GS network provide cavities capable of accommodating guest 
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molecules; (ii) stable host-guest assemblies cannot be achieved permanently via the 

Langmuir-Blodgett technique; (iii) the nature of functional end group on the alkane guest has 

an effect on the stability of the host-guest LB film by altering the GS hydrogen-bonded motif 

or blocking the formation of GS hydrogen-bonding; (iv) exposure to non-polar solvents can 

cause disruption of the hydrogen-bonded GS network even though host-guest assembly 

achieves densely-packed structure.  

 

Figure 3. 8. Summarized electron density profiles for (G)C18S-based Langmuir-Blodgett 
films. 
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3.3.3e. Guest intercalation and exchange based on (G)C18S monolayer 

(G)C18S LB monolayers were immersed in 5 mM solutions of naphthyl stearate and 

cholesteryl stearate respectively, in order to probe the intercalation of guest molecules into 

the cavities of a guest-free host monolayer. As shown in Figure 3.9, the electron density 

profiles show an increase in the film thickness and a decrease in the electron density of each 

film after immersion. As mentioned in section 3.3.3b, the driving force for host-guest 

complexation is dominated by non-covalent van der Waals interaction between the host and 

the guest. In addition, the molecular size and shape of the guest are crucial factors in the 

inclusion. Considering the size and shape of naphthyl stearate, naphthyl stearate is expected 

to be intercalated into the host cavities. This suggests that an optimal packing of the host-

guest assembly can be achieved via intercalation of the guests. This can also be interpreted as 

collapse of the host monolayer and then deposition of a poorly packed guest layer at the 

surface. Unfortunately, there is no evidence to support these suggestions in this study.  

 

Figure 3. 9. The electron density profiles and summarized results corresponding to the data 
fits for (G)C18S guest-free monolayers. (G)C18S guest-free monolayer was compressed to 
20 mN/m and then transferred onto Si substrate. After LB deposition, samples were placed 
into two different solutions of CholC18 and NaphC18 in cyclohexane for different amount of 
time. Upon removal from the solution, X-ray reflectivity was taken of the sample and fitted 
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with two box models to determine the changes in the molecular structure of the film. 
 

The replacement of cholesteryl stearate within a (G)C18S LB film by immersion in a 

solution of naphthyl stearate was also examined. The electron density profile for 

(G)C18S:CholC18 monolayers immersed in NaphC18 solution in cyclohexane shows no 

significant change in either the film thickness or the electron density, indicating the integrity 

of the host-guest assembly in cyclohexane. However, there is also no evidence that 

cholesteryl stearate was replaced by naphthyl stearate. 

  

Figure 3. 10. The electron density profiles and summarized results corresponding to the data 
fits for (G)C18S-CholC18. (G)C18S:CholC18 monolayer were compressed to 20 mN/m and 
then transferred to Si substrate. After LB deposition on Si, (G)C18S:CholC18 monolayers 
were placed in the naphthyl stearate solution in cyclohexane for different amount of time 
respectively. Upon removal from the solution, X-ray reflectivity was taken of the sample to 
determine the changes in the molecular structure of the film. 

 

3.4. Conclusion 

Two-dimensional host-guest monolayers based on hydrogen-bonded network of 

guanidinium (G) cations, octadecylsulfonate (S) anions, and various guest molecules were 

generated at the air-aqueous interface and transferred to silicon substrates using the 
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Langmuir-Blodgett technique. The stability of host-guest assemblies with various guest 

molecules was studied by immersion in hexane or cyclohexane.  

No GIXD Bragg peaks were observed for any of (G)18S-based monolayers, indicating 

that there was no long-range 2-D lateral ordering in the in-plane direction at the interface and 

thus (G)C18S-based monolayer is generally amorphous. Prior studies of guest-free (G)C18S 

monolayers at the air-aqueous interface have shown the formation of crystalline structure 

using liquid surface GIXD measurements, however, it is likely that this weak structure is 

disrupted during the LB deposition process 

XRR analysis via box-model fitting revealed that permanent stability of the host-guest 

assembly cannot be achieved via Langmuir-Blodgett technique. П-A isotherms and XRR data 

combined showed that a nature of functional end group on the alkane guests has a 

considerable implication for the formation of GS hydrogen-bonding. For example, hydroxy 

end group on the alkane guest acts as a spacer, thereby blocking the formation of GS 

hydrogen-bonding. The absence of in-plane GS hydrogen-bonding results in easy dissolution 

of the host-guest assembly in non-polar solvents. The study on guest insertion or exchange 

did not show an evidence to support the presence of intercalated guests in the LB film.  

Despite the ease of the fabrication of host-guest assembly for a functional surface, this 

approach has a restricted extension in application due to the stability problem. This suggests 

an approach for the immobilization of host monolayer with cavity structure on a solid surface. 

The size and shape of host cavity can be controlled by introduction of bulky spacer molecule. 

This approach offers the potential of separating the functional of the monolayer from the 

inherent structure of the host.  

 

3.5. Summary 

Host-guest assemblies composed of a two-dimensional GS host network with inherent 

cavities and alkane guests with various functional end groups were generated at the air-

aqueous interface and deposited on to solid substrates to create functional surfaces. Alkane 

guests with the following functional groups were intercalated within pre-expanded cavities 
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between hydrophobes of GS host framework at air-aqueous interface: hexadecane, 1-

bromooctadecane, 1-octadecanol, naphthyl stearate, and cholesteryl stearate. After deposition 

of the host-guest assembly onto a solid substrate, the integrity of the host-guest assembly and 

its ability to replace guest molecule were examined by immersion in the non-polar organic 

solvents, hexane and cyclohexane. The structural changes of the host-guest assemblies in 

organic solvents were characterized using grazing-angle incidence X-ray diffraction (GIXD) 

and X-ray reflectivity (XRR). No GIXD Bragg peaks were observed for any of the (G)18S 

monolayers with or without guest molecules, indicating the formation of amorphous structure. 

XRR analysis showed that a nature of functional end group on the alkane guests has a 

considerable implication for the formation of GS hydrogen-bonding. For example, hydroxy 

end group on the alkane guest acts as a spacer, thereby blocking the formation of GS 

hydrogen-bonding. The absence of in-plane GS hydrogen-bonding results in easy dissolution 

of the host-guest assembly in non-polar solvents. The study on guest insertion or exchange 

did not show an evidence to support the presence of intercalated guests in the LB film.  

Despite the ease of the fabrication of host-guest assembly for a functional surface, this 

approach has a restricted extension in application due to the stability problem. This suggests 

an approach for the immobilization of host monolayer with cavity structure on a solid surface. 

The size and shape of host cavity can be controlled by introduction of bulky spacer molecule. 

This approach offers the potential of separating the functional of the monolayer from the 

inherent structure of the host. 
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Chapter 4 
Low-Density Self-Assembled 
Monolayers Based on 
Integral Spacer 

4.1. Introduction 

The GS based LB films discussed in Chapter 2 exhibited poor stability in most 

conditions, so we decided to examine low-density host monolayers based on covalently 

bound self-assembled monolayers (SAMs). The objectives the works were (1) to demonstrate 

effective methodologies to prepare low-density self-assembled monolayer (LDSAM) systems 

possessing integral spacer molecules and reactive groups that bind to a substrate; and (2) 

examine various integral spacer molecules and determine whether they can create low-

density structures for the inclusion of complementary guest molecules.  

The functionality of surfaces plays an important role in many applications such as 

catalysis, sensing, and bio-compatibility,1 which can benefit from distinctive chemical and 

physical surface properties. Thus, careful design and control of surface properties can be of 

great benefit in materials and surface sciences. Self-assembled monolayers (SAMs), 

Langmuir-Blodgett films (LB films), and other surface-confined assemblies have long been 
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acknowledged as a practical strategy for creating tailor-made functional surfaces. Current 

techniques for surface functionalization range from the very simple – random physical 

adsorption of functional molecules – to more complex methods requiring the synthesis of 

α−ω molecules possessing the desired functional moiety at one end and another moiety 

designed to interact with the substrate at the other end – either a hydrophilic head group (LB 

films) or a reactive group (SAMs) designed to covalently bond with the surface. While the 

development of methods for synthetically preparing surfaces with specific physical or 

chemical properties would be of significant benefit, it has limitations: (i) difficult organic 

synthesis required to produce α−ω molecules with a reactive head group at one end of the 

molecule and the desired functional group at the opposite end; and (ii) incapability of 

regenerating the surface properties of a substrate which depends on the terminal functional 

group. More simplified and improved concepts could be borrowed from 3-D crystal 

engineering such as host-guest inclusion complexes.2 Plaut et al. have established in their 

experiments that it is possible to form ternary host-guest Langmuir monolayers at the air-

water interface, wherein guanidinium spacer molecules from the aqueous subphase interact 

with alkane-sulfonate amphiphiles to form cavities.3 Structurally homologous and diverse 

alkane substituted functional guest molecules can then be inserted into these cavities. These 

host-guest monolayers can be transferred to solid substrates through LB deposition in order 

to form functionalized surface, however, surface coatings formed via Langmuir-Blodgett 

technique have several drawbacks despite precise control over film thickness. LB films are 

not strongly bound to the solid surface, usually relying on ionic interactions and van der 

Waal’s forces to remain on the substrate; and LB films are limited to planar or near-planar 

substrates, limiting their application to materials and devices with more complex geometries. 

Thus, the creation of self-assembled host-guest complexes promises a solution to both of 

these issues, as they covalently bond with the substrate and assemble from solution, allowing 

them to coat surfaces that may possess extreme curvatures including micro- and nano-

particles. These systems would act as interface templates without altering bulk performance 

and would have the capacity to regenerate the functionality of a surface through guest 

insertion and exchange after film formation is complete.  

In this study, we demonstrate effective methodologies to prepare low-density self-
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assembled monolayer (LDSAM) systems possessing integral `spacer` moieties and reactive 

groups that bind to a substrate. For these systems, a bulky organic molecule such as an 

anthracene-derivative with an aldehyde group, an amine group or a hydroxyl group is 

immobilized on the reactive surface of silicon dioxide (SiO2) to form a low-density 

monolayer in the absence of guest molecules. With various integral spacer molecules, we 

studied whether they can create low-density structure for the inclusion of complementary 

guest molecules. The structural characteristics of LDSAMs were characterized using static 

water contact-angle measurements, FT-IR/ATR, ellipsometry, X-ray photoelectron 

spectroscopy (XPS), and X-ray reflectivity (XRR).  

 

  

Figure 4. 1. Schematic illustration of the formation of a low-density self-assembled 
monolayers (LDSAMs) formed by host-molecules with integral spacer groups. 
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4.2. Experimental Section 

4.2.1. Materials 

1-bromooctane (99%), 1-bromohexadecane ( 97%), 1-octadecanol (99%), 1,2-

tetradecanediol (90%), 1,8-dihydroxyanthraquinone (96%), 1-phenyl-1-hexadecanol, 4-

decylaniline (97%), 10-chloro-9-anthraldehyde (97%), N-phenylhexadecylamine, (2-methyl-

9,10-dihydroanthracene-9,10-diyl)dimethanol, and triethoxychlorosilane (98%) were 

purchased from Sigma-Aldrich and used without further purification. A p-Si (100) wafer 

(boron doped, resistivity < 1 Ωcm, single polished) was purchased from Wafer World (West 

Palm Beach, FL). 

 

4.2.2. Substrate Preparation 

Reactive SiO2 surfaces were prepared by dipping pre-cut Si substrates in concentrated 

H2SO4/H2O2 (3:1 by volume) for 15 min at 100°C (caution: Piranha solution is highly 

explosive, and care should be taken while using this mixture), washing with DI water 

(18MΩcm), ultra-sonication in a solution of HCl/H2O2/DI water (1:1:6 by volume) for 30 

min at 50°C, repeated washing with DI water, and heating in an oven at 120°C. After these 

procedures, the water contact angle is less than 15 degree. 

 

4.2.3. Characterization of LDSAMs 

Static contact angles were measured at 5 different points on each sample w via image 

fitting using a KSV CAM200 contact-angle goniometer. The 5 values were averaged to 

obtain the reported value. Fourier transform infrared spectra of the organic thin films on Si 

(100) substrates were collected using a Perkin Elmer Spectrophotometer equipped with an 

ATR (attenuated total reflectance) attachment. Each spectrum was obtained using 100 scans 
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at a resolution of 4 cm-1. The chemical composition of the host-monolayer was determined 

using a Perkin-Elmer PHI Quantera SXM-03 scanning X-ray photoelectron spectrometer (Al 

Kα photon energy of 280 eV) located in the Nano-scale characterization and Fabrication 

Laboratory (NCFL) at Virginia Tech. The source was run at 48.1 W and electron-take-off 

angles of 45° to the normal surface were used. X-ray reflectivity data were measured using 

synchrotron radiation at the bending magnet X-ray diffraction beam line BL2-1 of the 

Stanford Synchrotron Research Light source (Menlo Park, CA). By use of a Si (111) double 

crystal monochromtor, a wavelength, λ, of 0.154nm was selected with ΔE/E = 5x10-4. X-rays 

were focused onto the sample by Rh-coated mirror and the sample was mounted on a Huber 

2-circle goniometer and a high resolution crystal-analyzer detector was used. The sample was 

continuously translated to minimize the effect of beam damage on the sample. The 

reflectivity data were analyzed using a non-linear least-square fitting program, StochFit, with 

a multi-box model and the minimum number of constraints and the thickness of the host-

monolayers was obtained in the direction normal to the surface. 

 

4.2.4. Stepwise Reaction for the Formation of LDSAMs 

LDSAMs are created in a stepwise fashion by first creating a monolayer of bulky 

anthracene derived spacer molecules and then attaching a long alkane chain to the spacer. 

Four strategies are employed to create LDSAMs on hydroxylated Si substrates: (1) treatment 

of the surface with trimethoxychlorosilane, followed by the reaction with secondary amine or 

secondary alcohol containing spacer groups and long alkane chains (Scheme 4.1); (2) 

acetalization of 10-chloro-9-anthraldehyde at the surface is followed by the Grignard 

addition of long alkane chains (Scheme 4.2); (3) treatment of the surface with 

triethoxychlorosilane followed by the reaction with 1,8-dihydroxyanthraquinone and the 

Grignard addition of long alkane chains (Scheme 4.3); (4) silyl ether attachment of (2-methyl-

9,10-dihydroanthracene-9,10-diyl) dimethanol followed by the addition of long-alkane 

chains (Scheme 4.4) 
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Scheme 4.1. 

 
 

Scheme 4.2. 

 
 

Scheme 4.3. 

 
 

Scheme 4.4. 
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1A: hydroxylated SiO2 substrates are immersed in a 1% solution of triethoxychlorosilane in 

anhydrous toluene for 18 hours at room temperature, followed by the immersion in a 10mM 

solution of R-NH2, R1, R2-NH, or R1, R2-CHOH. 

2A: hydroxylated SiO2 substrates are immersed in a 1% solution of chlorotrimethylsilane in 

anhydrous toluene for 1 hour at room temperature, followed by the immersion in a 10-chloro-

9-anthraldehyde solution in anhydrous dichloromethane for 3 days at 150°C.  

3A: hydroxylated SiO2 substrates are immersed in a 1% solution of triethoxychlorosilane in 

anhydrous toluene for 18 hours at room temperature, followed by the immersion in a 10mM 

solution 1,8-dihydroxyanthraquinone in anhydrous toluene for 3 days at 150°C.  

4A: hydroxylated SiO2 substrates are immersed in a 5mM solution of (2-methyl-9,10-

dihydroanthracene-9,10-diyl)dimethanol in anhydrous benzene for 3 days at 200°C. 

 

Following the addition of the spacer group layer, the substrates are rinsed to remove 

residual chemicals on the surface as follows: (i) ultra-sonication in toluene for 15 min; (ii) 

sonication again in toluene for 15min; (iii) ultra-sonication in chloroform for 15min.  

 

2B, 3B: 1-octanemagnesium bromide and 1-hexadecylmagnesium bromide Grignard reagents 

are prepared by dissolving 1-bromooctane (2.45g, 12.7mmoles, 99% pure) or 1-

bromohexadecane (3.89g, 12.7mmoles, 97% pure) in 25ml of anhydrous diethyl ether. The 

solutions are then added to a 100ml round bottom flask containing magnesium power (0.61g, 

25.3mmoles). The mixture is heated slightly to initiate the reaction and refluxed under 

nitrogen with stirring for 4 hours. Grignard reactions are performed by transferring the 

Grignard reagent solution (0.5M in diethyl ether) via a metal cannula to a round bottom flask 

containing the chlorine- (2A) or carbonyl- (3B) terminated substrates and incubated for 2 

days at 80°C under nitrogen. Following the Grignard reaction, the substrates are rinsed with 

tetrahydrofuran (THF) then with ethanol and dried under nitrogen. 

 

4B: substrates with monolayer formed from 4A is immersed in a 25mM solution of 1-

octadecanol or 1,2-tetradecanol in anhydrous benzene for 72 hrs at 200°C. 
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4.3. Results and Discussion 

 

Figure 4. 2. Schematic of low-density self-assembled host-monolayers on hydroxylated Si 
(100) substrates. 1A(H,Ph,C10), 1A(Ph,C16), and 1B(Ph,C16) are formed in a one-step 
process using secondary alcohol and amine precursors. 2B(C16), 3B(C8), 3B(C16), 
4B(C14OH), and 4B(C18) are formed in a stepwise fashion by forming a monolayer of the 
bulky anthracene precursors and then subsequently adding a long alkane tail. 

 

Yam et al.’s4,5,6,7 work has shown that an organosilicon-amine route can be used to 

construct densely packed thin films of chromophores. Based on their work, we prepared low-

density self-assembled monolayers of primary amines, secondary amines, or secondary 

alcohols through the reaction of surface-anchored chlorosilane with 4-decylaniline (1A-
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H,Ph,C10), 1-phenyl-1-hexadecanol (1B-Ph,C16), and N-phenylhexadecylamine (1A-Ph,C16) 

respectively (Scheme 3.1). The secondary amines and alcohols have both a phenyl spacer 

group and a long alkane-tail. The resulting monolayer molecules are depicted in Figure 4.2. 

Anthracene-derivatives containing reactive groups which are capable of binding to the 

chlorinated surface were used to form self-assembled monolayers to which alkane chains 

were subsequently added. Alkane chains were added to the halogen terminated 10-chloro-9-

anthraldehyde monolayers and the carbonyl-terminated 1,8-dihydroxyanthraquinone 

monolayers using Grignard reactions to produce LDSAMs with 8 and 16 carbon tails (2B- 

C16, 3B-C8, 3B-C16)8,9 as depicted in Figure 4.2 and schemes 3.2 and 3.3. Alkane chains 

were added to the hydroxyl-terminated (2-methyl-9,10-dihydroanthracene-9,10-diyl) 

dimethanol through a silyl ether linkage10 (4B-C14OH, 4B-C18) also depicted in Figure 4.2 

and scheme 3.4. 

 

Figure 4. 3. FTIR-ATR spectra for monolayers of (a) triethoxychlorosilane (coupling layer), 
(b) 1A-H,Ph,C10, and (c) 4B-C18, respectively. 
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FTIR spectra were obtained for the LDSAMs and intermediates using an ATR 

geometry, and are shown in Figure 4.3. A hydroxyl-terminated Si (Si-OH) substrate was used 

as a background. The absorption peak corresponding to the Si-OH stretching mode is 

observed at around 3670 cm-1. After the formation of coupling layer of triethoxychlorosilane, 

the Si-OH absorption is decreased, and a broad band in the 1130~1000 cm-1 is observed, 

which is attributed to the vibrations of the -Si-O-Si- bridges and -Si-O- surface bonds.11 All 

forms of SiO2 show a strong band at 1110~1080 cm-1, but no peaks are observed in this range. 

As siloxane chains become longer or branched, -Si-O-Si- absorption becomes broader and 

more complex, showing several overlapping bands. In the case of the 1A-H,Ph,C10 host 

monolayer, it is not easy to distinguish the -Si-O-Si- absorption from -Si-N-C- absorption as 

both bonds have a similar absorption peak in the 1100~1050 cm-1 range,12,13,14 but the 

spectrum exhibits a peak at 1243 cm-1 due to the stretching mode of aniline moiety. A strong 

band in the 1100~1000 cm-1 range for the 4B-C18 host is assigned to -Si-O-C- linkage as the 

4B-C18 host monolayer was attached directly to a Si-OH substrate without the aid of a 

coupling layer. The FTIR results demonstrate that host monolayer is formed via a -Si-O-C- or 

-Si-N-C- linkage.15,16,17  

 
Table 4. 1. Peak frequencies of the CH2 asymmetric and symmetric vibration mode obtained 
from FTIR-ATR measurement of various LDSAMs. 
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All LDSAM samples exhibit a CH2 stretching vibration between 3000 and 2800 cm-1. 

The asymmetric CH2 stretching vibration is generally observed between 3000 cm-1 and 2900 

cm-1, while the CH2 symmetric stretch appears between 2900 cm-1 and 2800 cm-1. Table 4.1 

lists the wavenumbers at which the CH2 absorption peaks were observed for various 

LDSAMs. The LDSAMs exhibit similar peak locations for va(CH2) and vs(CH2) respectively, 

indicating similar densities of the alkane chains. The values of va(CH2), between 2923 cm-1 

and 2932 cm-1, and vs(CH2), between 2853 cm-1 and 2857 cm-1, are characteristic of liquid-

like disordered chains rather than closely packed alkane chains (peaks at 2918 and 2850 cm-1 

are expected for an all-trans ordered crystalline phase).18,19,20 The liquid-like values of the 

peak positions indicate that the alkane chains are unable to form a close-packed structure due 

to the presence of the aromatic spacer within the LDSAMs. 

 

Figure 4. 4. XPS survey spectra for monolayers of (a) pure silicon treated with Piranha 
solution, (b) triethoxychlorosilane, (c) 1A-H,Ph,C10, (d) 1A-Ph,C16, (e) 1B-Ph,C16, (f) 3B-
C16 through grignard reaction, and (g) 4B-C18. 
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Figure 4.4 depicts XPS survey scans for the hydroxylated-silicon substrate21,22,23 and 

for the LDSAMs. The survey spectra shows three elements: silicon (2s, 150 eV; 2p, 99 eV), 

carbon (1s, 285 eV), and oxygen (1s, 532 eV).24,25 When compared with the spectra of the 

hydroxylated substrate, the intensity of C 1s peak increases significantly following LDSAM 

fabrication, while the relative intensities of the O 1s and Si 2p peaks decrease as listed in 

Table 4.2.  

 
Table 4. 2. The surface chemical compositions determined by XPS quantitative analysis of 
each LDSAMs. 

 

 

The small C 1s peak on a hydroxylated-Si substrate is due to surface contamination, 

which is similar for all surfaces exposed to air. As shown in Table 4.2, the XPS data for 4A 

exhibits a slight change in the surface concentration of the Si atoms as 4A is attached directly 

to the silicon substrate via a -Si-O-C- linkage. The surface oxygen concentrations of 

LDSAMs built on a coupling layer of triethoxychlorosilane (1A through 3B) are mostly less 

than those of the hydroxylated-silicon substrate, due to the presence of the thick coupling 

layer. It has been reported that silane coupling agents such as triethoxychlorosilane form 
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thick polymeric layers on the surface when there is a sufficient amount of water in the 

system.26 It is interesting to note that the carbon concentrations in the LDSAMs are less than 

30%, while the carbon concentrations of the 1,2-tetradecanediol SAM is ca. 34%. We believe 

that the linear alkane structure of 1,2-tetradecanediol results in a more closely packed SAM 

structure than in the LDSAMs containing a spacer group such as anthracene. 

 

 

Figure 4. 5. XPS spectra of the Si 2p and the C 1s regions of (a) pure silicon, (b) coupling 
layer of triethoxychlorosilane, (c) 1B-Ph,C16, (d) 1A-Ph,C16, and (e) 4B-C18.  
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To confirm the presence of -Si-O-C- and -Si-N-C- bonds in the LDSAMs, the XPS 

spectra of the Si 2p and the C 1s region are deconvoluted by fitting the data with a number of 

Gaussian peaks. As shown in Figure 4.5b, the Si 2p peak for the coupling layer shows a 

noticeable decrease in the intensity of Si (at 99 eV), indicating the presence of a thick 

triethoxychlorosilane layer.27,28 The C 1s peak for the coupling layer shows C-C (at 285 eV) 

and C-O (at 286.5 eV), suggesting an incomplete hydrolysis of triethoxychlorosilane. The 

formation of LDSAMs via -Si-O-C- or -Si-O-C- linkages is apparent in the Si 2p regions 

with peaks at 101.1 and 102.1 eV assigned to the -C-O-Si- and -C-N-Si- bonds, respectively. 

The presence of C-O (at 286.5 eV) and C-N (at 285.5 eV) bonds supports this conclusion.  

Static contact angle measurements were performed to characterize the surfaces before 

and after LDSAM fabrication. The LDSAMs were also characterized using ellipsometry and 

X-ray reflectivity (XRR). The data obtained from contact-angle measurements, ellipsometry, 

and XRR for the LDSAMs depicted in Figure 4.2 is presented in Table 4.3. Prior to LDSAM 

fabrication, the hydroxylated Si substrates exhibited static water contact angles less than 15°. 

Following the formation of anthracene-derivative monolayers (2A, 3A/B, or 4A/B),  the 

static water contact-angles increased to a value between 55° and 105°, depending on the 

nature of the surface functionality such as anthrylmethanol-, halogen-, carbonyl-, and 

methyl-groups respectively. Although these contact angles do not provide direct structural 

information about the monolayers, they are useful indicators of their quality.29 For example, 

the static water contact angle of 105° obtained for the SAM formed using 1-phenyl-1-

hexadecanol (1B-Ph,C16) is slightly lower than the value of 110° reported for the SAM of 

octadecyltrichlorosilane (OTS) on silica-based surfaces,30 and is within the expected range 

for a surface containing densely packed alkane chains. In contrast the SAM formed using N-

phenylhexadecylamine (1A-Ph,C16) exhibits a contact angle of 90º, suggesting a more open 

structure with a lower density packing of alkane chains. Similarly, the SAMs formed by 

alkylated 1,8-dihydroxyanthraquinone (3B) exhibit contact angles of 88º and 95º for a C8 and 

C16 chain, respectively. The lower contact angle of water on these SAMs may be due to the 

disordered and loosely packed structure of the alkane chains caused by the presence of the 

bulky spacer molecule. In addition, the contact angle increases as the length of the alkane tail 

increases. SAMs formed via an alkylated monolayer of (2-methyl-9,10-dihydroanthracene-
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9,10-diyl) dimethanol (4B) exhibit contact angles of 91º and 87º for C14 and C18 chains 

respectively, also suggesting lower density packing of the alkane chains in the monolayer. 

Ellipsometry was used to determine the LDSAM thicknesses and synchrotron X-ray 

reflectivity measurements were performed to determine the electron density in the vertical 

direction. Figure 4.6 shows X-ray reflectivity results for several SAMs. None of the 

reflectivity data exhibit a sharp minimum but an approximate value for film thickness can be 

calculated using the location of the first minimum, 31  which is caused by destructive 

interference between X-rays reflected from the top and bottom surfaces of the film. For 

example, the host-monolayer of 4-decylaniline exhibits a critical wave vector of qc ≈ 0.023 

Å-1 and the position of the first minimum is q = 0.0755 Å-1. Taking the refraction correction 

(L(q2-q2
z)0.5 = π) into account,32 the thickness for 4-decylaniline corresponds to a thickness 

of 44 Å. This value is much thicker than the expected value of ca. 20 Å calculated using the 

expression L = 1.265n + 1.5 Å for a fully extended alkane chain, and including the aniline 

moiety. The corresponding ellipsometric data also shows that the film is thicker than 

expected for a monolayer film. The higher than expected thicknesses are common throughout 

all of the samples. The thickness of the coupling layer of triethoxychlorosilane was 

determined by ellipsometry to be ca. 80 Å, although this value is expected to vary between 

samples. This suggests that the calculated thicknesses using the primary minimum in the 

XRR curve, which vary from 30 to 200 Å, include the thickness of triethoxychlorosilane 

layer.  

To obtain more accurate information about the film thickness, a detailed analysis of the 

XRR data was performed using StochFit and either a 2-box or 3-box model,33 the results of 

which are presented in Table 4.3. As shown in Figure 4.7, the coupling layer of 

triethoxychlorosilane was considered to be part of the same layer as the native oxide for 

modeling purposes. Using a 2-box model, for example, a thickness of 11.3 Å with a 

normalized electron density of 0.109 (=ρ/ρSi) was obtained for the host-monolayer of 4-

decylaniline (1A-H,Ph,C10). These values are significantly lower than the length of a fully 

extended chain length and the electron density of closely packed alkane chains (ρ/ρSi = 0.40). 

In this case, the thickness of the coupling layer of triethoxychlorosilane estimated was ca. 

47.3Å.  
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Figure 4. 6. X-ray reflectivity curves of six different LDSAMs (2A, 1A-H,Ph,C10, 1A-
Ph,C16, 1B-Ph,C16, 3B-C16, and 4B-C14OH). 

 

 

Figure 4. 7. Box model of the normalized electron density of (a) 1A-H,Ph,C10 and (b) 3B-
C16 monolayer. The layer thickness estimated was determined to be 11.3 and 19.5 for (a) and 
(b) respectively.  
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The thickness of 1A-PhC16 and 1B-PhC16 monolayers, as shown in Table 4.3, 

corresponds to the expected length for fully extended alkane chains. As such, we believe that 

SAM structure with a single phenyl spacer group such as 1APhC16 or 1BPhC16 does not 

result in a significantly expanded structure and would unsuitable for accommodating guest 

molecules. In contrast, modeling of XRR data for the other LDSAMs studied resulted in both 

lower thicknesses and densities. These results are consistent with the formation of low-

density films due to the presence of integral spacer groups in the monolayer structures. An n-

alkane thiol or alkane siloxane monolayer with a small head group can be well-organized via 

van der Waals interactions between adjacent alkane-chains and can form a close-packed 

structure.34,35 The thicknesses of such uniform films are generally a little less than the 

expected values for fully extended alkane chains normal to the surface. The long-alkane 

chains in the LDSAMs are sterically hindered from forming a close-packed structure, and are 

thermally disordered as the alkane chains attached to the bulky spacer groups severely tilt or 

bend to fill the void spaces (cavities) as depicted in Figure 4.8. This leads to the observed 

decrease in the thickness and the electron density of the films. 
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Table 4. 3. Static contact angles, ellipsometric thickness, and thickness and electron density 
determined from X-ray reflectivity profiles with 2 or 3 boxes model. The thickness of host 
monolayer is shown in bold. 

 

 

 

Figure 4. 8. Schematic drawing of anticipated monolayer structure of (a) 1BPhC16 and (b) 
3BC16. The 1BPhC16 monolayer can have a densely-packed structure, whereas low-density 
SAMs such as 3BC16 allow alkane chains to tilt or bend to fill the cavities. This leads to a 
decrease in the thickness and the electron density of the films. 
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4.4. Conclusions 

We have fabricated low-density self-assembled monolayers (LDSAMs) on hydroxyl-

terminated silicon (100) substrates using either one-step or multi-step synthetic approaches, 

based on molecules containing integral spacer moieties and long-alkane chains. The resulting 

monolayers were characterized using static water contact angle measurements, FTIR, 

ellipsometry, XPS, and XRR (X-ray reflectivity). These results confirmed that LDSAMs 

using an anthryl spacer have a -Si-O-C- linkage at the SAM/Si interface, and they do not 

have a densely packed monolayer quality as would be expected for a non-sterically hindered 

alkyltrichlorosilane on Si. Thus, the resulting LDSAMs (with voids) may be capable of 

accommodating other hydrocarbon chains (guest molecules) through intercalation for the 

formation of host-guest assemblies. Further study will be conducted to examine the 

capabilities of LDSAMs to intercalate guest molecules. These capabilities will lead to 

potential application area such as catalysis, sensing, and bio-compatibility. 

 

4.5. Summary 

We have synthesized low-density self-assembled monolayers (LDSAMs) to act as 

hosts for the creation of functional host-guest thin films. LDSAMs containing pre-existing 

cavities between long alkane chains have been prepared on Si (100) (Si/SiO2) substrates via a 

stepwise reaction based on hydrolytic or silane chemistry. In a stepwise reaction, integral 

spacers are anchored to the substrates directly or using SiCl(OEt)3 through the Si-O-C 

linkage, and then long alkane chains are attached to the spacers. The monolayer density is 

controlled through the inclusion of a bulky organic group such as an anthracene-derivative. 

The resultant monolayers were characterized by contact angle measurements, Fourier 

transform infrared spectroscopy, X-ray photoelectron spectroscopy, and X-ray specular 

reflectivity and the results confirm that low-density SAMs were produced on the substrates. 

The analysis of FTIR spectra in the 1100~1000 cm-1 region confirms the formation of 

LDSAMs via -Si-O-C- or -Si-N-C- linkages, and the presence of -Si-O-C- or -Si-N-C- 
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linkages in the LDSAMs is also confirmed via a curve fitting of the Si 2p and the C 1s 

regions of the XPS spectra. In addition, structural analysis of the alkyl chains using FTIR 

indicates the presence of characteristic of liquid-like disordered alkane chains. XRR analysis 

for the LDSAMs also exhibits lower thicknesses and electron densities than expected for 

close-packed alkane chains. The results confirm the formation of low-density self-assembled 

monolayers with cavities. These cavities may be used to intercalate desired guest molecules 

from an external solution in a controllable method. 
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Chapter 5 
Host-Guest Assemblies via 
the Intercalation of Guest 
molecules on Low-Density 
Self-Assembled Monolayer 

5.1. Introduction 

The disadvantage of the formation of host-guest assemblies using LDSAMs such as 

those described in Chapter 4 is that it is not possible to deposit preformed host-guest 

assemblies, like the LB films discussed in Chapter 3, on the surface. Instead self-assembly of 

the host monolayer must occur in the absence of guest molecules, followed by intercalation 

of the functional molecule. The objectives of the works were (1) to investigate the 

intercalation processes of guest molecules in host-LDSAMs with well-defined cavities using 

in-situ and ex-situ techniques; and (2) to demonstrate the feasibility of using LDSAMs as 

host monolayer in order to add functionality to, or to regenerate the functionality of surfaces 

via the intercalation of functional guests.  

The functionality of surfaces plays an important role in many applications such as 
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catalysis, sensing, and bio-compatibility,1 which can benefit from distinctive chemical and 

physical surface properties. Thus, careful design and control of surface properties is of great 

interest in materials and surface sciences. Self-assembled monolayers (SAMs), Langmuir-

Blodgett films, and other surface-confined assemblies have long been acknowledged as a 

practical strategy for creating tailor-made functional surfaces. Ternary host-guest Langmuir 

monolayers with inherent inclusion cavities, affording hosts for non-amphiphilic guest 

molecules, can permit the introduction of various functionalities via the intercalation of guest 

molecules at air-water interface that otherwise may not be achievable. Unfortunately, these 

Langmuir-Blodgett films suffer from an inherent lack of stability due to their weak 

interactions with the solid surface.2 SAMs are highly desirable for use in a wide range of 

applications due to the flexibility in design of their molecular structures and properties. For 

these reasons, SAMs have been widely used to prepare well-defined, stable structures and 

functional surfaces. The main disadvantage of the SAM method comes from the time-

consuming and complex synthesis of the α-ω molecules needed to form functionalized 

surfaces.  

An alternative to α-ω molecules for SAM formation is the use of surface host-guest 

assemblies. This approach can provide flexibility in tailoring interfaces and the potential 

ability to regenerate functional surfaces via intercalation of various functional guests. The 

method can also provide nanometer-scale precision via the well-controlled arrangement of 

organic molecules on surfaces over an extended length scale.3  There are two general 

strategies available for the construction of surface host-guest assemblies. One is to use an 

ordered array of template molecules on a surface and then add functionality via specific host-

guest interactions between template and a functional guest. The second is to use two-

dimensional open structures with well-defined cavities as a template. Functional guest 

molecules can then be trapped in the repetitive and spatially ordered cavities on the surface. 

In both cases, host-guest interactions make it possible to add versatile functionalities to the 

surface with host-guest assembly.4,5,6,7 Two-dimensional porous structures at a surface can 

be generated by means of several types of supra-molecular interactions: hydrogen bond-

directed homo- and hetero-assembly of organic molecules, the coordination of metal centres 

to organic ligands, dipole-dipole interactions, van der Waals interactions, or a combination of 



 

77 

 

several interactions.8  

In our work, three-dimensional low-density self-assembled monolayers (LDSAMs) 

with cavities are constructed on a targeted surface using host molecules with an integral 

spacer (anthracene-derivative) and a long alkane chain. At the liquid/solid interface, 

structurally homologous guest molecules with functional units can be intercalated into the 

cavities between hydrophobe arrays from solution under well-controlled external condition. 

In our previous work, we have investigated the structural features of anthracene-derived 

LDSAMs using several characterization methods under ex situ conditions. Herein, 

anthracene-derived thiol compounds with long alkane chains are synthesized as a host unit 

and LDSAMs are formed on gold surface. Quartz crystal microbalance with dissipation 

(QCM-D) measurements are used to demonstrate the capacity of LDSAMs to confine guest 

molecules in cavities and the structural changes of the host-guest assembly during guest 

intercalation from ethanol solution. X-ray photoelectron spectroscopy (XPS) measurements 

are then used to probe host-guest monolayers formed by immersing the host monolayer in 

solutions in a variety of other solvents. We believe that a distinct feature of solvent will 

affect to the intercalation process of guest molecules into the host-cavity by strengthening or 

weakening interactions between host molecule, guest molecule, and solvent. Hence polarity 

or dielectric features of solvents are considered to choose the solvents. Further, the chain 

length or ring size of solvents is concerned. 

 

Figure 5. 1. Schematic illustration of host-guest assemblies for functional interfaces: Low-
density SAMs provide well-ordered structures with nanometre-scale precision. Externally 
regulated host-guest interactions allow the versatile functionalization on surfaces via the 
intercalation of functional guests.  
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Figure 5. 2. Schematic illustration of non-covalently bonded host-guest assemblies via 
intercalation of stearic acid into host-cavities; interactions between host-guest, host-solvent, 
and guest-solvent are responsible for the formation of host-guest assemblies. 
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5.2. Experimental 

5.2.1. Materials  

10-bromoanthracene-9-boronic acid, 1-bromooctadecane, 1-octadecanol, copper (II) 

acetate, triethylamine, sodium ethanethiolate, stearic acid, and 2-naphthyl stearate were 

obtained from Aldrich. Octadecane was obtained from TCI America. Other common 

chemicals were obtained through various commercial sources. All reagents were used as 

received. Au substrates (1000 Å thick on silicon wafer) were purchased from Platypus 

Technologies (Fitchburg, WI). Au-coated quartz crystals (f = 5 MHz, C = 17.7 ng∙cm-2∙Hz-1) 

for QCM-D measurements were purchased from Q-Sense (Biolin Scientific Inc., Linthicum, 

MD).  

 

5.2.2. Sample preparation 

Au substrates were cut into 1’x 1’ size. The pre-cut Au substrates were cleaned using 

1:3 H2SO4:H2O2 for 30 min following by extensive rinsing with deionized water (18.2 MΩ, 

Themo Scientific Barnstead E-pure water purification system) and then kept dry under 

vacuum before use. In a similar way, gold-coated quartz crystals were cleaned using piranha 

solution for 10 min. Host-SAMs on Au surface were obtained by immersion of Au substrate 

in an ethanol solution of 10-octadecyl-9-anthracenethiol (10 mM) for 72 h at 50°C. The host-

SAMs were then removed from the solution and sonicated in anhydrous ethanol then toluene 

for 10 min each and dried in nitrogen.  

Host-guest assemblies were prepared by immersion of host-SAMs in 5 mM solutions 

of guest molecules in different solvents at room temperature: Benzene, cyclohexane, dibutyl 

ether, dichloromethane, diethyl ether, ethanol, heptane, toluene, and tetrahydrofuran were 

used as solvents and octadecane, 1-bromooctadecane, 1-octadecanol, octadecylamine, 2-

naphthyl stearate, and stearic acid were used as guest molecules.  
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5.2.3. Characterization of host-guest assembly 

All samples were characterized by FTIR/ATR and XPS. Fourier transform infrared 

(FTIR) spectra were acquired with a Varian 670-IR spectrophotometer with 4 cm-1 resolution 

using attenuated total reflectance attachment. X-ray photoelectron spectroscopy (XPS) 

spectra were obtained using Perkin-Elmer PHI Quantera SXM-03 ESCA with a 

monochromatic Al Kα X-ray source of 280 eV, located in the Nano-scale Characterization 

and Fabrication Laboratory (NCFL) at Virginia Tech. The source was run at 48.1 W and a 

take-off angle of 45° to the normal sample surface was used. High resolution spectra were 

obtained for C 1s region. The characterization of the kinetics of intercalation of guest 

molecules was performed using Q-Sense E1, quartz crystal microbalance with dissipation 

(Biolin Scientific, Inc., Linthicum, MD). Bare gold crystals were cleaned using 1:3 

H2SO4:H2O2 for 10 min following by extensive rinsing with deionized water (18.2 MΩ, 

Themo Scientific Barnstead E-pure water purification system) and sonicated in anhydrous 

ethanol then toluene for 10 min each. Changes in frequency and dissipation associated with 

several overtone frequencies were measured during guest intercalation on host-SAMs-coated 

gold crystal. Experiments were performed at room temperature in solutions of stearic acid or 

2-naphthyl stearate in ethanol. Each experiment began with flow-through of pure ethanol at 

50ul/min to establish a reference zero baseline. The pump was stopped in order to switch 

from pure ethanol to a guest solution. The guest solution was then pumped through the 

module and changes in the frequency and dissipation were measured over time. Three equal 

experiments were performed to confirm reproducibility of the data. Host-SAMs coated gold 

crystal used once was soaked in pure ethanol in order to remove residual guest molecules for 

24 hrs and sonicated in pure ethanol then toluene for 1 hrs each. Host-SAMs coated gold 

crystal was discarded after using it three times.  

5.2.4. Synthesis 

Synthesis of 10-(octadecyloxy)-9-antheracenethiol 10-(octadecyloxy)-9-anthracenethiol 

was synthesized from 10-bromoanthracene-9-boronic acid via a two-step reaction: The O-
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arylation of an aliphatic alcohol9 and the thiolation of the inactivated aryl halide10. First, a 

slurry of 1-octadecanol (0.5 g, 1.85 mmol), arylboronic acid (1.12 g, 3.7 mmol), anhydrous 

Cu(OAc)2 (0.68 g, 3.7 mmol), and triethylamine (1.13 g, 11.2 mmol) in dichloromethane (10 

ml) was stirred at room temperature with air flow for 96 h. The organic product, 10-bromo-9-

anthryl octadecyl ether, was extracted with anhydrous toluene and then isolated in methanol. 

Second, 10-bromo-9-anthryl octadecyl ether (1 g, 1.9 mmol) obtained from the first reaction, 

sodium ethanethiolate (1.28 g, 15.2 mmol), and DMF (20 ml) was refluxed at 150°C then 

overnight under nitrogen. Once the reaction was cooled and DMF was removed under 

vacuum, hydrochloric acid (40 ml, 0.2 M) was added under vigorous stirring. The organic 

product was extracted with dichloromethane or diethyl ether, rinsed three times with distilled 

water, and dried over anhydrous sodium sulfate.  
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5. 3. Results and Discussion 

 

Figure 5. 3. Surface pressure (π) - molecular area (A) isotherm for the compression of host 
molecules at air-aqueous interface. Mean area per molecule (extrapolated to zero pressure) is 
obtained using 10-octadecyl-9-anthracenethiol solution of 0.1 mg/ml 

 

Figure 5. 4. Schematic drawing of the model proposed for the ordered structure of 9-
mercaptoanthracene (MA) on Au(111), where a, b, and α are approximately 22.5 Å, 12.7 Å, 
and 51°, respectively. * This image was copied from reference 9. 
 

Π-A isotherm of 10-octadecyl-9-anthracenethiol: To understand the formation of host-

guest assemblies via intercalation of guest molecules, it is important to know the molecular 

arrangement of the host self-assembled monolayer of large, rigid aromatic thiols. Intensive 
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studies using scanning tunneling microscopy (STM) have been reported on the molecular 

arrangement of anthracene-derived SAMs that are similar to our anthracene-derived host-

SAMs and show that SAMs have a structure with four molecules in a unit cell of ca. 222 Å2, 

leading to an area per molecule of ca. 55-60 Å2.11 A Langmuir isotherm of 10-octadecyl-9-

anthracenethiol at the air-aqueous interface is shown in Figure 5.3, indicates an extrapolated 

area of S = 53 Å2, which is close to the van der Waals area of a single standing-up anthryl 

group (~52 Å2). Based on these results, and a cross-sectional area of ca. 21 Å2 for a vertically 

oriented alkane chain, we estimated a cavity size of ca. 34-39 Å2, in our anthracene based 

LDSAMs. Thus, it should be possible for each cavity to accommodate up to alkane 

functionalized guest molecules.  

 

5.3.1. Examination of the host-guest assembly by QCM 

Stearic acid-intercalated host-guest assemblies: QCM-D measurements were used to study 

the intercalation of guest molecules into host-monolayers coated on a gold crystal. Here we 

focus on the effect of intercalated guest molecules on the adsorption-induced dissipation shift 

and frequency shift. Figure 5.5 summarizes the results of QCM measurements for the 

intercalation of stearic acid from an ethanol solution. Figure 5.5a and 5.5b show ∆f and ∆D 

as a function of time during the adsorption of stearic acid on a bare gold crystal and a host-

coated crystal. The QCM data demonstrates that stearic acid is adsorbed on bosh substrates. 

The addition of a stearic acid solution of 25 mM in ethanol causes a sudden drop in 

frequency followed by a slower decrease until the system saturates. Upon exchange of stearic 

acid for pure ethanol the frequency reverts to the baseline. In the same manner, the 

dissipation increases with time during the initial adsorption phase, i.e., more energy is 

dissipated as stearic acid is adsorbed, and then saturates at ∆Dୟ୴୥ = 2.5x10-6. Upon rinsing 

with pure ethanol the dissipation reverts to the baseline. It is important to note that both Δf 
and ΔD  return to the baseline upon rinsing since this phenomenon indicates that the 

adsorption of stearic acid on the bare gold and host-coated surface is reversible over the 

time-scale studied.  
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Figure 5. 5. Frequency shift (fifth overtone - ∆܎૞/5) and dissipation shift ∆۲૞ () vs time a 
bare gold crystal (a) and a host-coated crystal (b) exposed to a 25 mM solution of stearic acid 
in ethanol. (c) Dissipation-Frequency (D-f) plots based on the data of ∆܎૞/5 and ∆۲૞. Black 
arrows indicate break points where the slope changes. After the break point, the direction of 
arrow 2 for the host-coated sample indicates that there is a loss of mass from host-guest 
assembly. The shallow slope indicates that the host-guest assembly is rigid. (d) The number 
of adsorbed guest molecules per area and the calculated thickness of the adsorbed films 
(further details are given in Table 5.1) 

 

A dissipation-frequency (D-f) plot eliminates time as an explicit parameter and reveals 

how much the dissipation depends on a unit frequency change by looking at the slope at any 

point on the curve.12 Thus, combined frequency and dissipation measurements provide 

information about the structural properties of host-guest assemblies during the adsorption 
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process. The D-f plot in Figure 5.5c is based on ∆Dହ vs ∆fହ/5 and indicates that there exist 

two different adsorption processes for both bare gold and host-coated surfaces. (Arrow 1 

begins at the start of the process and points towards the break point. Similarly, arrow 2 

begins at the break point and points towards the end of the process) The phase changes of the 

adsorption processes manifest different slopes of ∂D ∂f⁄ , with a break point at ∆fୠୟ୰ୣ ≅ -9 

Hz and ∆f୦୭ୱ୲ ≅ -6 Hz, respectively. The initial ∂D ∂f⁄  slopes at low surface coverage are 

quite large as (∂D ∂f⁄ )ଵ,ୠୟ୰ୣ  = 0.365(x10-6 Hz-1) and (∂D ∂f⁄ )ଵ,୦୭ୱ୲  = 0.419(x10-6 Hz-1), 

whereas after the break point (at high surface coverage) the slopes substantially decrease to (∂D ∂f⁄ )ଶ,ୠୟ୰ୣ = 0.06 and (∂D ∂f⁄ )ଶ,୦୭ୱ୲ = 0.004, respectively due to stabilization of the 

monolayer (high rigidity). In this regime the Sauerbrey equation (Eq. 1) is valid:  

∆m = −C ∙ ∆f୬/n (1) 

where C is a constant that depends on the physical properties of the crystal (C = 17.7 ng∙cm-

2∙Hz-1) and n is the overtone number. Hence, a decrease in frequency correlates to an increase 

in mass attached to the surface. The surface coverage of the adsorbed guest, Γ (mol∙cm-2) can 

then be calculated using Eq. 2.  

Γ = Δm/m. w. (2) 

where m.w. is the molar mass of the guest molecules. As mentioned above, it is interesting to 

note that the plots show no differences between adsorption behavior on bare gold and the 

host-coated surface. These observations suggest that there are favorable interactions between 

stearic acid and the pure gold substrate, and thus a self-assembled monolayer of stearic acid 

was formed.  
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Table 5. 1. Parameters for stearic acid calculated using the Sauerbrey equation for (a) bare 
gold and (b) host-coated surface: the adsorbed mass per unit area (cm2), the number of 
molecule per unit area (nm2), and the thickness (Å) of the monolayer. *The estimated cavity 
area is approximately 0.34-0.39 nm2. 

 

 

The adsorbed mass per unit area (cm2), the number of molecule per unit area (nm2), 

and the layer thickness (Å), are listed in Table 5.1 (all parameters calculated using the 

Sauerbrey equation). At full surface coverage, QCM-D measurement for the host-coated 

surface shows a frequency shift of ∆f୦୭ୱ୲ = -5.1 Hz that corresponds to the coverage of 

Γ୦୭ୱ୲ = 3.16x10-10 mol∙cm-2, which is smaller than that for the bare gold crystal (Γୠୟ୰ୣ = 

5.80x10-10 mol∙cm-2). The molecular area for stearic acid adsorbed on a bare gold crystal 

(Aୠୟ୰ୣ) and the host-coated crystal (A୦୭ୱ୲) are assessed using data in Table 5.1; Aୠୟ୰ୣ is 25.2 

Å2/molecule and A୦୭ୱ୲  is 43.5 Å2/molecule. Aୠୟ୰ୣ  of 25.2 Å2/molecule is larger than 

expected molecular area (22 Å2) for closely-packed monolayer of stearic acid at air-water 

interface, which indicates a slightly expanded state of the monolayer.13,14,15 On the other 

hand, A୦୭ୱ୲ of 43.5 Å2/molecule is significantly larger than the expected area per molecule 

(22 Å2).  

Considering the molecular arrangement of host-SAMs, the value of A୦୭ୱ୲ of 43.5 

Å2/molecule is an apparent molecular area of the intercalated molecule. This also suggests 

that the stearic acid is added to the host monolayer in a 1:1 ratio with the host molecules, as 

43.5 Å2 corresponds to the expected value of 53-60 Å2 for anthracene molecules at a surface, 

as shown in Figure 5.6. This suggestion is supported by an estimation of the layer thickness 

for the stearic acid-intercalated host-guest assembly. The layer thickness was estimated for 

both a bare gold crystal and a host-coated crystal: tୠୟ୰ୣ is 19.92 Å and its alkyl chain tilt is 
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53.2° from the normal to the surface, while t୦୭ୱ୲ is 23.11 Å with a chain tilt of 45.9°. The 

more vertical orientation of the host-coated crystal suggests that stearic acid is intercalated in 

the host SAMs. The molecular number of 2.3 molecules/nm2 corresponds to ca. 0.9 

molecules/cavity.  

 

Figure 5. 6. Schematic drawing of the ordered structure of OAT host-SAMs on Au(111). 
Considering the cross-sectional area of alkane chain (21 Å2), one host molecule in a unit cell 
is 34-39 Å2 in area 

 

Naphthyl stearate-intercalated host-guest assemblies: Figure 5.7 summarizes the main 

results of QCM measurements for intercalation of a naphthyl stearate guest molecule from an 

ethanol solution. All calculated parameters are listed in Table 5.2. In general, the behavior of ∆f, ∆D, and the D-f plot for intercalation of naphthyl stearate into the host monolayer are 

similar to those for stearic acid. However, there are no significant changes in frequency and 

dissipation for the bare gold substrate, which suggests that naphthyl stearate molecules 

cannot form a self-assembled monolayer on bare gold. The coverage of naphthyl stearate is 

only Γୠୟ୰ୣ = 1.20x10-10 mol∙cm-2 at the end of adsorption process compared to Γ୦୭ୱ୲ = 

6.24x10-10 mol∙cm-2. The molecular area of naphthyl stearate is calculated to be 23.5 

Å2/molecule, which is similar to the van der Waals area of the naphthyl moiety(24 
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Å2/molecule).16 This indicates that at least one molecule of naphthyl stearate can fit into 

each host cavity. 

The D-f plot for a host-coated surface also shows two different adsorption processes as 

in the case of stearic acid (Figure 5.7c). After the break point at ∆f୦୭ୱ୲ ≅ -15 Hz the sign of ∂D ∂f⁄  turns to the negative, such that (∂D ∂f⁄ )ଵ,୦୭ୱ୲  = 0.402(x10-6 Hz-1) during first 

adsorption phase and (∂D ∂f⁄ )ଶ,୦୭ୱ୲ = -0.270(x10-6 Hz-1) during the second adsorption phase, 

which indicates that the total energy dissipation decreases as the added mass increases by 

allowing more and more close packing of naphthyl stearate within the host cavity and thus, 

the monolayer is highly rigid. As mentioned earlier, the molecular number of 4.26 

molecules/nm2 gives a value of 1.66 molecules/cavity. The validity of this molecular number 

is supported by both the sign inversion of ∂D ∂f⁄  and the increased layer thickness during 

the second adsorption phase, illustrating the formation of densely-packed host-guest 

assemblies. 
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Figure 5. 7. Frequency shift (fifth overtone - ∆܎૞/5) and dissipation shift (∆۲૞) vs time for a 
bare gold crystal (a) and a host-coated crystal (b) exposed to a 25 mM solution of naphthyl 
stearate in ethanol. (c) Dissipation-Frequency (D-F) plots based on the data of ∆܎૞/5 and ∆۲૞. The arrows indicate break points where the slope changes. The direction of arrow 2 
suggests an increase in mass with a corresponding increase in rigidity, i.e., less dissipation 
per added molecule during the second adsorption phase. (d) The number of adsorbed guest 
molecules per area and the calculated thickness of the adsorbed films (further details are 
given in Table 5.2) 
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Table 5. 2. Parameters for naphthyl stearate calculated using the Sauerbrey equation for (a) 
bare gold and (b) host-coated surface: the adsorbed mass per unit area (cm2), the number of 
molecule per unit area (nm2), and the layer thickness (Å). * The estimated cavity area is 
approximately 0.34-0.39 nm2. 

 

 

Sequential insertion of guest molecules into a host-coated surface: In order to 

demonstrate the reversibility of the process, we performed experiments on the insertion, 

removal and exchange of two different guests. Two different guest solutions of 3 mM in 

ethanol were used: first, a host-coated surface was immersed in a stearic acid solution (A), 

the stearic acid solution was then replaced with pure ethanol (A’), then the ethanol was 

replaced by a naphthyl stearate solution (B), and finally this was replaced by pure ethanol 

(B’). From this experiment we expect that the number of adsorbed molecules will be equal 

for both stearic acid and naphthyl stearate as the number of host cavities is limited on the 

surface. Figure 5.8 summarizes the results for the guest exchange experiment. All 

characteristic parameters are summarized in Table 5.3. First, as shown in Figure 5.8b and 

5.8c, the D-f plots indicate that the ∂D ∂f⁄  values at the end of adsorption process are quite 

low, indicating that the host-guest assemblies are highly rigid and thus the Sauerbrey 

equation is valid in this regime. Figure 5.8a presents the frequency shift with time during the 

adsorption of stearic acid (A) followed by naphthyl stearate (B) on the same host-coated 

surface. It is particularly interesting to note that after the switch from a guest solution to pure 

ethanol (A’ and B’ in Figure 5.8a) the frequency shift does not revert to the baseline, 

indicating that parts of the host cavities are still occupied by guest molecules. This behavior 

is attributed to the change of the orientation of carboxylic end of stearic acid, as depicted in 
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Figure 5.9. Ward et al reported that guest molecules have a favored intercalation process over 

time depending on inter-chain interactions or guest-substrate interactions. Thus the 

carboxylic end of stearic acid prefers to interact with the base of the cavities where it can 

participate in stronger interactions with the host SAM.17  

 

 
Figure 5. 8. (a) Frequency shift (fifth overtone - ∆܎૞/5) and dissipation shift (∆۲૞) as a 
function of time for the adsorption of stearic acid (A) followed by naphthyl stearate (B) on 
host-coated surface. The Dissipation-frequency (D-f) plot for (b) stearic acid and (c) 
naphthyl stearate. (d) The number of adsorbed guest molecules per area and the calculated 
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thickness of the adsorbed films (further details are given in Table 5.3) 

 

Figure 5. 9. Kinetically favored intercalation of the prefluoroalkyl end of the alcohols results 
in a hydrophilic surface substituted with hydroxyl group at early time of the adsorption 
process. At longer times, thermodynamically preferred intercalation of the alcohol end results 
in a perfluoroalkane interface. * This image was copied from reference 15. 

 

The surface coverage is estimated to be Γୱ୲ = 3.29x10-10 mol∙cm-2 and Γ୬ୟ = 2.52x10-

10 mol∙cm-2 for stearic acid and naphthyl stearate respectively. The number of molecules per 

unit area (nm2) and the layer thickness for the host-guest assemblies are presented in Figure 

5.8d. The host cavities accommodate 0.75 molecules for stearic acid and 0.66 molecules for 

naphthyl stearate at the end of the adsorption processes.  
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Table 5. 3. Parameters for naphthyl stearate calculated using the Sauerbrey equation for (a) 
bare gold and (b) host-coated surface: the adsorbed mass per unit area (cm2), the number of 
molecule per unit area (nm2), and the layer thickness (Å). * The estimated cavity area is 
approximately 0.63 nm2. 

 

In summary, the QCM-D experiments using stearic acid and naphthyl stearate in 

ethanol result in the following conclusions: (i) guest molecules are intercalated into the host 

cavities, (ii) rigid host-guest assemblies are formed via close-packing of guest molecules at 

the end of adsorption phase, (iii) thus the Sauerbrey equation is valid in this regime, (iv) 

guest molecules can be replaced by different guest molecules in a stepwise fashion (guest 

removal followed by guest insertion).   

 

5.3.2. Examination of the host-guest assembly by XPS 

XPS analysis for multi-component host-guest assemblies: in-situ QCM experiments were 

limited to a few guests in ethanol solution in order to prevent damage to the instrument. A 

study of a large range of solvents and guests was performed ex-situ using XPS. XPS spectral 

analysis allows a comparison between the spectra of the host-SAMs and the host-guest 

assemblies. The presence of functional groups and unbound alkyl chains in the host-guest 

assemblies as compared to the host monolayers provide insight into the intercalation of guest 

molecules into the host cavities under various conditions. The survey spectra of a blank Au 

surface, a host-SAM, and a host-guest assembly (stearic acid) are depicted in Figure 5.10. 

Characterization of the host-SAMs and the host-guest assemblies by XPS confirms that the 

monolayer structure formed on the gold surface reflects elements of the intended adsorbate: 
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gold (Au 4f, 4d, 4p), carbon (C 1s), sulfur (S 2p), and oxygen (O 1s, Auger KLL). After the 

formation of host-SAMs and host-guest assemblies, the relative intensities of the C1s and 

O1s lines increase simultaneously with a decrease of intensity in the Au 4f and 4d lines. 

Spectra for all of the samples studied are included in the supporting information.  

 

Figure 5. 10. XPS spectra of (a) blank Au (bottom), (b) host monolayer (middle), and (c) 
host-guest (stearic acid) assembly (top). The host monolayer and host-guest assembly show 
sulfur signals in the region of 160 to 170 eV. The reference Au shows no sulfur peak in this 
region. Note that the molecular structures of host and guest are depicted, respectively.  
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Figure 5. 11. High resolution C 1s spectra for host-guest assemblies prepared in the guest 
solution of (a) stearic acid, (b) 2-naphthyl stearate, (c) 1-octadecylamine, and (d) 1-
bromooctadecane in benzene, respectively.  

 

Figure 5.11 shows the high resolution C 1s spectra for host-guest assemblies, which 

were prepared by immersion of host-coated gold substrates in different guest solutions in 

benzene for 12 hrs followed by sonication in benzene for 30 min. Curve fitting analysis was 

carried out using individual peaks of Gaussian line shape. If necessary, new peaks were 

added to obtain an optimal fit. The standard deviations included are at a 95% confidence 

level. The line through the data points displays the best fit obtained from the overlapping of 

the Gaussian peaks. As shown in Figure 5.11, each host-guest assembly has a distict peak at 

288.7 (O-C=O), 285.8 (C-N), and 286.9 eV (C-Br) respectively, corresponding to the 

functional moiety of each guest molecule. This suggests the presence of the desired guest 
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molecules in each host-guest assemblies.  

High resolution spectra of the C 1s peak of a host-SAM and a stearic acid host-guest 

assembly are shown in Figure 5.12. The spectrum of the blank Au substrate is also shown for 

comparison. The position and shape of the C 1s peak measured under the same experimental 

conditions are different for blank Au, the host monoalyer, and a host-guest assembly. The 

main C 1s peak for a carbon contaminated Au substrate shows a binding energy of 284.8 eV 

with FWHM of 1.22 eV and a higher binding energy tail which can be attributed to the 

presence of C-O and –O-C=O bonds at about 286.5 eV and 289.9 eV, respectively. The 

spectrum of the host monolayer shows a binding energy of 284.9 eV for C-C sp3 and 284.4 

eV for C-C sp2, indicating the presence of both aliphatic and aromatic species. In contrast, 

the spectrum of the host-guest assembly with stearic acid shows two different binding energy 

states for C-C sp3: a lower binding energy state at 284.7 eV with FWHM of 0.94 eV and a 

higher binding energy state at 285.6 eV with FWHM of 1.1 eV, as well as C-C sp2 peak at 

283.9 eV, C-O peak at 286.7 eV, and –O-C=O peak at 288.5 eV. These lower and higher 

binding energy states are due to two different carbon species on the surface. We attribute the 

lower binding energy state to the host monolayer which is chemically bonded to the surface; 

the higher binding energy component is attributed to the chemically non-bonded, intercalated 

stearic acid present in the host-guest assemblies.18,19 
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Figure 5. 12. High resolution C 1s XPS spectra for (a) blank Au, (b) host SAM, and (c) host-
guest assembly with stearic acid on gold surface. The experimental spectra are shown 
together with curve fittings (solid lines). The vertical lines (red) indicate the position of C=C, 
C-C, and C-C*, respectively. Note that unbound C-C peaks are observed around 285.6 eV. 
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Figure 5. 13. High resolution XPS spectra for C 1s for host-guest assembly with (a) stearic 
acid or (b) naphthyl stearate each. Host-SAMs were immersed in stearic acid solution in 
various solvent for 12 hrs. Solid lines indicate deconvoluted peaks for each component. Two 
vertical lines correspond to the position of C-C* (blue, 285.4 eV) and C-C (red, 284.7 eV), 
respectively. Red-colored regions in (b) indicates the intensity of C=C (284 eV). 
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Based on the analysis of the high resolution XPS spectra above, the coverage of 

unbound alkyl chain (C-C*) within the host-guest assembly is determined by the ratio of C-

C* peak area to total peak area under the C 1s peak. High resolution C 1s spectra with 

deconvoluted peaks for host-guest assemblies with stearic acid or naphthyl stearate are 

shown in Figure 5.13. The average peak locations, their assignments, and the corresponding 

percentages for unbound C-C* for stearic acid are shown in Table 5.4. In addition, the layer 

thickness of the guest-intercalated host-SAMs is shown in Table 5.4 to compare with 

unbound C-C* ratio. The thickness of the overlayer is calculated from the C 1s to Au 4f 

intensity. The ratios are given by: 

Iେଵୱ/I୅୳ସ୤ = kୟ୳൫1 − eିୢౙ/஛ౙ൯/൫eିୢౙ/஛ఽ౫൯ 

where dୡ is the thickness of the carbon layer, λୡ (= 30 Å) is the length of the mean free 

path (MEP) of the C 1s photoelectrons through the carbon layer and λ୅୳ (= 36.5 Å) is the 

MEP of the Au photoelectrons through the Au. k୅୳ is a specific constant.20  

The main results are summarized in Figure 5.14. Figure 5.14a shows the ratio of 

unbound C-C* (stearic acid) adsorbed into host monolayers. No C-C* peak was observed in 

the XPS data for the guest-free host-monolayer. The presence of unbound C-C* bonds 

suggests the intercalation of stearic acid. This is supported by an estimation of the layer 

thicknesses of the host-guest assemblies with stearic acid. It is noteworthy that dependence 

of the ratio of C-C*/total peak area on solvents type tracks well with the dependence of the 

overlayer thickness in the ethanol and heptane based stearic acid host-guest assemblies. The 

large C-C*/total peak area ratio and layer thickness in the ethanol and heptane based stearic 

acid host-guest assemblies is attributed to the formation of a multilayer structure on the top 

of host-monolayer during adsorption. The agreement between C-C*/total peak area ratio and 

layer thickness is also observed in the case of naphthyl stearate as shown in Figure 5.14b. It 

is important to note that the C-C sp2 (C=C) intensity increases considerably due to the 

presence of naphthyl moiety. Also, the effect of solvent is not as apparent for the naphthyl 

stearate guest.  
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Figure 5. 14. The ratio of the C-C* (alkyl tail of host-guest assembly) to total peak area and 
calculated thickness for host-guest assemblies with (a) stearic acid and (b) naphthyl stearate 
in various solvents derived from XPS data. Red horizontal lines are the expected layer 
thickness for standing-up host monolayer.  

 

The lack of a significant dependence on solvent type could be due to the fact that the 

samples for XPS measurements were immersed in guest solution (10 mM) over a long period 

of time (12 hrs). This is significantly longer than the time periods used for QCM 

measurements, and it is likely that there would be observed differences over short time scales. 

(a) 

(b) 



 

101 

 

Especially this is based on observed differences in contact angle of water depending on the 

time period of immersion. We expect that there should be interplay between the interactions 

guest and solvent as well as the host and solvent for guest-intercalation into the host cavity. 

For example, as solvent becomes more polar, the driving force for transfer of the alkyl tails 

(hydrophobic) of amphiphiles into the host-cavity via desolvation would be greater. 

  
Table 5. 4. Characteristic XPS binding energies and relative area of C-C* and C-C for the 
host-guest assemblies with stearic acid and naphthyl stearate at various solvents, and the 
proposed CC*/CC ratios. The peak area ratio of the host-guest assemblies to the host 
monolayer is also listed. The thickness of host-guest assemblies is estimated from the C 1s to 
Au 4f intensity. 
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In the case of all host-guest assemblies investigated, we observed the following: (i) the 

peak-intensity of carbon significantly increases after immersion of host-SAMs in guest 

solution in various solvents, (ii) there are unusual C-C* peaks with different binding energies 

in the C 1s region, (iii) estimated values of CC*/total area under the C 1s peak are analogous 

with the increment of the intensity of host-guest assemblies. After considering all results, we 

reach the conclusion that guest molecules were intercalated into the host-cavities and that in 

some cases multilayer formation was observed. 

5.4. Conclusions 

We demonstrated that guest molecules were intercalated into host-cavities on a surface 

using QCM-D and XPS measurements. Data analysis from QCM-D measurement revealed 

that host-guest assemblies become rigid during guest adsorption and thus, the Sauerbrey 

equation is valid in this regime. The reversibility of the intercalation process allows guest 1 

already situated in host-cavities to be replaced with guest 2 under well-regulated solvent 

conditions. The XPS analysis of host-guest assemblies also revealed the presence of 

functional moieties of guest molecules. Unfortunately, the effect of solvent on the formation 

of host-guest assemblies could not be determined via XPS as the time-scale of immersion in 

the guest solutions was much greater than the time-scale of guest-intercalation.  

 

5.5. Summary 

Self-assembled monolayers of (10-octadecyl)-9-anthracenethiol (host-SAMs) on Au 

were prepared. To examine the intercalation of structurally homologous guest molecules, e.g., 

stearic acid or naphthyl labeled hydrophobic molecules, into the cavities of host-SAMs and 

the structural properties of host-guest assemblies, a combined quartz crystal microbalance 

with dissipation (QCM-D) and X-ray photoelectron spectroscopy (XPS) study of molecular 

adsorption was performed. The behavior of the frequency shift of the QCM-D measurements 

indicated that molecular adsorption of guest molecules into host-SAMs is a reversible 
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process, which proves the possibility of exchange and regeneration of molecules situated in 

host-cavities. The D-factor analysis from QCM-D showed two phases with considerably 

different slopes during the adsorption process. In particular, the second phase with the lower 

slope ( ∂D/ ∂f ) is associated with the formation of rigid host-guest assemblies via 

intercalation of guest molecules and thus, the Sauerbrey equation is valid in this regime. 

Based on the Sauerbrey equation, the thickness of host-guest assembly and the number of 

molecules in the cavities were estimated. XPS analysis of host-guest assemblies prepared 

from various solvent environments demonstrated the presence of functional groups on the 

surface based on an increase in the carbon peak. Further high resolution analysis of the C 1s 

peak revealed that the ratio of CC* to total peak area can be related to the structural 

properties of the host-guest assemblies. XPS data was also analyzed to estimate layer 

thicknesses of the host-guest assemblies. The thickness of host-guest assemblies determined 

using XPS agreed closely with those based on QCM data.  
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Chapter 6 
Conclusions and Future work 

Surface functionality is of importance in diverse applications such as catalysis, sensing, 

and bio-compatibility. These applications can benefit from the control of specific chemical 

and physical surface properties. Self-assembled monolayers, Langmuir-Blodgett films, and 

other surface-confined assemblies have been acknowledged as a practical strategies for 

creating tailor-made functional surfaces; however the control of the surface properties via 

these methods is dependent on the properties of the molecules that are built in the final 

structure. Thus, in many cases difficult organic synthesis is required to produce the α-ω 

molecules, this approach has limited potential applications. We have developed new methods 

to construct functional nano-structured host-guest thin films as well as techniques to 

complement conventional fabrication methods.  

The preceding chapters have described the development and characterization of host-

guest assemblies and the feasibility for generating of functional surfaces and regenerating 

surface properties via the intercalation of functional guests into the cavities of a host 

monolayer. 3-dimensional host structures with cavities were constructed on solid substrates 

using Langmuir-Blodgett deposition and self-assembly techniques. We have shown that 

structurally homologous guest molecules with various attached functional groups can be 

intercalated into the cavities formed between hydrophobe arrays in a host monolayer at a 

solid interface. This approach allows the creation of a number of different functional surfaces 
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based on the same host monolayer. We have confirmed our hypothesis that thin films 

consisting of alkane chains separated by spacer groups in order to create a low-density 

framework can be used to intercalate alkane substituted guest molecules from solution, 

thereby creating functionalized surfaces.  

Initially, we generated two-dimensional host-guest assemblies based on a hydrogen-

bonded GS network and various functional alkane guests at the air-aqueous interface, and 

deposited them onto a Si substrate via the Langmuir-Blodgett technique. The stability of the 

host-guest assemblies and the feasibility of exchanging molecular guests under exposure to 

various organic solvent environments were determined via XRR analysis. The results 

indicated that the stability of the host-guest assemblies could not be achieved due to their 

weak interactions with the Si surface. Unfortunately, the intercalation of guest molecules into 

a guest-free host monolayer was not confirmed in this study. Despite the instability of some 

of the host-guest assemblies when immersed in solvent, the formation of the host-guest 

assemblies at the air-aqueous interface and their subsequent transfer to a solid substrate 

suggested a common host monolayer for the inclusion of various functional guests. 

Furthermore, this suggested an approach for the immobilization of the host-monolayers with 

integral space molecules.  

We then studied effective methodologies to construct low-density self-assembled 

monolayer (LDSAMs) with integral cavities on a targeted solid surface in a stepwise fashion. 

In a stepwise reaction based on hydrolytic or silane chemistry, integral spacer molecules such 

as anthracene-derivatives are anchored to the substrates and then long alkane chains are 

attached to the spacer molecules. We confirmed that the resulting LDSAMs did not have a 

densely packed monolayer quality via FTIR, XPS, and XRR measurements. This suggested 

that the LDSAMs (with cavities) might be capable of accommodating guest molecules, 

thereby regenerating a functional surface via intercalation of guest molecules.  

Finally, we investigated the feasibility of using LDSAMs to generate functional 

surfaces via the intercalation of guest molecules from solution. Self-assembled monolayers 

of (10-octadecyl)-9-anthracenethiol (host-SAMs) on Au were prepared. Combined studies of 

QCM-D and XPS revealed that several different guest molecules were intercalated into the 

host-cavities from a number of solvents. QCM-D data showed that the intercalation of guest 
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molecules was a reversible process. The reversibility of the intercalation process allows guest 

1 already situated in a host-cavity to be replaced with guest 2 under well-regulated solvent 

conditions. Unfortunately, the effect of solvent on the formation of host-guest assemblies 

could not be determined via XPS as the time-scale of immersion in the guest solutions was 

much greater than the time-scale of guest intercalation. In conclusion, well-ordered LDSAM 

host films with cavities on a solid surface can be used to separate the functionality of the 

monolayer surface from the inherent structure of the host molecules. This could allow the 

creation of a library of different functional surfaces, or the regeneration of damaged or 

inactive surfaces, via the use of alkane-tethered functional guest molecules and the 

manipulation of solvent conditions for guest intercalation and removal.  

Based on the results of the current work, future efforts should be directed toward 

applying the host monolayer system developed here to various substrates. Provided that 

surface host-guest assembly can be generated on a semiconductor substrate such as Si, it is 

possible to construct highly functional composites via the fusion of the functions of both the 

substrate and the host-guest assembly. We expect that these combined features, such as 

electrochemical activity and high electron communication, may make the host-guest 

assembly a promising material for chemical and biological applications. For example, 

Patolsky et al reported that Si nanowire arrays modified with antibodies for influenza A 

showed discrete conductance changes characteristic of binding and unbinding in the presence 

of influenza A. Biosensors of this type based on Si nanowire are sensitive enough to detect a 

single virus level. Considering the selectivity to diverse biomolecules, however, it is 

necessary to modify the device surface with a large number of antibodies. We can utilize the 

host-guest assembly system in order to improve the selective surface binding with targeted 

biomolecules via the simple synthesis necessary to append a proper antibody to the end of 

the alkane guest. Guest molecules also often need to be embedded temporarily in host-SAMs 

during detection. We could use a light-induced molecular motion as a switch to control 

release of the guest molecules. By introducing azobenzene group in the alkane chain of the 

host-SAM, it may be possible to control the intercalation and release of guest molecules.  
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Figure 6. 1. Nanowire-based detection of single virus. Schematic illustration shows two 
nanowire devices, 1 and 2, where the nanowires are modified with different antibody 
receptors. Specific binding of a single virus to the receptors on nanowire 2 produces a 
conductance change (Right) characteristic of the surface charge of the virus only in nanowire 
2. When the virus unbinds from the surface the conductance returns to the baseline value. 
*This image was copied from Patolsky, F. et al. PNAS 2004,101, 14017.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

109 

 

 
Appendix 

Supporting information for Low-Density Self-Assembled Monolayers Based on Integral 

Spacer 

 

Appendix A - Electron density profiles for host-guest assemblies using LDSAM immersed in 

hexadecane solution in different solvents or different guest solution in toluene. 

 
S 1. LDSAM (1AC16) was immersed in hexadecane solution in different solvents or different 
guest solution in toluene.  

 

1AC16: LDSAM 
C16: LDSAM was immersed in hexadecane solution 
(T)C16: LDSAM was immersed in hexadecane solution in toluene 
(CH)C16: LDSAM was immersed in hexadecane solution in cyclohexane 
(T): LDSAM was immersed in pure toluene 
(T)BC14: LDSAM was immersed in 1-phenyltetradecane solution in toluene 
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S 2. LDSAM (3BC16) was immersed in hexadecane solution in different solvents or different 
guest solution in toluene. 
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Supporting information for Host-Guest Assemblies via the Intercalation of Guest 

molecules on Low-Density Self-Assembled Monolayer 

 

Appendix B – XPS data for Host-Guest Assemblies via the Intercalation of Guest molecules 

on Low-Density Self-Assembled Monolayer 
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S 3. Complete XPS data for host-guest assemblies with stearic acid in various solvents. (a) 
benzene, (b) cyclohexane, (c) dibutyl ether, (d) dichloromethane, (e) ethanol, (f) heptane, and 
(g) tetrahydrofuran. 

 



 

115 

 



 

116 

 



 

117 

 

 

 
S 4. Complete XPS data for host-guest assemblies with naphthyl stearate in various 
solvents. (a) benzene, (b) dibutyl ether, (c) dichloromethane, (d) cyclohexane, (e) heptane, (f) 
tetrahydrofuran, and (g) toluene. 
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S 5. Complete XPS data for host-guest assemblies with octadecyl amine in various solvents. 
(a) benzene, (b) cyclohexane, (c) dibutyl ether, (d) dichloromethane, (e) ethanol, (f) heptane, , 
(g) tetrahydrofuran, and (h) toluene. 
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S 6. Complete XPS data for host-guest assemblies with 1-bromooctadecane in various 
solvents. (a) benzene, (b) cyclohexane, (c) dibutyl ether, (d) dichloromethane, (e) ethanol, (f) 
heptane, and (g) tetrahydrofuran. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

126 

 

 

S 7. CC* extraction from the high resolution XPS spectra for C 1s for host-guest assemblies 
with stearic acid in various solvents. 
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S 8. CC* extraction from the high resolution XPS spectra for C 1s for host-guest assemblies 
with naphthyl stearate in various solvents. 
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S 9. CC* extraction from the high resolution XPS spectra for C 1s for host-guest assemblies 
with octadecyl amine in various solvents. 
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S 10. CC* extraction from the high resolution XPS spectra for C 1s for host-guest assemblies 
with 1-bromooctadecane in various solvents. 
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S 11. Summary of XPS data for host-guest assemblies with stearic acid in various solvents: 
the ratio of CC* to total peak area (red column) and film thickness (green column) 

 

 
S 12. Summary of XPS data for host-guest assemblies with naphthyl stearate in various 
solvents: the ratio of CC* to total peak area (red column) and film thickness (green column) 
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S 13. Summary of XPS data for host-guest assemblies with octadecyl amine in various 
solvents: the ratio of CC* to total peak area (red column) and film thickness (green column)  
 

 
S 14. Summary of XPS data for host-guest assemblies with 1-bromooctadecane in various 
solvents: the ratio of CC* to total peak area (red column) and film thickness (green column)  
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Appendix C - Calculation for the ratio of host to guest 

 
 

 
S 15. Schematic illustration of host-guest assemblies for stearic acid and naphthyl stearate 
respectively. 1:1 host-guest assembly for stearic acid and 1:2 host-guest assembly for 
naphthyl stearate. 
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Appendix D - Comparison of FTIR spectra between guest-free host-SAMs and host-guest 

assembly with stearic acid.  

 

S 16. Comparison of FTIR spectra between guest-free host-SAMs and host-guest assembly 
with stearic acid. After the formation of host-guest assembly with stearic acid, FTIR spectra 
show a strong absorption peak at 1730 c m-1 assigning to C=O for carboxylic acid. 
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Appendix E - The ratio of CC* to total C 1s peak area for host-guest assemblies depending 

on polarity index of solvents or dielectric constant of solvents 

  

 
S 17. The ratio of CC* to total C 1s peak area for host-guest assemblies depending on the 
polarity index of solvents. 
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S 18. The ratio of CC* to total C 1s peak area for host-guest assemblies depending on the 
dielectric constant of solvents. 
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Appendix F - The results of contact angles of water for host-guest assemblies in different 

guest molecules in various solvents. 
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S 19. The result of contact angle of water on host-guest assemblies in different guest 
molecules in various solvents for 12 hrs. 

 

 

S 20. The result of contact angle of water for host-guest assembly depending on the time 
period of immersion in stearic acid solution in ethanol. 
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Appendix G - The comparison of the contact angle between guest-free LDSAMs, guest-

included LDSAMs, and guest-removed LDSAMs. 

 

S 21. The comparison of the contact angle between guest-free LDSAMs, guest-included 
LDSAMs, and guest-removed LDSAMs. Guest-free LDSAMs prepared using anthracene-
based thiol host-molecules were immersed in the 1-octadecanol solution in different solvent. 
Guest-included LDSAMs were then immersed in pure ethanol for 12 hrs and sonicated for 10 
min. 
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Appendix H - The dependence of the frequency shifts on the concentration of solution. 

 

S 22. The dependence of the frequency shifts on the concentration of stearic acid solution. At 

equilibrium, the frequency shift is similar to each other.  


